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SUMMARY

Desalination plays a vital role in addressing water scarcity, but its high energy consumption and
brine, a saline waste stream, disposal pose significant environmental and economic challenges.
Seawater is a rich source of valuable and scarce materials that are lost when brine is discharged,
making resource recovery a promising approach to improve sustainability. Integrating multiple
technologies to recover water and valuable materials improves technological performance, but it

introduces technical, economic, and societal complexities.

While desalination with resource recovery offers an alternative source of water, salts, and
chemicals, its sustainability depends on local conditions and necessitates a holistic evaluation.
Assessing these systems is particularly complex when water, a primary good, is among the
recovered products. This research aims to refine assessment methodologies and explore trade-offs
in integrated desalination and brine treatment. It adopts an exploratory, mixed-methods approach,
beginning with a systematic literature review and the development of a sustainability assessment

framework that prioritizes stakeholder participation.

In Chapter 2, the current sustainability assessment frameworks in desalination, water treatment,
and resource recovery were reviewed and analysed. The literature review identified critical
shortcomings in current sustainability assessments for seawater desalination and brine treatment
systems. These assessments notably neglect social aspects and stakeholder involvement. To
address these deficiencies, we proposed a new Sustainability Assessment (SA) framework that
integrates participatory multi-criteria analysis and value-sensitive design into the decision-making

process.

An open-source software tool in Python was developed in Chapter 3 to simulate the desalination
and mineral recovery processes, providing data that will inform later assessments. The outputs
from this software directly support the analyses presented in Chapters 4—7, illustrating its integral

role in this thesis and its potential for broader applicability.

The value-sensitive design (VSD) approach was applied in Chapter 4 to design and evaluate
integrated seawater desalination and brine treatment, ensuring that technical scenarios align with
societal values. Four configurations were assessed for trade-offs between resource recovery, energy
consumption, and environmental impact. While maximizing water and salt recovery improves
resource security, it increases energy use and CO: emissions. The study highlights the need for

region-specific solutions and demonstrates how VSD fosters stakeholder dialogue, supporting
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sustainable and socially acceptable designs. These scenarios serve as the basis for analysis in

subsequent chapters.

In Chapter 5, the economic performance of desalination systems focused on resource recovery
was assessed using the levelized cost indicator. Allocation factors were used to fairly distribute
costs and income from recovered products. A comparison of traditional Non-allocation and novel
cost calculation methods revealed that the Non-allocation method overestimates production costs,
resulting in inflated product prices. The Economic allocation approach, by redistributing costs to
higher-value products, assigns a minimal percentage to water costs, unlike the heavy loading seen

with Non-allocation.

Chapter 6 investigates the environmental performance of integrated desalination and brine
treatment systems for resource recovery using Life Cycle Assessment (LCA). The study highlights
how key methodological choices—Ilike functional unit and treatment of waste heat—substantially
affect results. Overall, resource recovery systems demonstrated superior performance compared to
conventional production systems of the same product basket, highlighting the need for integrated

practices.

Finally, the effect of interdependence among decision criteria in the multi-criteria decision-making
process for sustainability assessment was evaluated in Chapter 7. By combining the Best-Worst
Model and the Decision-Making Trial and Evaluation Laboratory technique, we proposed a novel
weighting method that accounts for interdependencies. Applied to desalination and brine treatment,
results showed that while numerical impacts are moderate, capturing interdependencies improves

conceptual understanding—particularly in single-stakeholder settings.

In Chapter 8, a summary of the main findings of this thesis is provided, along with the limitations

of this work and an outlook for future research directions based on these findings.



SAMENVATTING

Ontzilting speelt een cruciale rol in het aanpakken van waterschaarste, maar het hoge
energieverbruik en de lozing van pekel, een zoute reststroom, brengen aanzienlijke
milieutechnische en economische uitdagingen met zich mee. Zeewater is een rijke bron van
waardevolle en schaarse materialen die verloren gaan wanneer pekel wordt geloosd, waardoor
grondstoffenwinning uit pekel een veelbelovende benadering is om de duurzaamheid van
ontzilting te verbeteren. De integratie van meerdere technologieén om water en waardevolle
materialen terug te winnen, verhoogt de technologische prestaties, maar brengt technische,

economische en maatschappelijke complexiteit met zich mee.

Hoewel ontzilting met grondstoffenwinning een alternatief biedt voor de levering van water,
zouten en chemicalién, hangt de duurzaamheid af van lokale omstandigheden en vereist deze een
holistische evaluatie. De beoordeling van dergelijke systemen is bijzonder complex wanneer water,
een primaire levensbehoefte, tot de teruggewonnen producten behoort. Dit onderzoek heeft tot doel
beoordelingsmethodologieén te verfijnen en afwegingen te onderzoeken binnen geintegreerde
systemen voor ontzilting en pekelbehandeling. Hiervoor werd een verkennende aanpak met
gemengde methoden gevolgd, te beginnen met een systematische literatuurstudie en de
ontwikkeling van een duurzaamheidsbeoordelingskader waarin participatie van belanghebbenden

centraal staat.

In Hoofdstuk 2 werden bestaande duurzaamheidsbeoordelingskaders voor ontzilting,
waterzuivering en grondstoffenwinning onderzocht en geanalyseerd. De literatuurstudie bracht
belangrijke tekortkomingen van de beoordelingskaders aan het licht, waaronder het negeren van
sociale aspecten en de betrokkenheid van belanghebbenden. Om deze tekortkomingen te
verhelpen, is een nieuw beoordelingskader voorgesteld dat participatieve multicriteria-analyse en

waardegevoelig ontwerp (Value-Sensitive Design, VSD) integreert in het besluitvormingsproces.

In Hoofdstuk 3 werd een open-source softwaretool in Python ontwikkeld om ontziltings- en
mineraalterugwinningsprocessen te simuleren. De gegevens uit deze tool ondersteunen de analyses
in Hoofdstukken 4-7, wat het centrale belang ervan in dit proefschrift en het potentieel voor

bredere toepassingen onderstreept.

De waardegevoelige ontwerpaanpak (VSD) werd in Hoofdstuk 4 toegepast voor het ontwerp en
de evaluatie van geintegreerde systemen voor zeewaterontzilting en pekelbehandeling, zodat
technische scenario’s afgestemd zijn op maatschappelijke waarden. Vier configuraties werden
geévalueerd op basis van afwegingen tussen grondstoffenwinning, energieverbruik en

milieueffecten. Maximale terugwinning van water en zouten verhoogt de grondstoffenveiligheid,
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maar leidt ook tot meer energieverbruik en CO:-uitstoot. De studie benadrukt de noodzaak van
regio-specifieke oplossingen en toont aan hoe VSD de dialoog met belanghebbenden bevordert en
leidt tot sociaal aanvaardbare en duurzame ontwerpen. Deze scenario’s vormen de basis voor de

analyses in de volgende hoofdstukken.

In Hoofdstuk 5 werd de economische prestatie van ontziltingssystemen gericht op
grondstoffenwinning beoordeeld aan de hand van de levelized cost-indicator. Er werden
allocatiefactoren gebruikt om kosten en opbrengsten eerlijk te verdelen over de teruggewonnen
producten. Vergelijking van traditionele en nieuwe kostenberekeningsmethoden toonde aan dat de
Non-allocatie-methode de productiekosten overschat, wat leidt tot opgeblazen prijzen. De
Economische-allocatie-methode herverdeelt de kosten naar producten met hogere waarde en kent

daardoor een minimaal deel toe aan water, in tegenstelling tot de hoge kosten bij de Non-allocatie.

Hoofdstuk 6 onderzoekt de milieuprestaties van geintegreerde ontziltings- en
pekelbehandelingssystemen voor grondstoffenwinning met behulp van levenscyclusanalyse
(LCA). De studie benadrukt dat methodologische keuzes — zoals de functionele eenheid en de
verwerking van restwarmte — grote invloed hebben op de resultaten. Over het algemeen presteren
systemen met grondstoffenwinning beter dan conventionele productiesystemen met een

vergelijkbare productmand, wat het belang van geintegreerde benaderingen onderstreept.

Tot slot werd in Hoofdstuk 7 de invloed van onderlinge afhankelijkheid tussen
beoordelingscriteria ~ onderzocht in  het  multicriteria-besluitvormingsproces  voor
duurzaamheidsbeoordeling. Door de Best-Worst Method te combineren met de Decision-Making
Trial and Evaluation Laboratory (DEMATEL)-techniek, ontwikkelden we een nieuwe
wegingmethode die rekening houdt met onderlinge athankelijkheden. Toegepast op ontzilting en
pekelbehandeling toonde de studie aan dat hoewel de numericke impact gematigd is, het
meenemen van onderlinge athankelijkheden bijdraagt aan een beter conceptueel begrip — vooral in

contexten met een enkele belanghebbende.

In Hoofdstuk 8 worden de belangrijkste bevindingen van dit proefschrift samengevat, worden de
beperkingen van het onderzoek besproken, en worden aanbevelingen gedaan voor toekomstig

onderzoek.
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IHEPIAHYH

H apordtoon dwdpapatilel kabopiotikd poOAo 6NV AVIILETOTION TNG AEWLIPiNG, ®GTOCO N
VYNAN EVEPYELOKT TNG KOTOVAA®OT] KOL 1] amdppLyn TG GAUNG PEPEL CNUAVTIKEG TEPIBOAAOVTIKES
Kot OIKOVOIKES TpokAnoels. To Barooovo vepd amotehel TAOVGLO TTNYT TOAVTIL®V Kol CTAVIDV
VAKGOV, To. omoia yévovtar dtav 1 GAUN amoppinTeTal, KOOIGTMVTOS TNV GVAKTNGT TOP®V Hio
eAmdoopa mpooéyyion yw ) Pedtimon g Puwodmrac. H evoopdtoon mollomidv
TEYVOAOYIDV Y10l TNV OVAKTNOT VEPOL Kol TOAVTIL®V VAIK®OV EVIGYDEL TNV TEXVOLOYIKT 0mOd00M,

WGTOCO ELGAYEL TEYVIKEG, OIKOVOUIKES KOl KOWVMVIKEG TOATAOKOTNTES.

Av KoL M 0QOAATOON HE AVAKTNGN TOPOV TPOGPEPEL L0, EVUALAKTIKY TNy VEPOV, GAATOV Kol
INKOV, 1 BLocttdTnTd TS £€0pTATAL OO TIG TOTIKES GUVONKES KO amantel oMoTiKn 0&loAdynon).
H extipnon avtdv tov cvotnpdtov ival witepa ToOAOTAOKN 0Tav TO vEPO, £va Pacikd ayado,
GLYKOTOAEYETOL OTO. OvVOKTOHEVO Tpoidvia. H mapovso épevva otoyedel ot Pektioon tov
pebodorhoyidv a&loAdYNoNG TV EVOOUATOUEVOV GUGTIHATOV 0QOAAT®OONG Kot Ene&epyaciog Tng
aiung. AkolovBeiton po depeuvnTikn, pkt) pebodoloywkn mpocéyyion, Eekvaviag and o
cLOTNUATIKY BIPAOYPAPIKT AVOCKOTNON Kot ETELTA, GTNV AVATTVEN £vOG TAOGIoL a&loAdynong

Buwodmrog, T0 0moio divel TPOTEPALOTNTO TN CUUUETOYT] TOV EVOLOPEPOUEVOV.

Yto Kepdrowo 2, avodlvbnkov to veotdpeve mAoicwr o&lodoynong Prooipudtntag otnv
apaAdtoon, v enefepyacio vepod ko v avaktnon nopwv. H Bloypoagikn avackdnnon
avédelEe OMUOVTIKA KEVO OTIC TPEYOVOES TPOGEYYIGEL, €01KE, TNV EVOMUATMGT KOWVMVIKOV
TTVYOV KOl TN CUUUETOYN TOV EVOPEPOUEVMV. ['la TNV OVTIUETOTION OLTOV TOV OSVVOULDV,
TPoTEIVETAL £val VEO TANIG10 0EL0AOYNOTG PLOCIUOTNTOG TOV EVOMUATMOVEL GUUUETOYIKT AVAALGN
moAandv  Kpumpiov kot oxedacpud gvaictnto otg aieg (VSD) ot dadwacio Aqyng

ATOPACEWDV.

Y10 Kegdlao 3, avantoynke Eva Loyiopikd ovorytod kmdika o€ Python yio t povielomoinon
™G APUAGTOONS KOl TNG AVAKTNONG VAIK®V, TapEXovtag dedopéva yio Tig a&loAOYNOELS TV
emopevov keporaiov. Ta dedopéve mov TPOKLATOVY OO TO AOYIoHIKO LITooTNPIlovY AUECH TIG

avaivoelg tov Kepolaiov 4-7, emPefourdvovtag Tov Kevipikd tov poro otn SwtpiPn kon )

SUVALIKT TOV Y10 EVPVOTEPT EQGAPULOYY.

H mpocéyyion oyxedoopod evaicOntov otig adieg (VSD) epappootnke oto Kepdraro 4 yia tov
oxedoaopd Kot Vv a&loAdYNoT OAOKANPOUEVOV GLOTNUAT®OV OQUAGT®OONG Kot enegepyaciog
GApNG, dlooPaAilovtag OTL To TEYVIKA GeEVAPLO avTamokpivovial oe kKowvmvikés aiec. Téooepa
cevaplo. agloroyndnkav ®g mpog Tovg CLUPPACHOVS AVAULESO GTNV OVAKTINGN TOp®V, TNV

EVEPYELOKN KOTOVAA®GON Kot TG TePParAoviikég emmtdoelc. H péyiotn avdaktnon vepod Kot

xiii



OALTOV EVD EVIGYDEL TNV OCPAAELD TOPWYV, TOVTOXPOVO CLEAVEL TNV EVEPYELOKT XPTON KOl TIG
ekmopumég CO2. H pelémn toviel v avdykn yuo ADGES TPOGOPUOGUEVEG GE TEPLPEPELNKES
ouvOnkes ko avodelkviel g o VSD evioyvel tov S1GA0Y0 HE TOVG EVILPEPOUEVOLC,
TPOOODVTOG KOWVOVIKA 0modekTd Kot Prdoipa oxédia. Avtd o cevdpila anotelodv ) Bdon yo

TIG OVOADGELS TV ETOUEVOV KEPUAOIWDV.

1o Kegararo 5, a&roroynOnkKe 1 01kovopKn ard300T GUCTNUATMV APOAATMOGCTG LLE ELPACT] GTNV
avaKTnon mTopwv, ypnolpomolmvtag tov deiktn levelized cost. XpnowomomOnkav cuvtedectés
KOTOVOUNG Yl TO SIKO0 EMUEPIOUO KOOTOVG Kol £600®v amd ta avaktdpeva mpoidvta. H
GUYKPIOT TTaPadOCIOKOV Kol VEOV HeBOdV vToAoyopHoy kOGTOuG £€detée OTL 1 néBodog Mn
Katavopung vmepektipld 10 K06T0G TAPAy®YNG, 0ONYDVTAS GE POVOKOUEVEG TIUES Tpoidoviwv. H
puébodog Owovopukng Katavouns, Le avaKoTovop Tov KOGTOVG TPOG To TPOIOVTA VYNAOTEPT|G

aiog, amodidel ELAYIGTO TOGOGTO GTO KOGTOG VEPOD.

Yt0 Kepdhrowo 6, Siepevvinke m mepiforloviiki) anddocn OAOKANP®OUEVOV GUGTNUATOV
apaAdtoong kot eneEepyaciog GAUNG Yo avaktnon topov pécw aviilvong kokiov {ong (LCA).
H perémn avédeiée nig ot pebBodoroyikég EmA0YEC, OTMG 1) EMAOYN TNG AELTOVPYIKNG LOVASOS KOt
N EVOOUAT®OON NG amoppurtopevng Oeppotnrtag, emnpedlovy ONUOVTIKG TO OTOTEAECLLOTOL.
YVVOMKA, TO GUGTHHOTO OVOKTNONG TOPOV EUPAVICOV OVAOTEPT OTOS0CT GE GUYKPIOT WLE TO
GLUPOTIKG GLGTAROTO TOPAY®YNG TV OV TPOIOVI®Y, VIOYpapuilovTag TV avaykn yio

OAOKANPOUEVEG TPUKTIKEG.

Téhog, oto Kepdharo 7 a&oloyndnke n emidpaon g arinie&dptnong petaéd kprmpiov ot
Swdtkacio AYNg amoQAcE®V HE TOAVKPITNPOKT avAALGT Yo TNV 0EoAOYNoT PloctudtnToc.
Méow tov cuvdvacuov tov nefddwv Best-Worst kot DEMATEL, npotdfnke pia véa pébodog
otabong mov AapPaver vadyn tig odinieoapmoeis. Epoappoopévn oty agardtoon Kot Ty
enelepyacio aAung, M pedétn €5e1&e OTL TAPOTL Ol TOGOTIKEG EMMTOCELS ivol EAGYIOTEG, M
EVOOUATOON TV 0AMNAeEapTNoE®V EVIGYDEL TNV KATAVONGT), WWITEPH O TEPMTMOCELS LE EVOV

HOVO EUTAEKOLEVO POPEQ.

Y10 Kegpdlraro 8, cuvoyilovto To kopla upripata g SaTpiPng, KoToypapovTal ol TEPLOPICUOL

TOL £PYOV Kot TopovoldlovTol TPOTAGELS Yo LEAAOVTIKT EPEVVOL.
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Chapter 1

1.1.  Words with meaning

A decade ago, terms like “carbon footprint”, “climate change,” or “sustainability” were
limited to academic circles. Today, they are part of our casual conversations. Last summer,
while visiting a Greek island, I found myself in a discussion with an older man about climate
change. The phrase that stuck with me was “avtyj n xopouéio e rlpotikn oliayng”,
meaning “this new trend: climate change”. He did not really understand the term and the
consequences of this phenomenon, and to be honest, he didn’t really agree with the term. But

he knew those words, and he had formed an opinion.

And sustainability — what does sustainability truly mean? Sustainability is a vague term that
means different things to different people. It's something abstract—you can't see it, and you
can't measure it...or can you? It’s one of those words that can mean anything you want.
Someone said, “Sustainability is like football: everyone talks about it, and everyone has the
perfect solution”. But perhaps that’s exactly the point—sustainability is not a one-size-fits-all
concept. It’s deeply related to ethics, culture, and context. There is no single sustainable

solution for everyone.
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Figure 1. 1. Key themes in public perspectives on sustainability!.

But if you still don’t know what sustainability is. The most common definition is by the United

Nations Brundtland Commission [1], which defines sustainability as:

“Meeting the needs of the present without compromising the ability of future

1

generations to meet their own needs.’

So, is sustainability just a trend, or is it a lifeline for our future?

Figure 1. 1 is based on insights gathered by the author through informal discussions with a diverse
group, including colleagues, friends, and family members. The themes reflect general perceptions and
ideas shared during these conversations.
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Introduction

1.2.  Resource recovery: beyond waste

Resource recovery plays a key role in advancing sustainable development by transforming
waste into valuable resources. Instead of simply discarding waste, resource recovery treats it
as raw material that can produce valuable products, helping to reduce waste generation and
promote resource efficiency. Resource recovery is not a new concept either. Ancient
civilizations, including Romans, recycled metals such as gold, silver, and copper from waste
materials. In modern times, the European Union formalized resource recovery strategies by
introducing the waste hierarchy in 1975 [2].

But why is resource recovery critical for sustainability? One of the answers is resource
depletion. As natural resources become increasingly scarce, the need to maximize resource
efficiency and extract value from waste grows more urgent. Besides that, conventional
mineral extraction, when poorly managed, can lead to severe environmental and social
impacts, hindering progress toward Sustainable Development Goals (SDGs) [3]. Resource
recovery, on the other hand, not only reduces the demand for raw materials but also aligns
with the principles of a circular economy, which aims to secure essential resources while
minimizing environmental harm [4].

Worldwide, numerous policy initiatives are being implemented aimed toward the transition
to a circular economy [5]. For example, the European Investment Bank invested €3.83 billion
from 2019-2023 to co-finance 132 circular economy projects in a variety of sectors,
underscoring the commitment to sustainable practices [6]. Investments like these are a driving
force for advancing resource recovery and fostering sustainable industry practices.

Despite advancements, resource recovery still faces significant non-technical challenges that
require careful consideration of the broader socio-technical context [7]. Key barriers include
market competitiveness, the need for dedicated markets for recovered resources, and the
development of supportive policy and legal frameworks [8]. Importantly, neither resource
recovery nor the circular economy is inherently sustainable; their success depends on how
they are implemented and whether they truly minimize environmental impact and resource
consumption. These limitations emphasize that while resource recovery holds great promise,
effective adoption depends on creating both economic and regulatory environments that
support sustainable resource use.

1.3. Water as a resource

Water is one of the most valuable resources. Beyond human consumption, water is an essential
resource for agriculture, industry, electricity generation and urban and recreational activities
[9,10]. Unlike other resources, water has no substitute. However, freshwater availability is
declining due to climate change, pollution, and overuse, necessitating a shift toward more
sustainable water management. Just as resource recovery redefines waste as a source of
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Chapter 1

valuable materials, water recovery and reuse are key to a circular economy [11] and align with
Sustainable Development Goal 6 [12]. With natural freshwater sources under increasing
pressure, alternative water sources such as seawater and wastewater are becoming essential
to meeting global demand.

1.4.  Seawater desalination: more than just water

The rising demand for water driven by population growth and economic development,
coupled with decreasing natural water resources due to climate change and pollution, is
invoking water scarcity worldwide [13]. In 2023, rivers experienced their driest year in over
three decades, leading to severe water shortages in many regions [14]. Currently, 3.6 billion
people—40% of the global population—face water shortages, a figure projected to exceed 5
billion by 2050 [14]. These trends make it clear that natural water sources like rainfall and
river runoff are increasingly insufficient, especially in water-stressed areas. Water scarcity is
not a problem for the future but for now. Alternative sources such as seawater and wastewater
must be considered to meet demand. Desalination of seawater has gained much attention as a
“solution” to the water scarcity problem [13].

= Annual Contracted

12 © - Cummulative Contracted 300 __

>

5 S

S 10 250 =

-~ E

E =

& =2

s 8 200 2

5 E

£ 150 &

o

& ]

& 8
j=8

g 4 ooF® 100 ©

— >

] £

E 2 50 E

E

o ° 3

2000 2005 2010 2015 2020 2025 2030
Year

Figure 1. 2. Desalination capacity forecast plot over 30 years [49].

Desalination is a process that removes salts from seawater to produce water that meets the
quality (salinity) requirements of different human uses [15]. Desalination technologies have
been developed over the past 60 years, where the first large commercial scale started around
1965 and a worldwide capacity of only about 8000 m?*/day in 1970 [16]. Today, desalination
capacity has expanded to about 109 million m?*/day [17], with seawater desalination
accounting for over half of this capacity worldwide [18]. Besides water production, brine,
which is water with high salinity (higher than seawater), is also produced. Based on the current
technological status, for every 1m? of desalinated water, approx. 2.5 m> of brine is also
produced, and usually, it is disposed of back into the environment (recovery ratio range from
40-55%) [19].



Introduction

Despite its benefits, desalination is a highly energy-intensive process, and it comes with some
economic [20] and environmental costs [21]. The price of desalinated water from large plants
ranges between $0.45 and $6/m? [16], which is significantly higher than conventional water
resources [20,22]. The significant installation and operation costs of desalination facilities
directly affect the cost of produced water [20]. So, who covers these costs to keep desalinated
water—a fundamental common-pool good—affordable? Public funding has made desalinated
water more affordable for some users, such as farmers, who contribute to the common good
by producing food and supporting societal needs. However, this raises questions about the
balance of public subsidies: how can they equitably support essential users like farmers while

ensuring that the broader societal costs and benefits are fairly distributed [23]?

Environmental concerns also arise with desalination. High salt levels in desalination brine can
harm plants in the surrounding environment, slowing their growth or even leading to their
death. There are also concerns about metals from corroded equipment and chemicals added
during desalination, which can leak into the brine. Studies show that brine with high chemical
levels can damage marine ecosystems and cause toxic substances to build up in organisms
like seaweed and mussels, raising important environmental concerns about desalination’s

impact on ocean life [21].

Seawater contains large amounts of valuable and rare materials [15] that end up in the brine
[24]. The economic value of these materials in desalination brine is estimated at around €6
per m® [25]. Despite this, brine is generally considered waste, and it is disposed of through
methods such as deep well injection or evaporation ponds [19]. Simple calculations show that
for every 1m? of desalinated water, valued at around €1, approximately €15 worth of valuable
materials is “lost”, highlighting both economic and environmental opportunities in brine

treatment and recovery.

An example of this potential is the chemical industry’s demand for salt, which exceeds 11.5
million tons annually, suggesting a strong opportunity for salt recovery from brine to support
resource-efficient processes [26]. Thus, while traditionally, the role of desalination is to
provide water in water scarcity regions, the economic costs and the environmental impacts
related mainly to brine discharge are shifting research and future investments towards brine
minimization and resource recovery. With significant technological advancements over recent
decades (see literature review from [27]), desalination offers a promising example of the

transition to resource recovery systems.
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1.5.  Designing for water and resource recovery

Zero Liquid Discharge (ZLD) and Minimal Liquid Discharge (MLD) systems, which aim to
recover nearly all water (100% and 95%, respectively) and significantly reduce brine disposal,
were initially developed to increase water recovery and limit environmental discharge [28].
Traditionally, these systems focused primarily on extracting water and mixed salts from brine.
However, recent technological advancements have shifted the emphasis towards resource

recovery (from brine) and circularity, expanding the focus beyond water alone.

Recent research has increasingly explored methods for recovering specific salts and metals
from brine, including magnesium, calcium, sodium, and other valuable elements [15,29-31].
However, no single technology can efficiently recover all of these valuable materials, making
it necessary to integrate multiple technologies. Although combining different methods

improves the range of recoverable products, it also adds complexity to system design and

operation [32].

Salt Ancient Analysis of  Magnesium  Production UK starts Japan starts ~ Research on  Extraction Extraction
extraction Mayan salt seawater for  production of Bromine research on  research on  Lithium of salts and  of Cs, Rb.
from works at exlracting  from brine  from exlracting extracting  extraction at cncrey from  Liand U
scawater by Yucatan gold by Dow scawaler Uranium Uranivm Brookhaven  reverse from RO
Chinese from from osmosis brine
seawater seawater brine gets
attention

Figure 1. 3. Timeline representing the development of resource recovery from seawater and brine
(adjusted from [15]).

To develop reliable and efficient resource recovery configurations, it is crucial to carefully
select and combine various technologies, optimizing for high water recovery, minimized
energy use, and effective byproduct management [31,33]. However, there is no guide
available for selecting the right processes. Effective integrated systems should be tailored to
meet both local market demand and community needs, ensuring that solutions are not only

technically effective but also economically viable and socially relevant.

1.6. Balancing the scale: challenges in sustainability

Economic: Integrating resource recovery (and ZLD systems) in desalination plants is
recommended in literature as an approach to lower desalinated water costs [20]. But is this
true in practice? While those systems promise reduced waste and resource recovery, they
come with high operational and capital costs [34], which present significant barriers to full-

scale implementation [35]. In fact, integrating energy- and chemical-intensive processes into
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desalination may further increase the cost of water, which remains the primary product of
these systems. This raises important questions: Will water remain affordable in regions where
those desalination systems are implemented? And, will recovered products from these systems
be competitive in the market, or will high production costs make them unviable? Such
challenges highlight the economic dilemma of desalination aiming at resource recovery,
balancing the potential for resource recovery against the risk of increased water prices and the

uncertain marketability of recovered resources.

Environmental: While resource recovery systems can reduce brine disposal from
desalination, this doesn’t necessarily equate to a reduced overall environmental impact.
Desalination for resource recovery is highly energy-intensive [35], often requiring substantial
amounts of energy and chemicals to treat brine and recover valuable byproducts. As a result,
the environmental impacts associated with energy consumption can increase, especially in

regions reliant on non-renewable energy sources.

To fairly evaluate the environmental benefits of these integrated systems, it is important to
compare their impacts with those of conventional production methods for the same recovered
materials. In line with approaches seen in wastewater treatment and solid waste management,
a fair environmental assessment should allocate a portion of the upstream environmental
burden from desalination processes to the downstream recovered products, treating waste
streams as co-products [36]. Effective management of solid residuals, such as mixed salts
without market value, is another environmental challenge that could simply shift the

environmental burden to other waste streams.

Social: Resource recovery in desalination introduces complex social implications,
particularly in balancing benefits and costs across different groups. When costs are imposed
on one group while benefits are enjoyed by another, policies may be seen as inequitable or
‘unsustainable’ [23]. Key concerns also emerge around ownership, management, and benefit
distribution. Public trust, often affected by concerns over environmental impacts,
privatization, and the quality of recovered products, plays a crucial role in the acceptance of

these systems [37].

Additionally, the relevance of recovered products to local needs presents another challenge.
For example, in energy-scarce regions, the high energy demands of resource recovery could
create tension if the products recovered are less essential than the energy consumed,
potentially undermining public (and relevant stakeholders) trust. Community concerns and
needs, combined with stakeholder knowledge, should help build a clear, shared understanding

of resource recovery systems. Transparent operations, effective communication, and active
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stakeholder engagement are essential in building public support and aligning resource

recovery efforts with local values [4,38].

Transitioning from a linear to a circular economy through resource recovery in desalination
changes how we assess the sustainability of these systems. Are current assessment tools
effective in capturing the full range of economic, environmental, and social implications for
resource recovery systems? Developing refined tools will be essential to evaluate and guide

sustainable resource recovery in desalination accurately.

1.7.  Breaking barriers: connecting technological development and society
Although technological development is inherently embedded in society, in practice, the two
are often treated as separate domains, particularly in technical fields such as desalination and
resource recovery. This functional disconnect can limit the relevance and effectiveness of
innovations, as development processes frequently proceed without meaningful input from

social scientists, policymakers, or affected communities [39].

Effective sustainability solutions rely on collaboration across diverse stakeholder groups,
which can significantly influence how well these projects work in real-life [40,41].
Stakeholders bring essential insights—often beyond technical knowledge—that are critical

for accurately defining problems, assessing the feasibility, and evaluating their sustainability.

Yet, in many technical fields, like desalination, they often isolate technological development
from societal considerations, creating a disconnect that can limit the relevance and

effectiveness of solutions. This gap—the “elephant in the room ”"— acts as an invisible barrier,
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Figure 1. 4. Sustainability as the 'elephant in the room' amid stakeholders focused on their own priorities.
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as technological innovations may not fully align with the real problem, societal priorities and

sustainability goals.

To develop resource recovery systems that truly advance sustainability, stakeholders must be
involved in design, assessment and implementation, ensuring that these systems reflect public
priorities and local needs [4]. Bridging this gap, it is essential to co-produce knowledge by
integrating perspectives from multiple disciplines and stakeholder groups. This collaborative

s

approach can foster “win-win” solutions that are both technically viable and socially
accepted. Stakeholder participation promotes transparency and trust, creating a shared
understanding of goals and challenges [42]. However, achieving such integration requires
specific methodologies and tools that enable stakeholders to contribute effectively to the

development and assessment of sustainability solutions [40].

1.8.  Knowledge gap

Sustainability assessment (SA) has evolved substantially over the past decades, with
integrated frameworks developed across sectors such as wastewater, bioenergy, biorefineries,
manufacturing [43—47]. These frameworks have contributed important advancements, such
as the inclusion of multiple sustainability dimensions and increased stakeholder engagement,
and have helped guide sustainable decision-making in emerging industrial contexts. However,
such frameworks are typically designed for industrial, market-driven systems, where the
primary goals are production efficiency, environmental mitigation, and economic

optimization.

In contrast, desalination and drinking water systems operate as public services, with a focus
on providing secure and equitable water. They are embedded in governance structures and
shaped by societal values, regulatory constraints, and public perception. In this context,
resource recovery cannot be assessed solely through technical or economic metrics; it must

account for societal values, local constraints, and political acceptability.

Frameworks developed for other sectors (e.g. biorefinery design), while advanced in
integrating sustainability principles, are not directly transferable to water systems. Thus, a
context-specific assessment framework is required—one that accounts for the particular
societal role of water systems and the unique challenges of integrating new recovery
technologies into existing infrastructures. A framework that extends previous work and is
tailored to the distinct context of desalination and resource recovery is therefore needed. A
detailed literature review of SA approaches in desalination and wastewater-based resource

recovery is presented in Chapter 2.
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Beyond the framework level, commonly used methodologies, such as life cycle assessment,
economic evaluation, and multi-criteria decision analysis, require adjustments for the
complexities of circular resource recovery systems. For instance, environmental assessments
often overlook critical decisions, such as allocation or boundary choices. Economic analyses
often rely on cost metrics unsuited to multi-output systems, and decision-making methods fail
to account for interdependencies among sustainability criteria. These challenges form the

basis for the research questions and methodologies developed in this thesis.

1.9.  Research approach and thesis outline

This research responds to these gaps by developing a comprehensive framework and
methodologies for assessing the sustainability of desalination systems integrated with
resource recovery. This includes evaluating technical, economic, and environmental
performance, integrating stakeholder values, and exploring innovative economic assessment
methods and decision-making strategies to guide the design and optimization of desalination
systems that meet regional needs and resource recovery goals. To address these objectives,
this research explores the following key research questions (RQ):

e RQL1 - How can SA methodology be tailored to ensure comprehensive evaluation and
stakeholder participation in multi-objective systems of integrated desalination and
brine management?

o RQ2 - What are the benefits and drawbacks of different technical configurations in
integrated resource recovery desalination vis-a-vis identified values, and how do
they apply to different societal contexts?

e RQ3 - How do different cost allocation methods influence the levelized cost of
products in multi-product resource recovery systems, and what are the implications
for economic feasibility assessments?

e  RQ4 - How do key methodological decisions such as functional unit, allocation and
energy source influence the results and decisions within the context of an integrated
desalination and brine treatment systems?

e RQS5 - What are the environmental benefits and disadvantages of integrated
desalination and brine treatment systems compared with both conventional seawater
desalination and salt production systems?

e RQG6 - How do interdependencies among criteria impact decision outcomes in

sustainability assessments?

This thesis adopts a prescriptive decision-analysis approach, aiming to support decision-

makers in selecting sustainable and context-appropriate desalination and resource recovery

10
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systems. Prescriptive approaches focus on recommending actions based on structured
evaluation and analysis, typically incorporating expert knowledge and stakeholders’ values.
This differs from descriptive approaches, which explore how decisions are made in practice,
often influenced by cognitive biases, emotions, and heuristics, and normative approaches,
which define how decisions should be made in theory under ideal conditions using formal
logic and mathematical models. The use of multi-criteria decision-analysis methods and
stakeholder-oriented frameworks in this research aligns with this prescriptive focus, as it seeks

to guide and structure decisions in complex, multi-objective settings [48].

1.9.1.  Thesis outline

Chapter 2 reviews current sustainability assessment frameworks in desalination, water
treatment, and resource recovery, analyses available tools, and identifies research gaps. A
participatory framework that integrates value-sensitive design elements with a multi-criteria

approach for sustainability assessment is proposed. This chapter addresses RQ 1.

Chapter 3 focuses on developing an open-source software tool designed to simulate
desalination and mineral recovery processes. This tool combines technical process models
with economic and environmental analyses, providing data that will inform later assessments.
Unlike the subsequent chapters, Chapter 3 is methodology-oriented and does not directly
address specific research questions. Instead, it provides the conceptual and technical

foundations that support the analyses conducted in the rest of the thesis.

In Chapter 4, a value-sensitive design approach is applied to design and evaluate integrated
desalination and brine treatment systems. The goal is to understand the benefits and
drawbacks of different technical configurations in integrated resource recovery desalination
vis-a-vis identified values. The scenarios developed here will be used in the following

chapters, creating a cohesive, iterative evaluation process. This chapter addresses RQ 2.

Chapter 5 delves into the economic assessment of desalination systems focused on resource
recovery. It aims to investigate how different cost calculation methods influence the levelized
cost of products in these systems. Traditional and novel cost calculation methods are
compared to determine their impact on the economic feasibility of resource recovery. This

chapter addresses RQ 3.

Chapter 6 delves into the assessment of the environmental performance of integrated
desalination and brine treatment systems. The aim is to first understand the effect of key
methodological decisions needed to make for resource recovery assessments on the results.

Then, the environmental benefits and disadvantages of integrated desalination and brine

11
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treatment systems are analysed and compared with those of conventional seawater

desalination and salt production systems. This chapter addresses RQ 4&S5.

In Chapter 7, a desalination case study is used to evaluate how the interdependence among
decision criteria affects the multi-criteria decision-making process for sustainability
assessment. In real-world applications, sustainability criteria often influence one another;
however, traditional multi-criteria decision-making methods typically assume these criteria
are independent, which can lead to an incomplete or oversimplified analysis. This chapter
examines methods that account for these cross-criteria influences, offering a more realistic

and comprehensive assessment of sustainability. This chapter addresses RQ 6.

In Chapter 8, a summary of the main findings of this thesis is provided, along with the

limitations of this work and an outlook for future research directions based on these findings.
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Sustainability assessment
framework for integrated seawater
desalination and resource recovery:

a participatory approach




ABSTRACT

Valuable and rare materials in seawater brine are often discarded during desalination.
However, there is an increasing focus on recovering these resources, due to the economic and
environmental opportunities they can bring. Despite this shift, current Sustainability
Assessments (SA) in desalination overlook the brine handling and social dimensions, and
brine treatment assessments remain centered on techno-economic dimensions. This work
proposes a comprehensive framework for the SA of integrated desalination and resource
recovery options, focusing on recovering valuable materials from brine. The framework not
only evaluates pre-defined systems but also supports the identification of system features of
interest, such as products to assess and technologies to include, as well as the transparent
selection of indicators, considering specific contexts. To develop this framework, a review of
the literature on SA in desalination and brine treatment systems was conducted. Looking at
the identified gaps, we synthesized the findings and key messages and proposed the
integration of Multi-Criteria Analysis and Value-Sensitive Design in the decision-making
process. This allows stakeholders to be involved and incorporates their values at different
stages of the assessment, making it distinct from traditional SA methods. This framework
offers structured guidance to stakeholders on how to carry out qualitative and quantitative
assessments while ensuring transparency in the assessment process.

Keywords: Sustainability assessment framework, Stakeholders’ participation, Value-
sensitive design, Desalination, Brine treatment

Published as: R. Ktori, P. Parada, M. Rodriguez-Pascual, M.C.M. Van Loosdrecht, D.
Xevgenos, 2025 Sustainability assessment framework for integrated
desalination and resource recovery: a participatory approach. Resources,
Conservation and Recycling, 212, p.107954.



Sustainability assessment framework for integrated seawater desalination and resource recovery: a
participatory approach

2.1. Introduction

Seawater desalination is one of the most crucial water treatment technologies for addressing
water scarcity in water-stressed regions. This is an energy-intensive process, and besides
water production, there is a residual stream called brine. Brine is often discharged into the
ocean or back to the environment with various methods, such as deep well injection and
evaporation ponds [1]. Seawater contains large amounts of valuable and rare materials [2] that
end up in the brine [3], presenting economic and environmental opportunities from their
recovery through brine treatment [4,5]. Recent studies have focused on developing
technologies to recover materials such as magnesium, calcium, and sodium [2,6,7], as well as
metals from seawater brine [8]. These efforts aim to go beyond water production,
demonstrating a more substantial commitment to resource recovery and circular economy
principles.

No single technology can efficiently recover all the valuable materials from seawater brine,
necessitating integrated approaches tailored to specific products and conditions, with attention
to the market potential of individual products [3]. For instance, the technological feasibility
of such an integrated seawater desalination and brine treatment was shown in a pilot project
in Lampedusa, Italy, with five unit operations integrated for the recovery of water and five
high-quality products [7]. This integration can improve the technological and economic
performance of desalination systems but also introduces complexities, making comprehensive
sustainability assessments (SA) essential to evaluate the impacts beyond technical and
economic performance [9].

Sustainability assessment has become a rapidly developing area that supports the evaluation
of emerging processes, such as the integration of desalination and brine treatment
technologies, beyond traditional techno-economic analysis (TEA) [10]. Early sustainability
assessments of desalination processes focused on techno-economic indicators (evaluating
technical feasibility and economic performance, such as capital and operational costs, and
return on investment) and brine disposal while neglecting environmental and social aspects
[11,12]. Although environmental impact assessments using methodologies like Life Cycle
Assessment (LCA), which assesses environmental impacts across a system's life cycle, have
been reported, their integration with techno-economic and socio-economic analyses remains
limited, hindering comprehensive sustainability evaluation [13-16]. On the other hand, in
techno-economic studies, economic sustainability focuses on business economics, while
environmental is often limited to GHG emissions [17]. The environmental assessments and
LCAs need to be combined with techno-economic [18] and socio-economic analysis to reduce

21




Chapter 2

uncertainties and incorporate a broader range of parameters [19-21]. There is no sustained
progress in one pillar (dimension) without progress in all [22].

Despite advancements in SA frameworks for desalination processes over the past decade,
incorporating more comprehensive three-dimensional assessment [20,23,24], there remains a
notable gap in consideration of brine and resource recovery within existing frameworks.
Previous studies focusing on the assessment of water and salt recovery from brine have often
overlooked the social aspect, with environmental assessments primarily focused on emissions
from energy consumption [17,25,26] and environmental impacts from brine disposal into the
marine environment [27]. Existing studies have typically centered on either desalination or
zero liquid discharge (ZLD) systems, failing to provide a comprehensive evaluation of
integrated desalination and brine management approaches. Moving towards brine
minimization and resource recovery systems, the existing frameworks need to be updated. To
address the gap, we formulate the following question:

How can SA methodology be tailored to ensure comprehensive evaluation and stakeholder
participation in multi-objective systems of integrated desalination and brine management?

To answer the research question, this work aims to develop a methodological approach to
assess the sustainability performance of extended treatment chains aiming to achieve resource
recovery in the desalination industry. While seawater desalination is used as a primary
example, the principles and steps outlined in our framework can be applied to various water
sources, making it a robust tool for sustainability assessment across diverse desalination
processes.

This work is organized as follows: Section 2.2 provides the theoretical foundation for
developing the assessment framework. Section 2.3 presents the methodology for the literature
review and the development of the assessment framework. Section 2.4 presents an extensive
literature analysis of assessment frameworks for desalination and brine treatment systems
(Section 2.4.2.1) a review of the available assessment indicators (Section 2.4.2.2), and a
literature analysis of assessment frameworks and decision-support tools on resource recovery
from other sources (Section 2.4.2.3). Drawing on the theoretical background of SA, key
insights, and research gap, an assessment framework is developed and presented in Section
2.4.3. Finally, Section 2.5 discusses the impact and limitations of this study and future work.
The developed indicator database is provided in Supplementary Information I.

2.2.  Theoretical background on sustainability assessment and multi-criteria
decision making

Sustainability assessment guides decision-making towards sustainability [28], encompassing
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both negative impacts and positive contributions across various dimensions. [29] defined SA
as a method that provides decision-makers with “an evaluation of global to local integrated
nature-society systems in short and long term perspectives in order to assist them to
determine which actions should or should not be taken in an attempt to make society
sustainable”. SAs are critical tools used to evaluate the sustainability of various systems and
processes, typically applied to compare the sustainability of two or more systems, whether
they be technologies, processes, or entire organizations. The eligibility for SA usually depends
on the availability of relevant data and the defined indicators that measure sustainability
aspects such as environmental impact, economic viability, and social equity [30]. SA has also
the role of improving the decision-making process by:

e Integrating sustainability dimensions and considering their interdependencies.

¢ Including intragenerational and intergenerational considerations.

e  Supporting constructive interaction among stakeholders

e  Accounting for uncertainties [30,31]

e Managing trade-offs, prioritization, comparability, and compensation between
sustainability categories [32].

Traditional sustainability assessments relied on reductionist methods [30], using one
measurable indicator, one dimension, a single scale of analysis, one objective, and a one-time
horizon [30,33]. However, there is now a move towards more indicator-based assessments,
which offer a more comprehensive understanding of sustainability. Indicator-based SA, such
as multi-criteria decision analysis (MCDA?), is the most commonly used because “They can
translate physical and social science knowledge into manageable units of information that
can facilitate the decision-making process” [34,35].

MCDA is a methodology used to evaluate and prioritize different options based on multiple
criteria [36], considering multiple sustainability dimensions, stakeholders’ values, and
uncertainties [31]. MCDA frameworks vary from simple to sophisticated methods, including
horizontal or soft MCDA, which aims to structure knowledge for decision support, requiring
very little information, and vertical or hard MCDA, which uses mathematical programming
techniques for ranking alternatives, requiring extensive information [36,37]. The key elements

! To ensure clarity and consistency, this thesis distinguishes between related terms commonly used in
the literature. The term Multi-Criteria Decision Analysis (MCDA) is used to describe the overall
analytical framework adopted in this work, which emphasizes a participatory, value-sensitive approach
to sustainability assessment involving multiple, often conflicting criteria and stakeholder perspectives.
In contrast, Multi-Criteria Decision Making (MCDM) refers specifically to the structured application
of decision-support methods (e.g., BWM, PROMETHEE) used for ranking or prioritizing alternatives
in more deterministic contexts. While these terms are often used interchangeably, they are differentiated
here to reflect their roles within the thesis.
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identified in traditional MCDA are scope definition (including selection of alternatives),
criteria selection, and interpretation methods (assigning weights, aggregating scores and
ranking alternatives) [32,38]. For more detailed methodological insights, readers can refer to
works by [32,34,39].

The technical dimension is often included indirectly in the evaluation of well-developed
technologies, but directly for emerging technologies to assess the performance and feasibility
of the process [32,40] since the operational performance is uncertain [32]. Technical aspects
significantly influence economic, environmental, and social dimensions [40,41]. Thus, SA
must integrate economic, environmental, social, and technological issues and their
interactions and consider the consequences of present actions into the future and drivers of
change [30,42]. This integrated approach is particularly valuable in desalination and brine
treatment projects aiming at resource recovery, where technologies are relatively new, and
cost, environmental impact, and resource recovery potential need to be balanced.

Moving towards interdisciplinary and trans-disciplinary approaches underscores the necessity
of integrating methods, concepts, and theories from various disciplines and effectively
engaging stakeholders [39]. Stakeholder participation is crucial for aligning resource recovery
innovations with their socio-technical context, democratizing decision-making, and ensuring
the relevance of sustainability assessments [43,44]. Stakeholder participation goes beyond
merely incorporating expert opinions in the weighting process of decision-making studies,
empowering stakeholders and providing them with the opportunity to understand the problem
and influence the decision [44].

Value-sensitive design (VSD) is a participatory approach that proactively incorporates
societal values [45] into technological designs by investigating stakeholder values and
identifying desirable technical features [46,47]. In particular, VSD incorporates social aspects
into emerging technologies consciously [48], which are often developed in processes that are
blind to the context and the stakeholders’ realities [10]. This inclusive design process allows
stakeholders to co-design technologies that align with their values, perceptions, and
expectations [43]. It is a valuable methodology for ensuring stakeholder participation and
comprehensive evaluation in addressing multi-objective systems.

While VSD has been utilized in various contexts, such as ICT and robotics projects [49], the
design of biorefineries [50], wind turbines and wind parks [51], and digital platforms [52], its
application in the water and wastewater sectors remains limited. Only an approach based on
VSD has been used to proactively integrate societal values in the design of technologies for
resource recovery and gain first insights into its societal implications in the context of small
islands [53].
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2.3.  Methodology: developing the conceptual framework

To develop an assessment framework and answer the research question, a literature review
was conducted as a “preparation”. The key results were gathered and analysed. The findings
and key messages from the literature review were composed to develop the proposed
framework (synthesis phase) according to the methodology in Figure 2.1.

Conduct Literature review on:
« Sustainability assessment methodologies
* Multi-criteria assessment

* Assessment methodologies for desalination and brine treatment
* Decision support tools for resource recovery from wastewater effluent

.;_j
Screening and selection based on:

(1) Applicability
(2) Sustainability dimensions

Preparation

(3) Multi-criteria assessment methods
Develop a

sustainability
assessment framework
for desalination

aiming at resource Analysis based on:

recovery (1) Assessment’s purpose
) (2) Sustainability principles
e (3) Transparency
Analysis [ 3
o (4) Stakeholder participation
(5) Methods used

. o_)?

a

. a
Lessons learned b 0«0

and challenges P Select key methodological
Select key indicators elements

Figure 2.1. Scheme of research methodology to develop sustainability assessment framework.

2.3.1. Preparation phase

The review was conducted through various steps, as described in Figure 2.1, and with a focus
on:

1) Sustainability assessment methodologies,

2) Multi-criteria assessment for sustainability assessment,

3) The available assessment methodologies for desalination and brine treatment
systems.

4) The available assessment methodologies for resource recovery from wastewater
effluent

The literature search was conducted using Scopus and Google Scholar databases, focusing on
recent publications in English. Keywords such as “MCDA for SA”, “sustainability assessment
of desalination and brine treatment”, “environmental assessment of desalination and brine”,
and “techno-economic assessment of desalination and brine treatment” were utilized.
Additionally, terms like “sustainability assessment of ZLD”, “sustainability assessment of
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Minimum Liquid Discharge”, and “techno-economic assessment of ZLD” were included to
capture relevant studies. Grey literature was excluded to maintain a focus on peer-reviewed
sources, ensuring scientific rigor and reliability. The review process does not delve into the
discussion of specific desalination and brine treatment technologies.

After the initial screening, studies were selected and analysed based on their relevance to (1)
applicability to the context of desalination, brine management, and resource recovery, (2)
alignment with sustainability assessment dimensions, and (3) multi-criteria assessment
methods. Snowballing techniques, including backward and forward citation tracing, were also
employed to ensure comprehensive coverage.

The literature review has been expanded to encompass fields beyond desalination, such as
those of resource recovery from sources other than seawater, using snowballing. Given that
resource recovery in desalination is still emerging and the assessment of such systems is in its
developmental stages, insights and experiences gained from more established fields could
prove very useful in developing an assessment framework for desalination.

A review of indicators for evaluating desalination, brine treatment systems, or water treatment
systems was conducted. This included dimensions and indicators from the previous steps, as
well as studies on LCA, environmental impact assessment (EIA), energy assessment, techno-
economic, and social life cycle assessment studies. The review also covered multi-criteria or
sustainability assessment tools for wastewater, urban water systems, and the water industry,
in general. The search was extended to specific articles or topics identified in the reviewed
literature. The relevant indicators were collected using the same criteria of relevance.

2.3.2.  Analysis phase

After the preparation phase, the most relevant studies were selected for analysis based on the
above criteria of relevance. Firstly, the key elements regarding the methodological approach
for SA and MCDA were scrutinized. The importance, which means how vital each step is,
and the order, indicating the sequence in which these elements should be followed, were
evaluated. The studies were qualitatively assessed in terms of sustainability principles,
transparency, and consideration of sustainability dimensions. Then, they were analysed based
on the assessment’s purpose and the methods or combinations of methods used. Transparency
in this phase means openly sharing procedural steps, providing required data, and clearly
explaining decisions, such as the selection of indicators. This allows others to replicate the
study, verify its findings, and hold the process accountable. Finally, stakeholder participation
was evaluated by analysing which stakeholders were considered relevant, their knowledge
background, how they were selected, and how and in which phases they were engaged.
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2.3.3. Synthesis

In this phase, we synthesize the findings and key messages from the literature review into a
framework for multi-criteria SA of desalination for resource recovery. As a result, the
proposed framework was developed, drawing inspiration from sustainability science and
building on the key elements of multi-criteria sustainability methodologies [54-60], the
review of current assessment frameworks for desalination and brine treatment, and research
gaps. Additionally, elements identified as promising for a non-reductionist approach to SA in
desalination and resource recovery were combined into a framework (see Figure 2.2) that
thus draws from value-sensitive design (VSD) and MCDA (as an SA approach). This work
integrates VSD elements into different steps of the proposed framework. Specifically, key
characteristics of VSD, such as stakeholders’ values and value tensions, will be used in the
selection of the assessment indicators and design of alternative scenarios and contribute to the
system’s assessment and design. By incorporating values into the assessment process, we can
ensure that the selected criteria and indicators are relevant and meaningful to the stakeholders
involved and that the assessment addresses the real concerns and ambitions of those affected
by the decisions. The order of the key elements that compose the framework was adjusted to
enhance transparency in the selection of indicators and alternatives and address social
challenges to overcome the weak points of the existing methodology.

Value Sensitive Design

Value Sensitive
Design

Desalination

| | Sustainability
| Resource A e

Figure 2.2. The intersectionality of Value Sensitive Design, Sustainability assessment and Desalination
aiming at resource recovery.

Transparency is one of the key elements of an objective SA framework and can ensure
credibility [39]. [61] emphasized the need to enhance methodological transparency by
providing insights into the selection of alternatives, dimensions, and indicators. The proposed
framework addresses this issue by explicitly outlining the procedures for selecting assessment
indicators, which are then disclosed as part of the presented results. Additionally, VSD’s
participatory approach enhances transparency in indicator selection and scenario design,
which is particularly valuable given the frequent lack of detailed explanations for selected
indicators or alternative scenarios in the literature.
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Finally, within the synthesis phase, a database with 208 performance indicators has been
developed (see Supplementary Information I) for a comprehensive assessment of desalination
and brine treatment systems. The developed database gives an overview of the most used
indicators in the field, and it can help users select the most applicable performance indicators.
The indicators are categorized into technical, economic, environmental, and social, focusing
solely on a plant’s planning and operation phase. It includes both qualitative (e.g., reliability)
and quantitative (e.g., water recovery) indicators, along with the tools or methodologies in
which they are utilized.

Please refer to Supplementary Information 111 (see Section A) for a more detailed explanation
of concepts like value and value tension, along with examples. The supplementary
information includes comprehensive definitions of the terminology used in this work.

2.4.  Results and discussion
2.4.1. Preparation: Sustainability assessment trends and indicator utilization in the
desalination field

The research interest in sustainability assessment for the desalination field has grown over
recent years (see Figure 2.3), driven by global capacity expansion, cost reduction,
environmental concerns around desalination and significant technological developments in
brine valorisation. However, despite this growing interest, the number of publications
specifically addressing sustainability assessment for brine treatment remains notably low,
indicating a field ready for further exploration and research. On the contrary, there has been
a significant increase in scientific publications focusing on the environmental impacts of
desalination or brine treatment, particularly over the last decade. This trend underscores the
growing recognition of environmental concerns associated with desalination processes, likely
influenced by advancements in brine management technology and heightened awareness of
brine disposal issues.

A detailed review of the literature reveals a marked imbalance in the application of
sustainability indicators: while technical (91%) and economic (100%) indicators are
extensively employed,, environmental (61%) and social (48%) indicators fell behind. This
imbalance raises questions about the comprehensiveness of current assessment methodologies
in the field and underscores the need for a more balanced approach that incorporates
economic, technical, environmental and social indicators into the assessment process.
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Figure 2.3. The number of publications related to sustainability assessment for desalination and brine
management from 2000 to 2023. Data was obtained from SCOPUS Database using the following
keywords: "sustainability assessment AND brine ", "sustainability assessment AND desalination”,
"brine AND environmental assessment", and "desalination AND environmental assessment".

Currently, only 35% of the studies employ the three sustainability dimensions (economic,
environmental, and social), indicating a significant opportunity for methodological
enhancement. Incorporating social and environmental indicators enhances the overall
understanding of the impacts and benefits associated with desalination and brine treatment
projects, enabling stakeholders to make more informed decisions. Details of the empirical
analysis that informed these adaptations are available in Supplementary Information I1.

The dominance of technical and economic indicators in desalination assessments may be due
to the lack of standardized methodologies and the complexity of social and environmental
impacts [23,62]. Unlike technical and economic dimensions, social and environmental
indicators are still challenging to quantify consistently in desalination and brine treatment
domains. Additionally, the limited availability and accessibility of relevant data [63]
contribute to their limited use, as they require extensive data collection and active stakeholder

engagement.
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2.4.2. Analysis

2.4.2.1. Review of current assessment frameworks/methodologies for desalination and
brine treatment

This section reviews the assessment approaches used in examining the sustainability of
desalination systems and later brine treatment systems. Early sustainability assessments of
desalination processes focused on techno-economic indicators and brine disposal while
neglecting environmental and social aspects [11,12]. Over the last decade, more
comprehensive SA frameworks for desalination processes have emerged, as summarised in
Table 2. 1 and illustrated in Figure 2.3.

Many SA methodologies have historically involved only a small group of experts in the
identification and weighting of indicators, lacking robust stakeholder participation. For
instance, [63] developed a multi-criteria decision-making model that considers
environmental, technical, and economic indicators, but overlooked social indicators.
Similarly, [62] and [20] proposed methodologies to evaluate desalination processes,
addressing economic, environmental, and social issues but limiting stakeholder engagement
to data collection and weight determination. [64] proposed a multi-criteria decision-making
tool for the optimum selection of seawater desalination technology using technical, economic,
environmental, and social criteria, involving experts only in weighting via survey. Limited
stakeholder engagement can result in biased outcomes and reduce the assessment’s
applicability. The process of assigning weightings to different indicators lacks uniformity
across studies, leading to inconsistent results. [24] proposed a methodology for the SA of
desalination processes under hybrid information, focusing on improving weighting and
sustainability ranking through integrated techniques. However, the selection of indicators and
their weightings often lacked transparency, and stakeholder involvement, which could result
in biased outcomes. This variability underscores the need for standardized approaches to
ensure comparability and reliability across different studies.

Recent contributions have continued to advance the field. [41] emphasized the importance of
stakeholder interactions, expert input, and case-specific contextual effects in the assessment
and final decision-making. Similarly, [9] provided a well-described case study and indicator
selection. However, stakeholders (experts) are involved only in the ranking process.

Until this stage of the review, brine has received limited attention, mainly as a waste stream.
The above studies have not considered brine valorisation or the impact of brine disposal
methods. Recent research has explored the value of recovered products from ZLD systems.
However, the assessment of those systems has primarily focused on TEA [65-69]. In
particular, [70] evaluated ZLD systems based on economic, technical, and administrative
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indicators, but environmental and social criteria were not considered in the assessment,
focusing instead on integrating essential tools with decision-making tools, and experts were
involved only in the weighting procedure.

Although not targeting sustainability assessment per se, [4] developed a transparent
methodology for brine valorization, estimating the value that can be captured by treating the
brine with a novel brine treatment system.

[17] proposed a methodological approach for identifying suitable treatment chains based on
technical, economic, and environmental analysis. The technical analysis includes only the
energy requirements, and the environmental study is limited to the CO, emissions due to the
energy consumption (operational CO, emissions). In addition, [71] performed a TEA of brine
treatment to identify the most feasible and less energy-intensive system. The analysis is
oriented toward salt production, not water production, and introduces a novel parameter, the
levelized cost of the NaCl crystals.

[72] performed a TEA of a seawater ZLD system, focusing on freshwater, mixed solid salt,
and high-purity NaCl production. [26] studied the economic feasibility of a novel treatment
chain, highlighting the added value of recovering multiple high-quality products from
seawater desalination brine. Their economic assessment used two main indicators: the
levelized cost of the individual products and the brine treatment-specific cost. However, the
environmental and social aspects and the impact of technical aspects on the environment were
not included in the analysis.

While some efforts have incorporated environmental indicators [17,25,26,73], comprehensive
sustainability assessments of ZLD systems remain scarce. A first attempt to integrate social
aspects into the analysis/evaluation of desalination and brine management systems was
proposed by [74] through social LCA.

Few studies attempted to evaluate integrated desalination and brine treatment systems with
technical and economic criteria. For instance, [75] presented a TEA of an integrated Reverse
osmosis (RO), electrodialysis and crystallizer to treat seawater, aiming at salt production. The
added value of salt production is included in the analysis. [25] evaluated the desalination
system RO integrated with brine treatment technologies (brine concentrator, brine
Crystallizer), using technical, economic, and environmental (only CO, emissions) criteria.
The performance of the system was analysed with respect to both water and salt.
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Table 2. 1. Summary of literature findings on Sustainability Assessment frameworks in the desalination and brine treatment field.

Study Reference Methodology and Dimensions considered  Context Stakeholder participation Main limitations
MCDA method and social relevance
[11] Techno-economic Technical, economic Desalination Stakeholders considered as Limited consideration
analysis and environmental data sources of social aspects
[12] Multi-criteria decision- ~ Technical, economic Desalination Experts involved in the Lack of social
making with AHP and Environmental weighting procedure dimensions, stakeholder
participation
[62] Multi-criteria decision- ~ Economic, Desalination Stakeholders involved in the Poor stakeholder
making with AHP environmental, social weighting procedure participation
[20] Multi-criteria decision- ~ Techno-economic, Desalination A diverse group of Poor stakeholder
making with AHP, environmental, social stakeholders involved in the participation
Swing data collection and weighting
procedure
[24] Multi-criteria decision- ~ Techno-economic, Desalination No diverse group of Limited transparency in
making with AHP and environmental, social stakeholders, Stakeholders indicator selection
TOPSIS involved in the weighting
procedure
[63] Multi-criteria decision- ~ Environmental, Desalination A small group of experts Lack of social
making with fuzzy- technical, economic involved in indicator dimension
AHP and TOPSIS identification and weighting
procedure
[41] System-level decision Technical, economic, Desalination Experts involved in indicator ~ Expand the model to
support tool environmental selection address brine
management
[9] Multi-criteria decision- ~ Environmental, Desalination Experts involved in the Limited stakeholder
making with fuzzy economic, social ranking procedure involvement
model
[64] Multi-criteria decision- ~ Technical, economic, Desalination Experts involved in the Limitations in applying

making

environmental, social

weighting procedure

MCDA-based solutions,
Lack of data




€€

[76] Multi-criteria decision- ~ Economic, Desalination Experts involved in the Lack of data,
making with AHP environmental, social weighting procedure Recommendation for
the introduction of more
metrics highlighted
[17] Techno-economic Technical, economic, Brine treatment No stakeholder participation Lack of social
assessment environmental dimension and
stakeholder
participation, the
technical assessment
includes only the energy
requirements.
[77] Techno-economic Technical, economic Brine treatment Experts involved in the design  Lack of environmental
assessment and resource and social dimensions,
recovery lack of stakeholder
participation
[69] Cost assessment Economic Brine treatment NA Only economic
dimension, lack of
stakeholder
participation
[75] Techno-economic Technical, economic Brine treatment NA Lack of environmental
assessment and resource and social dimensions,
recovery lack of stakeholder
participation
[70] Multi-criteria decision- Technical, economic, Brine treatment NA Lack of environmental
making with AHP and administrative (social) dimensions, lack of
grey relational analysis stakeholder
(GRA) participation
[65] Techno-economic Technical, economic, Brine treatment NA Lack of environmental
assessment social and resource dimensions, lack of
recovery stakeholder
participation
[66] Techno-economic Technical, economic Brine treatment NA Lack of environmental

assessment

and social dimensions,




ve

lack of stakeholder
participation

[71] Techno-economic Technical, economic Brine treatment NA Lack of environmental
assessment and resource and social dimensions,
recovery lack of stakeholder
participation
[26] Techno-economic Technical, economic Brine treatment NA Lack of environmental
assessment and resource and social dimensions,
recovery lack of stakeholder

participation

AHP: Analytic Hierarchy Process, TOPSIS: Technique for Order Preference by Similarity to an Ideal Solution.
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2.4.2.2. Review of assessment indicators

This section examines the key findings from the review of sustainability assessment indicators
commonly used in desalination and brine treatment systems, focusing on their suitability,
challenges, and insights from the literature.

The technical dimension aims to evaluate the technical performance of a system. A good
understanding of the process is essential [23], particularly when integrating multiple
technologies. Even with high Technology Readiness Level (TRL) technologies, performance
evaluation offers insights into the improvements/optimization of the system. In reported
studies, the technical aspect is often combined with the economic and typically limited to the
energy requirements of the technologies, overlooking more specialized technical indicators.
This may be due to the assumption that the systems are already optimized. However, the
technological dimension encompasses more than energy usage, including system efficiency
and technology integration. However, limitations exist, as some indicators are overestimated
with respect to others because of the availability of data [76].

Regarding the energy-related indicators (in the technical dimension), the energy consumption
of the process or the specific energy consumption are two of the most used indicators found
in the literature. Indicators to evaluate the integration of the desalination or brine treatment
systems with renewable energy systems are rarely considered, though the technical feasibility
of using renewable energy sources to cover the energy requirements of the desalination sector.
On the other hand, the direct impact of energy use is measured extensively with environmental
indicators such as GHG intensity.

The economic dimension aims to evaluate the economic performance of the studied systems.
All the reviewed studies include economic indicators in their analysis, which underlines that
the economic aspect has historically dominated decision-making [23]. Various indicators with
similar outcomes have been used in the economic analysis of desalination or brine treatment
systems, such as levelized cost, unit cost, treatment cost, and production cost. Levelized cost
is defined as the sum of annual operational costs and capital investment, divided by the
production capacity [78]. It represents the break-even price of the main product, taking into
account revenues from by-products [17]. Unit cost is defined as it reflects the cost per unit of
desalinated water, encompassing capital, operation, maintenance, and fuel costs
[11,25,65,79]. The normalization to production capacity, used in both levelized cost and unit
cost calculations, ensures that comparisons are based on standardized units of output, allowing
for clearer assessments of economic efficiency and scalability across various water production
methods [78].
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Treatment cost, utilized by [80] and [81], considers capital costs, energy costs, and operating
costs. [24] and [66] employed production cost, however, its specific definition and the formula
were not provided. The main difference is that levelized cost includes revenues from by-
products, while unit cost, treatment cost, and product cost do not. Unit cost and treatment
costs primarily focus on energy expenses (fuel costs). Further exploration into the economic
value of seawater desalination brine effluent was conducted by [82], considering the potential
value of the main compounds that can be recovered from the brine. Recently, the economic
impact of brine treatment has been calculated as brine treatment-specific cost [17] for
ZLD/MLD systems. However, the costs of brine disposal are usually excluded from the
analysis.

The environmental dimension aims to evaluate the effects of desalination and brine
treatment processes on the environment. It is well known that the main environmental impacts
of desalination are associated with high energy consumption and brine disposal. Only 61% of
the reported studies used environmental indicators, with 36% assessing CO; emissions from
the operation, such as CO; emissions/m® of desalinated water [62] or CO; emissions/m® of
brine [17]. The carbon footprint can be considered one of the simplest ways to measure the
environmental impact of a process, and it can give an excellent first insight.

Regarding brine, limited efforts have been made, with 60% of the sustainability assessments
for desalination processes, including the brine disposal in the analysis [76], often without
detailed analysis. Notably, brine disposal or minimization is typically not included in the
environmental assessment of ZLD or MLD systems. The main indicators found in the
literature are the pollution potential from brine disposal [62,76], eco-toxicity [14,20,83,84],
and increased salinity and temperature [20,23].

The use of chemicals is directly related to environmental impacts in the desalination sector;
however, it is not considered in the reviewed works. While [85] referred to chemical
consumption in the economic assessment, it was not included in their subsequent work where
the proposed framework was implemented [62]. Similarly, [81] estimated the cost of
chemicals in the economic assessment of the system but not in the environmental assessment.

The social dimension aims to evaluate the effect on the local community and the employees
[23]. Only 48% of the reported studies used social indicators, with 45% assessing impacts on
the local economy and communities [20,23,25]. These studies considered indicators such as
the level of aesthetic acceptability, noise levels, provision of employment opportunities,
safety levels, quality of life, and effectiveness and equity of employment. [65] recommended
the indicator of willingness to pay. Water quality was used in 25% of the studies to assess
social-technical aspects [76]. [70] included the operational complexity of the processes as a
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social indicator, reflecting the need for skilled labour. Similarly, [24] emphasized the
importance of specific expertise, and [25] highlighted the significance of high-skilled
employees and specialized knowledge. [86] stressed the importance of practical and real-
world factors in the assessment by considering the industry’s past experiences, local public
stakeholders, investors, and media values.

Acknowledging the social dimension’s challenges, particularly in data availability,
uncertainty, and survey bias, is crucial [32]. The data collection for social indicators can be
challenging, especially for indicators like political risks/impacts and benthic seabed damages
[20]. These challenges are exacerbated when collecting data from multiple individuals within
an organization without direct collaboration with S-LCA practitioners [74]. Such complexities
often lead to the reliance on assumptions when evaluating social impacts [87], introducing an
element of uncertainty into assessments and questioning their comprehensiveness. To address
the issue of data availability and improve the robustness of assessments, researchers should
explore new data collection methods, such as community surveys, and actively involve
stakeholders, including local communities and industry experts. This involvement can
enhance the accuracy of impact assessments and bridge the gap between available data and a
comprehensive evaluation of social and environmental impacts.

In summary, the review underscores the need for a more balanced and holistic approach to
sustainability assessments in this field. A paradigm shift from a predominantly technical and
economic focus to a more inclusive assessment of social and environmental aspects is
warranted. Moreover, addressing the data availability issue and tackling uncertainty will
enhance the robustness of assessments, contributing to a comprehensive understanding of
system sustainability. Table 2. 2 gives a summary of the most frequently used indicators in
the literature. Their definition and mathematical description are given in Supplementary
Information 111 (see Section B). Notably, brine disposal is hot commonly considered in
sustainability assessments, which encompass economic factors, such as disposal costs, as well
as environmental and social impacts.
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Table 2. 2. Summary of the most frequently used indicators in the literature.

Dimension Indicator Frequency Method/Concept
Specific energy consumption  56% MCDA, TEA, SA, EIA, Energy assessment
Technical Water recovery . 44% MCDA, TEA, SA, EIA, Energy assessment
Energy consumption 33% MCDA, TEA, SA, EIA, LCA
Water quality 28% MCDA, TEA, SA
OPEX 85% MCDA, TEA, SA, Cost assessment, EIA, Energy assessment
Economic CAPEX 69% MCDA, TEA, SA, Cost assessment, 3E assessment
Freshwater produced cost 31% MCDA, TEA, SA, 4E assessment, EIA, Energy assessment
Unit cost 28% MCDA, TEA, SA
GHG emissions 62% MCDA, TEA, SA, LCA, EIA
. GHG intensity 38% MCDA, TEA, SA, 3E assessment, 4E assessment, LCA, EIA, Economic assessment
Environmental ;
Global warming 31% LCA
Ecotoxicity 31% LCA, EIA
Health and sanitation; 28% SA
Social Acceptability 23% Decision support tool
Education and training 13% SA
Public safety 13% SA

EIA: environmental impact assessment, LCA: life cycle assessment, MCDA: multi-criteria decision analysis, SA: sustainability assessment, TEA:techno-economic

assessment.
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2.4.2.3. Review of decision-support tools for resource recovery systems from wastewater
effluent and waste

In addition to reviewing sustainability assessments on desalination and brine treatment

studies, decision-support tools for resource recovery systems from wastewater effluent and

waste have been incorporated to inform the development of an assessment framework for

desalination. The analysis focuses on stakeholder participation and methodological strengths

and weaknesses.

While stakeholders’ participation emerges as a fundamental aspect across many studies, its
implementation varies. For instance, [60] and [88] acknowledged the importance of
stakeholder engagement in the development and application of sustainability assessments and
decision-support tools, but lacked actual stakeholder involvement, raising questions about the
validity and applicability of their findings. Conversely, [89] and [90] emphasized the system
thinking approach and stakeholder participation in the assessment, advocating for transparent
and inclusive approaches. [91] advocated for a context-specific approach that enables the
involvement of stakeholders in diverse ways throughout the stages of the assessment process
to strengthen assessment credibility.

Stakeholder participation also varies across the methodological stages and among the studies.
For example, [92] stressed the necessity of understanding the decision context and engaging
stakeholders. They found that preliminary interviews can offer insights into current drivers
and challenges and help identify key stakeholders. Similarly, [93] and [92] proposed
comprehensive assessment tools that involve stakeholders in indicator selection. [92] selected
the indicators and criteria based on the insights from the preliminary interviews, while [93]
involved stakeholders through workshops, interviews and webinars for indicator selection.
Similarly, [94], defined indicators based on experts’ input and [91] based on specific context
relevance. Conversely, [60] defined the criteria and the indicators based on their frequency of
use in previous studies.

It has also been noticed that stakeholder participation in the design of alternative scenarios
(treatment chains) for evaluation varies. In particular, [94] designed alternative scenarios
based on necessity and viability, while [89] incorporated concepts from the circular economy
and industrial symbiosis and actively engaged stakeholders in scenario communication.
Similarly, [91] developed alternative scenarios based on experts’ knowledge through
interviews and workshops. However, almost none of the above studies used and explained a
robust methodology for the design of the alternative scenarios. Only [94] explicitly discussed
the improvement of a methodology for the scenario development by exploring existing
regulations, guidelines and standards for wastewater treatment and water reuse in the
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understudied region. Conversely, [95] and [60] use an existing knowledge database to design
alternative scenarios without any feedback from relevant stakeholders, mentioning that the
validity of the results depends on the information provided by the user since there is no
feedback loop.

Reviews by [91], [96], and [97] highlighted the ongoing need for further research and
improvement in decision-support tools for resource recovery plants. Specifically, [98]
emphasized the importance of understanding practitioner interaction with those tools, while
[97] stressed the importance of close collaboration with stakeholders in the MCDA for better
problem structuring and transparent inclusion of public values and concerns.

2.4.2.4, Key insights

The review indicates that the domain of research is relatively new, leaving room for
improvements and enhancements. A key question arises: Why are existing SA methodologies
underutilized in the desalination literature? Researchers often develop methodologies based
on fundamental principles rather than utilizing existing frameworks, seeking greater
transparency. These new approaches often focus solely on weighting and ranking
methodologies, overlooking other critical steps. Without clear methodological choices, such
as indicator selection and multi-criteria decision-making (MCDM) methods, results
interpretation may be misleading [42]. Furthermore, the review exposes a common misuse of
the term 'sustainability’ in analyses, suggesting a need for greater adherence to sustainability
principles. While sustainability is a popular term, its misuse can compromise the integrity of
studies, undermining their credibility.

The MCDA approach is favored for sustainability assessment also in the desalination field
due to its ability to address the multidimensional nature of sustainability challenges. While
certain studies have made progress in proposing frameworks or methodologies (e.g.
[20,24,62]), there remains a general lack of comprehensive stakeholder engagement. Relevant
stakeholders’ involvement in decision-making processes is often limited to the final stages in
a less integrated way. This narrow engagement can lead to biased outcomes and reduce the
applicability of the assessment. Furthermore, potential biases in data collection methods, such
as surveys and interviews, can affect the validity of the assessments. Although social
indicators provide valuable insights, they alone are not sufficient to address the complex
challenges posed by desalination and resource recovery systems. The consideration of all
sustainability dimensions (economic, environmental, social and/or technical) must be
complemented by meaningful stakeholder participation to align resource recovery innovations
with policies, markets, and societal concerns.
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The reviewed studies mostly involved experts in the desalination field, neglecting the input
of stakeholders with diverse backgrounds, including local community members. Additionally,
data availability and quality pose challenges in obtaining reliable data, particularly for social
indicators, which complicate comprehensive sustainability assessments. Culture, values, and
drivers for change are rarely considered, except in works by [41] and [9], which emphasized
the significance of case-specific contextual effects in sustainability assessments, underscoring
the need to consider local conditions and stakeholder insights. Conversely, studies on resource
recovery from other sources (see Section 2.4.2.3) have demonstrated various approaches to
involve stakeholders throughout the assessment process, promoting transparency and
inclusivity. These studies emphasized the importance of understanding decision contexts,
engaging stakeholders in indicator selection, and considering contextual relevance to enhance
the credibility of the assessment.

This lack of stakeholder involvement and consideration of contextual factors highlights the
need for improvements in existing works and an approach that addresses these limitations. In
this regard, the implementation of VSD in the desalination field and resource recovery from
seawater can significantly contribute to overcoming these shortcomings and enhancing the
overall sustainability assessment process.

Based on the key insights and best practices for engaging stakeholders from the literature
review, below is a list of key criteria that an SA needs to include:

e Comprehensiveness: Provide a holistic approach by integrating environmental,
social, economic, and technical dimensions.

e Transparency: Provide explicit information on stakeholder participation, data
collection and methodological choices, such as selecting indicators and alternative
options at every stage of the process. This ensures that all decisions are open to
scrutiny and accountability.

e Stakeholder participation: Promote continuous engagement and open
communication with stakeholders representing diverse perspectives and interests,
ensuring their inclusion in its development to provide relevant and democratic
solutions. Clearly define the criteria for stakeholder selection and methods of
engagement. Use participatory tools such as surveys, workshops, and focus groups
to gather diverse perspectives. ldentify and mitigate potential biases early by
involving a diverse group of stakeholders and using reflective frameworks

e Transdisciplinary: Integrate methodologies and knowledge from different disciplines
for knowledge co-production and social learning.
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2.4.3. Synthesis: A proposed framework to assess integrated desalination and brine

treatment systems

Building upon the theoretical background outlined in Section 2.2 and insights from the
literature reviews in Sections 2.4.2.2 and 2.4.2.3, an assessment framework was developed.
The framework consists of six steps: 1) Problem definition, 2) Assessment indicators
definition, 3) Design of alternative scenarios, 4) Data acquisition, 5) Assessment indicators
quantification, and 6) Performance analysis. Figure 2.4 illustrates the proposed framework in
a block flow diagram, incorporating the stakeholder engagement gradient to denote the degree
of participation at each step. This framework provides various levels of investigation by
considering insights from experts and literature. The following sub-sections give a detailed
description of the individual steps
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2.4.3.1. Problem definition

The proposed framework is developed to be applicable to different case studies; thus, it is
essential to describe and understand the case study in the early stage of the assessment. For
this, the framework proposes establishing stakeholder engagement followed by a participatory
definition of the problem statement.

Stakeholder analysis and engagement: The involvement of a diverse range of stakeholders,
including researchers, policymakers, engineers, and affected communities, is crucial.
Grouping these stakeholders by their interests and potential impact ensures that all relevant
perspectives are integrated into the assessment process [99,100]. Note that not only technical
experts or stakeholders that benefit from the integrated system should be considered in the
analysis, but also stakeholders that might be indirectly affected or even lose from it need to
be part of the group [101]. For example, in an integrated seawater desalination and resource
recovery project, stakeholders might include local communities affected by brine disposal,
companies involved in resource recovery like the salt industry and technology
developers/suppliers, and environmental organizations overseeing the environmental impacts.
A list of potential stakeholder groups is given in Supplementary Information Il1 (see Section
C), while [100] discusses in detail the stakeholder identification and analysis techniques.

Active involvement: Once the stakeholder analysis is conducted, the next step is to actively
involve stakeholders in the assessment process. While the proposed participatory approach
aims to involve stakeholders at various stages of the assessment process, the level of
participation of each stakeholder can vary. Factors such as power, capacity, interest, and the
ability to engage must be considered when determining their participation (see example in
Supplementary Information 111, Section C). The level of participation ranges from informing
them to collaborating with them to initiate the process. The most intense participation occurs
when local stakeholders initiate the process, perform the analyses, and are involved in the
decision-making processes. They also have ownership of the data inputs and final products.
There is no optimal level of participation. The degree of participation depends on the specific
study [101]. It is important to ensure that all stakeholders, regardless of their interests or
potential gains or losses, are given equal consideration in the participatory process, promoting
democratization, ownership, and transparency. Participation should start early and continue
throughout the stakeholder analysis to enhance process effectiveness.

Each step clarifies when and how stakeholders should be involved and at what level of
engagement, ensuring a transparent and collaborative process. For example, in the problem
definition step, stakeholder participation and engagement are particularly crucial, as early
involvement generates interest and ensures that community needs and values are accurately
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reflected. The level of participation should be high, requiring substantial input and feedback
from stakeholders, while the degree of engagement should involve a wide variety of
stakeholders to gather diverse perspectives. This early and continuous involvement ensures
that the assessment is grounded in a comprehensive understanding of the stakeholders'
concerns and objectives.

Addressing biases: Identifying and addressing potential biases early in the assessment
process is crucial. Involving a diverse group of stakeholders will not only provide multiple
perspectives but also reduce individual bias. Critical Systems Heuristics offers a reflective
framework and tools, such as “boundary questions” to explore system biases [102].

Transparency: is a critical aspect at all participatory stages, from the selection and invitation
of stakeholders to the development of engagement activities and the analysis of outcomes.
Transparency in stakeholder engagement means openly communicating the criteria for
stakeholder selection, the methods of engagement, and how stakeholder inputs are integrated
into the assessment. This ensures that decisions regarding stakeholder participation are made
openly, addressing questions of who is included and on what grounds, taking into account the
motivations and intentions of both stakeholders and practitioners/ facilitators [101].
Participatory tools, including surveys, workshops, focus groups, brainstorming, group
facilitation, SWOT (Strengths, Weaknesses, Opportunities, Threats) analysis, and mind
mapping or a combination of tools facilitate stakeholder engagement [44,101].

Problem statement definition: Described and analysed the problem statement and
information, such as location, available energy sources, market availability, and constraints.
Furthermore, to identify and analyse the main sustainability issues considering the socio-
technical context around the case study, a thorough review of relevant literature, policy
documents, and stakeholder inputs should be conducted [58]. This process can involve
evaluating the environmental, economic, and social impacts and exploring potential trade-offs
between different sustainability dimensions. It is crucial to transparently communicate any
simplifications made during this process to ensure the study's robustness and clarity.

Additionally, understanding the current challenges and drivers is an essential opportunity to
engage with key stakeholders. Including social-cultural aspects in the description of the case
study will not only add value to the assessment [103] but also help in the design of alternative
scenarios (see Section 2.4.3.3). This can be achieved by conducting workshops, interviews,
or surveys with stakeholders (local communities, experts, researchers) to gather insights on
the socio-cultural context, values, and preferences that should be considered during the
assessment process. The identification of stakeholders’ values is a critical step in the proposed
framework, and it has to be carried out in the early stage of the assessment.
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System boundaries and objectives: Define the objectives of the assessment and set system
boundaries. The system boundary outlines the scope of the system being assessed, specifying
what is included and excluded in the analysis. For instance, in a sustainability assessment of
an integrated seawater desalination and brine treatment plant, the system boundary might
include the intake of seawater, the desalination process itself, brine treatment processes for
resource recovery, the output of fresh water and other recovered materials, and the disposal
of brine. This represents a cradle-to-gate system boundary, focusing on the operation phase
of the system and excluding equipment manufacturing and downstream activities like the
distribution of desalinated water to consumers. Recognizing biases related to system
boundaries and key assumptions is inherent, as these are defined by the practitioners/
facilitators and can influence the assessment outcomes. For example, excluding the
distribution network might overlook significant environmental impacts from transportation
and emissions. Transparency about biases and their implications is essential for managing
their impact.

Decision-making tools: The proposed framework can be applied either for soft decision-
making tools, which focus on decision support and require minimal information, or hard
decision-making tools, which utilize mathematical programming techniques and require
extensive information. However, the choice between soft and hard decision-making tools
needs to be determined in this step. The choice between soft and hard MCDA depends on
several factors, such as the objective, the complexity of the problem, the availability of data,
and resource availability [37] (see example in Supplementary Information 111, Section C).

To sum up, the following questions need to be answered:

o Who are the stakeholders, and what is their level of participation?

o What is the goal of the assessment?

o  What are stakeholders’ values?

o What are the current drivers and challenges?

e What is the approach of the decision-making tool (soft or hard) and the level of
comprehensiveness?

e What are the system boundaries (geographical, time) of the assessment?

For a visual representation of the problem definition process, tools, and considerations, refer
to Figure C.1 (see Supplementary Information 111, Section C).

2.4.3.2. Indicators definition
This section describes how sustainability issues and the identified values from the previous
step (see problem definition) are translated into performance indicators. The connection
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between the identified values and the selected indicators ensures that the assessment is
relevant and focused on the case study. This work proposes the definition of the performance
indicators before the development of alternative scenarios and data acquisition. This is
essential to ensure a consistent and transparent approach, minimizing the potential influence
of participants’ interests on the assessment process. By selecting indicators at this stage, the
methodology remains robust and unbiased throughout its execution. After designing
alternative scenarios, the indicators can always be updated to ensure their relevance and
representativeness.

The indicators can be selected on the basis of a literature review (see the developed database
in Supplementary Information 1). This database serves as a solid foundation, offering a
comprehensive list of indicators categorized by their relevance and application in desalination
and brine treatment studies. For instance, in a case study focusing on the technical
performance of resource recovery, users can refer to technical indicators such as water
recovery efficiency and specific energy consumption for a product from the database. While
this database is a starting point, it is crucial to remain open to other performance indicators
from the literature and adjust them individually to each case study, the identified values, and
the objective of the assessment. The goal is not to lead directly to common indicators but to
offer guidance on overall indicator system design and analysis [42].

A large number of indicators would increase the complexity of the assessment. For this reason,
a clear-cut approach is needed for selecting the individual indicators [55], and some of them
are excluded. The most relevant indicators are selected to comprehensively assess the systems
and provide valuable insights, following guidelines. A theory-driven approach is used, and
data is only one of the many aspects considered [30]. In particular, the selection of
performance indicators is primarily based on four critical criteria:

1) Relevance to stakeholders’ values: Indicators should directly reflect stakeholders'
values and address the problem statement and the systems under study (applicability
and practicability).

2) Measurability and data availability: The selected indicators should be measurable,
and data should be readily available to quantify them.

3) Comprehensiveness: The indicators should collectively provide a comprehensive
view of the system’s performance.

4) Transparency: Indicator selection and measurement should be transparent and easily
understandable [57,58]. This means providing stakeholders with detailed
information about how indicators were chosen, how they align with stakeholder
values, and the process for evaluating their relevance.
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Note that the selected indicators should not allow compensation. This means that a gain in
one aspect (e.g., economic benefits) should not be used to justify a loss in another (e.g.,
environmental degradation). Furthermore, a well-balanced set of indicators might better
represent the diverse value orientations of the stakeholders [34]. In a participatory approach,
as in our study, effective communication with the stakeholders and guiding decision-makers
is essential. To enhance communication and evaluate the result better, the indicators have to
be understandable, straightforward (using clear and plain language), and present information
objectively [42]. Although “user friendliness” is one of the main advantages of reductionism
[30], for this framework, we can accept partial reductionism for the benefit of effective
communication.

Finally, it’s essential to share both the selected indicators and the followed procedure with
relevant stakeholders to ensure transparency and collaboration in the final selection of the
indicators. The level of participation should be substantial, with stakeholders providing
critical feedback and recommendations on the selection process, and the degree of
engagement should be high, involving a variety of stakeholders to gather diverse opinions.
For instance, during workshops or surveys, stakeholders could identify alternative indicators
or suggest modifications to existing ones that better align with their concerns. This feedback
could lead to adjustments in the selection of indicators to ensure they reflect the stakeholders’
values more accurately. Below is an example of a primary selection of indicators based on
given values.

For a practical example, the relationship between values, objectives, and indicators is that
values determine the objective employed to evaluate alternative scenarios, while the
indicators are the parameters that measure the performance of those scenarios in alignment
with the objective. Consider evaluating a resource recovery configuration (integrated seawater
desalination and brine treatment system) in terms of water and energy security. Specifically,
the value of water security might be evaluated by measuring the system’s water production
quantity, which reflects how effectively the system recovers water from seawater. This
enables an assessment of the overall resource recovery from seawater and ensures a
comprehensive evaluation of water security. This contribution/impact is assigned to the
technical dimension. Similarly, ‘energy security' can be assessed by monitoring both electrical
and thermal energy consumption, alongside the integration of renewable energy sources. By
quantifying these indicators, we can assess the overall impact of the configuration on water
and energy security, ensuring that the system aligns with stakeholder values and objectives.

2.4.3.3. Design of alternative scenarios
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The review of existing assessment studies in the literature reveals a lack of robust reasoning
behind the selection of alternatives or the design of alternative scenarios (systems) [32] (see
also [17,104]). Choosing what alternatives to include can become very challenging and
complicated, especially when technologies are integrated into a system. While conventional
MCDA methodologies begin by selecting alternatives after or within the scope definition.
[32,105], in this work, the design of alternative scenarios comes after the definition of the
indicators. This adjustment is made to ensure transparency in the assessment process and
prevent stakeholders’ interests or preferences from influencing indicator selection. By
selecting indicators without prior knowledge of the alternatives, we ensure that stakeholders’
interests or preferences do not affect the choice of indicators. This approach allows for a more
objective and unbiased assessment, as the selected indicators are independent of the specific
scenarios and are solely based on their relevance to the sustainability dimensions and
identified values. Consequently, the evaluation of alternatives remains consistent and fair,
focusing on their actual contribution to sustainability objectives rather than being influenced
by any predetermined preferences or expectations.

The development of technical scenarios is based on the identified values from Step 1 (see
Section 2.4.3.1) and active participation in the identification of solutions. These technical
scenarios present various ways of combining technologies to achieve the objectives(s) while
considering stakeholders’ values. They aim to gain valuable insights into important variables
around the technology and how different technical configurations address specific societal
aspects. Transparency in this phase involves clearly documenting the process and rationale
behind the selection of any technical alternatives (process configuration). This includes being
aware of potential biases for specific technologies or products Clearly documenting these
choices helps ensure unbiased evaluation and builds stakeholder trust.

For a practical example, in a recent review of resource recovery from brines and other
wastewater [43], energy and GHG emissions, cost and affordability impacts, and societal
perceptions on the ownership of water and recovered resources were discussed as prominent
issues that can bring forth tensions around resource recovery from desalination brines. These
issues are distinct from the identified values in the sense that they represent the broader
concerns and challenges related to the sustainability of the case study. While their analysis
was not specific for a given geographical context or case study, it allows us to derive general
objectives in response to sustainability and societal concerns around resource recovery
innovations for seawater desalination:

- Minimize energy use and GHG emissions: ensuring that resource recovery processes
are energy-efficient and have a low carbon footprint.
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- Minimize additional costs to existing water supply services: ensuring that the
resource recovery does not significantly increase the cost of water for consumers.

- Maximize the recovery of resources, especially water and scarce or critical resources:
focusing on extracting valuable materials from brine, such as minerals and high-
quality water.

However, it is impossible to satisfy all objectives at once. Thus, technical scenarios can serve
to evaluate and bring trade-offs to discussion. Considering the objectives and the associated
challenges mentioned above, three principles for developing scenarios are:

- Water recovery focus: Prioritizing the recovery of fresh water from brine.

- Resource recovery focus: Emphasizing the extraction of valuable minerals and other
resources.

- Minimum liquid discharge: Aiming to minimize the volume of brine discharge and
not resource recovery.

These principles are proposed as a starting point for developing detailed scenarios for specific
case studies, structured around three main technical scenario variables: 1) process and
technology, 2) product and by-products, and 3) raw materials and utilities [106]. Additionally,
insights and lessons learned from the literature and technology experts are used to design the
technical scenarios.

Stakeholders should be engaged in providing feedback on the design of the technical scenarios
to ensure the incorporation of diverse perspectives and technical knowledge and to avoid
biases. The level of participation should be moderate, with stakeholders offering critical
insights and recommendations. The degree of engagement should be low, involving a small,
focused group of stakeholders with technical expertise to refine the scenarios and ensure they
align with the broader sustainability objectives.

2.4.3.4. Data acquisition

One of the most critical steps in the assessment frameworks is data acquisition because it is
directly related to the accuracy, reliability, and quality of the results. The effectiveness of the
assessment framework depends on securing access to accurate and high-quality data from
different sources [55,107]. From the literature review, it was found that one of the main
limitations of previous works is the availability of data [76,108]. For these reasons, when
reliable data from stakeholders are not available, the use of technical models consisting mainly
of mass and energy balances is recommended as an alternative.

For instance, a GitHub repository offers technical process and economic models for integrated
seawater desalination and brine treatment technologies for resource recovery
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(https://github.com/rodoulak/Desalination-and-Brine-Treatment-Simulation-.git). These
models provide a valuable resource for generating data when direct stakeholder inputs are
limited. They offer pre-built models for simulating various desalination and brine treatment
scenarios, which can be tailored to fit the specific parameters and indicators identified in
Section 2.4.3.2.

In general, more complex models can provide more data, but the complexity does not
necessarily correlate with usefulness or accuracy [109]. The selection of the methods, models,
tools, or algorithms depends on the assessment’s objective. In light of the challenges
associated with data availability, particularly in early-stage assessments, the use of technical
and economic models emerges as a valuable approach to ensure the availability of sufficient
and high-quality data for quantifying technical, economic, and environmental indicators.

It is important to note that the framework does not rely on specific tools like LCA. Instead, it
suggests using simpler methods for data generation. Surveys, interviews, and literature
reviews are required to determine the social indicators [110]. These methods play a crucial
role in the data collection process, providing valuable information and ensuring consideration
of different perspectives. High-quality survey and workshop methodologies are essential for
robust data collection.

It is important to recognize that biases can arise in data acquisition due to assumptions made
during data collection and model selection. For example, excluding certain data sources or
relying on specific models can introduce bias, impacting the results. To manage these biases,
use a broad range of data sources to balance perspectives and clearly document and
communicate all assumptions made.

The participation of stakeholders is important to ensure the availability of high-quality data
and manage bias. Engaging stakeholders actively in this step not only enhances data reliability
but also fosters transparency, trust, and collaboration among stakeholders, and their feedback
helps identify and correct biases in the data. Transparency in this phase means clearly
documenting the sources of data, the methods of collection, and any assumptions made during
this process. Stakeholders play a dual role in providing and validating data. In particular,
stakeholders have a dual role in this process: they provide data and validate it. Their
involvement in giving data—through sources such as local knowledge, expert insights, and
empirical evidence—ensures the inclusion of diverse perspectives and real-world relevance.
Additionally, stakeholders help to validate the data by reviewing and confirming its accuracy
and applicability. Stakeholders should receive both performance data during stakeholder
engagement and the final results of the analysis [111].
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In case of data gaps, methods like mean substitution or correlation results can be applied.
However, it is necessary to assess the suitable method that can produce reliable results [55].
After the data collection, uncertainty analysis has to be done to increase the reliability,
accuracy, and validity of the data. The various sources of data or some of the input data to the
model can affect the uncertainty of the model [107]. Thus, it is vital to analyse and quantify
the uncertainty of the data [112]. This can be done through various methods, such as
sensitivity analysis or Monte Carlo simulation [109]. The choice of method depends on the
specific assessment and the data being analysed. The next step is the integration of the
technical, economic, and environmental models. The number of models to be combined
should be decided carefully. The higher the number of coupled models and tools, the higher
the complexity of the integrated model [107].

Overall, engaging stakeholders in the data acquisition process not only provides access to
crucial information but also helps to build trust and increase transparency. Stakeholder
participation helps to validate the data, address data gaps, and improve the overall quality of
the assessment results. Note that the degree of participation (number of stakeholders involved)
is low.

2.4.3.5. Performance analysis: Quantify assessment indicators and alternative
scenarios analysis

In this step, the interpretation of the results is carried out to provide decision-makers with a
comprehensive evaluation of the alternative scenarios and required information for decision-
making. The approach in this step must be adjusted based on the nature of the MCDA being
employed (soft or hard), see problem definition (Section 2.4.3.1) and Supplementary
Information 111 (Section C). Particularly in hard MCDA, once the selected indicators are
determined using the data acquired in Step 4 (Section 2.4.3.4), their values must be scaled
into dimensionless values (normalized) for analysis and comparison. This is necessary
because the various performance indicators have different physical dimensions (units) [113].
Additionally, the performance analysis in hard MCDA includes more steps, such as selecting
the MCDA method for weight determination, aggregation, alternatives ranking, and
sensitivity analysis. Conversely, in soft MCDA, normalization is not necessary. The
performance analysis in soft MCDA focuses on interpreting the results without the need to
scale the indicator values to provide structured knowledge and support decision-making.

Nowadays, it is well-accepted that there is no “best” MCDM method [114]. Instead, the
selection of suitable methods for ranking and weighting depends on the characteristics of the
problem, such as the data, the scope of the study, and the number of indicators [55,114].
Determining weights aims to assign relative importance to indicators, reflecting their
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significance in decision-making. Weighting dimensions and indicators have been a critical
issue in the sustainability literature [115]. In general, MCDM methods have been classified
as (i) utility function (AHP, Multi-Attribute Utility Theory (MAUT), Simple Additive
Weighting (SAW)), (ii) outranking relation (ELECTRE, PROMETHEE) and (iii) sets of
decision rules [31]. [116] and [38] give an overview of MCDM methods, their description,
strengths, and weaknesses. Note that for strong sustainability, only outranking methods can
be selected due to the limited or abolished compensation among/within sustainability
dimensions. This means that improvements in one dimension (e.g., economic) cannot offset
or “compensate ” for declines in another (e.g., environmental). In contrast, methods such as
MAUT and AHP are more aligned with a weak sustainability perspective, with criteria trade-
offs as the norm [31,117]. Detailed definitions of strong and weak sustainability are provided
in Supplementary Information Il (see Section A).

In the field of desalination, AHP emerged as the most frequently utilized method in the
reviewed studies to handle complexity, uncertainty and consistency, followed by Technique
for Order Preference by Similarity to an Ideal Solution (TOPSIS) (see Table 2. 1). However,
it was observed that many studies did not provide explicit justification for selecting a
particular MCDM method. There were exceptions, such as the work by [62] that briefly
explained the rationale for choosing and [63], who explained that fuzzy-AHP and TOPSIS
were selected to address uncertainty and sensible attributes with simplified programming
methods. More recently, the Best-Worst method (BMW), developed by [118], has been
extensively applied in other fields [116,119,120] but has not yet been explored in the context
of desalination.

Stakeholder groups often have varying preferences when evaluating options. Traditional
methods of evaluation aggregate these preferences into a single weight or index. However,
aggregation can be problematic when dealing with a large number of stakeholders, conflicting
opinions or extreme opinions. In such cases, the average weight may not represent everyone’s
opinion, leading to a loss of valuable information. This can ultimately reduce the effectiveness
of the decision-making process [97,121]. In sustainability assessment studies, it can be more
beneficial to focus on understanding the decision-making process and differences in
stakeholders' opinions rather than arriving at a final ranking for alternatives. While there may
not be a definitive answer to sustainability performance, a participatory approach that involves
stakeholders can help them learn and better understand the situation.

Transparency in performance analysis involves documenting and communicating every
methodological choice, rationale, and assumption made during this phase. This includes
explaining why certain methods are chosen, how weights are determined, and how indicators
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are normalized or not. This transparency is further ensured by presenting analysis results and
interpretations to stakeholders, as mentioned in data acquisition. This approach allows
stakeholders to understand the decision-making process, fostering accountability and trust in
the assessment outcomes.

Stakeholder involvement is crucial in decision-making for informed choices that reflect
community needs and values. The active participation of diverse stakeholders ensures a
comprehensive evaluation that considers diverse perspectives, values, and stakeholder needs.

2.5.  Impact, limitations, and future work

A critical review of the state of SA for desalination and brine treatment systems found that
there is no existing sustainability framework for integrated systems in the literature. To
address this gap, this study proposed an SA framework integrating methods from various
fields, including VSD, to assess the sustainability performance of integrated desalination and
brine treatment systems for resource recovery.

Incorporating VSD helped consider social challenges and enhance existing methodologies.
By incorporating stakeholders' values and value tensions into the assessment process, we
encourage a context-specific selection of indicators that resonates with the preferences and
priorities of those affected by the decisions. This integration allows for a more inclusive and
participatory approach, democratizing the decision-making process and promoting
transparency and credibility.

The developed indicator database (see Supplementary Information 1) is a valuable resource
for selecting performance indicators tailored to desalination and brine treatment case studies.
It significantly contributes to the research community by providing a structured, accessible
repository of indicators, enhancing SAs through transparent and adaptable selection. Offering
a wide range of technical, economic, environmental, and social indicators, the database
supports comprehensive and relevant evaluations, advancing the field of SA. The proposed
methodology can guide the user in identifying improved opportunities through the
development and evaluation of alternative technical scenarios where social and stakeholders’
values are incorporated. This broadened step is missing in existing frameworks in the
literature. Overall, the integration of key elements from VSD and other fields enabled the
development of a robust SA framework, filling the research gap with a comprehensive and
transparent assessment methodology that considers the interconnections between economic,
environmental, social, and technical aspects. It involves stakeholders throughout the
assessment process and incorporates their values, ensuring relevance to their concerns and
ambitions.
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The developed sustainability assessment framework is designed to be applicable to a range of
users. Potential users include researchers conducting academic studies on desalination and
resource recovery, government agencies involved in policy-making and regulation of water
treatment technologies, plant owners or operators looking to enhance the sustainability of their
operations, and investors or consultants evaluating future developments in the desalination
sector.

The framework can be applied beyond seawater desalination to various technological
domains. By adapting indicators to suit specific contexts, it offers a consistent and robust
assessment methodology across different fields, such as wastewater treatment, renewable
energy systems, and industrial resource recovery. This systematic approach facilitates
informed decision-making and promotes sustainable practices.

Bias in SA is unavoidable, stemming from the decision-makers' choices regarding system
boundaries and assumptions. To manage bias, this framework recommends several strategies:
(1) explicitly identify and document potential biases from the start, (2) involve a diverse range
of stakeholders to balance perspectives, (3) ensure transparency in all methodological choices,
(4) use reflective tools like Critical Systems Heuristics to examine and refine assumptions,
and (5) regularly update the assessment based on feedback and new insights. These steps aim
to enhance the robustness and credibility of assessments.

While this study recognizes the significance of stakeholder involvement and proposes a
participatory approach, it is crucial not only to engage stakeholders in an existing project or
process but also to include them in its development. However, effective stakeholder
engagement throughout the assessment requires substantial time, resources, and coordination.
Stakeholders' availability, influenced by their existing tasks and commitments, can limit their
engagement. To address this, it is essential to communicate the benefits of the assessment
framework [92].

Moreover, reducing conflicts and building trust among stakeholders is vital for moving
towards a shared vision [44]. Educating stakeholders, including researchers and decision-
makers, about the benefits of collaboration can facilitate meaningful engagement. Future
research should focus on developing effective strategies and methodologies to enhance
participation. Finally, exploring case studies and real-world applications of the framework in
different contexts can provide valuable insights into the practical implementation of
stakeholder engagement and the associated benefits and limitations.
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Future work should implement the proposed framework, including mathematical models for
formulating, calculating, and analysing sustainability performance and integrating different
analytical tools to develop a multi-sectoral system without increasing the complexity.

2.6.  Conclusions

The literature review identified critical shortcomings in current sustainability assessments for
seawater desalination and brine treatment systems. These assessments notably lack a
comprehensive approach and neglect social aspects and stakeholder involvement. To address
these deficiencies, we proposed a novel Sustainability Assessment (SA) framework that
integrates participatory multi-criteria analysis and value-sensitive design into the decision-
making process. This approach advances SA by recognizing the importance of incorporating
social dimensions through stakeholders’ values, enhancing the framework's robustness, and
aligning decision-making with stakeholders' concerns and ambitions.

The proposed framework offers a comprehensive tool for evaluating the sustainability of
integrated seawater desalination and resource recovery systems. By incorporating detailed
stakeholder analysis and practical examples, it guides users/decision-makers in identifying
improved opportunities through the development and evaluation of alternative technical
scenarios, considering social and stakeholders' values, a vital step missing in current literature.
Additionally, the developed indicator database, readily available for researchers and
practitioners, serves as a starting point for selecting indicators to support the implementation
of the proposed framework.

The proposed SA framework offers a comprehensive and transparent assessment
methodology ready to be employed in real-world situations. Future work should include
implementing the proposed framework in real-world situations to prove its effectiveness and
address the limitations and improvements that need to be made.

2.7.  Supplementary information

2.7.1. Supplementary information |

See Excel file.

2.7.2. Supplementary information Il

See Excel file.

2.7.3. Supplementary information IlI

See documentation.
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ABSTRACT

Desalination plays a crucial role in addressing the growing challenges of water scarcity. In
recent years, the integration of desalination and brine treatment technologies has been
increasingly studied, aiming to develop sustainable solutions for resource recovery from
seawater. However, designing treatment trains and optimizing these processes for maximum
efficiency, sustainability, and cost-effectiveness are complex tasks that require data,
sophisticated analysis and decision-making strategies. This chapter presents the development
of a novel software tool designed to address these challenges by providing an integrated
modelling framework for the simulation and evaluation of desalination and mineral recovery
processes. The software combines technical process modelling with comprehensive economic
and environmental assessments, enabling a holistic understanding of system performance. Its
key functionalities include the simulation of diverse process configurations, evaluation of
energy consumption and greenhouse gas emissions, and estimation of the economic viability
of resource recovery strategies. These capabilities facilitate the analysis of trade-offs among
critical performance metrics such as production efficiency, environmental sustainability, and
operational costs. Additionally, the software developed in this chapter is a source of data for
Chapters 4-7. This chapter outlines the software's architecture, functionalities, and
validation, establishing its role as a decision-support tool for researchers, engineers, and

policymakers in advancing sustainable water management practices.

Published as: R. Ktori, F. Vassallo, G. Virruso, C. Morgante, A. Culcasi, D. Diamantidou,
N. Van Linden, A. Trezzi, A. Krishnan, A. Cipollina, G. Micale, M. C.M. van
Loosdrecht, D. Xevgenos, 2025 Desalination and brine treatment systems
integrated modeling framework: simulation and evaluation of water and
resource recovery. The Journal of Open Source Software.



Development of simulation software for desalination and brine treatment systems

3.1.  Introduction

Traditionally, simulation models were developed to evaluate the influence of certain
parameters on the characteristics of the recovered products and the performance of the
technology in terms of energy, chemicals, and water consumption. However, in the
desalination field, open-access simulation tools are notably lacking. While commercial
software programs, like WAVE from Dupont, exist for membranes, and numerous
publications discuss techno-economic models for desalination [1] and brine treatment
technologies [2—7], there is a noticeable absence of open-access simulation tools in the
literature. The WaterTAP platform [8] offers an open-source library for modelling water
treatment technologies like reverse osmosis and electrodialysis. While it provides valuable
simulation capabilities, it mainly focuses on desalination technologies and lacks extensive

brine treatment.

With the shift towards circular systems and integrated desalination and brine treatment
technologies for resource recovery, there is a need for a unified tool. Our software addresses
this need by integrating a diverse range of technologies—reverse osmosis, nanofiltration,
multi-effect distillation, chemical precipitation, eutectic freeze crystallization, electrodialysis,
and thermal crystallization—into a comprehensive platform. This platform not only models

these processes but also provides detailed techno-economic and environmental analyses.

The software provides a variety of examples to help modellers design and evaluate different
technical configurations. An open-access simulation tool is crucial for enhancing the
credibility, repeatability, and comparability of desalination studies, and for supporting
informed design and decision-making. By offering transparent and accessible models, our

software aims to advance research and practice in desalination and resource recovery.

This chapter is structured as a technical description of the software developed to address key
challenges in desalination and resource recovery. Unlike the other chapter in this thesis, it
does not include a results and discussion section. Instead, the focus is on presenting the design,
functionalities, and application examples of the software, which is used as a modelling tool
throughout this thesis. The intent is to provide a detailed explanation of the software's
capabilities and its role in supporting subsequent chapters, where it supplies critical data for

process optimization, sustainability analysis, and strategic decision-making.

3.2. Usage

Each simulation model serves as a standalone tool for analysing the performance of a specific

desalination or brine treatment technology. Before running the simulation, ensure that you
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have provided the necessary input parameters, such as feed flow rates, salinity levels,

membrane properties, heat sources, and operating conditions.

The simulation results, including salt concentration profiles, ion fluxes, energy consumption,
chemical consumption, and operational costs, will be generated based on the specified inputs

and displayed in the console output or saved to output files for further analysis.

However, simulation models of more than one technology can be combined to simulate and
evaluate the performance of a treatment chain (desalination and brine treatment system). In
this case, the output flow rates and stream concentrate are the input data for the next

technology.

Additionally, two example files are provided to demonstrate the usage of the simulation suite

(see Example Folder, Example 1 and Example 2). These examples simulate and evaluate two

different treatment chains, showcasing the integration of multiple technologies. The provided
examples are not intended as experimental validations but serve as illustrative case studies to
demonstrate the potential configurations and analyses achievable using the software. The
economic evaluation of the treatment chain is given in Example 1 and in the Economic

Tutorial.

Furthermore, a comparison file is included, where the results of the two examples are
compared in terms of various parameters. Users can extend this comparison by adding more

indicators as needed.

For more details on input/output parameters and assumptions, see the Tutorial File. The

Desalsim software tool is accessible as a Python package https://pypi.org/project/desalsim/.

3.3. Documentation

Extensive documentation, installation steps, tutorials and examples are available in GitHub
environment (Tutorials and documents in Tutorial File). Additionally, you can find tests for
every process unit and the economic model in the tests folder that verify that the code is

running properly.

Besides the GitHub environment, you can find tutorials and documents on the Desalsim

webpage.

3.4. Mathematical description of the technical model

For each process unit of the scenarios’ treatment trains, a process model has been developed
in Python. The models have been validated with experimental data (pilot scale). Table 3. 1

shows the feed seawater composition used in the present study.
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Table 3. 1. Feed seawater composition.

Na* CI K* Mg?* Ca? SOq% HCOs"

Conc. (mg/l) 11900 21800 400 1400 400 3200 -

For all units, the necessary electricity for pumping is determined by taking into account the
volumetric flows of inputs (including chemicals and cooling water), outputs, and in-between
streams. This calculation considers factors such as viscosity, pressure drop, and pump
efficiency (assumed to be 0.8). Equation 68 provides an illustrative example of this

calculation.

3.4.1. Nanofiltration (NF) and Reverse Osmosis (RO) models

NF is a pressure-driven membrane process that is used to concentrate and separate solutes. In
this work, NF aims to separate monovalent and multivalent ions from seawater or brine feed
solutions. A process model was developed to simulate the NF process. The process model is
built based on the [9] report, as it is described in Table 3. 2. The model calculates the flow
rates and the ion concentration of the permeate and concentrate streams. Mass balances are
employed for the evaluation of the concentration and flow rate on the concentrate and

permeate sides. Additionally, the required energy is calculated based on the osmotic pressure.
Assumptions on NF model:

1. Rejection factors (from experimental data)
2. Water recovery ratio (from experimental data)

3. Pressure drop

Note that the same model is used for RO units with different assumptions for rejection factors

and water recovery ratio.

Table 3. 2. Equations for NF process unit [9].

Equations
Cpermeate,i =1-R)- Cfeed,i 1
Qpermeate =WR- Qfeed 2
Qconcentrate = Qfeed - Qpermeate 3
(Qfeed : Cfeed,i) - (Qpermeate ) Cpermeate,i) 4
Ceoncentrate,i =
Qconcentrate
Qfeed_passl = Qsea water + Qconcentrate_pass 11 5
Cfeed,i_pass 1 6

_ (Qsea water Csea Water,i) + (Qconcentrute_pass i’ Cconcentrate,i_pass II)

Qfeed_pass I

71



Chapter 3

eed_pass I1 = permeate_pass |
Qr Q 7
Cfeed,i_pass n= Cpermeate,i_passl 8
= Z CiR-T 9
_ Tconcentrate + T[feed 10
Papplied - 2 — Mpermeate +dP
Ppump = applied * Qpermeate 1
I8 12
pump
E=—

Qsea water

Nomenclature
Symbol Quantity Unit
C; lon concentration in the stream g/L
R; Rejection rate of ion i by the membrane %
E Electrical energy consumption kw
P Pressure bar
Q Flow rate Ka/h
R Gas constant L-atm/(mol-K)
T Temperature K
WR Water recovery %
dp Pressure drop bar
Greek symbols
T Osmotic pressure bar

Subscripts and superscripts
concentrate  Concentrate stream

feed Feed stream
i For compound i
I First pass (stage)
11 Second pass (stage)

Permeate Permeate stream

3.4.2. Multi-effect distillation (MED) model

MED is a thermal based process that is used to desalinate water. In this work, MED aims to
recover high quality water and concentrate further the brine stream. The model is build based
on [9] report (see Section 3.2.2.), as it is described in Table 3. 3. The model calculates the
distillate and brine flow rates, brine stream ion concentration and the energy requirements

(electrical and thermal).
Assumptions on MED model:

The product is salt free
Concentration factor

Cooling water temperature

AW N =

Final effect temperature
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5. Number of effects

6. Pressure drop

Table 3. 3. Equations for MED process unit [9].

Equations
X 13
f
B, = —— M,4,
n Xn _ Xf d
Mf = Md + Bn, 14
AT,
ATl = £ 1 ] 15
U, -yn . —
1 i=1 Ui
ATy = Ts — Ty, 16
Ui+1 = 095 " U,: ) 17
U
AT, :AT171, i=123,..,n—1,n 18
i
T, =T, — ATy, 19
Ti:Ti—l_ATi' i= 2,3,... ,n—1,n 20
Ay, = 2499.5698 — 2.204864 - (T; — ATypss) — 2.304+ (T; — AT}ps5)?, 21
i=12,..,n—1n
M
Dy = dA ’ 22
n Vi
i=1 T,
A 23
D;=D-=2, i=23..,n—1n
Ay,
By = My - Dy, 24
M 25
f
X, =X —
1 f Bl ’
B;_
Xi=Xi, —=,i=23,..,n—1n 26
B;
DAy 27
5 ; Up (T =Ty
A 28
Aj=—— 2 {=23..,n—1n
YU (AT; — AT4)
AT-neW — AT-Old i 29
L L Am’
Ay, 30
Mg =Dy A_S
Qc = Dn ) Avn ) 31
Ql = Ms : As ) 32
Qc 33
Ao = —,
U, (LMTD).
Ty — T 34
f cw
LMTD), =
( )C n Tn - ATloss - Tcw
Tn - ATloss - Tf
SA = LA +AL 35
My
Dy A, 36
Mqwy=—-">7>"—"2—-M
M (T —Tew)
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Nomenclature
Symbol  Quantity Unit
A, Condenser heat transfer area m?2
A; Heat transfer area m?
Am Mean average of the Heat transfer areas for all effects m?
B, brine flow rate of leaving effect n Kals
Cp specific Heat capacity of water J/kgC
D; Distillate flow produces for each effect Kals
LMTD, Logarithmic mean temperature difference in the condenser °C
My Total distillate flow rate Kgls
Mg Total feed flow rate Kgls
M Total steam flow rate Kals
Q. Condenser thermal load W
SA Specific heat transfer area m2/kg
T Temperature of the motive steam °C
U Overall heat transfer coefficients W/(m? C)
X; Salt concentration in the feed stream g/L
X, Salt concentration in the brine stream effect n g/L
Greek symbols
AT; temperature drop in the i effect °C
AT New Temperature drops profile °C
AT,,ss  Thermodynamic loss in each effect. °C
AT Total temperature drop across all effects °C
Ay, Latent heat of i effect kJ/kg
As Latent heat of the motive steam kJ/kg
Subscripts and superscripts
b Brine
c Condenser
cw Cooling water
d Distillate
f Feed entering into the first effect
i lon
loss Thermodynamic loss
n Last effect index
S Steam
t Total
3.4.3. Thermal crystallizer (TCr) model
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Thermal crystallizer is a thermal-based process that is used to crystallize salts. In this

work, the thermal crystallizer is simulated as an evaporative crystallizer, enables the

complete salt concentration up to saturation and promotes NaCl crystallization. The

model is built based on [9] report (see Section 3.2.6.) as it is described in
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Table 3. 4. The model calculates the distillate and salt flow rates, the ion concentration and the

energy requirements (electrical and thermal).
Assumptions on TCr model:

e  Salt moisture
e Latent heat of vaporization
e Cooling water temperature

e Power consumption for filtration unit

e  Pressure drop

Table 3. 4. Equations for TCr process unit [9].

Equations
_ My " Cinna MWyact 37
Myact =3 "To00 MW,
in Na
M;-Cye 38
Mo = din - 1000
salt B SaltMoisture)
100
Mg = M; — Mgy 39
Q =LHV, Mg+ M; " Cpin " (Top — Tin) 40
Tst = UQ_A + Top 4
My = Q/LHV; 42
Mg, - LHV, 43
R I )
cw cw,0 cw,in
Nomenclature
Symbol Quantity Unit
Cit lon concentration g/L
CPew Specific Heat capacity of water KJ/kgC
Cpin Specific Heat capacity of feed  KJ/kgC
din Density of feed Kg/L
LHV Latent heat kJ/kg
Myact Inlet NaCl mass flow rate Kg/h
M;n Inlet volumetric flow rate L/h
M, Distillate mass flow rate Kg/h
Mt Salt stream mass flow rate Kg/h
Mg, Steam mass flow Kg/h
MW Molecular weight g/mol
Q Heat required kd/h
SaltMoisture Moisture in salt stream %
T Temperature °C
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UA Heat transfer constant w/eC
Subscripts and superscripts
i lon
in input
t total
d distillate
v vapor
salt Salt stream
st Steam
cw Cooling water
0 Output
op Operating

3.4.4. Multiple Feed Plug Flow Reactor (MF-PFR) model

MF-PFR is an innovative a plug flow reactor that is used to precipitate salts. In this work,
MF-PFR aims to precipitate Mg and Ca with the addition of chemicals. The model is build
based on [9] report (see Section 3.2.3.) and [2] as it is described in Table 3. 5. The model
calculates the effluent and salt flow rates, the quantity of alkaline reactant, the ion

concentration of the effluent, and the electricity requirements of the unit.
Assumptions on MF-PFR:

e Concentration of alkaline reactant

e Concentration of acid solution

e Power consumption for filtration unit
e 1%t and 2" step conversion factors

e  Pressure drop

Table 3. 5. Equations for MF-PFR process unit [9].

Equations
feed _ nfeed , ~IN
QMg2+ = Ubrine CMgZ"' 44
Qfe(?d LCIN (Conversmnle step ) P 45
1°step _ brine = “Mg 100
NaOH — C1° step
OUT NaOH
,1°step _ ~feed 1° step
tot - Qbrine + QNaOH 46
feed , CIN e (Conversmnlo step ) ) MWM " 47
MOUT1°step _ tot Mg 100 g(OH),
MeOmz 1000
T OUT 1°
magma densitymgon), = —— <og7——
tot
49

3 KpSMg(OH)Z

pHye step = 14 + Logyo(2- 4

)
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Qe - (1 %) 50
COUT,1°step _ Mg 100
Mg?* - OouT
tot
feed , ~IN 1° step 1 step
COUT ,1° step _ (Qbrine CNa+) + (QNaOH NaOH ) 51
Na‘t ouT
o™
eed |, ~IN
COUT ,1°step _ Qbrine Ci 52
i ouT
tot
feed,2° step _ ~Out, 1°step COUT ,1°step 53
QC32+ - Qtot
Q0ut ,1° step COUT,1° step | 1— COHVEI‘SIOHZo step \ | 2 54
2° step tot Ca®* 100
NaOHstoich. C2° step
He NaO¥
stoich. _ p 13 ,1° step 2° step 55
Q ° step _ (COH ) (QtOt + QNaOHstoich.)
NaOHadded CpH 13 C2° step
OouT, UT, NaOH
,2° step __ 1° step 2° step 2° step 56
tot - Qtot + QNaOHsmich_ QNaOHadded
QOUT 1° step COUT 1°step | Converswnr step \ . MW, 57
r2°step tot Ca?* 100 Ca(OH),
Ca(OH), — 1000
UT,1° step OUT 1°step 58
M2°step _ Qtot C PMMQ(OH)z
Mg(OH); — 1000
Cﬁgz‘,r step 59
OUT,1° step | ~OUT,1° step 2° step 2° step . r2°step
(Qtor CNa+ )+ (QNaOHsmich‘ QNaOHadded) Chaon
OUT,2° step
tot .
Qfeed,z" step | (1 _ COTl‘UET'SlOleo step ) 60
COUT ,2° step _ ca®* 100
ca** QOUT ,2° step
OUT,1° step OUT,1° step
COUT,Z"step _ tot C 61
i - OUT,2° step
U'Ith OUT,
2° step 2° stepy 62
demsit ~ (Mo + Moo F) - 1000
magma aensityze step = OUT,2° step
tot
szo step = 14+ L0g10(0 1) 63
OUT,2° step __ H H.
Coni = 107PH /107 PHzostep 64
ourT,2° step —14 —
Cono 1071471077 65
OUT,2° step | OUT 2° step OUT,2° step | ~OUT,2° step
2° step (Qtot OH i ) (Qtot COH,o ) 66
HCladded — OUT,2° step
COH,o + CHCI
OUT,2° step __ HOUT,2° step + 2° step 67
tot — Ytot QHCladded
1° step 68
Ener 9Ypumping
feed,1° step feed,1° step NaOH,1° step NaOH,1° step
(Qtotal AP ) + (Qtotal ‘AP ) . 10_3
Npump
2° step 69
Energypumpmg
OUT,1° step feed,2° step NaOH,2° step NaOH,2° step
(Qtotal " AP ) + (Qtotal " AP ) .1073
Npump
Nomenclature
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Symbol Quantity Unit
cN Inlet concentration of compound i mol/L
ciOUT'l" step Outlet concentration of compound i in each step mol/L
Conversiongtep, Conversion rate of Magnesium/Calcium in each step %
Energy;f;fl’pmg Energy required for pumping in each step kWh
Kpsugcor, Product solubility
M]aU(T(')HS)teP Mass flow rate of magnesium hydroxide produced during each  Kg/h
g step
MCO:(E'ISKP Mass flow rate of calcium hydroxide produced during each step  Kg/h
2
magma densitymgon), Magma density of Magnesium (the quantity of solids produced ~ Kg/L
per volume of slurry)
PH step pH of the brine during the step of precipitation -
PMygomy, Molecular weight g/mol
Qfeed Flow rate of the feed solution L/h
f; Csltep Added volumetric flow rate of HCI needed to reach pH=7 L/h
added
Qf;ggﬂ Molar flow rate of Magnesium mol/h
Qoo Added volumetric flow rate of sodium hydroxide needed to L/h
added
reach pH=13
Qo Stoichiometric volumetric flow rate of sodium hydroxide for L/h
stoich.
i each step
?OL:T'SteP Total volumetric flow rate for each step L/h
pyaoll, step Total volumetric flow rate of sodium hydroxide for each step L/h
Q[oeteadz'lo step total inlet outlet volumetric flow rate L/h
Greek symbols
AP Pressure drop bar
Npump Pump efficiency -

Subscripts and superscripts

Compound i

3.4.5.

Eutectic freeze crystallization (EFC) model

EFC is an alternative thermal based technology that is capable of separating aqueous solutions

into pure water and pure solidified solutes, by cooling down the brine solution. In this work,

EFC aims to recover sulphates, recover water in ice form and concentrate further the brine

solution. The model is build based on [9] report (see Section 3.2.4.), as it is described in Table

3. 6. The crystal distribution, growth and nucleation were not considered in this work. Still,

the detailed mathematical description can be found in [9]. The model calculates the effluent

and salt flow rates, the ion concentration of the effluent, and the electricity requirements of

the unit.
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Assumptions on EFC:

e Eutectic conditions based on the ternary system (Na, Cl, SO4), impurities (K, Ca)
were neglected

e Cooling rate

e Power consumption for filtration unit

e  Pressure drop

Table 3. 6. Equations for EFC process unit [9].

Equation
Vliq,total = 0.7 * Vieactor 70
Vinother lig = Vliq,total 71
% _ Vmother liq 72
water 1+ Cc1 " MWes - dwater) 4o g Cei MWei - dwarer
(1000-d;q) (1000-d;)
o Ce1 - MWe1 * Viater * dwater 73
¢ 1000 - d;
Myater = Vwater * Awater 74
My =Vg-dg 75
Minother lig = Myater + Mcq + -+ Mg 76
Mliq,total = Myother lig 77
Viotal = Vliq,tatal + Vsolids,total 78
Miotar = Mliq,total + Msolids,total 79
Vice = Vice + Vice,diffr 80
Vci,cr =Veier + VCi,CT,diffr 8l
Vsolids,total = Vice + VCi,CT‘r 82
MWa er
Vwater = 4 e 83
Mw'ater
Vci = d_:il’ 84
Vinother liquor = Ywater + Z?l:l Vei, 85
Vliq,tot = Vinother liquor 86
Viot = Vsolids,total + Vliq,totl 87
.= M, -1000 88
< MW¢; - Myqater
Mice,reactions ' AHfus,ice 89
Qerystice = deltat
Mci,cr,r ) AHfusion,ci 90
Qcrysticr = deltat
Qtotar = Qcrystice + Qcryst;c, — Tcooling 91
M,; 92
%Na,S0, = —=.100
Mliq,total
M 93
%Water = —22_. 100
Mliq,total
M,; 4
%Ci = ————-100 o
Mliq,total
M:
%lce = ———-100 %
Mliq,total
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Chsomution = (0.9988 — 0.006494 - %Na,S0, + 0.00003025 - %Na,S0,> 9%

—0.0000001286 - %Na,50,%) - 41841000

Qtatal -deltat

97

T — + T,
reactor (Mliq,total * CDsotution) + (Mci,cr *Cpei) + Mice * CPice) reactor

Nomenclature
Symbol Quantity Unit
Cei Concentration mol/kg
Cp Heat capacity JI(kgK)
d Density Kg/m?
M Mass of compound kg
M, Mass of produced/consumed via reacting kg
MW; Molecular weight of compound i g/mol
Qcryst;.. Heat flux to the system due to ice crystallization JIs
Qcryst; . Heat flux to the system due to compound i crystallization JIs
crystallization
Q:otal Total heat flux to the system JIs
Teooling Cooling rate JIs
T Temperature K
\% Volume m3
Vyeactor ~ Total reactor volume m3
Viotal Total volume m?3
% Weight percentage of compound in the liquid in the reactor %
Greek symbols
AHpy, Enthalpy of fusion J/kg
Subscripts and superscripts
ci Compound i
cr Crystals
diff Volume difference (increase/decrease)
r Reaction
solution  Solution
water Water
ice Ice
Mother Mother liquid
solid Solids
3.4.6. Electrodialysis with Bipolar membranes (EDBM) model

EDBM is a membrane-based technology that allows the production of acidic and alkaline
solutions by applying an electric potential to the electrodes. In this work, EDBM aims to
convert NaCl molecules of a brine solution to NaOH and HCI solutions. The model is build
based on [9] report (see Section 3.2.5.) and described in Table 3. 7. The process is simulated

as feed and bleed configuration as it is described in [10]. The model calculates the flow rate
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of the acid, base and salt solutions, their ion concentration, and the electricity requirements of

the unit.
Assumptions on EDBM:

e Active area of the membrane across which ion permeation occurs
e Number of triplets
e  Membrane characteristics (from experimental data)

e Ideal transport phenomena

e Recycling rate

e  Pressure drop

Table 3. 7. Equations for EDBM process unit [9].

Equation
Iext = A " Id 98
]A — 3.6 1ext 99
F
Loyt Rint 100
Vese = EMF + (52575605 Nersy
d b salt 101
EMF = RT (ln (—Cmaa ) + ln( Coi > +1In (Cgll_sa >
- . b, ,b d
z F C;1n+ 14 Cg;[_ase CZ‘Tll_aCl
Cm,liase
N
+1In (Cn'?salt ) NfTiZ?
Na*
P = Vexe * loxt 102
QIN,sqlt — Qggflt 103
1triplet Ntrip
QIN ,acid — goctld 104
1triplet Ntrip
QIN ,base __ g;ztse 105
1triplet — Ntnp
IN] IN,j IN]
Ql trlplet i PM 107 3 106
IN,salt IN,salt
MINNsalt _ (QIN,s'alt LcINsalt  pu 10-%) + MH+Sa ~ MOHEG 107
cl 1triplet “Cl cl PMy+ PMoy-

" PM¢i- if pHsqie <7 N salt
MIN,{alt M +,sa
INN,sal IN,sal cINsal _ OH
M- = (@1 t:l%lit. e - PMe--10 3) * (PMoH— B PI;V[H+ )

"PMc¢-  if pHsqie > 7

Mil\t’r]lplet Qﬂr]mlet denstty] sot. 1072 e
. ey 109
M1~120 - 1 triplet Z M
KVIVN] _ Flll\il .C(')I‘F’Il 110
Mgi/T,acid _ ;Il\i,acid +JA-PMy+ 111
Mg[q’r acid _ MIN ,acid +]A . PMCI‘ 112
Mggz‘aad — M(I)Alfllgdd 113

81



Chapter 3

MOUT,acid _ IN,acid 114
at — "INa*
MgTaes = WNgE 05 A Py 115
oUT,acid N IN,acid 116
,acia __ ,aclL
Ml triplet — ZML'
i=1
QoUTacid _ Q7 ngigllCeLtd - 1000 17
1triplet densityg;‘ifi
ouT,acid Mot 118
com = :
3 OUT,acid . -3
Ql triplet PM;-10
MOULPase = MINRAE L JA - PM g+ 119
Mg[l{lz‘,base — M(I)l;l{,l_:ase +]A . PMOH‘ 120
Mé)[llT,base — Mél[\/_,base 121
MggT,base — M]{[Aj_,base 122
My = Miy% + 0.5+ JA- PMy,o 123
oUT,b N IN,b 124
,base __ ,base
Ml triplet — ZMi
i=1
QOUT.base _ Mlogrzflge. 1000 125
1triplet densityl‘,’;‘;e
OUT,base MiOUT,base 126
c;mv =
OUT,base . -3
Ql triplet PM;-10
M}ggz‘,salt — M}I\]I\;ialt _ (Mgcll];l_",base _ M]I\]I\gl—,fase) 127
MOUT,salt _ MlN,salt _ (MOUT,acid _ MIN,acid) 128
cr- = Me- cr- cr-
MOUZ',salt — MIN,Ealt 129
OH OH
MOi]T,salt — MII\J/r,salt 130
OUT,salt __ IN,salt
My,o = Mp,o 131
n
132
MOUT,salt _ MIN,salt
1triplet — i
oUT sait
,sa
QOUTsalt _ My eripiee * 1000 133
1triplet density;’;‘ft
OUT,salt
COUT,salt _ Mi 134
i ~— OUT,salt , . 10-3
Ql triplet PM;-10
3 INj j
(Zj=1 Q1 triplet AP]) Ntrip _3 135
PP = -10
effpump
Nomenclature
Symbol Quantity Unit
A Active area of the membrane m?
(;i’ N.j Inlet concentration of the single ions for each channel mol/L
(;im'j Average concentration of the generic ionic species between inlet and outlet in  mol/L
channel j
CiOUT'f Outlet concentration of the single ions for each channel mol/L
density  Density of all the solutions Kg/m?
EMF  Electromotive force v
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F Faraday constant C/mol
Toxe Applied electric current A
Iy Current density Am?
JA Transmembrane flow rate of ions Kmol/h
Kw Inlet ionic water product mol?/L?
M Mass flow rate Kg/h
Nirip Number of triplets of the channel -
P Gross power needed for the stack w
PM Molecular weight g/mol
PP Power required for pumping the solutions kW
Q Flow rate in each channel of one triplet or total L/h
Rint Internal resistance of the stack Q
Nirip Number of triplets -
R Gas constant J/molK
T Temperature °C
z Chemical valence of the ion -
Vext Voltage needed A\

Subscripts and superscripts
acid Acid channel
base Base channel

i Ton

J Channel
salt Salt channel
sol Solution

w water

3.4.7. Electrodialysis (ED) model

ED is a membrane-based technology that allows the transport of salt ions from one solution
another solution by applying an electric potential. In this work, ED aims to concentrate further
saline solution. The model is build based on [11] as it is described in Table 3. 8. The model
calculates the flow rates of dilute and concentrate streams, their ion concentration, and the

electricity requirements of the unit.
Assumptions:

e Salinity at outlets (S; ,)

e Number of identical parallel cell-pairs (N,)
e Number of computational cells (N)

e Voltage applied across an ED cell-pair (V)
e  Voltage across the electrodes (V,;)

e Membrane efficiency (Mem,sf)

e  Pressure drop
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Table 3. 8. Equations for ED process unit [12].

Equation
Sco—Sci 136
Sc,k+1 = Sc,k .+ C]\t; — 1CL
Ny g, MW, 137
Sck+1 = o
Ny, g MW,
- 1000
N o mc,]- : Sc,j 138
$€1 71000 - MW,
Ns,c,j+1 - I.Vs,c,]' = ACP,thJ ']s,j 139
Nycjr1 = Nwej = Acprotj " Jw,j 140
N = ZyzlAcp,totJ i
cp — Acp
i 142
]s,j = Ts,j '%_ Ls,j : (Cc,m,j - Cd,m,j)
i; 143
]w,j = Tw.j . é + LW’]‘ ' (T[c,m,j - 7":d,m,j)
TsP = —4-107°S} + 410755, + 0.96 + 0.04 144
TP = —4-107552 —1.9-10725, + 11.2+ 0.6 145
LY =min (2-107125F =3 -107°S, + 6 1075, 146
2-1071282 -3-107195, +6-1078) + 6-107°
LP = 5570416 4 2.1075 147
.Ns,d,j+1 - I.Vs,d,j = _Acp,tot,j ']s,j 148
Nw,d,j+1 - Nw,d,].' = _Acp,tol:,j ']w,j 149
0 Ny, i MW, 150
7 d, (1=S45)
- 1000
0 Nw,c,jMWw 151
©/ = T,(1 = S.))
1000
N 152
Acp,tot,j = Ncp z ACp,j
=1
Acp,total 153
Amem,total = Mem
eff
N 154
Wep stack = Z LjAcp,j(NepVep + Ver)
=1
WED,ska — APdileil,in + APcthcon,in 155
Np,ED Np,ED
Wep = Wep stack + WED,pump 156

Nomenclature
Symbol  Quantity Unit
A Area m?
C Molar concentration at the surface of the membrane  mol/m?
F Faraday s A/ mol
i Current density Alm?
J Molar flux mol/m? s
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Ls
Lw

Memest

Tw

Vep

Vel
%

Salt permeability

Permeability to water

Flowrate

Membrane efficiency

Molecular weight

Number of computational cells
Total molar flow rate

Number of identical parallel cell-pairs
Flow rate

Salinity

Schmidt number

Sherwood number

Membrane salt transport number
Membrane water transport number
Cell pair voltage

Voltage across the electrodes
Power required

Greek symbols

AP
T

Npump

Pressure drop
Osmotic pressure at the surface of the membrane
Pump efficiency

Subscripts and superscripts

m2/s
mol/m? s bar
L/h

g/mol

mol/s

L/h
kg salt/kg solution

s<<

bar
bar

c Concentrate channel
cp Cell-pair
d diluate
ED Electrodialysis
i Inlet
] computational cell
k Index for the number of computational cells
m At membrane surface
mem membrane
0 Outlet
S Salt
total total
w Water
3.4.8. Process model validation

The validation of the integrated software tool focused on assessing how well the modelled

performance of individual technologies aligns with literature values and expert expectations.

The goal was to ensure that the software produces outputs suitable for early-stage,

comparative sustainability assessment of desalination and brine treatment systems. Key

indicators validated include specific energy consumption (SEC), recovery rates, product

quality, and chemical consumption. Among these, SEC was prioritized for systematic

validation. This choice was driven by two main reasons:
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1. Relevance: Energy consumption is a central driver in the economic and

environmental assessment conducted in subsequent chapters.

2. Availability: SEC is one of the most commonly reported performance metrics in

literature, offering a consistent and comparable benchmark across technologies.

To complement the literature-based validation, expert knowledge and pilot-scale results [13]
were used to assess recovery behaviour, product quality and other parameters for selected
technologies. Feedback from technology experts also helped confirm modelling assumptions
for newer or evolving technologies where published data was limited or inconsistent. The
literature studies used for comparison have been develeloped from similar research projects
focused on seawater brine valorisation for resource recovery, ensuring alignment in system
objectives and boundary conditions. Table 3. 9 gives an overview of the validation of the
technical model of each technology with existing models in literature based on the specific

energy consumption.

Table 3. 9. Comparison of SEC results with experimental studies from the literature.

Technology Specific electrical energy Specific electrical energy consumption
consumption (this study) (literature)
NF 1.42 KWhel/m?3 brine intake 1.7 KWhel/m?3 brine intake [2]
MED 1.94 KWhel/m? brine intake 1.59 KWhel/m? brine intake [2]
TCr 4 KWhel/m? brine intake 1.7-6.25 KWhel/m? brine intake [2,14]
MF-PFR 0.38 KWhel/m? brine intake 2.23 KWhel/m?3 total brine intake [2]
EDBM 4.4 KWhel/ kg of HCI, 3-4KWhel/ kg of HCI [13],
4.0 KWhel/ kg of NaOH 2-3KWhel/ kg of NaOH [13]
ED 312.5 KWh/ton salt 219 KWhe/ ton salt [11]

**Note that for the thermal process units, MED and TCr, we use the electrical-specific consumption,
primarily for pumping, for comparison. For thermal requirements, waste heat (low-quality thermal

source) has been used for the calculations.

Among the validated technologies, most results align reasonably well with literature values.
However, notable deviations are observed in the MF-PFR and TCr units, which are discussed
below. For MF-PFR, the difference in SEC between this study and the values reported in [2]
(previous study from same research group) is primarily due to different assumptions regarding
the drum filter's energy consumption. In this work, the drum filter is used to recover hydroxide
solids from the slurry, and its energy consumption was estimated using recent experimental
data from a pilot-scale setup [13]. These estimates were validated in collaboration with the
research group that developed the MF-PFR technology. Nevertheless, [2] does not provide
detailed calculations for electricity use, particularly for the drum filter, making it impossible

to compare the specific assumptions. Similarly, for the TCr, the higher SEC in this study (4
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kWhel/m*®) compared to literature values (1.7 kWhel/m?®) is due to updated assumptions
regarding cooling water usage and additional pumping requirements. As with MF-PFR, the
literature does not disclose calculation methods or process boundaries, limiting the ability to
reconcile the values. Importantly, the SEC reported in this thesis aligns more closely with
industrial benchmarks for sodium chloride thermal crystallization, which are approximately
6 kWhel/m®. This suggests that earlier estimates may have underestimated energy demands
due to simplifications or narrower system scopes. While exact comparisons remain
challenging, the results in this study are considered robust for comparative analyses,

particularly given the broader process boundaries and updated assumptions used.

3.5.  Mathematical description of economic models

The major costs of a desalination plant comprise capital expenditure (CAPEX) and operating
expenditure (OPEX).

3.5.1. Capital costs
The CAPEX consists of fixed-capital investment and working capital, and the former one
includes hardware costs, costs of buildings, process, and auxiliary, land, working capital and

other indirect costs [15].

For the economic analysis of a full-scale desalination plant, the equipment costs of pilot-scale
units are scaled-up to a capacity of 3000 m?/d. The equipment (material) costs of the full-scale
plant are derived from the cost of the same equipment in the pilot plant with known capacity
using equation 157, known as six-tenths factor rule (m=0.6) [15]. For desalination plants the

exponent m is usually closer to 0.8 [16,17], which is used in this work:

Cost of purchased equipment(Plant A) _ capacity of plant A)m 157
Cost of purchased equipment(Plant B) capacity of plant B

For the calculation of the annualized CAPEX, the amortization factor (o) is used (see equation
158-159) [18-21].

Annualized CAPEX = CAPEX * «a 158

The amortization factor (o) is defined by:

i1+ 0" 159

amortization factor « = —————
f a+imr-1

where i is discount rate, n is plant lifetime (year).

3.5.2. Operating costs
The OPEX refers to expenditure directly generated by manufacturing operations or connected

to the equipment of a technical unit. Table 3. 10 gives an overview of the costs that constitute

87




Chapter 3

OPEX [15]. In this study, the utilities in this system are mainly energy, chemicals, and water
costs. The calculation of yearly electrical (C.) and thermal (Cu) energy costs follows

equations 160-162:

Cel = EtOtel ) toperation ) Pel 160
Cth = EtOtth ) taperation ' Psteam 161
Co = Caq+Cip 162

Where:

E. and Eqy, are the total energy consumption per operating hour (in kWh/hr), toperation 1S the total
operation time in one year (in hr), Py and Pgeam are the prices of electricity and steam,
respectively (in €/kWh). The calculation of chemicals and water costs is similar to the energy

cost, multiplying the amount of consumption every year by their price.

3.5.3.  Assumptions on CAPEX and OPEX
Table 3. 10 shows the assumptions that were made to calculate the CAPEX and OPEX of all

the scenarios.

Table 3. 10. Assumptions on CAPEX & OPEX [15,22].

CAPEX Annual OPEX
. 25% of h . % of the fixed-
Installation 5 ?O purchased Maintenance 8 0.0 t. e fixed
equipment cost capital investment
Buil_c!ings, process, and 20% of purchased Operating Supplies 5%_ of
auxiliary equipment cost maintenance
6% of purchased . 15% of annual
Land equipment cost Operating Labor OPEX
. . Direct i 15% of i
Indirect costs 15% of direct cost Irec SL_Jperwsory © OT operating
and clerical labor labor
. . 20% of total 15% of i
Working capital .0 b of tota Laboratory charges 5% of operating
investment cost labor
Patents and 3% of annual
royalties OPEX
. 5% of annual
Fixed charges OPEX
Plant overhead 5% of annual
costs OPEX

The additional assumptions on the economic parameters are reported in Table 3. 11.

Table 3. 11. Economic parameters employed in the economic analysis.

Parameter Value Units

Discount rate 6% -
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Operating hours 24 hour
Annual working days 300 day
Plant lifetime 20 year
Inflation rate 2% -

3.6.  Limitations

The proposed software is not designed to replace detailed physical models or system dynamics
approaches. For applications requiring highly detailed process representations, the software
may need to be enhanced to provide more detailed results and optimization opportunities. This
work highlights that the proposed software is particularly valuable for evaluating the
integration of different processes and preliminary designs, capturing the technical, economic,

and environmental impacts of technology integration.

The validation process focused primarily on specific energy consumption (SEC), which was
systematically reported in this chapter because it is the most widely available and consistently
defined metric in the literature, allowing for clear and direct comparisons. While additional
performance indicators such as recovery rates and product quality were internally reviewed
and discussed with technology experts and suppliers, these were not systematically presented
due to scope and data constraints. Discrepancies from literature values remain for some
technologies (e.g., MF-PFR, TCr), largely due to model simplifications, evolving process
configurations (e.g., updated energy assumptions for components like the drum filter), or

scarce and inconsistent validation data.

These limitations are most relevant for less mature processes or those relying on estimated
inputs and should be considered when interpreting performance outputs. While the tool is
reliable for comparative scenario analysis and integration studies—as applied in subsequent

chapters—its predictive precision is constrained by these assumptions and data limitations.

3.7.  Conclusions

A comprehensive open-source software tool in Python designed to simulate and evaluate
desalination and brine treatment systems. By addressing the absence of accessible simulation
tools in the field, this work contributes a valuable resource for researchers and practitioners.
The examples included demonstrating its potential for modelling diverse process
configurations and generating critical insights for sustainability and efficiency. The outputs
from this software directly support the analyses presented in Chapters 47, illustrating its

integral role in this thesis and its broader applicability to the scientific community.
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While the software was validated using literature values(e.g., specific energy consumption)
and further reviewed by technology experts (e.g., specific energy consumption, recovery rates,
product quality), discrepancies remain for some technologies, particularly where data is
scarce, or model simplifications were required. These deviations reflect broader challenges in
modelling emerging or poorly documented processes and underscore the need for caution
when interpreting results for such technologies. Nevertheless, these limitations are unlikely
to alter the overall conclusions of this thesis, as the tool was primarily used for comparative
analysis and scenario exploration, where relative performance and system-level trends are

more important than precise absolute values.

Through the software's application, researchers, engineers, and policymakers gain the power
to evaluate the resource recovery potential, economics, and greenhouse gas emissions
associated with different configuration combinations. Its open-source nature supports
transparency and future refinement, positioning it as both a functional decision-support

platform and a foundation for continued research into sustainable water treatment systems.
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ABSTRACT

The transition to seawater desalination integrated with resource recovery, particularly in
water- and energy-scarce regions, requires innovative approaches that consider societal
benefits and costs. This study goes beyond traditional techno-economic evaluations by
employing a Value-Sensitive Design (VSD) approach, which guides the selection of
performance indicators and informs the design of technical scenarios for integrated seawater
desalination and brine treatment systems. VSD ensures that the scenarios are socially
relevant by directly incorporating stakeholder values into the design and assessment process.
Four technical scenarios (Sc) were used to evaluate the VSD approach: Sc1) maximum water
recovery, Sc2) and Sc3) integrated desalination with brine treatment for maximum resource
recovery (using different configurations) and Sc4) electricity-based desalination for chemical
recovery. Techno-economic models are implemented using Python to analyse the feasibility
and performance of these scenarios. The modeling results indicate that all scenarios achieve
zero brine production. However, the trade-offs between resource recovery and greenhouse
gas emissions are evident. Increased salt recovery leads to higher CO, emissions (locally)
due to electricity consumption. Scenario 1 minimized electrical energy consumption and
emissions while maximising water production. Scenarios 2 and 3 performed best in water and
high-quality salt production. Despite its higher CO, emissions, Scenario 4 proved most
profitable due to the production of chemicals. These findings highlight the importance of
tailoring plant designs to regional needs. By providing a comprehensive understanding of
trade-offs, the VSD approach fosters stakeholder dialogue and serves as a valuable decision-
analysis tool for designing sustainable desalination systems.

Keywords: Desalination, Brine treatment, Resource recovery, Value sensitive design,
Sustainability assessment.

Published as: R. Ktori, P. Parada, M. Rodriguez-Pascual, M.C.M. Van Loosdrecht, D.
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4.1. Introduction

Desalination is a crucial water treatment technology that provides solutions to water-stressed
regions, but the high energy consumption and disposal of the saline by-product, brine, pose
significant environmental and social challenges. Zero liquid discharge (ZLD) and Minimal
liquid discharge (MLD) systems have been developed to increase water recovery and
minimize brine discharge by treating brine streams and recovering water and salts [1]. While
ZLD presents an attractive solution, its practical implementation faces challenges, including
high energy requirements, high operational costs, the management of solid wastes and the
need for advanced technologies capable of handling diverse brine compositions [2].

Seawater is a rich source of valuable and scarce materials, which are lost when they end up in
brine discharged from desalination plants [3]. Developments are moving from minimizing
brine disposal to recovering valuable resources beyond water, presenting economic and
environmental opportunities [4]. Numerous studies have explored technologies for recovering
salts like magnesium, calcium, sodium, and metals [5-8]. However, no single technology can
recover all valuable materials effectively.

Integrating multiple technologies is necessary for effective multiple-product recovery and
improved technological and economic performance [3], but introduces complexity. The
transition to resource recovery also introduces societal benefits and costs, as additional
processing steps can increase energy use and capital costs, though they may offer economic
gains depending on the recovered resources [9]. Evaluating these integrated systems requires
approaches that go beyond technical and economic performance [10]. There is no fixed
approach to evaluating integrating technologies as it is context-dependent, as goals, target
product quality, and quantity [7]. Thus, integrated systems should be designed to meet market
demand and meet local requirements, ensuring solutions are technically efficient and socially
relevant.

Although sustainability assessments in desalination often address environmental, economic,
and social dimensions [11-13], there remains a gap in existing frameworks related to the
oversight of brine and resource recovery. ZLD studies typically focus on water and salt
recovery from brine using a techno-economic approach, often neglecting social aspects, while
the environmental assessments primarily center on energy-related emissions [14-16]. To
advance holistic solutions, existing frameworks need to be revised to incorporate societal
context, encourage stakeholder participation, and evaluate whether the technological
configurations are desirable in specific contexts [17].

Value-sensitive design (VSD) addresses this gap by explicitly integrating societal values into
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the design and assessment of technological systems. Incorporating social aspects through
stakeholders’ values, VSD ensures that technological solutions are tailored to the community's
specific needs. This alignment enhances both social acceptability and the likelihood of
successful implementation [17]. Additionally, recognizing that technical systems cannot be
fully understood or designed without considering the stakeholders involved, VSD bridges the
gap between technical solutions and social perspectives [18]. Thus, unlike conventional
methodologies such as Multi-criteria assessment (MCA) or techno-economic assessments,
which focus predominantly on technical and economic parameters, VSD provides a more
holistic evaluation by incorporating social, ethical, and environmental dimensions into the
process [19-21]. This contrasts with state-of-the-art methods that often marginalize these
societal concerns or include them as secondary considerations [17].

The VSD approach is especially effective in co-designing technical scenarios because it
engages stakeholders early in the processes, allowing their values to shape key technical
variables. For example, prioritizing resource security could lead to scenarios that focus on
brine concentration and resource recovery, aligning technical configurations with both
community needs and sustainability goals [22,23]. This differs from MCA, which typically
involves stakeholders only at the final stage to validate pre-selected alternatives. This co-
design approach addresses a key gap in existing sustainability assessments, which often lack
clear reasoning behind the selection of alternatives or technical scenarios [24]. In addition,
stakeholder values are translated into measurable objectives and performance indicators,
making the assessment process transparent and aligned with community priorities.

Given the rapid advancements in seawater desalination and the need to resolve value tensions
between societal, environmental, economic and technical goals, this study applies elements
of VSD to fill gaps in existing assessment methods and offer insights for the design of socially
relevant desalination systems. The study addresses the following key question:

What are the benefits and drawbacks of different technical configurations in integrated
resource recovery desalination, vis-a-vis identified values, and how do they apply to
different societal contexts?

To answer the questions, we investigate different technical configurations using some of the
elements of the VSD approach. Indicators were selected based on values identified in prior
research by [25] and technical scenarios were designed to reflect stakeholders’ values. Process
and economic models were developed to provide the required data for the alternative
scenarios. Finally, the alternative technical scenarios were analysed in the context of societal
values and placed in relative social contexts. This work provides a novel integration of VSD
and soft MCA methodology [26] in the desalination field, offering a valuable decision-support
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tool.

4.2. Methods

The framework, as previously outlined by [27], consists of six steps: 1) Problem definition,
2) Indicator definition, 3) Design of alternative scenarios, 4) Data acquisition, 5) Assessment
indicators quantification, and 6) Performance analysis. In this study, we implement steps 2-6
of the comprehensive methodology illustrated in Figure 4. 1. This section describes the
methodology and adjustments that followed. It is worth noting that this work does not evaluate
the treatment chains in a specific societal context, but the example of Lampedusa and the
identified stakeholders’ values in that context are used to implement the framework (see
Section 4.2.1). Then generalized outcomes and useful insights are used in the discussion (see
Sections 4.3.3 and 4.3.4). For this reason, a detailed and specific definition of the problem
(step 1) is left out.
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Figure 4. 1. Schematic representation of the followed methodology. The dashed line shows the steps
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4.2.1. Problem definition

This work focuses on seawater desalination integrated with a power plant (different owner)
on an island or coastal area that depends on external fossil resources for its energy production.
The integration aims to increase water availability with the same or similar energy use by
capturing waste heat and recovering salts. In particular, the example of Lampedusa, a small
island in the Mediterranean Sea, is used to identify the stakeholders’ values. The island covers
100% of its water demand through desalination, which can account for around 30% of the
total electricity usage for small islands [25]. Building upon prior research by [25] and [28],
we incorporate valuable insights into stakeholder values and tensions related to seawater
desalination in island contexts. This study did not involve direct interviews or surveys with
new stakeholders; instead, it builds on previously published research that identified key
stakeholder values. The main identified stakeholder values are:

e Resource security

e  Water security

e Energy security

o  Affordability

e Protection of the environment, including marine life
e Climate change mitigation

o Efficiency

o Safety

Systems in this societal problem statement present several tensions that need to be considered.
Figure 4. 2 summarises the identified sustainability tensions for integrated desalination and
brine treatment systems in islands or coastal areas. A tension arises between water security,
energy security, and sustainability. While the system would enhance water availability and
self-resilience, it would increase the need for energy imports and compromise energy security.
Furthermore, the system's impacts on sustainability aspects, such as brine discharge reduction
and increased greenhouse gas emissions due to higher energy use, as well as uncertainties
regarding the cost of water, must be assessed. Therefore, a tension arises between water,
resource security, and affordability. While brine minimization and water and salts/chemicals
recovery will increase, it will also increase the production costs. In this way, how costs are
distributed will affect the competitiveness of resource recovery and the affordability of water
in a water-scarce region. Although recovery of valuable products will result in extra revenue
from selling products, there is a risk of how competitive the solution is. Finally, a tension
exists between efficiency and long-term sustainability. Although integrating waste heat
promotes energy efficiency, there is a risk of sustaining dependence on fossil fuels, preventing
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the adoption of renewable energy sources. Limited renewable energy source areas in islands
contribute to the reliance on fossil resources, although local planning considers expanding
renewable energy. These tensions require further investigation and discussion with
stakeholders to ensure sustainable outcomes.

Sustainability tensions

Water & Energy Sustainability & Care for the

security environment

Energy security

Sustainability & Climate
change mitigation

Water security

Water & Resource .
. Affordability
security

Resource & Energy Effici
iciency

s
p=

security

Figure 4. 2. Identified sustainability tensions for integrated desalination and brine treatment systems in
islands or coastal areas.

Finally, in the problem definition step, the analysis boundaries need to be defined [17]. This
study aimed to design and identify suitable alternatives for various societal contexts, assessing
their compatibility and exploring how the development of an integrated system can address
identified value tensions. A soft MCA [26] is applied to provide valuable insights and
structure knowledge for decision support in desalination projects. Therefore, the analysis
boundaries will be limited to technical system evaluation using selected indicators. In this
work, we adopt a system-level approach, evaluating technical alternatives as a collective
system rather than individual components. By focusing on these specific aspects, we aim to
shed light on the potential benefits and challenges of an integrated system and contribute to
informed decision-making in the field of desalination.

4.2.2. Define performance indicators
This methodological step outlines how sustainability issues and identified values are
transformed into performance indicators. Firstly, the identified values from [9] (see Section
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4.2.1) were translated into objectives and then performance indicators. The connection
between values, objectives, and indicators can be explained as follows: values guide the
selection of the objective used to assess different scenarios, and indicators act as the
measurements that evaluate how well those scenarios align with the chosen objective [17].
The indicator database in [27] was used as inspiration for the selection of indicators in this
work. To ensure the indicators' relevance and importance in this context, they were shared
with a small group of stakeholders consisting of researchers specializing in sustainability,
desalination, and resource recovery. This engagement provided valuable input to refine the
indicator selection and ensure alignment with stakeholder expectations.

While social indicators are typically crucial in sustainability assessments, the social
dimension is embedded within the VSD approach rather than through separate social
indicators, as the analysis is not focused on a specific societal context. This approach allows
us to integrate social considerations holistically throughout the scenario assessment without
limiting them to specific, quantifiable indicators.

4.2.3. Design of alternative scenarios

This section outlines the approach for developing technical scenarios that incorporate
stakeholder values identified in the problem definition. While value tensions are
acknowledged as a critical aspect of this study (as highlighted in the problem definition), the
primary emphasis during scenario development is placed on aligning with these values. This
emphasis on alignment stems from the high complexity of the issue. Value tensions will play
a crucial role in the subsequent analysis of our results. Therefore, the scenarios are designed
to address the value of water, resource, and energy security, climate change mitigation, and
environmental protection, particularly concerning marine life and efficiency, while also
indirectly considering affordability and safety. Figure 4. 3 presents the following procedure
for the design of the alternative technical scenarios. The design of these scenarios was made
on the basis of the value-sensitive design (VSD) approach. The detailed methodology for VSD
can be found in [29,30].

Stakeholders'

reflection

=
=
b=

Design

g @

Literature review, Screening Selection
inputs from experts

Figure 4. 3. Followed procedure for the design of alternative technical scenarios.
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The development of technical scenarios is organised around three main technical scenario
variables: process and technology, product and by-products, and raw materials and utilities.
The main variables used in this study to generate the scenarios are the intensity of recovery
(water focus vs. intense resource recovery) and the type of energy source (thermal or
electrical). In particular:

e The intensity of the recovery variable represents the degree of resource recovery
within the scenarios, ranging from a focus on maximizing water recovery to intense
resource recovery encompassing elements like salts, chemicals, and critical raw
materials.

o Energy Source Variable declares the source of energy used within the scenarios,

distinguishing  between thermal-based technologies and electricity-based
technologies, with a potential focus on renewable energy sources.

These key variables are essential in shaping the technical scenarios, but they are intricately
linked to the stakeholder values identified in the problem definition. The main identified
stakeholder values include:

e Resource security is closely related to the intensity of recovery variable. A higher
intensity of resource recovery aligns with resource security by reducing dependence
on external resources and enhancing self-sufficiency.

e  Water security is directly tied to the intensity of the recovery variable. Greater water
recovery ensures water availability, which is crucial for human well-being and
economic activities.

o Energy security can be linked to both the energy source variable and the intensity of
recovery variable. Integrating thermal-based technologies with waste heat or using
renewable energy sources contributes to energy security.

o  Affordability is influenced by the intensity of the recovery variable, particularly in
scenarios with intense resource recovery, which may affect production costs,
revenue, and affordability.

e  Protection of the Environment, Including Marine Life, aligns with scenarios that aim
for minimal brine discharge, reducing the negative environmental impact and
benefiting marine life.

o Climate Change Mitigation is associated with the energy source variable, with
scenarios using renewable energy sources contributing to reducing greenhouse gas
emissions.

e Efficiency is promoted by scenarios with higher energy and water/production
efficiency, which both variables can influence.
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o Safety considerations should be integrated into scenarios regardless of the variables,
ensuring the well-being of individuals involved in the process.

Additionally, a literature review on technology integration for desalination and brine
treatment was carried out to identify the advantages and limitations of the integration.
Specifically, studies where at least two technologies were combined to treat seawater or brine
streams were selected and analysed. For a comprehensive overview of the integration of
technology, including the main products, scale, advantages, and limitations of each study,
please refer to Table S.2 in the Supplementary Information. The performance of technologies
in the systems was studied, and data regarding energy consumption and economics were
collected and analysed. Note that lab-scale technologies were excluded, focusing exclusively
on well-developed technologies with practical relevance. The selected studies were analysed
further in terms of the following values:

e Socio-economic values such as development opportunities, energy security,

economic value-sharing
e Human-nature interaction such as protection and recovery, efficiency and circularity

Considering the identified values (see problem definition, Section 4.2.1), the objectives, and
the insights from the literature review, the technical scenarios were developed. After the
preliminary design of the technical scenarios, they were shared with a group of stakeholders
in a workshop to ensure the practicality and feasibility of the scenarios. During this workshop,
the objective and the technical aspects of each scenario were discussed. Their feedback was
incorporated, and changes were made. The technical scenarios are described in Section 4.3.

4.2.4. Data acquisition and quantification of assessment indicators

One of the most important steps in the proposed framework is data acquisition because it is
directly related to the accuracy, reliability, and quality of the results. In this work, data will
be provided by technical and economic models. The mathematical description, the details of
the modelling, the main assumptions, and references are given in Chapter 3 and GitHub
repository for the technical process and economic models
(https://github.com/rodoulak/Desalination-and-Brine-Treatment-Simulation-.git) developed

in the context of this study.

In this section, an overview of the main inputs and outputs for each process unit in the
integrated system is given (see Table 4. 1). These parameters were selected based on their
direct relevance to the system's techno-economic and environmental performance. Additional
parameters and assumptions are provided in Chapter 3. All technical process models were
implemented in Python. The feed flow rate is the same for all the scenarios, and it is equal to
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3000m?/d. The technical process models were validated with experimental pilot-scale results

from the Water Mining project [5] (see Supplementary Information, Section S4).

Furthermore, the results of this study align with those of previous research in the literature

[7,16]. Especially with work from [16] that was carried out within the Zero Brine project and

previous works [31] sharing the same objective as this work, which is technological

integration for recovering valuable materials from brine.

Table 4. 1. Main inputs and outputs of each process unit in the integrated system.

Process

Input

Output

Nanofiltration

Feed flow rate [m®/h]

Permeate flow rate and
composition [g/L]

lon concentration [g/L]

Concentrate flow rate and

composition [g/L]

Osmotic pressure [bar]

Electrical
[kWheI]

requirements

Water recovery [%]

Chemicals consumption [L/h]

lon rejection [-]

Multi-effect distillation

Feed flow rate [m®/h]

Flow rate of water [m%/h]

lon concentration [g/L]

Effluent flow rate and
composition [g/L]

Feed temperature [°C]

Electrical [KWhel] and thermal
[kWhtn] requirements

Steam temperature [°C]

Cooling water flow rate [m3/h]

Thermal crystallizer

Feed flow rate [m®/h]

Flow rate of water [kg/h]

lon concentration [g/L]

Flow rate of NaCl [kg/h]

Feed temperature [°C]

Cooling water flow rate [m3/h]

Steam temperature [°C]

Electrical [kKWhei] and thermal
[kWhtn] requirements

Multi-plug flow reactor

Feed flow rate [m®/h]

Alkaline solution flow rate
[L/h]

lon concentration [g/L]

Flow rate of Mg(OH)2 [kg/h]

Concentration of the alkaline
solution (NaOH) [M]

Flow rate of Ca(OH)2 [kg/h]

Concentration of the acid
solution (HCI) [M]

Acid solution flow rate [L/h]

Effluent flow rate [m%h] and
composition [g/L]

Electricity
[kWheI]

requirements

Eutectic freeze crystallizer

Feed flow rate [m®/h]

Flow rate of Na2SOs [kg/h]

lon concentration [g/L]

Flow rate of ice [kg/h]

Feed temperature [°C]

Effluent flow rate [m%h] and
composition [g/L]

Electricity
[kWhei]

requirements
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Electrodialysis with bipolar Feed flow rate [m3/h] Flow rate of acid [m%h] and
membranes composition [g/L]
lon concentration [g/L] Flow rate of base [m®h] and
composition [g/L]
Electric density Flow rate of salt [m%h] and
composition [g/L]
Electricity requirements
[kWheI]
Electrodialysis Feed flow rate [m3/h] Flow rate of diluted stream
[m3/h] and composition [g/L]
lon concentration [g/L] Flow rate of concentrate
stream [m3/h] and composition
[o/L]
Electric density Electricity requirements
[kWheI]

Note: The mathematical description, modelling details, and relevant references for the inputs and
outputs of each process unit are provided in Chapter 3.

In this study, we have made key assumptions to create a clear framework for our analysis,
which are essential for understanding our results and conclusions. It is important to note that
the validity and robustness of our findings are contingent upon these assumptions. Variations
or deviations from these assumptions could impact the outcomes of our analysis. The key
assumptions for our analysis are the following:

i Waste heat availability at zero economic cost: Given its status as a by-product of
electricity generation, we assume waste heat from integrated power and desalination
plants is available at zero economic cost.

ii. Negligible emissions from waste heat: In our analysis, we do not consider emissions
arising from waste heat. Waste heat, a by-product of electricity generation, is
primarily intended for electricity generation, and any emissions associated with it are
deemed negligible.

iii. Exclusive use of grid electricity or direct power plant output: we exclusively consider
two electricity sources, the grid and direct power plant output for combined facilities,
facilitating clear source differentiation in our assessment.

iv. European Union (EU) average emission factor for electricity: we consider the EU
average emission factor for electricity as a standardized basis for our CO, emissions
calculations.

Economic models were developed in order to evaluate the economic performance of the
alternative scenarios. The economic model consists mainly of capital expenditure (CAPEX)
and operating expenditure (OPEX). Specifically, CAPEX consists of fixed-capital investment
and working capital, and OPEX refers to expenditure directly generated by operating the plant
[32]. The main inputs of the economic models are:
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e  Equipment cost

e Mass flow rates (from technical models)

e Energy and utility consumption (from technical models)
e  Selling price of products (from literature)

e Price of energy and utilities (from literature)

Note that in the assessment of economic viability for scenarios, we assumed established
market demand and potential off-takers for the recovered salts and chemicals, as their
profitability hinges on market uptake. A detailed explanation of the economic models and the
assumptions that were made, as well as the input data from the literature, are given in Chapter
3 (see also GitHub repository). The two models were coupled, and the main outputs of the
technical models for each scenario became the inputs for the respective economic model of
the scenario. Finally, the selected indicators are determined using data from technical and
economic models. These models provide the necessary input parameters, such as mass flow
rates, energy consumption, equipment costs, and product selling prices, which are essential
for accurately assessing each indicator. This ensures that the indicators, initially defined in
the indicator selection step (see Section 4.2.2 and 4.3), are grounded in robust and
comprehensive data. After the quantification of the selected indicators, the performance
analysis can carried out where the benefits and drawbacks of the different technical
configurations relative to the identified values are evaluated (see Figure 4. 1).

4.3. Results and discussion

4.3.1. Define performance indicators

Following the methodology described in Section 4.2.2, the performance indicators are defined
below, and they are summarised in Table 4. 2. The detailed description (and mathematical
formulation) of these indicators is provided in the Supplementary Information (see Section
S1).

The value of water security is quantified through the system's water production quantity,
emphasizing the importance of measuring product outputs and recovery efficiency. Energy
consumption, critical for energy security considerations, is evaluated using indicators for
electrical and thermal energy consumption. The value of resource security is quantified
through the system's salt production quantity. System efficiency, crucial for overall
effectiveness and the value of efficiency, is assessed through two specific indicators: overall
brine production and resource efficiency.

This study used indicators to evaluate the affordability of integrated systems
comprehensively, considering the entire integrated process rather than evaluating each
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individual component separately. Production efficiency measures the monetary value of all
the recovered products relative to the total annual cost of the integrated system. The
production efficiency indicator can accommodate different metric units, which is particularly
important in multi-product systems. This indicator, along with the selected CAPEX and
OPEX indicators, provides a comprehensive assessment of the economic dimension, ensuring
that affordability is sufficiently addressed.

To evaluate climate change mitigation and the carbon footprint resulting from energy
consumption, we have selected CO, emissions as an indicator for this specific stage of the
analysis. It's important to note that in this phase, we focus solely on operational CO emissions
and do not consider the broader life cycle impacts of the system. Specifically, we use the
average CO; emission rate from electricity use in the European Union for our calculations. At
this stage, renewable energy sources are not included in electricity production, but they will
be considered in a subsequent phase of the analysis. In terms of care for the environment and
specifically related to brine disposal, aquatic eco-toxicity was selected to quantify the
potential impacts of brine discharge on the marine environment. It was calculated based on
the final concentration (concentration of salt ions, chemicals, metals) of the brine stream [33].
Water footprint is an indicator of resource efficiency. This indicator provides insights into the
system's efficiency in utilizing water resources, aligning with the value of care for the
environment and resource conservation. Finally, to assess the environmental impact and
ensure safety from chemical use in the system, human toxicity was chosen as an indicator.

Table 4. 2. The main values identified and the indicators used to operationalize them in view of
sustainability assessment.

Value Objective Indicator Units
Energy Improve energy performance Energy . kWh
security consumption
Water Quantity of water 3
. Increase water recovery m3/year
security produced
Resource Quantity of salt
- Increase resource recovery 1 Tonlyear
security produced
Resource %
Efficiency Increase efficiency efficiency
Brine production ton/year
Increase the economic viability CAPEX €
Affordability  °F the plant OPEX €lyear
Increase profitability Prqd_uctlon €/€
efficiency

L In this paper, the term "Salt produced" refers to various types of salts (NaCl, Mg(OH)2, Na2SOs etc)
recovered through the integrated seawater desalination and brine treatment processes

109




Chapter 4

Climate Carbon dioxide

change Minimize climate change impact o Kg CO2-Equ
A emission

mitigation

Care for the M!n!m!ze resource ytlllzatlon_ Water footprint m3/year _

environment Mlnlmlze th_e aquatic eco-toxic Eco-toxicity Kg of brine/kg of

impact of brine disposal seawater
Safety Use of chemicals Human toxicity -

4.3.2. Description of alternative scenarios

While all scenarios share the common goal of increasing water recovery and reducing brine
discharge (compared to typical seawater desalination), they do so differently. Note that the
mainstream entering all the treatment chains is seawater (same flow rate and concentration),
and all the scenarios aim for either zero-liquid discharge or minimal-liquid discharge. In this
way, the scenarios address the value of protection of the environment regarding marine life.
The scenarios are summarized in Table 4. 3 and a detailed description of the design of each
scenario is given below and in Supplementary Information (see Section S5).

Scenario 1: Water recovery

Scenario 1 focuses on water security and energy security values by maximizing water
recovery while minimizing energy requirements by using waste heat from a nearby power
plant. This scenario does not focus on recovering salts or chemicals but rather on ensuring
water availability through the recovery of water. The brine discharge is expected to be zero.
This scenario generates a mixed salt stream, which cannot be used and is considered a solid
waste that must be disposed of properly. Scenario 1 is a typical Zero liquid discharge system
that was reported and assessed several times in the literature (see Section S2; Table S.2 in
Supplementary Information). Nanofiltration (NF) is used as pre-treatment to Multi-Effect
Distillation (MED) to increase the efficiency of the desalination process, avoid scaling, and
further concentrate the NaCl stream. Energy security is ensured by integrating thermal-based
technologies such as MED and Thermal Crystallizer (TCr) with available waste heat, which
can be sourced from a nearby power plant. While it is true that thermal desalination processes
like MED are generally more energy-intensive compared to membrane-based technologies
like Reverse Osmosis (RO), their advantage lies in their compatibility with the utilization of
excess heat energy.

Based on these considerations, Scenario 1 consists of three process units: NF, MED and TCr
(see Figure 4. 4). The seawater stream first goes to the NF unit and is separated into two
different streams: one high in monovalent ions and one in multivalent ions. The former is
directed to a process line of conventional units, including the MED unit that obtains water
from the evaporation process. The NF unit is used as pre-treatment for MED to increase the
performance of the unit. Following this unit, the stream goes to the thermal crystallizer and is
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mixed with the latter stream from NF, which is high in multi-valent ions, to finally obtain
water and mixed salt (low-purity NaCl crystals).

Seawater Nano- NF permeate Multi-Effect

- - i X DR Thermal Crystallizer
Filtration Distillation ek

Water @ Water @ | NaCl .\

NF concentrate

Figure 4. 4. Process flow diagram of Scenario 1.

Scenario 2: Desalination and resource recovery

Scenario 2 focuses on water security and resource security values by recovering multiple high-
value materials. For this reason, the NF concentrate treatment line from scenario 1 is extended
by integrating various technologies. The integration of technologies will affect the efficiency
of the system. Literature showed that NF can be used as a pre-treatment step to separate the
monovalent ions and multivalent ions from brine and increase the efficiency of the MED unit
(see Section S2; Table S.2 in Supplementary Information). Another advantage of this
separation is the recovery of the multi-valent ions in the form of salt or chemicals. The use of
multiple technologies is required to achieve high recovery of valuable products, including
Magnesium (Mg), which is one of the Critical Raw Materials (CRMSs) defined by the
European Union (EU) [16]. Mg precipitation and crystallization from brine streams have been
studied in the literature, and pilot-scale plants have been tested [34-36]. This crystallization
step can be combined with Electrodialysis with Bi-polar Membrane (EDBM) to recover
chemicals (HCI, NaOH) from the brine feed, contributing to the economic feasibility and
circularity of the plant (innovative circular economy). Additionally, the effectiveness of using
Eutectic Freeze Crystallization (EFC) as pre-treatment to EDBM has been studied to recover
more products (Na2SO4 and water) and concentrate further the effluent from the precipitation
process to increase EDBM efficiency [37], The recovery of Mg and Ca will also increase the
efficiency of EFC, the quality of the products, and, therefore, their affordability.

The main desalination and brine concentration technology used in Scenario 2 is MED, while
NF is used as a pre-treatment. MED can be used to recover water and concentrate the brine
solution further and it is commonly combined with a thermal crystallizer in ZLD or MLD
systems to recover the remaining amount of water and salt crystals [38,39]. Besides water and
resource security, Scenario 2 aims to ensure energy security by integrating thermal-based
technologies such as MED and TCr with waste heat (from power plants) to cover the thermal
energy requirements.
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Based on the above information, Scenario 2 consists of six process units (see Figure 4. 5).
The seawater stream first goes to the NF unit and is separated into two different streams: one
high in monovalent ions and one high in multivalent ions. The former is directed to a process
line of conventional units, including the MED unit that obtains water from the evaporation
process. Following this unit, the stream goes to a thermal crystallizer to finally obtain NaCl
crystals and water. The latter stream from NF, high in multivalent ions, is directed to a
treatment line comprising three innovative units for the recovery of magnesium and calcium
in the form of hydroxide, Na,SO, and water in the form of ice, and HCI and NaOH from the
remaining NaCl-rich solution The recovered HCI and NaOH are reused in the treatment chain.

NF concentrate  HCl Water @ Water ¢ NaCl £\

1 HCIGA
Bi-Polar Membrane Saline

Electro-Dialysis

Multi-Effect
Distillation

Multiple Feed-Plug
Flow Reactor

solution

NaOH

NaOH Ca(OH), Na,S0, Ice

Mg(OH), PN}
’ @

Figure 4. 5. Process flow diagram of Scenario 2.

Scenario 3: Integrated RO and brine treatment plant

Scenario 3 aims to ensure water availability and resource security by recovering multiple
high-value materials. Specifically, in Scenario 3, the objective is to maximize water and
resource recovery from seawater brine by integrating various technologies with a typical
desalination plant that uses RO. Unlike Scenario 2, which is integrated with a MED plant,
Scenario 3 is designed to be integrated with an existing RO plant (with 40% recovery). RO
brine contains a large amount of water, this water can be recovered in a MED unit. All other
aspects of Scenario 3 remain identical to those in Scenario 2 (see Figure 4. 6).

H (g,

Bi-Polar Membrane
Electro-Dialysis

Multiple Feed-Plug
Flow Reactor

Eutectic Freeze
Crystallizer

NaOH I Ca(OH), Na.SO
Ma(OH)

A

Figure 4. 6. Process flow diagram of Scenario 3.
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Scenario 4: Electricity-based desalination and chemical recovery

The objective of Scenario 4 is to balance water and resource recovery. Specifically, this
scenario focused only on the recovery of high-value materials such as Mg to increase the
economic feasibility and long-term sustainability of the plant. Additionally, the internal
production and consumption of chemicals from seawater brine could also contribute to those
values and enhance the circularity of the plant. Electrodialysis (ED) can be used as pre-
treatment to the EDBM unit to increase efficiency by concentrating the feed stream [40].
Additionally, [37] showed that the presence of sulphate ions does not significantly affect the
purity of the obtained products but significantly reduces the specific energy consumption of
EDBM. Overall, there is no brine discharge from the system since the exit flow streams from
ED and EDBM are low salinity streams (diluted brines), and they could be recycled back into
the system or discharged. Regarding the energy aspect, in this scenario, only electricity is used
to cover the energy requirements of the treatment chain. This scenario addresses the values of
energy security and climate change mitigation by using renewable energy and maybe the lack
of waste heat (long-term sustainability). Therefore, only electricity-based technologies are
used in the design of this scenario (see Figure 4. 7).

NF Saline
permeate solution

NF }oncen[rate

HCI ,
| HCIGA
Multiple Feed-Plug Bi-Polar Membrane Saline

Flow Reactor Electro-Dialysis

concentrate

Water @
1

solution

NaOHEA

NaOH Ca(OH),

Mg(OH),

Figure 4. 7. Process flow diagram of Scenario 4.

Based on these, Scenario 4 consists of five process units (see Figure 4. 7) and it represents an
MLD system aiming to maximize water and valuable resources recovery from brine. The
seawater stream first goes to the RO unit that recovers 40% of the water, followed by the NF
unit that separates monovalent and multi-valent ions. The monovalent-rich stream is further
concentrated using ED, while the multivalent stream is processed to recover magnesium and
calcium as hydroxide precipitates. The remaining solution, combined with the NaCl-rich
stream from ED, is fed into the EDBM unit to recover valuable chemicals such as HCI and
NaOH. Additionally, the low-concentration saline solution can be recycled back into the
treatment chain.
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Table 4. 3. Overview of the alternative technical scenarios.

Scenario Objective Technologies Recovered
products

! M_z»flm_lze vv_ater recovery and NF, MED, ThCryst Water, Mixed salts
minimize brine discharge

2 Desalination and brine Ca(OH)2, HCI, Ice,
treatment for recovery of water ~ NF, MED, ThCryst, Mg(OH)2, NaCl,
and valuable products and MFPR, EFC, EDBM NaOH, Na2SOs,
minimizing brine discharge Water

3 Integrated RO plant with brine Ca(OH)2, HCI, Ice,
treatment for recovery of water RO, NF, MED, ThCryst, Mg(OH)2, NaCl,
and valuable products and MFPPR, EFC, EDBM NaOH, Na2SOs,
minimizing brine discharge Water

4 Integrated RO plant with brine

treatment focusing on chemical
recovery, using only electricity-

RO, NF, ED, MFPR,
EDBM

Ca(OH)2, HCl,
Mg(OH)2, NaOH,
Water

based desalination

ED: Electrodialysis; EDBM: Electrodialysis with bipolar membranes; EFC: Eutectic freeze
crystallization; MED: Multi-effect distillation; MFPR: Plug-flow reactor; NF: Nanofiltration; RO:
Reverse Osmosis; ThCryst: Thermal crystallizer.

4.3.3.
In this section, we present a critical analysis of the performance of the four designed scenarios,

Performance assessment

each developed to enhance water recovery and reduce brine discharge compared to typical
seawater desalination processes (see Section 4.2.3). The performance analysis is oriented
around the identified value tensions (see Section 4.2.1, Figure 4. 2). All scenarios were
designed to achieve 'zero brine production’, effectively eliminating concentrated brine
discharge (see Table 4. 4), and the modeling results confirm that this was achieved in all
cases, resulting also in zero marine eco-toxicity potential. Scenarios 2, 3 and 4 produce a low-
salinity solution of Na, Cl, and K, which it is possible to recycle this low-salinity stream back
into the system or safely discharge it. For the sake of simplicity in this study, we have not
considered the recirculation of these streams. Human toxicity potential due to chemical
consumption is negligible across all scenarios, as only antiscalants, HCI, and NaOH are used.
Note that other valuable trace elements, such as lithium or rare earth elements, are excluded
from the analysis due to their low concentrations and the additional complexity required for
recovery, which is beyond the scope of this study.
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Figure 4. 9. Performance of integrated desalination and brine treatment systems in relation to CO2
emissions from electricity consumption and (A) Water production, (B) Salt recovery.

Figure 4. 9 illustrates the trade-off between avoiding the environmental impacts of brine
discharge and GHG emissions associated with the energy requirements of ZLD systems (see
assumptions, Section 4.2.4). The increased salt recovery in Scenarios 2 and 3 results in 71%
higher CO; emissions than Scenario 1 (water recovery scenario). This means that recovering
multiple products and enhancing resource security value comes with different environmental
costs and potential conflicts with values related to climate change mitigation and
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Figure 4. 8. Performance of integrated desalination and brine treatment systems in relation to electrical
and thermal energy consumption and water production (A), B)), resource efficiency (C), D)).

115



Chapter 4

environmental protection. Additionally, the use of thermal-based technologies and available
waste heat sources, like Scenario 1, leads to lower CO, emissions. In contrast, Scenario 4
focuses on chemical production (lower water and salt production) with only electricity-based
technologies that consume higher amounts of electricity and zero amounts of thermal energy,
which implies 86% higher CO emissions than Scenario 1 and 52% higher than Scenarios 2
and 3. This comparison is based on specific assumptions. Scenario 4 exclusively relies on grid
electricity, and the emissions will largely depend on the local energy mix used to generate
electricity. These emissions could be mitigated by integrating renewable energy sources,
which will be considered in future studies.

Figure 4. 8 illustrates the results for water, recovery and overall resource efficiency versus
electrical and thermal energy consumption. Resource efficiency in this context refers to the
ratio of mass of valuable materials output, such as water, salts, and chemicals, to material
input (see Table 4. 3 and Section S1.3 in Supplementary Information). The comparison
reflects the tension between the values of water, overall resource security and energy security.
While the systems would enhance water availability and self-resilience, they increase the
energy requirements, compromising energy security. Scenario 1, designed to align with
stakeholder values of energy efficiency and security, achieves the lowest electrical energy
requirements by utilizing waste heat (Figure 4. 8A and B). However, it doesn’t perform the
best in water production (9% lower than Scenario 3), which is the main objective of this
scenario. Regarding the overall resource recovery, Figure 4. 8 shows that the production of
high-quality products in Scenarios 2 and 3 comes with high energy costs. Waste heat use
reduces electricity intensity by 86% and 52%, compared to Scenario 4, which only uses
electricity-based technologies. From an energy efficiency point of view, Scenario 1 performed
better in terms of electrical energy consumption and water production, but Scenario 1 is less
self-resilient. The use of available waste heat by coupling the desalination plant with a power
plant to cover the thermal energy requirements and fewer electricity-dependent technologies
can decrease the dependency on energy imports or additional energy sources. Although
integrating waste heat promotes energy efficiency, there is a risk of sustaining dependence on
fossil fuels, preventing the adoption of renewable energy sources.
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Figure 4. 10. Performance of integrated desalination and brine treatment systems in relation to resource
efficiency (%) and (A) OPEX, (B) CAPEX.

The tension between resource recovery for water and resource security and associated costs
is illustrated in Figure 4. 10. Scenarios 1-3 achieve high resource efficiency (86%-95%),
which comes with high economic costs. Contrarily, Scenario 4, with a focus on chemical
production and the use of only electrical-based technologies, has the highest OPEX because
of the high electrical energy consumption and the low resource efficiency. The OPEX in
scenario 4 is 40-59 % higher than in the other scenarios. The integration of technologies to
recover multiple valuable products effectively results in a high investment cost, specifically
for Scenarios 2 and 3 (Sc2: 49% higher than Scl, 22% higher than Sc3, 45% higher than Sc4,
Sc3: 35% higher than Scl and 29% higher than Sc4). An opportunity to deal with this tension
is to consider alternative energy sources to decrease energy costs and, therefore, the OPEX.
Regarding CAPEX, alternative approaches or designs for the production of the same products
could be explored. These technologies will become more cost-effective without
compromising resource efficiency as designs evolve, and advancements reduce initial high
costs. Scenario 3 offers an additional benefit compared to Scenario 2 by integrating the brine
treatment system with an existing RO plant. This integration enhances the system's overall
efficiency and resource utilization. It enables the utilization of existing infrastructure, which
means lower investment costs.
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The tension between water, resource security, and profitability is given in Figure 4. 11, which
displays resource recovery efficiency and production efficiency for the four scenarios. The
production efficiency reveals the monetary value of all the recovered products relative to the
total annual cost and, therefore, provides insights into the affordability of the production of
multiple products. The higher the production efficiency, the more profitable and competitive
the solution. Despite the high resource efficiency and the low OPEX of Scenario 1, its low
revenue relegates it to the least profitable. This is because water is the only product of the
system. The high resource efficiency of Scenario 1 means that most of the compounds are
recovered but in the form of mixed salt, which means low product quality and, thus, low
economic value. Scenario 4 presents the largest OPEX, and despite the high investments
required, this scenario is potentially more profitable and has higher production efficiency
thanks to the possibility of recovering and selling Mg and chemicals (NaOH, HCI). Scenario
3, while having a similar OPEX to Scenario 1, offers higher profitability due to revenue from
selling salts and chemicals, offsetting production costs. Scenarios 2 and 3 have the most
affordable water.
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Figure 4. 11. Performance of integrated desalination and brine treatment systems in terms of resource
efficiency and production efficiency.

In resource recovery, Scenarios 2 and 3 excel in water and high-quality salt production.
Scenario 3 yields a 9% increase in water production compared to Scenario 1. Although
Scenarios 2 and 3 have similar designs, they differ in water and salt recovery. Scenario 3
produces the most desalinated water (24% more than Scenario 2), while Scenario 2 has the
highest number of high-quality salts and chemicals. Scenario 4 prioritises chemical recovery,
resulting in low water and salt recovery and overall resource efficiency compared to the other

scenarios (only 24% resource efficiency). To accurately reflect Scenario 4’s performance in
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its target area (chemical recovery), the output-specific resource efficiency metric (see
Supplementary Information, Section S1) is applied. This metric focuses on the recovery
efficiency of the targeted chemicals such as NaOH, HCI, and Mg(OH), rather than water or
general salt recovery. Using this indicator, Scenario 4 achieves an output-specific resource
efficiency of 92%, reflecting its high performance in recovering valuable chemicals, despite
its lower overall resource recovery rate (measured in terms of water and salts).

This distinction highlights that while Scenario 4 performs less effectively in general resource
efficiency compared to Scenarios 1, 2 and 3, its focus on chemical recovery makes it a strong
candidate for regions or industries where chemicals like NaOH and HCI are of primary
importance. Thus, Scenario 4’s lower overall resource efficiency is offset by its high
efficiency in producing specific valuable products tailored to meet specific industrial
demands.
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Table 4. 4. Summary of results of the evaluation of technical scenarios.

Scenarios
Scenario 1: Scenario 2: Scenario 3: Integrate Scenario 4: Electricity-based
Indicator Water Desalination and RO plant with brine desalination and chemical
Recovery resource recovery treatment recovery
Energy consumption (GWh) 39 13.3 13.4 27.5
Quantity of water produced (1000
milyear) 881.7 738.8 972.9 369.7
Quantity of salt produced (Ton/year) 0.0 0.3 0.2 0.1
Resource efficiency (%) 95.4 87.1 86.0 24.4
Brine production (ton/year) 0.0 0.0 0.0 0.0
CAPEX (M€) 20.0 39.2 30.6 21.7
OPEX (M¢€/year) 5.9 7.3 5.0 12.2
Production efficiency (€/€) 0.3 2.0 34 9.7
Carbon dioxide emission (MTon CO3-
Equ) 7.7 26.3 26.5 54.5
Water footprint (1000 m3/year) 0.0 267.1 248.0 688.5
Eco-toxicity (Kg of brine/kg of seawater) 0.0 0.0 0.0 0.0
Human toxicity (-) 0.0 0.0 0.0 0.0
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Figure 4. 12 summarises the alignment of the four designed scenarios against stakeholder
values, including water security, resource security, efficiency, affordability, and
environmental impact. By aligning each scenario with specific societal values our approach
provides a more nuanced understanding of the scenarios' real-world implications. As shown
in Figure 4. 12, Scenario 1 strongly aligns with values of water security, energy security, and
efficiency due to its use of waste heat and lower electrical energy consumption. However,
with water as the only valuable product and the generation of solid waste, its alignment with
affordability is weaker, reflecting potential cost concerns.

Alignment of technical scenarios
with stakeholders' values

Stakeholders' values Scenario 1 | Scenario 2 | Scenario 3 | Scenario 4

Water security [  J [

Resource Security o (] [

Energy Security ° ] { {

Affordability ® { {

Protection of the environment [ ] o { °
Climate change mitigation ® ] o
Efficiency ® ® [ ]

® Strong alignment ® Moderate alignment

Figure 4. 12. Qualitative performance assessment of scenarios for sustainable seawater desalination.
This figure presents an overview of the four designed scenarios (Sc1: Water recovery, Sc2: Desalination
for resource recovery, Sc3: Integrated RO and brine treatment plant, and Sc4: Electricity-based
desalination and chemical recovery) relative to identified stakeholder values. A dark teal dot denotes
strong alignment, a light teal dot denotes moderate alignment, and a turquoise dot denotes weak
alignment.

Scenarios 2 and 3 excel in both water and high-quality salt production, demonstrating strong
alignment with resource security and circular economy values. The increased energy
requirements may pose challenges in terms of sustainability and energy security, potentially
conflicting with stakeholder values associated with climate change mitigation and
environmental protection. The potential economic viability and resource efficiency of these
scenarios may support their alignment with affordability and efficiency, provided that energy
challenges are adequately addressed.

While Scenario 4 aligns with resource security values, it also involves higher electricity
consumption and increased CO, emissions, challenging climate change mitigation values. The
lower production of water and salt results in a weaker alignment with water security. The
economic viability and resource efficiency of Scenario 4's chemical production show a strong
alignment with affordability value and a weak alignment with efficiency value.
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4.3.4. Societal context and scenario suitability

In addition to assessing each scenario’s performance, it is crucial to evaluate its suitability
within specific societal contexts. The benefits and drawbacks of each scenario may vary based
on the unique characteristics and priorities of the society in which they are implemented.
Based on these benefits and drawbacks, we discuss which scenario is suitable for a specific
context.

For the sake of having low CO; and GHG emissions, it is desirable to implement electricity-
based systems in areas where renewable energy sources are available or in areas where there
are no restrictions for the deployment of renewable energy systems due to extensive land use.
The use of waste heat results in lower (direct) GHG emissions. However, the risk of sustaining
dependence on fossil fuels is higher with the utilization of waste heat to cover the thermal
energy requirements of the systems. Ensuring flexibility in energy integration is crucial to
avoid dependency on fossil fuels (long-term sustainability). To mitigate these risks, it is
recommended to establish a flexible integration approach between thermal equipment and
waste heat. This approach would involve obtaining thermal energy directly from renewable
energy sources, such as solar hybrid systems or solar collectors, to supply the MED and
thermal crystallizer units [41,42].

Based on the reported results and the above analysis, Scenario 1 is particularly suitable in
regions where water scarcity is a critical issue and the primary goal is to maximize water
production. Examples included small islands, the Mediterranean or the Aegean Sea, or arid
coastal areas, where tourism is the main industry. For instance, in Lampedusa, a small island
in the Mediterranean Sea, desalination often covers 100% of the water demand due to limited
freshwater sources [25]. Additionally, it is applicable in regions where the economic context
is characterized by limited industrial activities or markets for by-products like salts/chemicals.
In this context, water is the only valuable product due to the high demand. Those areas are
often characterized by limited access to renewable energy sources due to land constraints;
thus, the allocation of the energy sources is primarily for meeting the basic requirements of
the local community, leaving limited capacity for producing additional products from
recovered resources. Therefore, despite the higher profitability of Scenarios 2-4 from
recovered resources, it can’t compensate for the additional energy requirements in energy
scarcity regions and the lack of local demand for the resources. Finally, utilizing waste heat
from existing power plants helps lower the additional energy needs for extra water and the
direct GHG emissions, making it environmentally viable in regions with limited land for
renewable energy installations.
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Scenario 4 focuses on chemical production using electricity-based technologies, making it
suitable for coastal areas or larger islands with more electricity sources or no critical land
limitations for applying solar or wind energy. However, the economic viability of Scenario 4
heavily relies on the presence of established markets or potential off-takers for the produced
chemicals such as Mg, NaOH, and HCI. In regions where there is a strong market demand for
these chemicals, this scenario not only offers a technically feasible solution but also supports
local economies by integrating into existing supply chains. This consideration is crucial for
the realistic implementation of resource recovery operations and underscores the importance
of aligning technical solutions with market demands and societal needs.

In the case of regions with high industrial activities where there is a demand for high-quality
salts and chemicals, Scenarios 2 and 3 are the most suitable since water and seven additional
high-quality products are recovered from seawater desalination. The additional products
would enhance/promote the circular economy and industrial symbiosis, bringing additional
benefits to the local economy and community. The presence of industries that can utilize the
recovered salts and chemicals helps justify the higher CAPEX and OPEX. The local
production and consumption of those products could also prevent risks of future short supply
chains. In the case of an existing RO plant, the investment cost is lower, and the
implementation of the brine treatment chain would eliminate stakeholder’s concerns about
brine discharge and its potential environmental impact on marine life.

4.3.5. Discussion, limitations and future work

This study demonstrated the integration of stakeholders’ values into the design and
assessment of integrated seawater desalination and brine treatment systems, using a VSD
approach. Unlike traditional evaluations in the desalination field that mainly prioritize
economic gains or technical performance, this work integrates environmental, social, and
ethical aspects that are often overlooked in the design assessment via VSD, providing a more
holistic evaluation beyond evaluating indicators. The design of alternative technical scenarios
can become very challenging and complicated, especially when technologies are integrated
into a system. However, prioritizing the identified values, technical variables and constraints,
and stakeholders’ knowledge in the design of the scenarios promotes the development of
solutions that are not only technically feasible but also socially acceptable and sustainable in
the long run. This approach bridges the gap between technical feasibility and societal
relevance by using stakeholders’ values for scenario design and indicator selection and by
validating the techno-economic models with stakeholders’ knowledge, fostering more
informed decision-making.
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The methodology demonstrates the need to tailor desalination and brine treatment systems to
the specific values, concerns, and expectations of different communities. It is informed by the
example of Lampedusa and the values identified in previous work. The results reveal that in
regions like Lampedusa, where water scarcity is acute and industrial activity is minimal,
prioritizing water production directly addresses local needs, and resource recovery is not
desirable. In more industrialized coastal areas, like larger islands or areas in the Mediterranean
Sea, the focus on resource recovery and circular economy principles can support local
industries and enhance economic resilience.

Analysing the tensions between scenarios through VSD fosters essential stakeholder dialogue,
enabling the exploration of trade-offs and the identification of context-specific solutions.
Discussing the performance results with relevant stakeholders allows the identification of
general patterns and insights that can guide future designs based on regional differences,
influenced by factors such as climate, economy, and cultural norms. For example,
stakeholders in densely populated urban areas may prioritize efficient water production to
meet high demand, while those in rural communities may prioritize environmental
sustainability and local resource management. Scenarios tailored to address water scarcity in
arid regions may prioritize water production and energy efficiency, while those in coastal
areas may focus on environmental conservation and minimizing ecological impact.

The adaptability of these scenarios is a key finding, as it provides decision-makers with a
range of options depending on their priorities, regional needs and constraints. The findings
suggest that future desalination projects should prioritize early and continuous stakeholder
engagement to ensure that technological solutions are not only technically and economically
viable but also align with the societal values of the communities they serve. Policymakers
should consider these insights when drafting regulations that support sustainable and socially
responsible resource recovery.

Beyond the context of this study, our methodology holds valuable insights for technological
developments in the field of integrated seawater desalination and brine treatment systems. By
emphasizing the trade-offs and potential benefits of different scenarios, our approach provides
a roadmap for researchers and engineers to refine and innovate technologies that address
critical societal and environmental challenges.

Limitations
While this study successfully integrates technical and social dimensions through the VSD
approach, several limitations should be noted:
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e Stakeholder Engagement: The stakeholder values used were derived from prior
research rather than direct engagement through interviews or surveys. While these
values are reliable within the context of previous research, the incorporation of
broader engagement to capture diverse perspectives and validate the values in
specific contexts would enhance the robustness of the analysis.

e Validation of Technical Scenario Design: The technical scenarios were designed
based on stakeholder values, but further rounds of empirical validation with
stakeholders are needed to assess the practical implications and feasibility of the
proposed designs. Additional workshops and feedback sessions would help refine
these scenarios.

e  Energy Use Assumptions: The reliance on grid electricity with EU average emissions
factors is a simplification. This approach does not account for the variability in
energy mixes or the potential use of renewable energy sources, which could
significantly alter the emissions outcomes. Therefore, the results should be
interpreted with the understanding that alternative energy sources could yield
different environmental impacts.

Future work

Future work should apply this methodology to specific locations, incorporating broader
stakeholder engagement through interviews or surveys to identify and validate values in a
particular context. Empirical validation with stakeholders will provide valuable insight into
scenario performance and real-world feasibility. Additionally, comparing scenarios with
linear production systems that produce the same products using LCA methodology will assess
the potential environmental benefits of resource recovery systems.

Exploring alternative energy sources will help evaluate the impact of the energy mix on
identified tensions (water, resource security, and energy security) and provide insights into
how renewable energy can mitigate CO, emissions. Expanding this framework to diverse
geographic regions and cultural settings will ensure its relevance across societal contexts.

Finally, integrating system dynamics with the VSD approach could offer a more
comprehensive understanding of the problem statement for resource recovery systems. While
VSD effectively aligns technical configurations with societal values and stakeholder needs,
system dynamics can increase understanding of the scope and complexity of the problem and
trust in model results [43]. This combination would support more informed and collaborative
decision-making.
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4.4. Conclusions

In recent years, the integration of desalination with brine treatment technologies has been
increasingly studied, aiming to develop sustainable solutions for resource recovery from
seawater. This study used four technical configurations to evaluate a Value-Sensitive Design
(VSD) framework, demonstrating the importance of tailoring systems to specific societal and
regional needs. Each scenario offers unique benefits and trade-offs, highlighting the need to
balance water and resource recovery with energy consumption and environmental impacts.

Using the identified values from the example of Lampedusa island, the proposed technical
scenarios reveal emerging trade-offs around seawater desalination and brine treatment,
highlighting the importance of considering multiple perspectives in their design. Scenarios
that prioritize water and salt recovery align with water and resource security values but require
higher energy input, raising concerns about their economic and environmental sustainability.
In contrast, scenarios utilizing existing waste heat or focusing on chemical production offer
greater energy efficiency but may limit broader resource recovery or lead to higher CO;
emissions. These findings underscore the importance of tailoring solutions to regional
conditions and energy availability, ensuring that technological advancements are sustainable
and contextually appropriate.

This study serves as an example for supporting decision-making and guiding the development
of sustainable solutions for resource recovery from seawater. By using the VSD methodology,
we gain insights that go beyond traditional techno-economic evaluations by incorporating
societal values, ethical considerations, and stakeholder perspectives. This holistic approach is
designed to support the development of solutions that are technically and economically viable,
as well as socially acceptable, proactively addressing potential societal resistance and ethical
dilemmas. As we move forward, embracing methodologies that incorporate societal aspects
beyond social indicators will be crucial in ensuring that technological advancements
contribute effectively to sustainable and equitable resource management.

4.5.  Supplementary information

See documentation.
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ABSTRACT

Water treatment facilities are bound to incorporate resource recovery in the near future,
necessitating novel economic assessments that capture the full economic potential of these
systems. This study evaluates three cost calculation methods—Non-allocation, Economic
allocation, and Dual allocation— to improve the accuracy of the Levelized Cost for multi-
product desalination and brine treatment plants. The methods were tested across three
technical scenarios: Scl) maximum water recovery, Sc2) integrated desalination with brine
treatment for resource recovery and Sc3) electricity-based desalination for chemical
recovery. Results reveal that the traditional Non-allocation method tends to overestimate
production costs by uniformly applying fixed costs across products, leading to inflated
levelized costs. The Economic allocation approach reduces the levelized costs of water and
other recovered products by up to 81%, enhancing competitiveness with conventional
production methods. The Dual allocation approach is most effective for recovered salts and
chemicals, ensuring fair cost distribution and fostering competitiveness with linear systems.
Sc2 is the most economically feasible under both novel approaches due to its balanced mix of
high-value products and moderate operational costs. These findings suggest that cost
calculation methods should align with plant objectives: Economic allocation for scenarios
prioritizing water recovery and Dual allocation for maximizing the value of salts and
chemicals. This study provides a foundation for tailored economic assessments and guides
plant design and investment decisions.

Keywords: Economic assessment; Levelized cost; Desalination; Brine treatment; Resource
recovery.
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5.1. Introduction

Seawater is a rich source of valuable and rare materials [1]. The integration of desalination
and brine treatment technologies holds promise for water sustainability and the advancement
of circular economy principles by recovering materials like NaCl and Mg(OH)2 [2]. In recent
years, there has been a notable shift towards integrating these technologies to achieve Zero
Liquid Discharge (ZLD), ensuring both water sustainability and economic feasibility. As
resource recovery gains prominence, traditional economic assessment tools, which focus
solely on water production, are no longer sufficient. New tools are required to evaluate the
economic feasibility of multi-product systems and to support investment decisions by fairly
comparing recovered materials with their equivalent conventional products [2,3].

Historically, desalination plants have been evaluated based on water production costs using
metrics such as unit cost [4-6], production cost [7], water cost [8-10] and levelized cost of
water [11-14]. With a growing emphasis on circular desalination, the Levelized Cost of Water
(LCW) has been modified. [15] included the environmental and social costs of the plant in
the calculation of LCW. In renewable energy-powered desalination plants, the costs and
benefits of water and energy cogeneration are integrated into LCW [16-18].

For the assessment of brine treatment plants, [19] introduced the levelized cost of the by-
product, NaCl crystals, and the Levelized Brine Cost [20], considering concentrate brine as a
by-product. These approaches modified the traditional Levelized Cost (LVC) calculation to
account for revenues generated by by-products, thus providing a more comprehensive view
of economic feasibility. [21] further advanced this concept by evaluating the economic
feasibility of multi-product systems through the Levelized Cost Index, which includes a
specific cost index for each product.

Despite these advancements, there remains a significant gap in how costs are allocated across
technologies in multi-product systems where water and other valuable products are recovered.
Current methods typically load the total annual cost uniformly over each product, often failing
to capture the complex interdependencies among technologies and operational synergies
within multi-product systems, such as shared infrastructure and complementary processes,
where one technology may serve as a pre-treatment for another. This simplification can reduce
the accuracy of feasibility assessments by inflating costs for some products and undervaluing
others, potentially leading to unprofitable plants and skewing investment decisions.

This study addresses this gap by introducing two novel cost allocation methods—the
Economic allocation and Dual allocation approaches. Unlike existing methods, these
approaches incorporate operational synergies and technological interconnections, ensuring

135




Chapter 5

fairer cost distribution and more accurate economic assessments. In particular, this study aims
to investigate how different cost calculation methods influence the levelized cost of products
in a multi-product desalination and brine treatment plant. The study compares traditional and
the two novel cost allocation methods to clarify their impact on the economic feasibility of
resource recovery.

To evaluate the effectiveness of these methods, we developed economic models for integrated
desalination and brine treatment systems. Inspired by existing calculation methods in the
literature [21,22], the theoretical background on joint costs [23], other domains such as life
cycle assessment [24], and the need to evaluate the economic benefits of resource recovery
plants, we introduced two novel calculation methods for levelized cost. Using varied technical
scenarios that represent different operational conditions and objectives, we assessed the
performance of each method in delivering representative economic outcomes.

This study bridges methodological rigor with practical applications, advancing the
understanding of fair cost allocation in multi-product systems. By optimizing resource
recovery and economic feasibility, it supports the transition toward a circular economy. The
insights gained can directly inform process design, investment decisions and policy
frameworks, promoting sustainable resource recovery strategies in water-scarce regions and
industries reliant on high-value materials.

5.2. Case study description

In this study, a case of integrated desalination and brine treatment plants aiming to recover
valuable materials such as water, salts, and chemicals, as shown in Figure 5. 1 is used
primarily to demonstrate the application of novel cost allocation methods. Although the study
does not focus on a specific real-world site, it is informed by real-world cases and prior
research, particularly the example of islands and coastal regions that rely on desalination as
their primary freshwater source [25].

Building on prior research on treatment chains for resource recovery from brine effluent
[2,13,26], this hypothetical but practical case simulates an integrated desalination-brine
treatment system with a feed flow rate of 3000 m3/d (capacity of a desalination plant on an
island), reflecting real-world resource challenges [27]. The technical scenarios in this study
test varying objectives and cost allocation methods, offering insights into the broader
applicability of the calculation methods.
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5.2.1. Definition of scenarios

In this work, technical scenarios are analysed to evaluate the calculation methods based on
varying objectives for the studied plant configuration. Although all scenarios aim to increase
water recovery and reduce brine discharge compared to typical seawater desalination, they
differ in their specific objectives [27]. These technical scenarios aim to recover water, salts
(NaCl, Mg(OH)2, Na2S04) and chemicals (HCI, NaOH) from seawater, as shown in Figure
5. 1.

e Scenario 1 (Water recovery): focuses on maximizing water recovery and
minimizing brine discharge without the recovery of additional products, simulating
a case where the primary objective is potable water production with minimal
environmental impact.

e Scenario 2 ( Integrated RO plant with brine treatment): integrates the Reverse
Osmosis (RO) desalination plant with the brine treatment plant to optimize both
water and salt recovery and minimize brine discharge.

e Scenario 3 (Electricity-based desalination with chemical recovery): integrated
RO plant with brine treatment focusing on chemical recovery, such as HCI and
NaOH, using only electricity-based desalination.

Each of these scenarios aligns with different real-world recovery objectives, from basic water
recovery to comprehensive chemical extraction, thus offering a robust framework for
assessing the economic implications of each configuration. Further details on the design,
motivation and simulations of these scenarios can be found in Supplementary Information
(see Section S1) and Chapter 4.
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Figure 5. 1. Process diagram of the three scenarios illustrating the integrated desalination and brine
treatment systems used in the present study [27].

5.3. Material and method

Levelized cost is the price at which a product should be sold to cover all production costs and
reaches break-even costs [13]. Until now, it is expressed as the ratio of all the capital and
operating expenses and the revenues coming from the by-products of the plant over the
economic life to the overall production of a product over the same period [13,18]. The purpose
of this work is to investigate the influence of different cost calculation methods on the
levelized cost of the products in a multi-product desalination and brine treatment plant. Input
assumptions like capacity costs, maintenance, marginal operating costs, or average capacity
factor vary by study and are critical to the calculation [28]. We applied the traditional
approach alongside two novel methods under the same conditions to provide a baseline for
comparison. This approach ensures that any observed differences in levelized cost are due to
the methodologies themselves rather than external variables.
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The different calculation methods are designed to evaluate the influence on the LVVC when
the by-products are not considered as by-products anymore but as valuable products of the
plant (multi-functional system). Another parameter that is taken into account is the
consideration of brine as a resource and not as a waste and how this would change the
economic evaluation in the future. The different methodological approaches followed in this
work are illustrated in Figure 5. 2. Below, a detailed explanation of three calculation methods
is given.
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Figure 5. 2. Schematic diagram illustrating the methodology for calculating the levelized cost of
products using three different calculation methods: Non-allocation, Economic allocation, and Dual
allocation. (A) Overview of the three methodological approaches, including data and technical
configurations inform the calculations; (B) Overview of the methodological approach adopted in this
study for the calculation of the levelized cost of each product; (C) The methodological approach for
system definition in Dual allocation approach: water system and resource recovery system; (D)
Overview of the methodological approach adopted in this study for the calculation of the allocation

factors, including production rates, market prices and the annual revenues of the products.

5.3.1. Economic model: Definition of input/outputs

For the calculation of the LVC, economic models were developed based on previous work
[27]. The main purpose of these models is to provide the necessary data for LVVC calculations.
Interested readers can refer to the GitHub repository for the technical process and economic
models  (https://github.com/rodoulak/Desalination-and-Brine-Treatment-Simulation-.git).

Table 5. 1 shows the most relevant inputs and outputs of the economic model used in this
study for the economic assessment of the technical scenarios. The mathematical description
and the main assumptions can be found in Chapter 3 and the Supplementary Information (see
Sections S2, S3). It is important to note that the main focus of this work is not the detailed
calculation of major costs and revenues in desalination and brine treatment processes. Table
5. 2 shows the annual production rate of each product across the three technical scenarios.
Further technical details, including input data on products’ flow rates and quality, as well as
the energy, chemical, and water requirements, are available in Section S4 (Supplementary
Information). To simplify the calculation of LVC, it is assumed that the production rates and
operational costs are constant over the years.

Table 5. 1. Main inputs and outputs of the economic model for the economic assessment of the technical
scenarios.

Input Output
Equipment cost Capital cost (CAPEX)
Product mass flow rates Operating cost (OPEX)
Economic model Quality of products Revenues

Energy consumption
Chemical consumption

Cooling water requirements
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Table 5. 2. Summary of the annual production rate of each product across the three technical scenarios.

Product Scenario 1 Scenario 2 Scenario 3
3
Water (m*/year) 8.82E+05 9.73E+05 3.70E+05
NaCl (Ton/year) 2 69E+04 2.32E+04 N/A
Mg(OH)2 (Tonlyear) N/A 2.55E+03 2.55E+03
NazSOa4 (Ton/year) N/A 2 91E+03 N/A
NaOH (Ton/year) N/A N/A 8.49E+03
HCI (Ton/year) N/A 1.63E+03 1.15E+04

5.3.2. Calculation method 1: Non-allocation approach

The first calculation method is the commonly used approach based on the definition of the
LVC without any allocation method. According to the knowledge of the authors of this article,
the latest modification of the calculation method for the levelized cost of products in a multi-
product plant, as described by [21], is expressed in eq. 1. In their study, [21] considered the
Annualized costs of the different units and the revenues of the multiple products in the
calculation of the LVC. The following calculation is carried out for each product in the plant.

Yunits(Annualized CAPEX + Annual OPEX) — (X ynits REV — REV)) eq. 1

LVC; =
i M,

Where LVC is the Levelized cost of the i" product in the plant (€/Ton or €/m®), CAPEX is
the capital cost of each unit/technology within the plant (€/year), OPEX is the operating cost
of the unit (€/year), REV is the revenue from the i product of the unit/technology (€/year)
and M is the annual production rate of the interested i"" product (Ton/hr or m%/hr).

5.3.3. Calculation method 2: Economic allocation approach

The Economic allocation method suggests the consideration of the by-products as the main
products and the distribution of the cost based on their economic value. In the context of
integrated desalination and brine treatment plants that prioritize resource recovery, the
emphasis shifts from brine minimization to the recovery of valuable, high-quality products.
In this case, each unit or technology essentially functions as a 'pre-treatment' for the
subsequent one. Consequently, capital and operating expenses, as well as revenues, need to
be fairly distributed among all products in a multi-product plant (multi-functional system).
This cost allocation is essential to avoid arbitrary distribution, which could misrepresent the
economic value of individual products. To handle multi-functionality, Economic allocation is
employed according to the life cycle assessment 1SO standard [24,29] and life cycle costing
[30], allocating a higher cost (or impact) to products generating the highest revenues. By
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considering the economic value of each product, this method ensures a rational and fair
distribution of costs, aligning with the plant's overall objective—whether it prioritizes brine

minimization or resource recovery.

Accordingly, the Economic allocation method used in this work considers the contribution of
the products in the calculation, as is shown in eq. 2. In particular, Economic allocation is
considered for the distribution of the entire plant's annualized costs and revenues.

Yunits(Annualized CAPEX 4+ Annual OPEX) - f; — Qunits REV - fi — REV))  eq.2

M;
Where fi is the economic allocation factor of the i product, representing the proportion of
costs allocated to the i product. The economic allocation factor is calculated based on the

economic value of the products (see Table S3) and, therefore, the revenues associated with

LVC; =

that product (see results in Table 5. 3).

The economic allocation factor of the i product (i) is calculated:

REV; eq. 3
= — 0,
fl Zunits REV 100%

The revenues associated with selling a specific product is calculated as follows:
REV; = M; - toperation SP; eq. 4
Where REV is the revenue from the i product of the unit/technology (€/year), M is the annual

production rate of the interested i product (Ton/hr or m3/hr), toperation is the total operation
time in one year (in hr), and SP; is the selling price of the it product (in €/Ton or €/ m3).

Table 5. 3. Economic allocation factors for Scenarios 1, 2 and 3, based on revenues used in the second
calculation method.

Revenues (€/year) Economic allocation (%)
Product Scenario Scenario Scenario  Scenario  Scenario  Scenario
1 2 3 1 2 3

Water 8.82E+05  9.73E+05  3.70E+05 33.21% 13.01% 3.11%
NacCl 1.77E+06  1.53E+06 N/A 66.79% 20.51% N/A
Mg(OH) N/A 2.55E+06  2.55E+06 N/A 34.16% 21.52%
NazSO4 N/A 1.90E+06 N/A N/A 25.38% N/A
NaOH N/A 0.00E+00  5.30E+06 N/A 0.00% 44.66%
HCI N/A 5.19E+05  3.64E+06 N/A 6.94% 30.71%
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5.3.4. Calculation method 3: Dual allocation approach

Inspired by the industrial symbiosis concept, defined as the collective approach to competitive
advantage through the exchange of materials, energy, water, and by-products among
traditionally separate entities [31], the Dual allocation method suggests the division of the
treatment chain into distinct sub-systems: the water recovery sub-system and the resource
recovery (or brine mining) sub-system. By applying this concept to the proposed desalination
and brine treatment plant, the Dual allocation method lays the groundwork for potential
separation in the future, emphasizing adaptability, resource efficiency, and the achievement
of competitive advantages through symbiotic relationships between water and resource
recovery systems. The resource recovery sub-system will operate as a stand-alone plant, using
desalination brine as feedstock.

By distinctly accounting for water and resource recovery processes, the method ensures that
each is evaluated on its economic merits independently, which allows for more context-
specific cost distribution. This distinction is crucial for fair comparisons with conventional
production systems and significantly influences decision-making, particularly regarding water
pricing. Unlike the Economic allocation method, which can inflate water costs by factoring
in brine treatment expenses, the Dual allocation method isolates these costs, preventing
distortions. For example, the additional expenses of brine treatment or product recovery can
affect the final price of water. As water is the primary objective of the proposed systems,
distinguishing between water recovery and resource recovery ensures a transparent, unbiased
comparison in economic assessments.

According to the above principles and building upon the Economic allocation method, the
Dual allocation method first separates the annualized costs and revenues into distinct sub-
systems. The division of the treatment chain into the water recovery and resource recovery
sub-systems is not predetermined; rather, it depends on the unique characteristics of each case
study. For the calculation of the products in the water recovery sub-system, only the
Annualized CAPEX and OPEX of the technologies in that sub-system are considered.
Similarly, for the revenues of the additional products in that sub-system. Then, the economic
allocation factor is applied, as in calculation method 2 (see Section 5.3.3).

LVC; eq. 5
_ Dunits j(Annualized CAPEX + Annual OPEX) - fi — (Xunits,j REV - fi — REVY)
M;
Where j is the number of the sub-system (water or resource recovery systems), and fi is the

economic allocation factor of the i product. In cases like the water recovery sub-system,
where only water is produced, cost allocation becomes straightforward, as all costs are
attributed solely to water production. This simplicity contrasts with more complex systems
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that require careful allocation of shared costs among multiple products (resource recovery
system). The economic allocation factor is calculated based on the revenues associated with
that product using eq. 3 (see results in Table 5. 4).

Table 5. 4. Economic allocation factors for Scenarios 1, 2 and 3 based on revenues used in the third
calculation method for resource recovery sub-systems.

Revenues (€/year) Economic allocation (%)
Product Scenario Scenario Scenario Scenario Scenario Scenario
1 2 3 1 2 3
Water system
Water 5.53E+05  8.24E+05  3.70E+05 100% 100% 100%
Resource recovery
Water 3.29E+05  1.49E+05 N/A 15.63% 2.24% N/A
NaCl 1.77E+06  1.53E+06 N/A 84.37% 23.05% N/A
Mg(OH)2 N/A 2.55E+06  2.55E+06 N/A 38.39%  2221%
Na2S04 N/A 1.15E+06 N/A N/A 28.53% N/A
NaOH N/A 0.00E+00  5.30E+06 N/A 0.00% 46.10%
HCI N/A 1.09E+06  3.64E+06 N/A 7.80% 31.69%

In this work, the economic value of the concentrate streams (brine) is assumed to be zero.
This assumption is made because, at this stage, brine is considered waste with no current
economic value. Brine is considered as by-product that can be used as a feedstock in a separate
brine treatment plant for resource recovery. The potential economic costs of purchasing this
feedstock should be considered in the operating costs of the plant. Additionally, in this
particular approach, the water system does not include any treatment or handling of the brine.
This ensures that the costs associated with handling and treating the brine are not included in
the final cost of water, maintaining the independence between the water recovery and brine
treatment systems. This approach aligns with the industrial symbiosis concept, where waste
from one process becomes input for another, promoting resource efficiency and economic
viability.

5.4. Results and discussion
5.4.1. Levelized Cost: Results and Implications

The analysis of levelized costs across different scenarios reveals key insights into the impact
of cost calculation methods. Figure 5. 3 provides a comprehensive overview of the levelized
cost of key products across different technical scenarios using three different calculation
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methods. The results are compared with constant market prices for each product, which serve
as reference values for assessing economic feasibility. These reference values differ for each
product to reflect their specific market conditions. The results indicate significant variation in
levelized costs within the same scenario depending on the calculation method applied. For
example, the levelized cost of water varies significantly when desalination and resource
recovery systems are separated (calculation method 3: Dual allocation approach), especially
in Scenarios 1 and 2, when the water production process consists of multiple technologies.
Note that in the Dual allocation approach, the price of water comes from the water system,
while the prices of other products come from the resource recovery system. Water from the
resource recovery system is not included in this comparison and analysis of the results.
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Figure 5. 3. Levelized cost of selected products (A) Water, (B) Sodium Chloride (NaCl) (C) Magnesium
Hydroxide (Mg(OH)2), and (D) Hydrochloric acid (HCI) using the three different calculation methods
for each scenario. The Red bar denotes the specific cost of each product from the literature that is used
as a reference for a comparison with the conventional systems. The Turquoise denotes the Levelized
cost of each product using the Non-allocation approach. The dark teal denotes the Levelized cost of each
product using the economic allocation approach. The yellow denotes the Levelized cost of each product
using the Dual allocation approach.

The Economic allocation approach significantly reduces LVCs compared to the Non-
allocation approach. For water, the reduction is particularly notable—57% in Scenario 1, 41%
in Scenario 2, and 84% in Scenario 3. Sodium chloride (NaCl) costs also see substantial
decreases of 25% and 28% in Scenarios 1 and 2, respectively. These reductions have
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important implications for plant design and the implementation of circular economy
principles. The Dual allocation approach further reduces NaCl costs by 60% and 63% in
Scenarios 1 and 2, respectively, suggesting that separating resource recovery from
desalination enhances market competitiveness. Overall, Figure 5. 3 reveals that the Non-
allocation approach generally results in the highest levelized costs, while the Dual allocation
approach, in most cases, achieves the lowest costs for recovered salts and chemicals. This cost
distribution based on product value enhances competitiveness with conventional production
systems.

Comparing the LVC of the key products using the three calculation methods with the
reference market prices, Economic allocation results in competitive prices in Scenario 2
(12%-18% higher than reference), while the Dual allocation approach results in even more
competitive prices for salts and chemicals (39-42% lower than reference price). Scenario 1
shows no competitive results across any methods, while Scenario 3 sees the Economic
allocation method as being more competitive for water production, with both novel methods
performing similarly for other products compared to market prices. Although total annual
costs are theoretically constant across all methods, the Non-allocation approach tends to
overestimate them. This reduction in LVCs, particularly in high-value products like NaCl,
enhances market competitiveness and could significantly influence investment decisions and
the overall economic feasibility of integrated desalination and brine treatment plants.

To effectively interpret the results of levelized cost calculations (Figure 5. 3), decision-
makers must examine the costs of different products in combination. This holistic approach
provides a more nuanced understanding of how changes in the levelized cost of one product
may influence other products within the same scenario. Detailed results for each scenario and
product can be found in Supplementary Information Sections S5 and S6.
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Figure 5. 4 presents the total annual revenues for each scenario, using the levelized cost of
the products calculated from the three different methods as the selling price. These revenues
are compared with those from selling products at market prices (reference bar). The Non-
allocation method yields significantly higher revenues in Scenarios 1 and 3 due to the higher
levelized cost of products calculated by this method (see Figure 5. 3). However, lower
revenues using the LVC as a selling price do not necessarily mean lower overall profitability.
The LVC represents the breakeven price. If the selling price exceeds the LVC, it results in
higher revenues. Thus, a lower LVC indicates greater competitiveness with conventional
production methods and more potential for profit. Conversely, when the LVC is much higher
than the market price, the potential for additional profit is limited. This also supports the
hypothesis that separating the resource recovery system from the desalination plant enhances
competitiveness in the market.

20 1

Total annual revenues (M€/year)

Scenario 1 Scenario 2 Scenario 3

M Reference M Non-allocation approach W Economic allocation approach

M Dual allocationapproach: water system  Dual allocation approach: resource recovery system

Figure 5. 4. Total annual revenues for each technical scenario from selling products using their levelized
costs as a selling price. The red bar (reference) represents the revenues from selling products using the
market price of each product.

To understand why the Non-allocation approach generally results in the highest LVC and
provide a detailed comparison of the total annual production costs calculated using the two
different methods (Non-allocation and Economic allocation), Figure 5. 5 illustrates the
breakdown of costs per product and for the entire plant in Scenario 2. Figure 5. 5A clearly
demonstrates that the Non-allocation approach results in an overestimated total annual
production cost of 3.45 M€/year because it applies fixed annual costs (CAPEX and OPEX)
uniformly across all products, only adjusting revenues of the by-products. Under the Non-
allocation method, the first term in the LVVC calculation remains the same for all products,
leading to a significant multiplication of total annual costs. This leads to an inflated overall
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production cost and, therefore, higher levelized costs for each product. In contrast, Figure 5.
5B illustrates how the Economic allocation approach distributes costs more proportionally
based on the revenues coming from each product. This method avoids the overestimation seen
in the Non-allocation approach by using allocation factors that ensure the cost assessment
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Figure 5. 5. Comparison of total annual production costs calculations per product and for the entire
plant in Scenario 2 using two different calculation methods: (A) Non-allocation approach and (B)
Economic allocation approach. The small bar charts on the right side of each subfigure illustrate the
breakdown of the Annualized CAPEX and Annual OPEX contributing to the total annual plant
production cost.
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reflects the true economic contributions of each product. The allocation factor corrects the
overestimation by aligning the total production costs with the revenues of the products; the
numerator in the levelized cost equation reflects the actual production cost. Detailed results
for the other two scenarios can be found in Section 5.6, S6 (see Figure S.3, Figure S.4).
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Figure 5. 6. (A) The total annual cost for water production using the three calculation methods, with
specific €/m* values shown for each method. (B) Annual revenues from selling water at a levelized cost
price using the three calculation methods with specific €/m* values shown for each method.

Figure 5. 6 further examines the impact of the calculation methods on the Levelized Cost of
Water. Figure 5. 6A illustrates how the total annual costs of water, and thus the LVC, vary
depending on the calculation method, with the corresponding specific €/m? values clearly
labeled. The Economic allocation method achieves an 81% reduction in the annual costs of
water compared to the traditional Non-allocation method. This reduction results from
reallocating costs to higher-value products and avoiding overpricing. In this context,
overpricing refers to an artificially higher value assigned to a product due to
disproportionately loading costs onto it beyond its actual production cost. This overpricing
effect is evident when comparing the significant difference between the annual costs in Figure
5. 6A and the revenues from selling water at the LVVC in Figure 5. 6B. In contrast, the other
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two methods (Economic allocation and Dual allocation approaches) show better alignment
between costs and revenues (see specific €/m® values), indicating that the LVC is accurately
calculated to achieve break-even. This alignment suggests that any increase in the selling price
beyond the LVC will directly enhance profitability, validating the effectiveness of Economic
allocation in reflecting the true economic potential of water production. The detailed results
for each product across the three calculation methods are provided in Supplementary
Information (see Section S6, Table S.11-Table S.13).
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Figure 5. 7. Distribution of total annual production cost for scenario 2 using two different calculation
methods: (A) Non-allocation approach, (B) Economic allocation approach.

Figure 5. 7 shows how the annual production costs (sum of annualized CAPEX and OPEX)
are distributed across the recovered products in Scenario 2 using the Non-allocation approach
(Figure 5. 7A) and the Economic allocation approach (Figure 5. 7B). To make this
comparison, the Non-allocation approach involves process-level distribution, considering the
cost of each unit to produce a specific product. This approach differs from other calculations
for Non-allocation in this work (see Figure 5. 3-Figure 5. 6), as it aims to assess the impact
of non-allocating the annual production cost based on revenues while maintaining the same
annual production costs (without overestimation). Breaking down the annual production cost
using the Non-allocation approach shows that 67% of costs are loaded on water due to its
large production rate. In contrast, the Economic allocation method distributes costs more
equitably among products with higher market value, assigning only 13% to water. This
highlights a major drawback of the traditional Non-allocation method: it tends to overprice
the main product, water, by uniformly applying fixed costs across all products. Detailed
results for the other two scenarios can be found in Section S6 (see Figure S.1, Figure S.2).
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5.4.2. Sensitivity analysis

A sensitivity analysis is performed to evaluate the effect of product market prices (see Section
5.4.2.1) and operating costs (see Section 5.4.2.2) on the calculation of the levelized cost of
products using the three different calculation methods.

5.4.2.1. Effect of water market price

To analyse the effect of water price on the levelized cost of different products in the integrated
desalination and brine treatment technical designs, the following water price scenarios were
considered:

- Baseline: Standard scenario with no change in water market prices (reference value).
- WMP+25: Water market price increased by 25%.
- WMP-25: Water market price decreased by 25%.

Note that in this context, water market price refers to the regulated baseline cost of water
production. This analysis examines how changes in production costs affect the economic
viability of resource recovery.

Figure 5. 8 provides an overview of the sensitivity of the levelized cost of key products across
various scenarios and the three calculation methods in response to changes in water market
price (+ or - 25 %). It also illustrates how these changes impact the levelized cost of water
(Figure 5. 8B) and Mg(OH), (Figure 5. 8C) in Scenarios 2 and 3.

The Non-allocation approach shows a consistent response to changes in water market price
across all scenarios. Generally, the levelized cost of water increases or decreases
proportionally to price fluctuations, reflecting the method's straightforward nature. Changes
in the price of water have a uniform influence on the cost of products across different
scenarios, with Scenario 2 having the most widespread impact.

The Economic allocation method is highly sensitive to changes in water market price,
especially in scenarios with high external water usage and low water production, like Scenario
3. A 25% price change leads to a 26% fluctuation in the levelized cost of water in Scenario 3.
Scenario 2 shows a 22% increase in LVC with a 25% WMP rise and a 23% decrease with a
25% reduction. This pattern is consistent across products, though the magnitude of change
varies depending on the allocation factors and the proportion of water usage. The greater
sensitivity in this method highlights how water prices directly impact cost distribution,
particularly in more complex or water-intensive scenarios.

The Dual allocation approach provides a contrast between the water and the resource recovery
systems. The water system remains stable across all scenarios, unaffected by water market
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price changes due to the absence of water consumption and by-products. In contrast, the
resource recovery system is highly sensitive to water market price changes. In Scenario 2, a
25% increase in WMP leads to a 27% rise in the levelized cost of water, while a similar
decrease causes a 26% reduction. This method's stability in the water system, coupled with
sensitivity in the resource recovery system, highlights the advantage of separating the
integrated systems into the water system and resource recovery system, as it allows for more
precise cost management and less volatility in the overall LVC.

In Scenarios 2 and 3, the LVC of water (see Figure 5. 8B) under the Non-allocation approach
shows limited sensitivity to WMP changes, with increases of 4% and 9%, respectively, for a
25% increase and corresponding decreases for a 25% WMP reduction. This uniform response
occurs because water price affects both the annual production costs and revenues, leading to
a proportional change in LVC across these scenarios. Scenario 3 is slightly more sensitive due
to its higher water consumption and, thus, higher operating costs. The Economic allocation
approach is more sensitive in both scenarios, with LVC changes of £22% in Scenario 2 and
+26% in Scenario 3. The Dual allocation approach shows stability in the water system
component of both scenarios, with no impact from WMP fluctuations due to the absence of
direct water usage and by-products affecting revenues. However, in the resource recovery
system, Scenario 2 shows a £27% increase or decrease in LVC of water with a 25% change
in WMP, highlighting the critical role of water price in cost distribution.

For Mg(OH): (see Figure 5. 8C), the Non-allocation approach shows low sensitivity to WMP
changes, with LVC variations of £5% in Scenario 2 and £3% in Scenario 3. This is because
water price has a minimal effect on the overall production cost of Mg(OH) in these scenarios.
The Economic allocation method similarly shows low sensitivity, with only £2% LVC change
due to higher allocation factors for Mg(OH).. The Dual allocation approach also demonstrates
limited sensitivity for Mg(OH)., particularly in Scenario 2, where LVC change is aligned with
changes in annual production costs. The small difference in allocation factors of water and
Mg(OH), compared to the baseline water price scenario ensures that water market price
fluctuations have a minimal effect on Mg(OH), LVC, maintaining a stable cost structure.

Overall, the water price sensitivity mainly affects more complex systems with significant
water usage. Non-allocation approach, while straightforward, may oversimplify the impacts,
whereas the Economic allocation method captures these effects in more detail but at the cost
of greater variability. The Dual allocation approach provides more stability in cost distribution
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by isolating the water system from resource recovery processes. Detailed results for all
products are given in Supplementary Information (see Section S7).
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Figure 5. 8. Impact of water price variations on the Levelized Cost of key products across different
scenarios and calculation methods: (A) The heatmap illustrates the percentage change in the Levelized
Cost of water and other recovered products under two different water price scenarios (WMP+25, WMP-
25) and three calculation methods: Non-allocation, Economic Allocation, and Dual allocation approach.
Darker and lighter shades indicate a higher percentage change (positive or negative), highlighting the
sensitivity of specific products and methods to water price fluctuations. Each column represents a
different product, and the rows correspond to the specific scenario and price variation. (B) Bar charts
illustrate the change in the Levelized Cost of Water in Scenarios 2 and 3 under varying water prices. (C)
Bar charts illustrate the change in the Levelized Cost of Mg(OH)2 in Scenarios 2 and 3 under varying
water prices.

155




Chapter 5

5.4.2.2. Effect of electricity (operating) costs

To analyse the effect of electricity price on the levelized cost of different products in the
integrated desalination and brine treatment technical designs, the following electricity price
scenarios were considered:

- Baseline: Standard scenario with no change in electricity market prices (reference
value).

- EMP-25: Electricity Market Price decreased by 25%.

- EMP+25: Electricity Market Price increased by 25%.

Figure 5. 9 provides an overview of the sensitivity of the levelized cost of key products across
various scenarios and the three calculation methods in response to changes in water market
price (+ or - 25 %). It also illustrates how these changes impact the levelized cost of water
(Figure 5. 9B) and Mg(OH). (Figure 5. 9C) in Scenarios 2 and 3.

The Non-allocation method (current method) is the most sensitive to electricity price changes,
particularly in Scenario 3. A 25% change in electricity market price (EMP) increase results in
a 17% increase in LVC of water for Scenario 2, while Scenario 3 experiences a dramatic 93%
increase, reflecting its heavy reliance on electricity (see Figure 5. 9B). This high sensitivity
reveals the instability of the Non-allocation method in energy-dependent scenarios like
Scenario 3.

In contrast, the Economic allocation method shows more balanced responses to electricity
price variations, mitigating the impact of electricity price changes by distributing costs based
on the economic value and revenue of each product. Since the allocation factors and revenues
remain constant across the sensitivity analysis, the variation in the levelized cost of products
is directly aligned with changes in operating costs alone. Scenario 2’s LVC of water rises by
4% with a 25% EMP increase, while Scenario 3's LVC of water increases by 18%. This
approach provides more stable and predictable cost estimates, particularly in energy-intensive
scenarios like Scenario 3.

The Dual allocation approach shows the least sensitivity to EMP changes. In Scenarios 2 and
3, water system LVC changes are limited to +5% and +£7%, respectively, with a 25% EMP
variation, demonstrating resilience to price fluctuations. These changes directly relate to the
annual operating cost fluctuations because the water system calculations remain unaffected
by other variables, such as allocation factors or revenues from by-products. In the resource
recovery system, the LVC of water shows moderate sensitivity to EMP changes, with a £2%
change in Scenario 2 reflecting a more stable response due to the balanced distribution of
costs and revenues. Scenario 3, being more energy-intensive, exhibits a greater sensitivity
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with a £19% change in LVC, indicating the significant impact of EMP fluctuations in
scenarios with higher energy demands. Scenario 1 is the least affected by EMP variations,
with modest fluctuations (5-6%), indicating a stable cost structure.

A Dual allocation approach
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Figure 5. 9. Impact of electricity price variations on the Levelized Cost of key products across different
scenarios and calculation methods: (A) Heatmap displaying the percentage change in the Levelized Cost
of water and other recovered products under two electricity price scenarios (EMP+25 and EMP-25)
across three calculation methods: Non-allocation, Economic Allocation, and Dual allocation approach.
Darker shades indicate greater sensitivity to electricity price fluctuations, with each column representing
a different product and each row corresponding to a specific scenario and price variation. (B) Bar charts
illustrate the change in the Levelized Cost of water in Scenarios 2 and 3 under varying electricity prices.
(C) Bar charts illustrate the change in the Levelized Cost of Mg(OH)z in Scenarios 2 and 3 under the
same conditions.
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For Mg(OH): (Figure 5. 9C), Scenario 3 shows a 52% LV C increase under the Non-allocation
method with a 25% EMP rise, while the Economic and Dual allocation methods limit this to
+18% and £19%, respectively. Scenario 2 shows moderate sensitivity, with LVC increasing
by 9% (with a 25% rise in EMP) under the Non-allocation method, while the Economic
allocation and Dual allocation approaches provide more stable responses (£4% and +2%,
respectively). Scenario 2’s inclusion of more products highlights the effectiveness of these
novel methods in mitigating the impact of energy price variations.

Overall, the Economic and Dual allocation methods provide more reliable and stable cost
estimates, particularly for high-revenue products like Mg(OH)2, making them preferable for
scenarios sensitive to electricity price fluctuations. Detailed results for all products are given
in Supplementary Information (see Section 5.6, S7).

5.4.3. Discussion and reflection on the different calculation methods

Desalination plants traditionally prioritize water production, especially in water-scarce
regions where they are typically constructed [8]. However, as s seawater brines are
increasingly seen as valuable resources rather than waste, the economic evaluation of resource
recovery and the consideration of potential revenues from the sale of recovered resources
become increasingly critical [32]. This study explores how different cost calculation methods
influence the levelized cost of water and other recovered products, offering insights that could
significantly impact political and investment decisions related to desalination and resource
recovery.

The results underscore the importance of selecting an appropriate cost calculation method in
the local socio-economic context. This choice directly affects the economic viability of the
plant and its competitiveness with conventional salt and chemical production systems. A key
finding of this study is the overpricing issue linked to the traditional Non-allocation method.
By uniformly applying fixed annual costs (annualized CAPEX and OPEX) across all
products, this method overestimates costs. As a result, it inflates the levelized cost of water
and other recovered products, making the system less competitive compared to linear systems,
brine disposal systems [33].

The Economic allocation and Dual allocation approaches introduced in this study address
these issues by ensuring a fairer distribution of costs, reflecting the true economic value of
each product rather than just the production rate [34]. The Economic allocation method
reduces the levelized cost of water by up to 81% compared to the traditional Non-allocation
method. This reduction in water costs can profoundly influence investment decisions and
operational strategies [35] and encourage the adoption of technologies that maximize the
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recovery of high-value by-products, ultimately improving overall plant profitability. The Dual
allocation method isolates the water recovery and resource recovery processes, allowing for
more accurate cost distribution by ensuring that water costs are not inflated by additional brine
treatment steps.

Accurate cost allocation is essential for realistic economic assessments in resource recovery
systems, where design choices are driven by local needs, values, and profitability. The critical
decision in resource recovery systems is not just about building a desalination plant but
determining the extent of resource recovery—whether to focus solely on salt or extend to HCI
and Mg(OH).. This study shows that using fairer cost allocation methods, such as Economic
allocation or Dual allocation, supports more informed decisions on economically viable
resource recovery. While the traditional approach may work for basic desalination, assessing
the full economic potential of seawater, brine valorisation requires choosing the right cost
allocation method to justify more extensive recovery systems.

Although Economic allocation is sometimes considered too arbitrary, in multi-product
systems, it is often considered the most practical because the market prices reflect the
functionality of a material quality [36]. Similar to other resource recovery studies, cost

allocation plays a crucial role in achieving fair assessments. As with allocating upstream

burdens when waste is treated as a resource [37], or distributing fuel consumption between

heat and electricity in cogeneration, careful allocation ensures accurate comparison and

efficiency in multi-product systems [38].

Our analysis reveals that the economic feasibility of resource recovery systems can vary
significantly depending on the cost calculation method applied. For instance, Scenario 2,
which appeared economically unfeasible under the traditional Non-allocation method,
becomes viable when the Economic allocation approach is employed. This approach
significantly reduces the levelized cost of key products, including water, making the scenario
competitive with conventional production methods. When comparing the three scenarios
using the different calculation methods, it is clear that Scenario 2 emerges as the most
economically feasible under both the Economic allocation and Dual allocation approaches,
primarily due to its balanced mix of high-value products and moderate operational costs.
Scenario 3, while still competitive, benefits more from the Dual allocation approach, which
minimizes costs associated with resource recovery. Scenario 1, however, faces challenges
across all methods due to the lower market value of its products.

While both novel methods offer improved cost distribution, they come with challenges. The
complexity of the Economic allocation method lies in determining accurate market values for
each product, particularly in fluctuating markets. This complexity was evident in the
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sensitivity analysis, which showed significant variations in the levelized cost of water and
other products, with changes in water prices causing up to +26% fluctuations and electricity
prices causing up to £18% fluctuations. These sensitivities highlight the difficulty of
maintaining stable cost estimates in systems heavily influenced by market-driven factors.
Similar challenges are faced in renewable energy projects, where market price fluctuations
for market share can significantly impact economic viability [28].

Integrated systems, such as those involving water and brine treatment, present additional
challenges. Defining system boundaries of water and brine treatment systems—as in the Dual
allocation approach—can be complex and subjective, leading to potential inconsistencies in
cost allocation. This challenge is not unique to resource recovery systems, but it is also
observed in other multi-product systems, such as desalination combined with Concentrated
Solar Power (CSP) [16]. In such cases, while the Levelized Costs of Water and Electricity are
determined separately, the process is more straightforward due to clearer system boundaries
and well-established methods. In such cases, thermoeconomic methods apply effectively,
using exergy to allocate costs between energy and water. For brine treatment systems that do
not produce energy as a co-product, thermoeconomic methods are less applicable, as their
exergy-based approach does not align with systems where non-energy resources like salts and
chemicals are the primary outputs.

Future research should explore the impact of financial incentives, such as tax breaks or
subsidies, on the economic viability of resource recovery systems. Additionally, developing
dynamic assessment models to account for fluctuating market conditions, such as variable
water and energy prices, could provide more adaptive and accurate economic evaluations,
reflecting the variability and risks faced by such projects. As the industry shifts toward
viewing brine as a resource rather than waste, economic assessments must evolve to reflect
this change, potentially leading to a reassessment of cost allocation strategies.

Although this study employs generalized scenarios to evaluate the proposed cost allocation
methods, the methodologies are designed to be adaptable to real-world applications. By
incorporating region-specific data—such as local market prices, energy costs, or policy-
driven incentives—they can be tailored to address diverse operational and economic
conditions. This flexibility ensures their practical relevance in varied contexts, including
industrial desalination systems, water-scarce regions, or areas with high demand for specific
recovered products.

The proposed calculation methods represent a step forward in addressing the complexities of
resource recovery systems, although they may not apply universally. They serve as a
pioneering attempt to emphasize the need for objective-oriented and context-specific cost
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allocation, considering the unique characteristics and economic values of the recovered
products. As the first of its kind reported in resource recovery literature, this approach should
be viewed as a starting point for future investigations, encouraging the development of more
robust methodologies tailored to the complexities of resource recovery.

5.5. Conclusions

This study contributes to the ongoing discussion on assessing the economic performance of
resource recovery plants by introducing two novel calculation methods—the Economic
allocation and the Dual allocation approaches. Compared to the Non-allocation method
(current practice in literature), the Economic allocation approach significantly reduces water
levelized costs by up to 81% and NaCl costs by up to 28%, while the Dual allocation approach
further reduces NaCl costs by over 60%. Such reductions highlight the practical benefits of
tailored cost methods in supporting circular economy goals and market viability.

The traditional Non-allocation method tends to overestimate production costs (up to 3.45
M€/year) due to uniform cost application, leading to inflated product prices, which
emphasizes the need for refined allocation. By redistributing costs to higher-value products,
the Economic allocation approach assigns only a minimal percentage to water costs, compared
to the heavy loading seen with Non-allocation. This work underscores the ability of the
methods to provide a more competitive economic outcome through fair cost distribution. The
sensitivity analysis reveals the significant impact of fluctuating water and electricity prices on
the levelized costs, emphasizing the necessity of adaptable, context-specific cost methods
aligned with individual plant goals. These insights are critical for guiding investment and
operational strategies in resource recovery plants, ensuring that decisions are economically
sound and aligned with market realities.

While these innovative methods improve decision-making, it is essential to acknowledge
potential debates, particularly with the Dual allocation approach. This method raises questions
on cost allocation in multi-product systems, thereby serving as a starting point for future
studies. Future research should refine these methodologies, address their limitations, and
propose alternatives. The aim is not to establish a fixed calculation approach but to inspire
critical thinking and develop robust methodologies for resource recovery in multi-product
settings.

5.6. Supplementary information

See documentation.
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ABSTRACT

As water research and industry shift towards resource recovery plants, comprehensive
assessment methods are essential to capture potential impacts. This study evaluates the
environmental performance of integrated desalination and brine treatment systems in Cyprus
using life cycle assessment (LCA). Five impact categories were analyzed: climate change,
human toxicity, marine ecotoxicity, water depletion, and fossil depletion. Conventional
desalination was compared with three resource recovery scenarios: Scl) maximum water
recovery using waste heat (WH), Sc2) integrated desalination plant with brine treatment using
WH, Sc3) electricity-based desalination with chemicals recovery. Methodological choices—
two functional units (Im? seawater and Im? desalinated water) and three approaches to
address multifunctionality (system expansion, mass, and economic allocation)—proved
crucial for assessing these complex systems. Sc3 showed a 59% higher impact using Im’
desalinated water as the functional unit, while excluding WH altered impacts by up to 89%.
Resource recovery systems outperformed conventional systems, highlighting the need for

integrated practices.
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LCA methodological choices and environmental impacts performance of an integrated seawater
desalination and brine treatment system.

6.1.  Introduction

Desalination is a crucial water treatment technology addressing water scarcity in regions that
face significant challenges due to its substantial energy needs and the disposal of brine, a
saline waste stream. Zero liquid discharge (ZLD) and resource recovery practices from
seawater brine are considered an opportunity for decreasing the environmental impact of
desalination [1]. Beyond water recovery, extracting valuable products from seawater can
substitute traditional materials mining, reducing the environmental impact compared to
conventional salt, metal and chemical production. Optimal recovery strategies for high-
quality and multiple products are documented in the literature [1-3]. However, a
comprehensive environmental assessment of multi-product ZLD systems, specifically tailored

to address the complexities of resource recovery in desalination, remains underdeveloped [4].

Life Cycle Assessment (LCA) is a powerful tool for evaluating environmental impacts at
different stages of technology development, from planning and conceptual design to
operational phases [5]. Integrating LCA early in technology development could optimize
processes, enhance understanding of design implications, and enable cost-effective redesign
of products and processes [6,7]. However, accurately quantifying impacts in emerging

technologies like ZLD is challenging due to limited data on material and energy flows [6,8].

While LCA has been applied extensively to desalination technologies since the 1990s,
primarily to examine and compare various desalination technologies [9-12], most studies
focus on single-output systems or renewable energy integration [13—15], with limited
attention to multi-product resource recovery. Recent studies have addressed some aspects of
brine management and resource recovery [6,16,17], yet the integration of desalination and
brine treatment remains an emerging area that combines established desalination technologies
with newer resource recovery advancements [18,19]. Although assessing the environmental
impacts of these emerging technologies at various stages of development poses uncertainties,

it is essential for guiding investment, research, and development [7,17].

How effective are current assessment methods for evaluating the integration of technologies
and systems in the early stages of development [20]? Historically, these studies have utilized
an attributional modeling approach. However, modifications are needed for resource recovery
systems in the field of desalination. Some initial steps have been taken by [21], who examined
whether and to what extent the environmental impacts of Reverse Osmosis (RO) vary due to
different Life Cycle Impact Assessment methods. [16] studied the effect of allocation type

(mass and economic allocation) on the environmental impacts of brine treatment systems.
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Existing LCAs on desalination largely overlook key methodological challenges specific to
multi-product ZLD, such as an adequate selection of functionality and related functional units,
managing multi-functionality, as well as other aspects like systems comparability, data
availability, and uncertainty [8,22], which may result in misleading impact assessments and
conclusions. The implications of data availability are beyond the scope of this work, as it
focuses on comparative environmental performance using consistent data sources and
assumptions across all scenarios. This gap limits the ability of current LCA approaches to

guide investment and development in integrated desalination and resource recovery systems.

The novelty of this study lies in addressing these methodological gaps through an LCA
specifically tailored for integrated, multi-product ZLD systems, focusing on resource
recovery. This research seeks to determine how different methodological choices, such as
functional unit selection, allocation methods, and energy source inclusion, affect
environmental assessments. By developing a refined LCA for integrated ZLD systems, this
study provides new insights into the environmental trade-offs and potential benefits of
resource recovery strategies in desalination. Based on the above, the following research

questions are formulated:

e How do key methodological decisions such as functional unit, allocation and energy
source influence the results and decisions within the context of an integrated
desalination and brine treatment systems?

o What are the environmental benefits and disadvantages of integrated desalination
and brine treatment systems compared with both conventional seawater desalination

and salt production systems?

To address these questions, LCA analyses are conducted on a conventional RO desalination
plant and three resource recovery-oriented ZLD systems at a demonstration scale in Cyprus.
This assessment aims to reveal critical insights into methodological choices for resource
recovery systems, identify environmental performance hotspots, and inform more sustainable

design strategies for desalination and brine treatment systems.

6.2.  Materials and methods

This paper applies the LCA method, standardized through the ISO14040, and makes use of
the software SimaPro and the Ecoinvent v.3.8 database to conduct the LCA. The
methodological framework applied in this work is illustrated in Figure 6. 1. The main
characteristics of the case study and the technical scenarios are described in Section 6.2.1.
After the case studies description, this section presents the “Goal and Scope”, Life Cycle

Inventory”, “Life Cycle Impact Assessment”, and “Interpretation” steps (see Section 6.2.2).
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6.2.1. Case study description

Cyprus is considered a relevant geographical case study as it heavily relies on seawater
desalination for the majority of its drinking water supply. In 2018, 72.9% of drinking water in
Cyprus was desalinated water [23]. Currently, five large-scale (capacity >15,000 m3/d)
desalination plants are supplying drinking water to municipalities in Cyprus, while
approximately 24 small-scale (output water <2,500 m>/d) desalination units are used by other
sectors, such as power stations, industry and military purposes. The total installed capacity of
the large-scale desalination plants in Cyprus is 235,000 m?/d, which results in approx. 103
million m?/year of brine effluent as well [23]. The current brine management option is limited

to disposing of the brine back into the marine environment.
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Figure 6. 2. Schematic description of the case study used in this work: integrated desalination and brine
treatment plants aiming to recover resources in Cyprus. The green dashed line shows the System
boundaries: Cradle-to-gate. Red colour denotes processes, orange colour denotes energy, and turquoise
colour denotes output products.

In this work, innovative designs for integrated desalination with brine management and
resource recovery are evaluated and compared with benchmark systems, including Seawater
Reverse Osmosis (SWRO) for water production and conventional salt and chemical
production. The methodological approach described in Figure 6. 1 has been applied for
integrated desalination and brine treatment plants aiming to recover valuable materials such
as water, salts, and chemicals. This is illustrated in Figure 6. 2, which refers to the case study
description and system boundaries. A detailed illustration of the process diagram of the three
scenarios and the system boundaries of integrated desalination and brine treatment systems is
available in Supplementary Information I (see Figure S.1). Specifically, brine disposal is

replaced with brine treatment techniques consisting of at least one technology in brine
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minimization and several technologies in brine treatment for resource recovery, such as NaCl,
Mg(OH),, and chemicals (HCI, NaOH). Regarding the energy sources, the desalination plants
can be integrated with power plants that depend on external fossil resources for power
production. Part of the systems integration, in this paper, is the recovery of the available waste

heat and utilize it in the desalination plant.

In this study, technical scenarios are employed to evaluate the results and gain insights into
different levels of complexity for the studied plants. While all scenarios share the common
goal of enhancing water recovery and minimizing brine discharges compared to conventional
seawater desalination (see Figure 6. 2), they differ from each other on their specific
objectives, namely: maximize water recovery (Scenario 1) utilizing waste heat for thermal
requirements, integrate existing RO plant with brine management technologies utilizing waste
heat for thermal requirements (Scenario 2) and integrate RO plant with electricity-based
technologies for chemical recovery (Scenario 3). Table 6. 1 provides an overview of the three
technical scenarios (based on the four cases reported by [4] (see Chapter 4), outlining their
objectives, technologies involved, and products recovered. The technical scenarios are
designed to recover industrial-quality water, salts (NaCl, Mg(OH),, Na,SO4), and chemicals
(HCI, NaOH) from seawater. The feed flow rate remains consistent across all scenarios, set at
60,000 m*/d (capacity of large desalination plants in Cyprus). The process flow diagrams of
the technical scenarios are given in Supplementary Information I (see Figure S.1). For an in-
depth explanation of the technical scenario design, including simulation details (like mass and
energy balances, refer to [4] (see Chapter 4). Each technical scenario outlined in Table 6. 1 is
systematically compared with the conventional methods of producing the same products.
These conventional methods typically involve mining or industrial chemical processes for
salts and chemicals, and SWRO for water. For detailed descriptions of these conventional

processes, please refer to Section S4 of Supplementary Information I.

Table 6. 1. Overview of technical scenarios.

Scenario  Objective Technologies Products
Maximize water recovery and

1 L . NF, MED, TCryst Water, Mixed salts
minimize brine discharge
Integrated RO plant with brine Ca(OH)2, HCl, Ice,
g P RO, NF, MED, (OH)
treatment for recovery of water and Mg(OH)2, NaCl,
2 N TCryst, MFPPR,
valuable products and minimizing NaOH, NazS0g,
. . EFC, EDBM
brine discharge Water
Integrated RO plant with brine
. . Ca(OH)., HCI
treatment focusing on chemical RO, NF, ED, MFPR, (OH)2, '
3 . . Mg(OH)2, NaOH,
recovery, using only electricity-based EDBM
7 Water
desalination
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ED: Electrodialysis; EDBM: Electrodialysis with bipolar membranes; EFC: Eutectic freeze
crystallization;, MED: Multi-effect distillation; MFPR: Plug-flow reactor; NF: Nanofiltration; RO:

Reverse Osmosis, ThCryst: Thermal crystallizer.

Note that the three technical scenarios produce industrial-quality water, which requires post-
treatment for drinking water purposes (see Figure 6. 2). Additionally, the recovered water is
recycled internally in the other processes. However, recycling may not be feasible if the
required amount of water exceeds the production capacity, as in Scenario 3 (detailed mass
flows for each scenario can be found in the Inventory tables provided in Section S3

Supplementary Information I).

6.2.2. Life cycle assessment (LCA)

6.2.2.1. Goal and scope definition

This LCA study aims to evaluate the environmental performance of three different designs.
The focus is on desalination and brine treatment systems with the goal of resource recovery.
Table 6. 2 summarises the main LCA components and choices for the goal and scope
definition. As explained in the case study description (see Section 6.2.1), all technical
scenarios aim to treat seawater to primarily produce water and treat brine at different stages,

producing additional water with salts and chemicals.

To ensure a consistent and comparable FU base across the three scenarios, the functional unit
(FU) chosen in this work is ‘/m® of seawater input at the plant’. This choice diverges from
the conventional practices, where either ‘ /m? of desalinated water’ is considered as the FU in
the evaluation of desalination plants [12,24,25], or ‘Im’ of brine input at the plant’ is
considered as the FU in the assessment of brine treatment systems [16]. In the case of
integrated desalination and brine treatment systems, which are multiproduct systems with
different secondary objectives (see Table 6. 1), water production depends on the specific
secondary objective of each scenario. This means that in some scenarios, water may not be
the primary product as other objectives take precedence. Hence, the comparison between the
scenarios is not focused on the final products basket but on the rater of the environmental
performance of integrated systems and their potential environmental benefits. Furthermore, it
is worth noting that, in addition to considering ‘Im?® of seawater input at the plant’ as the
primary FU, we also assess the system using ‘Im?’ of desalinated water’ as an alternative FU.
This alternative FU highlights the importance of methodological decisions, which will be
thoroughly analysed in Section 6.2.2.5 and Section 6.3.3 to assess its implications and
potential effects on the comparison between scenarios. Note that the results obtained using
‘Im? of seawater input at the plant’ as the functional unit will be discussed in Sections 6.3.1

and 6.3.2, shedding light on the environmental performance and resource recovery potential
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of the integrated desalination and brine treatment systems. Additionally, the results obtained
with the use of ‘Im? of desalinated water’ as the functional unit are provided in Supplementary

Information II (see Sections Sland S2).

Table 6. 2. Overview of the main LCA components and choices for the evaluation.

LCA aspect Case study

Goal and Scope Evaluate the environmental performance of integrated desalination and
brine treatment systems in Cyprus, considering the conditions in 2021-
2022. Three different technical configurations (scenarios) with different
objectives (see Table 6. 1) are evaluated.

Functional unit* 1m? of seawater feed

Allocation Economic allocation at two points: i) for products’ distribution, and i)
for energy sources when using waste heat.
System boundaries Cradle-to-gate, for upstream processes, desalination and brine treatment

Data quality Process Simulation data validated by primary data from pilot scale
testing.
Impact categories ReCiPe midpoint (H) method V1.13 / Europe Recipe H

*The alternative FU of ‘Im’ of desalinated water’is also considered for comparative purposes, and its
related results are presented in Supplementary Information I1.

The system boundaries—Cradle-to-gate—considered comprise only the production phase of
the upstream processes for utilities (e.g., electricity and waste heat) generation, chemicals
production and the core processes of the designed scenarios for desalination and brine
treatment systems (see Table 6. 1). The environmental impacts associated with waste heat
generation are considered within the system boundaries. Waste heat (WH) is produced as a
byproduct of various industrial processes, such as electricity production from natural gas
compressor stations. Almost 50% of the global energy consumed is wasted in the form of WH
[26]. However, this waste heat can be used for other purposes, such as desalination, as it
operates at a lower temperature range below the boiling point of water. This makes the WH a
valuable resource for driving thermal processes [27]. In existing works in literature, where
waste heat is utilized to cover energy requirements in desalination or brine management
systems, waste heat is excluded from the analysis, and the economic and environmental

impacts associated with it are deemed negligible [6,28].

Since the proposed integrated systems are multifunctional (i.e., several products are
simultaneously generated, see Figure S.1 in Supplementary Information I), and considering
that the materials here co-produced are minerals (which otherwise would be obtained through
multifunctional traditional linear large-scale extraction processes), the allocation method is

applied here to address such multifunctionality. In particular, mass and economic allocation

175



Chapter 6

are both applied not only to distribute the overall environmental burdens of the integrated
systems accordingly but also to analyse the effects of such methodological choice. However,
the results are shown in Section 6.3 are based on economic allocation. shows the market
prices and the resulting mass and economic allocation factors for all products from Scenarios
2 and 3 (see Supplementary Information I, Section S2 for Scenario 1). Both the mass and
economic allocation factors are calculated using the output flow rates reported in Table 6. 4
as part of the life cycle inventory (LCI), as shown in Section 6.2.2.2.

Table 6. 3. Products market prices and Mass and Economic allocation factors for Scenarios 2 and 3.

Compound Price Mass allocation factors Economic allocation factors
(€/Ton) [%] [%]
Scenario 2 Scenario Scenario 2 Scenario 3
3
Water 1 95.1 N/A 2.7 N/A
NaCl 66 [3] 33 N/A 6.1 N/A
Mg(OH): 1000 [3] 0.4 11.1 10.2 2.0
Ca(OH)2 125[3] 0.1 2.6 0.3 0.1
Na2SO4 116 [29] 0.4 N/A 2.3 N/A
HCI 5780 [29] 0.7 49.6 78.4 51.0
NaOH 7200 [29] 0.0 36.7 0.0 46.9
6.2.2.2. Life cycle inventory

Technical process models, developed using the open-source software explained in Chapter 3,
were employed to generate the inventory for data on mass and energy flows. The software,

available at the GitHub repository (https://github.com/rodoulak/desalsim), facilitated the

creation and implementation of these models. Table 6. 4 presents the inventory data for
scenarios 1-3. For data collection for background systems such as electricity supply, waste
heat generation, and chemical production, the database Ecoinvent database v.3.8 (system
process) is used. Additionally, the inventory for the process of producing ‘high voltage
electricity production by oil in Cyprus "has been revised to include the co-production of waste
heat from the system. The assumptions section (see Section 6.2.2.3) provides a detailed
explanation of this addition and its allocation factor. Table S7, Table S9 and Section S3 (see
6.5.1) present the inventory data per ‘Im’ of seawater feed’ for scenarios 1-3, including the
background processes and the intermediate streams. Inventory data per ‘Im® of desalinated
water’ for scenarios 1-3 can be found in Supplementary Information I (see Section S3, Table
S.8, Table S.10 and Table S.12).

Note that the three scenarios produce water of industrial-grade quality, which necessitates
post-treatment in order to meet the standards required for drinking water. The water recovered

from these processes is subsequently reused internally (see Figure S.1 in Supplementary
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Information I, section 6.5.1). However, in the instance where the amount of water required

exceeds the production capacity, such as in Scenario 3, recycling may not be a viable option.

Table 6. 4. Inventory data per ‘1m? of seawater feed’ for scenarios 1-3.

Compound  Units Scenariol Scenario2 Scenario 3
Inputs
Electricity kWh/FU 4.302 7.853 10.433
Wasted heat  kWh/ FU 447.362 248.624 N/A
NaOH kg/ FU N/A 0.403 N/A
Water” kg/ FU N/A N/A 352.189
Antiscalant I/ FU 0.002 0.060 0.060
Outputs
Water” m% FU 0.980 0.616 N/A
NaCl kg/ FU 29.857 25.813 NA
Mg(OH)2 kg/ FU NA 2.838 2.838
Ca(OH)2 kg/ FU NA 0.661 0.661
Naz2S04 kag/ FU NA 5.534 NA
HCI kg/ FU NA 3.782 12.715
NaOH kg/ FU NA N/A 9.397

*Industrial-quality water. FU: ‘Im’ of seawater feed’.

Note that although uncertainty analysis is important in LCA research, it is beyond the scope
of this study. As the same data sources and assumptions are used consistently across all
scenarios, a uniform level of uncertainty is assumed, enabling direct comparisons of

environmental impacts.

6.2.2.3. Assumptions

The following assumptions have been considered:

e Environmental impacts related to energy losses and the use of cooling water are not
considered. This decision is based on both the minimal energy losses observed and
the challenges posed by limited data availability and reliability in quantifying these
impacts. Consequently, the analysis only includes the energy required for pumping

these streams within the electricity requirements for the associated processes [4].
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Waste heat is integrated into the system by adjusting the Ecoinvent database.
Economic allocation is employed to distribute the environmental impact between
electricity and waste heat in energy production from oil in Cyprus, ensuring a
comprehensive assessment of the system. Although the primary objective of the
power plant is electricity production, it is important to note that waste heat utilization
doesn’t come with zero environmental impact. The allocation factors for electricity
and waste heat are provided in Table 6. 5. In order to calculate the economic
allocation factor of waste heat, firstly, the economic value of the waste heat was

calculated using the eq. 1 from [30]:

Waste heat cost (US$/MWhyy,) = 10.7 In Pgpoqr, + 24.2 eq. 1

Then, the ratio between the economic value of electricity and waste heat in work by
[31] was determined for the year 2019. This value was then used as a fixed parameter
to calculate the economic value of waste heat based on the economic value of
electricity in 2023, according to Eurostat, (2023). Once the economic value of both
energy sources was determined for 2023, an economic allocation between the two
energy sources was calculated. For detailed calculations, please refer to

Supplementary Information I in Section S2.

Table 6. 5. Emission factor for waste heat based on economic allocation.

Type of Economic Reference Economic Emission factor  Reference
energy value (per allocation (kgCOz2eq/kWh)
1KWh)

Electricity  0.192 (Eurostat, 2023)  85.11% 0.664 [23]

Waste heat  0.034 (own 14.89% 0.116 (own
calculation, calculation,
Section  6.5.1 Section 6.5.1
S2) S2)
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To integrate the waste heat into the inventory, the electricity dataset represents the
production of high-voltage electricity at a grid-connected oil power plant. Emissions
are generally calculated/estimated based on European quality fuel oil type S. This
implies that the electricity is not sourced from the grid. Therefore, for the baseline
analysis, 0% renewable energy sources (RES) are assumed due to simulation
constraints. This percentage will change only in the Sensitivity analysis (for more
details, see Section 6.2.2.5 and 6.3.4).

Ice produced in Scenario 2 is considered water, and no post-treatment is taken into

account.
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e  Treated brine outflow streams (e.g., RO-outflow, NF-retentate) are considered waste
streams and therefore, their economic value is set as zero.

e The remaining saline solutions, such as discharge saline stream from EDBM in
Scenarios 2 and 3 (see Figure S.1 in Supplementary Information I) have lower
salinity (as NaCl) -22g/l and 20g/1 respectively- than seawater (40g/1). This means
that they can be recirculated back into the systems.

e The environmental impacts due to infrastructure construction, maintenance and
demolition are considered negligible (system boundaries).

6.2.2.4. Life cycle impact assessment

The ReCiPe method is utilised for the environmental life cycle impact assessment. The
specific characteristics and challenges of Cyprus, such as local environmental conditions and
resource constraints, directly inform the selection of midpoint-level indicators, as outlined in
Section 6.2.1. Specifically, the following five impact categories were selected to capture the
most significant environmental concerns associated with integrated desalination and brine

treatment systems (as shown in Figure 6. 1):

e Climate change (kg CO; eq): Assess the carbon footprint of desalination and brine
treatment processes, addressing their energy and materials intensity.
e Human toxicity (kg 1,4-DB eq): Assess the potential effects of chemicals
consumption from the integrated systems,
e Marine ecotoxicity (kg 1,4-DB eq): Assess the potential toxicity in the marine
environment,
e  Water depletion (m?®): Assess the depletion of water resources to understand the
sustainability implications of these process systems, and
e Fossil depletion (kg oil eq): Assess the depletion of fossil resources associated with
desalination and brine treatment processes, promoting energy security and the
transition towards renewable alternatives.
6.2.2.5. Interpretation
The interpretation phase includes various analyses to understand the influence of key
methodological choices and assumptions on the results. These choices are treated as
Methodological Options (A, B, C, etc.), with corresponding actions used to analyze their
impact. Scenario analyses are employed to explore the effects of different system design
choices, such as energy mix and technology integration (e.g., waste heat recovery), rather than
addressing variability in data inputs (see Figure 6. 1). Table 6. 6 provides an overview of the
methodological choices and assumptions identified in this study and the corresponding actions

taken to evaluate their effects.
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Table 6. 6. Summary of the methodological choices and assumptions identified in this study and

corresponding actions.

Methodological choices and assumptions

Corresponding action or analysis to
evaluate the effect of key methodological

choices

Comparison with conventional production systems
(Product basket)

Convert systems into comparable systems:
Compare multi-product ZLD systems with the
conventional production of all the products
within a scenario. Conduct a 1:1 comparison
of'scenarios and a 1:1 comparison of products,
after economic allocation. For conventional
processes of the recovered products, see
Section 6.5.1 S4, Table S.15.

Functional unit

Conduct an LCA using two functional units as
scenario analysis and compare the results to
determine their influence on the outcome and

conclusion.

Handling of multifunctional systems and
comparison with conventional systems

- System expansion/Substitution

- Allocation: Mass and Economic

Expand the system boundaries and compare
the results with a products-basket approach to
determine the influence on the outcome.

Run the two different allocation models as
scenarios and compare the results to determine

their influence on the outcome and conclusion.

Inclusion of waste heat in the analysis

Conduct a scenario analysis using three
different allocation approaches: economic,

energy, and one that excludes waste heat.

Energy mix: energy policy for renewable energy

transition

Conduct a sensitivity analysis using a baseline
scenario and three different energy policy
scenarios: e-55, eCSP-55, and eCSP-100.

Methodological option A: Effect of functional units

To analyse the impact of the FU on the results in resource recovery systems, LCA is conducted
for two functional units: Im?® seawater fed and Im? desalinated water output (see Section
6.2.2.1). Inventory data per ¢ Im? of desalinated water output’ for scenarios 1-3 can be found
in Supplementary Information I (see Section S3, Table S.8, Table S.10 and Table S.12). This
methodological option examines how the choice of the functional unit affects the results and

conclusions.
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Methodological option B: Effect of the multifunctionality approach

After selecting the functional unit, the approach to handling multi-functionality in systems
with multiple products follows. This paper compares three multifunctionality approaches
applied to the three resource recovery desalination systems for the five selected impact
categories at the midpoint level. This methodological option explores three approaches:
economic allocation, mass allocation, and system expansion, comparing their effects on

environmental impacts (see illustration in Section 6.5.1 S2, Figure S.2).

e  Substitution is solving multifunctionality through the subtraction of avoided burdens
related to the co-products that are not part of the FU [32]. Note that the additional
amount of recovered water compared to the conventional SWRO plant (with 40%
efficiency) is considered in the co-products of each scenario, and thus the credits
from this avoided are included. Specifically, in this analysis, inventory modeled in
global (GLO) and inventory for the regional markets for Europe (REW) were used
for conventional production, and the credits from the avoided products (see Section
6.5.1 S4, Table S.15).

e Economic and mass allocation is solving multifunctionality by dividing the inputs
and outputs of the process or system between its products according to allocation
criterion [32]. In this work, economic allocation is respective to the economic value
of the products and the mass allocation to the volumetric flowrate of the products

(see Table 6. 3 and Section 6.5.1, S2).
Methodological option C: Effect of allocation in alternative energy sources

Waste heat is often overlooked in previous works in literature, considering zero environmental
impacts for that energy stream. To analyse the effect of the inclusion and allocation factors
concerning energy sources like waste heat, three different methodological options are
considered: 1) Economic allocation (see Table 6. 5), 2) Energy allocation (see Table 6. 7 and
Supplementary Information I, Table S.6), and 3) Non-allocation (non-inclusion, zero
environmental impacts). Note that the economic allocation approach is used to input the
energy source in the SimaPro database for other analyses in this work besides this scenario

analysis.
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Table 6. 7. Energy allocation factors for Cyprus based on [23].

Type of energy Energy value (ktoe) Energy allocation
Oil for electricity production 1030 100%
Electricity 355 34.47%
Waste heat 675 65.53%

Sensitivity analysis: Effect of energy mix on the environmental impact

To analyse the effect of the energy mix on the environmental impacts of the three technical
scenarios, a sensitivity analysis is conducted regarding energy policy, following the European
Green Deal guidelines [33]. In 2021, the European climate law was approved, incorporating
into EU regulations the goal of achieving climate neutrality by 2050 (i.e., eliminating net
greenhouse gas emissions), as well as an interim objective of reducing net emissions by 55%
by 2030 compared to 1990 levels. Specifically, the 55% reduction target set for 2030 has been
used as a benchmark for the energy scenarios. These regulations, which set targets for
emission reductions, form the basis for our analysis. To test the integrated desalination and

brine treatment technical designs, the following energy scenarios were considered:

- Baseline: most updated available energy data for Cypurs in 2021, based on the
electricity mix from oil power plant using fuel oil type S (0% RES), using EU and
global averages from the Ecoinvent database.

- e-55: 55% of electrical energy comes from renewable energy sources, specifically
from solar systems (Photovoltaic (PV)). According to [34], PV is expected to be the
dominant renewable technology, followed by wind. For simplicity, only one
renewable source is chosen: solar (PV) over wind.

- eCSP-55: 55% of electrical and thermal energy comes from renewable sources,
specifically solar systems (Concentrated Solar Power (CSP) and PV). CSP is chosen
to provide high heat, thus covering the thermal energy requirements and replacing
waste heat. Additionally, CSP can be combined with existing fossil fuel sources,
enhancing its versatility [35].

- eCSP-100: 100% of electrical and thermal energy comes from renewable energy

sources, specifically from solar systems (Concentrate Solar Power (CSP) and PV).

For the sensitivity analysis, I m’ of seawater fed is used as functional unit, while for
multifunctionality, two approaches are considered: system expansion and economic
allocation. Finally, the environmental burden from the waste heat is calculated based on

economic allocation.
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6.3.  Results and discussion

The LCA-based environmental impact analysis is divided into four parts. In the first part, the
performances of the three scenarios across the five environmental impact categories are
analysed and compared with the conventional desalination system. In the second part, the
hotspots are identified, and the energy and chemicals contributions to the impact categories
are analysed and discussed. In the third part, the effects of methodological decisions, such as
the functional unit and allocation, on the results are analysed (see Section 6.3.3). In the fourth
part, the sensitivity analysis on different energy sources is performed using a specific set of
methodological choices, including a functional unit of 1 m? of desalinated water, an economic

allocation method, and a substitution approach for handling multi-functionality.

6.3.1. Life cycle assessment for scenarios and reference system

6.3.1.1. Results from LCA for Im’ seawater as functional unit

Figure 6. 3 presents the LCA relative impact scores (in figure) and absolute (in table) results
for each resource recovery scenario and SWRO with 1m? of seawater fed as functional unit.
All resource recovery scenarios result in higher environmental impacts in each of the four
impact categories compared to the SWRO, as expected due to the integration of multiple
technologies to minimize brine disposal and/or to recover valuable products. These integration
strategies increase energy and chemicals consumption, leading to higher environmental
impacts in comparison to the conventional desalination plant. It is worth noting that the
difference between resource recovery scenarios and the SWRO for Marine ecotoxicity is
much smaller than for the other four impact categories. For example, the difference between
Scenario 3 and SWRO is only 0.03kg 1,4-DB eq (28% relative impact score). This is because
the brine disposal in the SWRO system directly impacts the marine ecosystems. Additionally,
the SWRO system results in a negative value for the water depletion impact category,
indicating a net reduction in water depletion. This negative value results from the fresh water
produced in the desalination process. This reduction was not considered for the other three
scenarios because of simulation constraints. Thus, the water depletion category reflects the
impact of water consumption in the three multi-product ZLD systems, but the net value is not

calculated or shown in Figure 6. 3, affecting the interpretation of the results.
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Figure 6. 3. Life cycle impacts: (A) Relative impact score (%)for the three scenarios and the SWRO for
1 m? seawater fed as functional unit; (B) Absolute results for the three scenarios and the SWRO for 1
m? seawater fed as functional unit.

These findings emphasize the importance of informed decision-making in desalination plant
design and the development of environmental policies, particularly in the context of multi-
product complex systems. Resource recovery scenarios show higher environmental impacts
than conventional RO desalination due to increased energy and chemicals use, but a fair
comparison, including the production of extra products (e.g. NaCl, Mg(OH),), is essential to
avoid misleading conclusions and decisions.

When comparing only the resource recovery scenarios, Scenario 3 results in the best
environmental performance concerning all impact categories but water depletion, while
Scenario 1 results in the worst environmental performance. Thermal and electrical energy
sources are the main inputs in all technologies (see Table 6. 4), which means that all
environmental impact categories are dominated by energy consumption. Only Multiple Feed
Plug Flow Reactor (MF-PFR) (as seen in Scenario 2 and 3) and, to a lesser extent, membrane
technologies use chemicals. Lastly, the significant external water usage in the Electrodialysis
with Bipolar Membranes (EDBM) unit for the production of chemicals contributes to water
depletion in Scenario 3 (see Table 6. 4). This highlights a potential trade-off within Scenario

3, as water production is the primary objective of desalination plants in Cyprus. Note that
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water production is not accounted for in assessing water depletion for these resource reciovery
scenarios. The environmental impact results using ‘1m? desalinated water’ as functional unit
are presented in Supplementary Information II (see Section 6.5.2, Figure S.3).

6.3.1.2. Comparative environmental impact analysis of conventional and resource

recovery systems

The environmental impact results of the production of recovered products in each technical
scenario are compared per category with respect to the conventional production of the
recovered products. Figure 6. 4 represents a products basket approach (without any
allocation), where the conventional and multi-product ZLD systems are compared based on
the recovered products to evaluate the environmental advantages and disadvantages of

recovering, besides water, multiple products from seawater.

Recovering salts and chemicals in Scenarios 2 and 3 significantly reduces overall
environmental impacts for all assessed impact categories compared to the traditional
production systems. For example, climate change impact is 70% and 89% lower in the
resource recovery systems for Scenario 2 and 3, respectively, in comparison to the
conventional production processes (see Figure 6. 4A). Similarly, the reduction in
environmental impacts for each product basket is between 70-95% in the other impact
categories for Scenario 2 and 44-96% for Scenario 3 (see Figure 6. 4 B, C, D, E). Scenario 3
shows that using only electricity-based technologies and recovering chemicals from seawater
brines may result in significant environmental benefits compared to traditional production

systems.

Thermal desalination and minimization of brine disposal with no additional recovery of
production (scenario 1) results in a higher overall impact than conventional desalination
systems. This is because of the higher energy requirements for water recovery. Although the
ZLD system recovers more water than conventional desalination systems (with 40% water
recovery efficiency), the environmental impacts are higher for Climate change and Fossil
depletion than those of the conventional system. It is worth noting that Scenario 1 performs
better in Human toxicity and Marine ecotoxicity compared to the conventional system,
because of the reduction of brine disposal. Supplementary Information II contains the relative

impact scores for both FU (see Section 6.5.2, S1).
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Figure 6. 4. Comparative analysis of the five environmental impact categories between the three
resource recovery desalination scenarios with respect to the conventional production systems.
Subfigures illustrate the comparison for (A) Climate change (kg CO2 eq/FU), (B) Human toxicity (kg
1,4-DB eq/FU), (C) Fossil depletion (kg oil eq/FU), (D) Marine ecotoxicity (kg 1,4-DB eq/FU), (E)
Water depletion (m*/FU). FU: 1m? seawater fed.

A comparative analysis of water production using a conventional SWRO and a multi-product
ZLD system (with economic allocation) highlights the environmental advantages and
disadvantages of each approach. Conventional desalination in Scenario 1 has significantly
lower environmental impacts across most of the five selected impact categories compared to
the multi-product ZLD systems, with marine ecotoxicity being the exception. Specifically, the
impact on climate change and fossil depletion is approximately five to six times higher for the
multi-product ZLD systems due to their high energy requirements and the absence of co-
products other than water. This leads to most environmental impacts being allocated to water
based on economic revenues. The significantly higher climate change and fossil depletion
impacts observed for thermal-based ZLD systems (like Scenario 1) that focus only on

maximizing water recovery highlight the critical need for improving energy efficiency.

In contrast, water production within a multi-product ZLD system like Scenario 2 has
significantly lower environmental impacts across the impact categories (79%-97%) compared
to conventional desalination. This demonstrates the potential environmental benefits of multi-
product ZLD systems when additional co-products are recovered, making the multi-product

ZLD systems, like Scenario 2, a viable option for future designs (desalination systems).
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Details of this comparison can be found in Figure S.7 in Supplementary Information II. A
similar analysis for Magnesium can be found in Supplementary Information II (Section 6.5.2

S1, Figure S.8).

6.3.2. Contribution analysis: Identification of hotspots

Figure 6. 5 shows the contribution of each process unit to the impact categories, using
Scenario 2 as an example to demonstrate the analysis and identify hotspots. Scenario 2 is
selected here for simplicity, but similar analyses could be conducted for the other scenarios to
provide a comprehensive understanding across all cases. The MED, MF-PFR, and EDBM
units collectively contribute approximately 82% to the four impact categories and 73% to
water depletion. These hotspots can be attributed to the substantial energy demands of the
MED and EDBM units, coupled with chemical requirements (NaOH, HCI) for MF-PFR.
Identifying these hotspots reveals a map that guides the designers and decision-makers to
make changes and improvements. For instance, environmental benefits are expected if all the
chemical requirements can be produced internally (less dependent on external sources).
Moreover, transitioning to more renewable energy sources, especially for the energy-intensive

MED and EDBM units, holds promise for significant environmental benefits.
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Figure 6. 5. Contribution analysis of the process stages, to the five environmental impact categories, for
Scenario 2 with 1m? seawater fed as functional unit. ED: Electrodialysis; EDBM: Electrodialysis with
bipolar membranes; EFC: Eutectic freeze crystallization; MED: Multi-effect distillation; MFPR: Plug-
flow reactor; NF: Nanofiltration; RO: Reverse Osmosis, ThCryst: Thermal crystallizer.

Building on the contribution analysis, the contribution of energy supply (thermal and
electrical) and chemicals consumption to the five impact categories reveals that chemicals
consumption accounts for 21% of climate change impact, highlighting the need for a reduction
in chemicals usage. Within each impact category, thermal energy use accounts for 49%,

indicating the need to decrease the thermal energy demand and also to shift towards more
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renewable energy sources for both electrical and thermal energy. Chemicals consumption
contributes 43% to water depletion, emphasizing the importance of addressing the supply of
chemical requirements internally, minimizing the external costs, and optimizing the EDBM
unit to reduce water needs, which contributes to 18.3% of water depletion in Scenario 2. This
analysis not only identifies critical areas demanding attention but also illuminates pathways
for a more ecologically friendly design. Results for the contribution of energy supply (thermal

and electrical) and chemicals consumption are available in Section 6.5.2, S1 (see Figure S.5).

6.3.3. Effect of key methodological choices

Evaluating key methodological decisions is a crucial step in this LCA study to understand
their influence on outcomes. This evaluation, divided into conceptual and numerical levels,
provides valuable insights into the methodological adjustments necessary for assessing novel
systems, particularly those focused on resource recovery. The numerical analysis, on the other

hand, offers significant information for the design of process chains.

6.3.3.1. Methodological option A: Effect of functional unit

The first and crucial methodological decision is the selection of a functional unit. Figure 6. 6
compares LCA results for two functional units: 1m? seawater fed versus 1m® desalinated water
output, focusing on climate change (Figure 6. 6 A) and marine eco-toxicity (Figure 6. 6 B).
This analysis uses economic allocation to address multifunctionality. Results for the five
environmental impact categories for both functional units are available in Section 6.5.2 S2
(see Table S.18). Figure 6. 6 shows that the choice of functional units significantly impacts
Scenario 3. This is due to the lower quantitative difference between the volume of seawater
fed and the volume of desalinated water recovered in scenarios 1 and 2 compared to Scenario

3. Scenario 1 aims to maximize water recovery, Scenario 2 aims at maximum water and
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Figure 6. 6. Comparison of LCA results for 1m? seawater fed vs. Im? desalinated water output as
functional units for (A) climate change and (B) marine eco-toxicity impact categories.
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resource recovery, while Scenario 3 targets the recovery of valuable materials (like Mg) and
chemicals. Consequently, choosing 1m? desalinated water output as the functional unit results
in lower water recovery and, therefore, in higher energy and chemicals intensity for Scenario

3, which in turn leads to higher impacts.

Similarly, higher environmental impacts by scenario 3 are observed across the other impact
categories when 1m® desalinated water output is used as functional unit instead of 1m?
seawater fed (see Section 6.5.2 S2, Table S.18). This underscores the complexity of the
decision-making process. The selection of a functional unit forms a critical factor in LCA
methodologies and should be based on the objective of the project. If the objective is to
maximize water recovery, the functional unit should be set as 1m? desalinated water output.
In that case, the decision becomes more intricate, as Scenario 3 demonstrates a higher impact
on marine eco-toxicity and water depletion than Scenarios 1 and 2. Additionally, the
differences between Scenarios 2 and 3 are less significant when using 1m? of desalinated water
as functional unit, making Scenario 2 more attractive compared to using 1 m?* of seawater fed.
In particular, for the climate change impact category, the difference between Scenario 2 and
Scenario 3 decreases significantly when comparing the two functional units: from 62% with
a functional unit of 1m? of seawater fed to 12% with a functional unit of 1m? of desalinated
water. Similarly, for fossil depletion, the difference between the two scenarios drops from
63% to 14%. For human toxicity, marine eco-toxicity, and water depletion, Scenario 2 results
in lower impacts than Scenario 3 by 31%, 39%, and 94%, respectively, when the functional

unit of 1m? desalinated water is used.

6.3.3.2. Methodological option B: Effect of multifunctionality approaches

After selecting the functional unit, the question is how to handle multi-functionality in systems
with multiple products. Two multifunctionality approaches (substitution and economic
allocation) are compared when applied to three resource recovery desalination systems for the
five selected impact categories at the midpoint level (see Figure 6. 7). Supplementary
Information II contains the relative impact scores and absolute values for both choices of
functional units (see Section S2). The comparison between economic and mass allocation is
conducted separately to simplify the analysis. Supplementary Information II contains the

detailed results (see Section S2).

When the substitution approach is used, Scenarios 2 and 3 have significant credits from
avoided products’ production elsewhere (see Figure 6. 7). In Scenario 2, the substitution
approach resulted in a 54% lower impact for Climate change, 53% in Fossil depletion and
over 86% in the other impact categories compared to the economic allocation approach.

Scenario 3 results in around 90 % or more lower impacts in the evaluated impact categories.
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Note that the water production itself, and thus its impact on the water depletion category, is

not considered for the resource recovery scenarios because of simulation constraints (see
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Figure 6. 7. Comparison of three resource recovery desalination systems using multifunctionality
approaches (economic allocation, and substitution) for the five selected impact categories at the
midpoint level. Subfigures illustrate the comparison for (A) Climate change (kg CO2 eq/FU), (B) Human
toxicity (kg 1,4-DB eq/FU), (C) Fossil depletion (kg oil eq/FU), (D) Marine ecotoxicity (kg 1,4-DB
eq/FU), (E) Water depletion (m*/FU). FU: 1m? seawater fed.

Section 6.3.1.1). Scenario 1 focuses on water production and not on the recovery of multiple
products, hence the deducted credits for product recovery are limited. Results for Scenario 1
suggest that focusing solely on water production may limit the environmental benefits of
resource recovery systems, as shown in Section 6.3.1.2. Incorporating multiple product

recovery, as in Scenarios 2 and 3, results in more sustainable economy positive outcomes.

When comparing multi-product ZLD systems with conventional systems, substitution can
provide more useful information. Decision-makers can use the results, with the substitution
approach applied, to inform their choice of desalination technologies based on their potential
for resource recovery. One limitation of the analysis regarding substitution is the requirement
of accurate data on the environmental impacts of substituted products, which may be difficult
to obtain. Specifically, in this analysis, inventory modeled in global (GLO) and inventory for

the regional markets for Europe (REW) were used for conventional production, and the credits
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from the avoided products (see Supplementary Information I, Section S4, Table S.15). Those

choices can influence the results and lead to uncertainty.

Comparing the mass and economic allocation on a process level shows that the economic
allocation results in lower environmental impacts across all the impact categories, ranging
from a 33% reduction for climate change to a 54% reduction for water depletion. Economic
allocation distributes the environmental impacts based on the economic value of the co-
products, which often results in lower impacts for the main product when high-value co-
products are present. This approach is useful for systems where economic revenue plays a
significant role in design, such as resource recovery systems. When the overall system results
are compared with the two allocation approaches, there is no difference in the environmental

impacts (see Supplementary Information II, Figure S.7, Figure S.8).

6.3.3.3. Methodological option C: Effect of allocation in alternative energy sources

Figure 6. 8 presents the comparison of the LCA results for three different methodological
options related to waste heat inclusion in the calculation: 1) Economic allocation, 2) Energy
allocation, and 3) Non-allocation (zero environmental impacts). An effect analysis of the
allocation methods (and related factors, or non-allocation with zero environmental impacts to
waste heat recovery) is conducted, focusing on climate change (Figure 6. 8 A), fossil

depletion (Figure 6. 8 B), and water depletion (Figure 6. 8 C). The impact categories are
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Figure 6. 8. Comparison of LCA results for waste heat inclusion by Economic allocation, Energy
allocation and non-allocation (no environmental burdens), for three impact categories: (A) Climate
change, (B) Fossil depletion and (C) Water depletion. FU: 1m? seawater fed.
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selected based on the relevance to the methodological decision. Additionally, all impact

category results for 1m? seawater-fed FU are available in Section 6.5.2, S2.

The three allocation methods significantly affect environmental impact performance and,
consequently, the decision-making process. In the case of the energy allocation method,
Scenario 1's environmental impacts increase by 75% across all categories, Scenario 2
increases by 56-70% across all categories, and Scenario 3 decreases by a wide range (2%-
114%) compared to the economic allocation. This decrease in Scenario 3 is attributed to the
absence of waste heat utilization. Despite not utilizing waste heat, Scenario 3 still allocates
the environmental impacts of electricity consumption based on the energy value of both
streams (electricity and waste heat). Notably, economic allocation assigns a 4.4 times higher
environmental burden to electricity consumption than energy allocation. Consequently, even
in the absence of waste heat utilization in Scenario 3, the choice of allocation methodology

results in significant variations in assessed environmental impacts.

The analysis demonstrates that the consideration of waste heat significantly influences the
environmental performance of the scenarios and, consequently, the decisions based on the
numerical results. The Non-allocation approach results in an 88-89% lower value than the
economic allocation approach across impact categories for Scenario 1 and 38-68% for
Scenario 2, highlighting the potential for misleading decisions when waste heat is excluded

from the analysis.

Figure 6. 9 shows the contribution from electricity, thermal energy, and chemicals for the
LCA results of the comparative analysis for waste heat inclusion by the three allocations
approached (economic, energy and no environmental burdens) across three impact categories
(Climate change, Fossil depletion and Water depletion). Scenario 2, with 1m?® seawater fed as
FU, serves as an example of the impact of the results. Results for all impact categories using
the three allocation approaches are available in Section 6.5.2 S2. The contribution analysis
aids in discussing design improvements to address the primary sources of impact and reduce
the environmental impacts. The analysis shows that using the different allocation approaches,
the contribution of the three components varies largely.

This variation highlights the importance of the methodological decision. For instance, in the
case of economic allocation, electricity emerges as the primary contributor across impact
categories (51%-71%), directing attention towards energy optimization, reducing electricity
consumption, and increasing renewable energy sources. Conversely, when energy allocation
is used, the results underscore the importance of measures like replacing waste heat,
identifying alternative waste heat sources (e.g., solar energy), and utilizing renewable energy

sources.
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Figure 6. 9. Comparison of LCA’s contributions (from chemicals and energy sources) for waste heat
inclusion for Scenario 2 by considering: Economic allocation, Energy allocation and non-allocation (no
environmental burdens); for three impact categories: (A) Climate change, (B) Fossil depletion and (C)
Water depletion.

Finally, there is a notable variation in the contribution from chemicals consumption to the
impact categories when different allocation approaches are applied: 21%-44% for economic
allocation, 17% for energy allocation, and 36%-71% for the non-allocation approach. This
means that chemicals consumption can play an important role in design improvement. In the
case of non-allocation, internal chemicals production and the utilization of renewable energy
sources could substantially reduce the system’s environmental impacts. The choice of
allocation method evidently influences potential design improvements and the priorities of
the decision-makers. This analysis demonstrates that the selection of key methodological

approaches in complex multi-product systems has profound consequences on the final results.

6.3.4. Sensitivity analysis: Effect of the energy mix on environmental impact

A sensitivity analysis has been conducted regarding energy policy, following the European
Green Deal guidelines [33] as explained in Section 6.2.2.5. The sensitivity of climate change
impacts to changes in the energy mix was assessed by comparing the differences across
various scenarios. As expected, transitioning to more renewable energy sources led to
significant reductions in climate change impacts. For instance, in Scenario 1, transitioning to
a case where 55% of electrical and thermal energy comes from renewable energy sources
(RES) resulted in a reduction in the impact of climate change by 54%. Similarly, in Scenario
2, this transition led to a reduction of approx. 53% in the climate change impact, while in

Scenario 3, the reduction was approx. 45%. Furthermore, when considering a scenario where
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100% of electrical and thermal energy comes from RES, the reductions on the climate change
impact were even more significant, with reductions of approx. 99% for Scenario 1, 96% for

Scenario 2, and 82% for Scenario 3.

The linear reduction observed specifically for Scenario 1 is due to the assumption that 0%
RES is used in the baseline energy mix (see Section 6.2.2.3). Scenario 1 is a very energy-
intensive scenario, utilizing both electricity and waste heat, with negligible use of chemicals
and other sources of environmental impacts. Therefore, the impacts from energy consumption
are dominant in this scenario, and they are reduced proportionally to the percentage of RES

integrated into the energy mix.

Overall, Scenario 3 consistently exhibited the lowest reductions in the impact of climate
change compared to Scenarios 1 and 2 under similar energy mix uses. This suggests that
Scenario 3's environmental performance is less sensitive to changes in energy mixes or related
policies compared to the other two scenarios because it uses only electrical-based

technologies, compared to Scenarios 1 and 2, where the thermal requirements are higher.

The impact of water depletion due to changes in the energy mix was analyzed by comparing
water depletion impacts across different scenarios. When transitioning to cases with higher
shares from renewable energy sources (RES), there is a variation in water depletion impacts
across technical Scenarios 1 and 2. For example, in Scenario 1, transitioning to the eCSP-55
case where 55% of electrical and thermal energy comes from RES led to a decrease in water
depletion impact of 47%. Similarly, in Scenario 2, this transition resulted in a decrease of 18%
in water depletion impact, while in Scenario 3, the increase is 1% compared to the baseline.
Furthermore, for the eCSP-100 case, the decrease in water depletion impacts is 85% in
Scenario 1 and 33% in Scenario 2, while in Scenario 3, there is an increase of 1% compared
to the baseline. Therefore, a neglectable increase of 1% is observed for the e-55 case for
Scenarios 1 and 2 for water depletion and an exponential decrease in the other two cases,
eCSP-55 and eCSP-100. The analysis underscores the influence of transitioning to renewable
energy sources on water depletion, with Scenario 3 showing marginal increases compared to
Scenarios 1 and 2. However, experts’ assessment is crucial to determine the significance of
these marginal differences in absolute numbers in decision-making processes. Detailed results

can be found in Supplementary Information II (see Section S2.6).

After examining the sensitivity analysis results across various energy mix cases, Figure 6.
10A zooms in on Scenario 2, revealing significant potential reductions in climate change,
human toxicity, and fossil depletion impacts with the transition to renewable energy sources.
Notably, a reduction of 95.5% on climate change was observed for the eCSP-100 case,

highlighting the effectiveness of renewable energy integration in mitigating climate change
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impacts. Similar to climate change, human toxicity and fossil depletion impacts decrease with
the implementation of renewable energy sources. In particular, human toxicity decreased only
by 1% in e-55, 34% in the eCSP-55 case and 62% in the eCSP-100 case compared to the
baseline, while fossil depletion follows the same trends as climate change. Transitioning to
renewable energy sources led to increases in marine ecotoxicity in Scenario 2 (of 23%-48%),
suggesting potential trade-offs between renewable energy use and environmental

sustainability in Scenario 2.
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Figure 6. 10. Sensitivity analysis of energy mixes on the five environmental impact categories for (A)
Scenario 2 and (B) Scenario 3.

Figure 6. 10B zooms in on Scenario 3, which has different trends compared to Scenarios 1

and 2. For the impact of energy mix on climate change and fossil depletion in Scenario 3, the
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impacts decreased by 45-82% and 47-84%, respectively, compared with Scenario 2, where
the decreases in those two categories are 55-96% and 55-96%, respectively. The effect of
energy mix on human toxicity for Scenario 3 is limited to 2% for e-55 and eCSP-55 and 4%
for eCSP-100. Contrary to climate change, human toxicity and fossil depletion, transitioning
to renewable energy sources led to increases in marine ecotoxicity by 95-173% and water
depletion impacts by 1% for all energy mixes in Scenario 3. Note that for Scenario 3, there is
no use of thermal energy, and therefore, there is no CSP, meaning that the effect is related to
the use of PVs.

Overall, the results underscore the importance of considering the broader environmental
implications of the used energy mix and the potential policy decisions. While renewable
energy integration yields substantial reductions in climate change and fossil depletion
impacts, it also introduces challenges such as heightened marine ecotoxicity and water

depletion.

6.3.5. Discussion and future work

This study highlights the critical role of LCA in designing and evaluating multi-product ZLD
systems for desalination and brine treatment. It is the first comprehensive LCA study to
address methodological challenges specific to integrated desalination and resource recovery
systems, including the impact of functional unit selection, allocation methods, and waste heat
inclusion—factors that have not been fully explored in previous studies on desalination LCA.
Functional unit selection: This study uniquely compares two functional units (I m* of
desalinated water and 1 m?® of seawater) to capture the diverse objectives of ZLD systems,
which include both water and resource recovery. Selecting 1 m?® of seawater as the functional
unit proves more appropriate for maximizing resource recovery, while 1 m* of desalinated
water aligns with minimizing brine discharge, similar to findings in wastewater treatment
where functional unit choice affects outcomes due to differences in influent and effluent
volumes [5]. This insight extends beyond previous desalination studies, which typically focus
on water output alone [12], underscoring the need for flexible, functional units in multi-
objective systems.

Allocation methods and co-product credits: This study compares economic allocation and
substitution, demonstrating that substitution provides a more comprehensive assessment by
capturing the avoided impacts of conventional production for recovered products. Previous
studies, such as [16], often rely solely on economic allocation, potentially overlooking the
environmental credits from material recovery. Our findings show that Scenarios 2 and 3,
which integrate multi-product recovery, achieve significant environmental credits, especially

in climate change and fossil depletion impacts, unlike Scenario 1, which focuses solely on
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water recovery. This demonstrates the environmental benefits of adopting multi-product ZLD
systems and highlights the importance of careful allocation choice. Detailed results can be
found in Section 6.5.2 S2.

Waste heat inclusion: This study examined the critical impact of waste heat inclusion on
LCA outcomes, challenging the common assumption of zero environmental burden for waste
heat [6,28] By contrasting economic and energy allocation of waste heat, we demonstrate
substantial differences in environmental impact values, particularly for climate change and
fossil depletion categories. Excluding waste heat significantly underestimates impacts,
potentially leading to misleading conclusions. Even if waste heat is not directly utilized, as in
Scenario 3, the allocation method impacts environmental assessments. This finding suggests
that waste heat should be incorporated in environmental evaluations of energy-intensive
processes, offering new insights for LCA studies on desalination and resource recovery.
Membrane replacement scenario: In addition to the core analysis, a scenario was evaluated
to assess the potential environmental impacts of membrane replacement as consumables. The
results indicated that the inclusion of membrane replacement did not significantly alter the
environmental performance across the key impact categories. This suggests that, for this
specific system configuration, membrane replacement has a relatively minor environmental
impact compared to other factors, such as energy consumption and chemical use. Their
disposal might affect the environmental impact of the system [36], but it is out of the system
boundaries of this analysis. Detailed figures comparing the scenarios with and without
membrane replacement are provided in see Section 6.5.2 S2.

Renewable energy integration and environmental trade-offs: This study provides a
comprehensive analysis of the impact of renewable energy implementation on desalination
and brine treatment. The results underscore the significant influence of the local energy mix
on assessment outcomes, with substantial reductions in climate change impact (up to 99% in
Scenario 1) and fossil depletion impact (up to 96% in Scenario 2) when transitioning to
renewable energy sources. However, renewable energy integration also introduces challenges
such as increased marine ecotoxicity (up to 173% in Scenario 3) or water depletion impacts.
This pattern has been similarly observed in LCA studies for solar MED systems [13]. By
quantifying the impact of different energy scenarios on key environmental indicators, this
analysis offers insights into the trade-offs and synergies between energy choices and
environmental sustainability.

Environmental benefits: Beyond the methodological focus, this study provides actionable
insights into the environmental impacts of integrated desalination and brine treatment
systems. Compared to conventional seawater desalination (SWRO), multi-product ZLD
systems have higher environmental impacts across all categories due to their complexity.

However, resource recovery scenarios (Scenario 2 and 3) outperformed Scenario 1, which
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aimed solely at water recovery and minimized brine discharge. This highlights the
environmental benefits of adopting resource recovery strategies in desalination. Compared to
conventional production of the recovered products, Scenarios 2 and 3 present significant
environmental benefits associated with the recovery of salts and chemicals, paving the way
for more sustainable water treatment. This aligns with studies emphasizing the advantages of
material recovery [4,37] but extends these findings by demonstrating that multi-product
systems can match or exceed conventional water production’s environmental performance.

Future directions: While this study provides valuable insights, future research should deepen
our understanding and refine the proposed methodology. Although the data sources and
assumptions are consistent across all scenarios, future work should incorporate a detailed
uncertainty analysis to account for variability in input data and assess how this impacts the
robustness of the findings. Additionally, expanding the system boundaries to include the full
life cycle will provide a more comprehensive environmental evaluation. Addressing these
aspects will refine the LCA approach for desalination and resource recovery systems, offering

a framework for more sustainable seawater treatment.

6.4. Conclusion

This study underscores the importance of methodological choices in Life Cycle Assessment
(LCA) for resource recovery systems in desalination, offering novel insights into how key
methodological choices affect environmental outcomes. By comparing conventional and
multi-product Zero Liquid discharge systems, it becomes evident that methodological
decisions, such as the selection of multifunctionality handling approaches (e.g., economic
allocation and substitution), play a pivotal role in shaping environmental assessments. The
choice of a functional unit is crucial and aligns with the assessment objectives and the needs
of decision-makers. This study demonstrates that the environmental impact can vary
significantly depending on the chosen functional unit for desalination, especially when there
are major differences in volumetric flows. This reveals a novel consideration for assessing
resource recovery systems. Selecting an appropriate multifunctionality approach is essential,
with economic allocation and substitution offering complementary perspectives. Substitution,
in particular, provides a clearer picture of the environmental benefits of resource recovery
systems. Excluding waste heat from the inventory in current methods can lead to significantly
misleading conclusions, as demonstrated by the substantial differences in impact values when
waste heat is neglected. These findings emphasize the necessity of incorporating waste heat
into assessments for accurate and reliable environmental performance evaluations.

Overall, this paper contributes to improving LCA methodologies for integrated desalination
and resource recovery systems, providing a more robust framework for decision-analysis and

offering valuable insights for optimizing sustainable solutions. Future work should build on
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these findings by incorporating uncertainty analysis and considering full life cycle
assessments, which will lead to more reliable environmental evaluations and better system

designs.

6.5.  Supplementary information

6.5.1. Supplementary Information |

See documentation.

6.5.2. Supplementary Information II

See documentation.
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Criteria interdependency in multi-
criteria decision-making on
sustainability: Desalination for
resource recovery case study




ABSTRACT

In real-world sustainability assessments, decision criteria often influence each other, but
traditional multi-criteria decision-making methods assume independence, potentially
overlooking critical cross-criteria influences. This work addresses this limitation by
integrating the Best-Worst Method with Decision-Making Trial and Evaluation Laboratory
(DEMATEL) techniques to account for interdependencies in the weighting process and
explores their effects on decision-making outcomes. The methodology was applied to assess
technological alternatives for integrated desalination and brine treatment plants, aiming at
recovering resources like water, salts, and chemicals. Hierarchical clustering and
PROMETHEE were employed to rank the sustainability performance of the alternatives. The
analysis identified operating expense as the most dominant cause factor and water production
as the strongest effect factor, highlighting key system drivers. Incorporating
interdependencies slightly adjusted weight distributions, notably in social and environmental
dimensions, without altering final rankings. Stakeholder clustering revealed three distinct
preference groups, and interdependencies reduced variability in weight judgments, enhancing
alignment within clusters. Clustering preferences exert a more pronounced influence on
rankings than interdependencies alone. While interdependencies had minimal numerical
impact on rankings, they provided valuable conceptual insights into the complexity of criteria
interactions. This study highlights the trade-offs of incorporating interdependencies and the
importance of stakeholder clustering in participatory sustainability assessments and decision-
making.
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7.1.  Introduction

Multi-criteria decision-making (MCDM) is a well-established field that offers a variety of
tools, methods and techniques for addressing the trade-offs inherent in sustainability
assessments [1-3]. It enables decision-makers to evaluate and prioritize alternatives based on
multiple criteria, encompassing economic, environmental, social, and technological
dimensions [4]. MCDM methods provide a structured and transparent approach, making
diverse data (qualitative and quantitative) more manageable and comparable [5]. Qualitative
approaches and evaluations have become the rule rather than the exception in evaluating
problems concerning socio-economic and physical planning [6] and are essential to include
the best available information in the assessment process [7,8].

According to [9,10], effective multi-criteria methods should 1) prioritize simplicity to ensure
transparency, 2) adopt a hon-compensatory structure to prevent high scores in some criteria
from offsetting bad performances in other criteria, and 3) use weights strictly as importance
coefficients. Although there is no “best” MCDM method [11], the selection of MCDM
methods depends on the characteristics of the problem, such as the data, the scope of the study,
and the number of indicators [11-13]. Weighting criteria is a critical step in MCDM as it
assigns relative importance to indicators, reflecting their significance in sustainability
assessments [14].

In real-world sustainability assessments, decision criteria are rarely independent [15,16].
Interdependence occurs when criteria mutually influence one another, affecting their relative
importance. However, many traditional MCDM methods assume independence between
criteria. This simplification can lead to solutions that fail to reflect real-world complexities
[17]. In sustainability contexts, criteria often support or conflict with one another. Ignoring
these interdependencies can lead to less practical insights [16]. Integrating methods that
account for these interrelationships could be crucial for more accurate and robust decision-
making in sustainability assessments [1,18].

The Analytic Hierarchy Process (AHP) [19] and Best-Worst Method (BWM) [20] are widely
used MCDM techniques for defining criterion weights through pairwise comparisons. AHP
structures the decision problem hierarchically, with the objective at the top and alternatives at
the bottom, requiring n(n-1)/2 comparisons for n criteria. BWM enhances this process by
reducing the pairwise comparisons and employing an optimization model that minimizes
inconsistencies arising from multiple pairwise comparisons. However, both methods typically
assume that criteria are independent, whereas criteria are often interdependent in real-world
contexts, potentially influencing outcome robustness.
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To address interdependencies, methods like the decision-making trial and evaluation
laboratory (DEMATEL) are frequently used to determine the influence matrix that reflects
the degree of impact one criterion has on another [21]. The analytic network process (ANP),
an extension of the AHP, handles dependence within and among different sets of criteria
[22,23]. Integrated approaches like DEMATEL-ANP (DANP) have been widely used to
address dependent relationships among criteria and obtain the relative importance/weighting
preferences for each criterion [24-26]. However, these approaches can be procedurally
complex, requiring a large number of pairwise comparisons. This complexity not only
increases subjectivity but also makes communication with stakeholders challenging,
especially when expertise is needed to assess the relationships between criteria accurately or
when there is a time constraint. Incorporating BWM into this framework can mitigate these
challenges by significantly reducing the number of pairwise comparisons required.

Few studies have explored the integration of BWM and DEMATEL to account for
interdependencies among criteria in decision-making processes. For instance, [27] and [28]
applied BWM to determine the relative weights of criteria, followed by DEMATEL to analyze
interrelationships among them. While effective in highlighting critical factors, these
approaches stop short of fully integrating interdependencies into a unified decision-making
framework. Other studies, like [29], have proposed hybrid models, but they either rely heavily
on expert judgment or fail to provide a robust, objective assessment of the interdependencies’

impact on decision outcomes.

Despite these advances, there remains a critical gap in understanding how interdependencies
influence both the numerical and conceptual aspects of decision outcomes, particularly in
sustainability assessments where interactions among economic, environmental, and social
dimensions are essential. Existing studies often prioritize identifying relationships among
criteria but do not assess how interdependencies influence final rankings or decision
robustness.

The study aims to evaluate the impact of interdependencies among criteria in an MCDM
process for sustainability assessment. We propose a novel integration of BWM and
DEMATEL, developing a composite weighting system that balances methodological rigor
with practical feasibility by reducing the number of pairwise comparisons required. The
potential benefits and limitations of incorporating interdependencies are also evaluated,
highlighting the value of this integrated approach in addressing decision-making scenarios.
The framework is applied to the sustainability assessment of desalination and brine treatment
systems, a domain characterized by interdependencies among environmental, economic, and
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social criteria, making it an ideal case for evaluating the effectiveness of the proposed
methodology.

7.2.  Development of methodology

Weight determination in multi-criteria decision-making aims to reflect the relative importance
of each criterion while accounting for their interdependencies. However, depending on the
multicriteria aggregation method, the meaning of the weights can be different [30]. Weights
in linear aggregation methods have the meaning of trade-offs, allowing full compensation
among criteria. In outranking methods, weights have the meaning of importance coefficients,
reflecting the relative importance among criteria and requiring non-compensatory aggregation
procedures. In the proposed model, the initial weights are derived using the BWM and then
refined through DEMATEL, which quantifies the interdependencies among criteria. This
integrated approach ensures that the final weights more accurately represent real-world
relationships, providing a more realistic foundation for sustainability assessments.

The weighting process follows three stages: (1) DEMATEL is used to calculate the indirect
influence of criteria on the goal by analysing interdependencies; (2) BWM determines the
direct importance of each criterion through pairwise comparisons; and (3) the composite
weight is calculated by combining the results from both methods, providing a more
comprehensive set of weights for ranking and prioritizing alternative scenarios. Figure 7. 1
presents an overview of the proposed three-stage weighting.

209




0T¢

Figure 7. 1. Overview of the proposed three-stage weighting process integrating BWM and DEMATEL to calculate composite weights with

interdependencies.
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7.2.1. Stage 1: The DEMATEL technique for developing the indirect influence

In this stage, the degree of interdependence among the criteria is obtained, and the relative
influence-intensity weights of the criteria according to the interdependencies are derived.
Following the work from [23], the DEMATEL method can be summarised in the four key
steps.

Step 1: Obtain the indirect-influence matrix.

In this step, the answers of respondents indicate the degree of influence each criteria i exerts
on each criterion j. The influence degree is expressed by a;;, using an integer scale ranging
from 0 to 10 (see Table 7. 1).

Table 7. 1. Influence-intensity scales for the correlations among criteria.

Verbal phrase Relative influence-intensity score

No influence 0
Somewhat between no and low

Low influence

Somewhat between low and medium
Medium influence

Somewhat between medium and high
High influence

Somewhat between high and very high
Very high influence

© 00 N o g B~ W N

Somewhat between very high and dominated

=
o

Dominated influence

Then, an indirect-influence matrix A = [aif]nxn is derived, within which all principal

diagonal elements are equal to zero. The direct-influence matrix is presented as shown in eq.
1:

a11 “es al] ses aln
A= |G - QG - Qi eq.1
T N S

Calculate the normalized direct-influence matrix. The normalized direct-influence matrix X =

[xii]nxn can be achieved by using eq. 2 and 3, in which all principal diagonal elements are

equal to zero.
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X=AXz eq.2
) 1 1 eq.3
Z = min
nog noq.

All elements in the matrix X are complying with 0 < x;; <1,and 0 <¥;x;; <1 or0<

Yjxi; < 1, and at least one column or one row of summation, but all, equals to one.

Step 2: Derive the total-influence matrix T.
A continuous decrease of the indirect effects of problems can be determined along the powers
of X, e.g., X2, X3,...,X" and Jim X" = [0],xn. The total-influence matrix T = [t;;],xn iS

then computed by summing the direct effects and all of the indirect effects by eq. 4, in which
I denotes the identity matrix.

T=X+X?+X3+-+X"=XU-X)"' whenh - eq.4

Explanation

T=X+X?+X34+ -+ X"=XU+X+X?++X""HU-X)1-X)?
=XU-X"HU-x)1

Then,
T=X(I-X)71, whenh — o

Step 3: Produce the influential relation map (IRM)

The sum of rows and columns from the total-influence matrix T are defined as vector R and
S:

n
R = [rilax: = [Z tij\ eq.5
nx1
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n eq.6
= lol,= [ 0]
i= 1xXn

7; is the i row sum in the matrix T and shows the sum of direct and indirect effects of criteria
i on the other criteria. Similarly, s; is thej"column sum in the matrix T and shows the sum
of direct and indirect effects that criteria j is receiving from the other criteria. When i = j, the
horizontal axis vector (R + S) named “Prominence” illustrates the strength of influences that
are given and received by the criteria. It stands for the degree of the central role that the criteria
play in the system. In addition, the vertical axis vector (R — S) called “Relation” shows the
net effect that the criterion contributes to the system. If r; — s; is positive, then the criterion i
is influencing other criteria in the system and can be grouped into cause group; if r; —s; is
negative, then criterion i is being influenced by other criteria and should be grouped into effect
group. Finally, an IRM can be created by mapping the dataset of (R + S,R — S), which
provides valuable insights into the interdependence of criteria in the system.

Step 4: Calculate the influential weight of the criteria.

Utilizing the prominence (R + S) obtained in previous steps, the weights of criteria can be
calculated in DEMATEL. It is important to note that the weights calculated through this
method represent the relative strength of influence of the criteria on the entire system rather
than the relative importance of criteria with respect to the goal of decision-making. The
influence weight of criteria w, = [w;;],x; IS calculated through a normalization of
prominence (R + S) as follow:

T'i+5i

wWy==o——,i=12,..,n eq.7
?=1Ti +Si

7.2.2. Stage 2: The BWM technique for developing the direct influence

In this stage, the relative importance of each criterion to the decision-making goal is obtained
and the direct weights w,; = [w;4],x1 are calculated using the Linear Best Worst Method
(LBWM). This involves soliciting expert opinions on the best and worst criteria concerning
the goal and using pairwise comparison to determine the preference of the best criterion over
other criteria and the preference of other criteria over the worst criterion. A numerical scale
ranging from 1 to 9 is utilized to express the degree of preference (see Table 7. 2). Following
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the work from [20,31], the implementation of the Linear BWM method can be summarised
in the four key steps.

Table 7. 2. Relative importance scale.

Verbal phrase Relative importance score

Extremely important 9
Very strongly to extremely important
Very strongly important

Strongly to very strongly important
Strongly important

Moderately to strongly important
Moderately important

Equally to moderately important

R N W b 01O N ©

Equally important

Step 1: Determine the best (e.g., the most important) and the worst (e.g., the least important)
criteria.

In this step, the decision-maker identifies the best and the worst criteria. No comparison is
made at this stage.

Step 2: Determine the preference of the best criterion over all the other criteria using a
number between 1 and 9.

Determine the preference of the best criterion over all the other criteria using a humber
between 1 and 9. The resulting Best-to-Others (BO) vector would be Ay = (agq, agz, -, Agn),
where ag; indicates the preference of the best criterion B over criterion j. Itis clear that agp =
1.

Step 3: Determine the preference of all the criteria over the worst criterion using a number
between 1 and 9.

The resulting Others-to-Worst (OW) vector would be A,, = (aiw, G, - » Q)T » Where Ay

indicates the preference of the criterion j over the worst criterion W. It is clear that a,y, = 1.

Step 4: Find the direct weights.
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The direct weight is the one with minimum inconsistency, where % = ag; and W—’ = a;y can
j w

be satisfied. To satisfy these conditions for all j, the solution should minimize the maximum
absolute differences |wp — ag;jw;| and |w; — a;wy | for all j. A linear optimization model

is applied as a solution to obtain the direct weights w; = [Wig]nxi:

Min €

s.t.

|WB - aB]-W]-| <¢g, forallj

|wj — ajwwy| < e, forallj eq.8
w; =0 for all j

7.2.3. Stage 3: Combining DEMATEL and BWM to calculate the evaluation
weights

In this stage, the composite weights that reflect the relative importance of each criterion while

accounting for their interdependencies are calculated. To obtain the composite weights, the

direct weights wy; = [w;;],x; from stage 2 and the direct-influence matrix A = [aii]nxn

from stage 1 are combined into a composite direct-influence matrix A, as shown in eg. 9:

G Ci G Cn
G 0 0 0 0
€1 wig ap - aij ot Qan
A= ¢ : : : : €q.9
Ci Wig an - aj - Qpn
Cn Wna Qp1 0 Qpj o Qpp

In accordance with the normalization approach outlined in stage 1, the direct-influence matrix
A, is normalized to produce the normalized direct-influence matrix X, using eq. 10 and eq.
11.

G c G Cp
G 0 0 0 0
Ci wig ann/dy - aq5/d; a1n/dn
Xe= ¢ : : : : eq.10
G wyqg ap/dy a;;/d; Ajn/dn
Cn Wnd anl/dl anj/dj ann/dn
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Where d] = Z?:l ai]-

1
_ vy 11
Xc—xcxn 1 (11)

The composite total-influence matrix T, is then calculated using Eq. (4) and presented in Eq.
(12).

G G - G o Gy
G 0 0O - 0 - 0
Cl Wic tcu tc 1j tcln

T,= i i i : 2 (12)
Ci Wic tcil tci]' tcin
Crn Wy teny te nj tenn

where the composite weights of criteria are represented by w, = [wi:]nx1-

7.3.  Application of the model to empirical case

The methodological approach described in Section 7.2 has been applied to the case of
integrated desalination and brine treatment plants, which aim to recover valuable resources
such as water, salts, and chemicals (see Figure 7. 2). Various technological alternatives exist
for integrating desalination with the recovery of different products, and selecting the most
sustainable option is a challenge for stakeholders and decision-makers [13]. An MCDM
framework is essential for evaluating these alternatives, as it helps assess the sustainability of
each design, considering multiple objectives, such as environmental impact, economic

Sustainability assessment of alternative novel designs

~
4 \
Technical
D?Ii-naiung -

Social

Economic

Environmental

X

E)

Post-treatment

Figure 7. 2. Schematic description of integrated desalination and brine treatment plants aiming to
resource recovery (Adjusted from [32]).
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feasibility, and social acceptability. The multi-objective nature of desalination for resource
recovery adds complexity to the system, leading to greater interdependence among the
influencing factors. This makes the analysis of conflicting criteria in sustainability
assessments particularly challenging, further underscoring the need for a robust MCDM
approach that can capture both the direct importance of criteria and their interdependencies.

7.3.1. Definition of scenarios

Three technical scenarios are evaluated and ranked regarding their sustainability
performances. Although all scenarios aim to increase water recovery and reduce brine
discharge compared to typical seawater desalination, they differ in their specific objectives
[32]. These technical scenarios aim to recover water, salts (NaCl, Mg(OH),, Na.SQa), and
chemicals (HCI, NaOH) from seawater. Each scenario corresponds to distinct real-world
recovery objectives, ranging from simple water recovery to advanced chemical extraction:

e Scenario 1 focuses on maximizing water recovery while minimizing brine discharge
without the recovery of additional products.

e Scenario 2 integrates the RO plant with the brine treatment plant to optimize both
water and salt recovery.

e Scenario 3 prioritizes the recovery of specific chemicals, such as HCI and NaOH,
using only electricity-based technologies.

A detailed overview of the technical scenarios, including their objectives, the technologies,
and the recovered products, is reported in Table 7. 3. Additionally, visualizations of the
scenarios are available in Section 7.7.1, S3. The feed flow rate is the same for all the scenarios,
and it is set equal to 3000 m®/d. Further details on the design and simulations of these scenarios
can be found in [32].

Table 7. 3. Overview of technical scenarios for integrated desalination and resource recovery from
seawater.

Scenario Obijective Technologies Recovered products

1 Maximize water recovery and NF, MED, ThCryst Water, Mixed salts
minimize brine discharge

2 Integrated RO plant with brine RO, NF, MED, Ca(OH)2, HCI, Ice,
treatment for recovery of water and ~ ThCryst, MFPPR, Mg(OH)2, NaCl,
valuable products and minimizing EFC, EDBM NaOH, Na2504, Water
brine discharge

3 Integrated RO plant with brine RO, NF, ED, Ca(OH)2, HCl,
treatment focusing on chemical MFPR, EDBM Mg(OH)2, NaOH,
recovery, using only electricity- Water

based desalination
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ED: Electrodialysis; EDBM: Electrodialysis with bipolar membranes; EFC: Eutectic freeze
crystallization; MED: Multi-effect distillation; MFPR: Plug-flow reactor; NF: Nanofiltration; RO:
Reverse Osmosis, ThCryst: Thermal crystallizer.

7.3.2.
Table 7. 4 gives an overview of the selected indicators used for the sustainability assessment.

Define assessment indicators

The detailed definitions and mathematical formulations of the indicators are given in Section
7.7.1, S1.

Table 7. 4. The indicators used to operationalize the objectives in view of sustainability assessment.

Objective Indicator Units Code
__ Energy performance Energy consumption GWh T1
[
L2
8 Increase water recovery Quantity of water produced 1000 m3/year T2
o
c
g Increase efficiency Resource efficiency % T3
[ S . .
Minimize brine production Brine production Ton/year T4
Product value Levelized cost €/amount of F1
© product
5 S CAPEX Me F2
S  Economic viability of the plant
g OPEX Mé€/year F3
Profitability Production efficiency €/€ F4
$  Climate change impact Carbon dioxide emission MTon CO2-Equ El
c
qg Resource utilization Water footprint 1000 m3/year E2
o
E Use of chemicals Human toxicity MTon1,4-DB eq E3
Operational complexity - S1
Improve working conditions .
Safe and healthy conditions - S2
s
[8}
3 Impact on employment created Local employment ) s3
by local employers
Social acceptance Level of_agsthetlc - S4
acceptability
7.3.3. Indicator score determination

Technological, economic, environmental and social indicators are determined by techno-
economic models and Life cycle assessment (LCA). In particular, technical process models
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developed using the open-source software explained in Chapter 3, are employed to generate
the inventory for data on mass and energy flows. The software, available at the GitHub
repository  (https://github.com/rodoulak/desalsim), facilitated the creation and

implementation of these models. Additionally, results from Chapter 5 were employed for the
Levelized cost of water (with economic allocation) and results from Chapter 6 were employed
for the environmental indicators. Table S.3 in Supplementary Information | presents the
inventory data for scenarios 1-3.

7.3.4. Measuring relationships among dimensions and among indicators by
DEMATEL

The questionnaire for calculating interrelationships between indicators is designed based on
the DEMATEL technique and adapted from [23]. Due to the large number of indicators in the
case study, the DEMATEL questionnaire contains an excessive number of questions, and
thereby, it is time-consuming to complete. Due to time constraints, one expert with deep
knowledge of the project was selected to respond, ensuring that experienced decision-makers
evaluated the interrelationships. The responses are used to construct an average direct
influence matrix in the preliminary analysis.

7.3.5.  Weighting of each dimension and indicator by BWM

In this step, diverse stakeholders were asked to assign criterion weights through the BWM.
Stakeholders were identified based on their roles in the technological, economic,
environmental, and social dimensions of the project, ensuring that all key areas were covered,
including both beneficiaries and those potentially affected by the outcomes [13].

The stakeholders were selected according to their expertise and potential impact on the
project. For example, researchers and academic institutions bring valuable expertise in
desalination technologies and sustainability assessments, ensuring that scientific
advancements and environmental impacts are considered when assigning weights to
indicators. Policymakers play a crucial role in ensuring that regulatory, environmental, and
public safety standards are properly reflected in the decision-making process, helping align
project outcomes with national and international policies. Local communities and industrial
users are directly impacted by the environmental and economic outcomes of desalination and
resource recovery projects, making their input essential to ensure that social equity and
economic viability are adequately weighted. The analysis, which includes the identification
of technological experts, advisors, policymakers, and community representatives, is available
in Section 7.7.1, S1.
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The questionnaire for calculating direct weights follows the official BWM template
(https://bestworstmethod.com/). Stakeholders first evaluate the four dimensions—

technological, economic, environmental, and social—before assessing the specific indicators
within each dimension. Expert evaluations are completed individually and then integrated at
the end. The optimal weights for each criterion are calculated by solving the BWM
optimization model for all respondents.

7.3.6. Combining DEMATEL and BWM to calculate the evaluation weights

To calculate the composite weights, the influence matrix (DEMATEL matrix) is combined
with the direct weights (BWM) to form composite direct influence matrices, reflecting input
from each stakeholder. To efficiently integrate these matrices with the weights obtained from
the BWM optimization model, as explained in Section 7.2.3, a Python script was developed
to automate the calculation of the composite weights.

7.3.7. Group weighting: Hierarchical clustering

Following [33], hierarchical clustering is applied in the group weighting stage to establish
group priorities, minimize information loss, and include unpopular opinions. This method
aggregates stakeholder opinions without forcing consensus in the MCDM process [33]. It
acknowledges differing views and ensures less common perspectives are considered, offering
decision-makers insight into the distribution of opinions. Note that the average weights
(aggregation method) within each stakeholder cluster were computed using the arithmetic
mean. Given that the stakeholder groups were formed based on similar weight patterns and
the BWM outputs are normalized importance coefficients, the arithmetic mean was
considered a suitable approach for aggregating the individual weights.

Each stakeholder j is represented as a point W/ = (w{_,wj, ...,w;..) in an n-dimensional

weight space, where n is the number of criteria, lec is the evaluation weight of criteria i
evaluated by stakeholder j. Initially, each point is treated as a cluster. Using Ward’s method
[34], clusters are iteratively merged to minimize intra-cluster variance. This is achieved by
calculating the squared Euclidean distance between cluster pairs and merging the closest ones.
This process repeats until all clusters are merged into a single cluster. Eq. (13) presents the
distance measure between the composite weights w, from two clusters.

Ward’s method minimizes information loss at each step by selecting the pair of clusters that
increase variance the least. It's crucial to determine an appropriate number of clusters, as fewer
clusters increase within-cluster variance. This decision is often based on statistical tests and
the researcher's expertise. Once the clusters are formed, each group’s preferences are

represented by an average set of composite weights [33].
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dij = d((W2), (W) = WP w2 = S, (w? - wid)’ eq. 13

For further details and access to the code, see Supplementary Information | (Section 7.7.1,
S5).

7.3.8. Performance score calculation: Alternative ranking by PROMETHEE Il

Performance scores indicate the relative preference across alternatives by ranking them.
PROMETHEE Il is applied according to [35] and [36] to aggregate information and provide
a full ranking of desalination and brine treatment alternatives based on sustainability
performance. PROMETHEE constructs an outranking relation, comparing alternatives based
on their performance across criteria to highlight contribution differences between them [37].

PROMETHEE was selected for its simplicity and ability to handle data uncertainty with fewer
parameters. It supports partially or non-compensatory decision-making, essential for
sustainability assessments where trade-offs between criteria are undesirable [38].

The ranking process aggregates the performance of alternatives across all criteria using
pairwise comparisons. The selection of a preference function depends on the scale of the
underlying criteria [39]. Considering the criteria selected for the case study, the preference
functions selected are provided in Section 7.7.1, S6. To apply the model and obtain the
ranking of alternatives, indifference and preference thresholds must be defined. The
indifference threshold q represents the maximum difference between two alternatives where
no preference is given, while the preference threshold p represents the minimum difference
that makes one alternative preferable to the other under a given criterion [38]. Following [40],
thresholds of 5% for g and 10% for p of the lower criterion score were used, with adjustments
for increased uncertainty.

These thresholds, combined with the criterion weights and preference functions, form the
basis for ranking the alternatives. Once all the parameters are defined, PROMETHEE Il is
implemented using the Python pyrepo-mcda package [41,42] to automate calculations and
allow sensitivity analysis.

7.4. Results

7.4.1. Relationships among indicators

Following the procedure described in Section 7.2.1, the relationships among the indicators
were calculated using the average values derived from two expert evaluations. The initial
evaluation matrix is available in Supplementary Information Il (Section 7.7.2). Figure 7. 3
shows the influential relation map (IRM) for assessment indicators, which provides valuable
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insights into how different criteria interact and influence each other within the desalination
and brine treatment systems.
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Figure 7. 3. Influential relation map (IRM) at indicators level. T1: Energy consumption; T2: Quantity
of water produced; T3: Resource efficiency; T4: Brine production; F1: Levelized cost; F2: CAPEX; F3:
OPEX; F4: Production efficiency; E1: Carbon dioxide emissions; E2: Water footprint; E3: Human
toxicity; S1: Operational complexity; S2: Safe and healthy conditions; S3: Local employment; S4: Level
of aesthetic acceptability.

The IRM categorizes the indicators into four quadrants based on their prominence (R+S) and
relation (R-S). Indicators in quadrant I (top-right) are strong cause factors, exerting significant
influence over other criteria, while indicators in quadrant 111 (bottom-left) are strong effect
factors, heavily influenced by other indicators [21]. This differentiation helps identify which
criteria drive system performance and which are more responsive to external factors.

The OPEX (F3) emerges as the most dominant cause factor, with the highest influence on
other indicators. This implies that controlling operational costs is crucial for improving the
overall performance of the system. On the other hand, the quantity of water produced (T2) is
the strongest effect factor and can be largely affected by other criteria. Indicators like
production efficiency (F4) and resource efficiency (T3) exhibit high prominence but low
direct influence, implying that while these factors are important for the sustainability of the
system, they depend on improvements in other areas.

Based on the IRM at the dimension level (see Section 7.7.2, S1), the economic and
environmental dimensions are the key drivers in desalination sustainability, exerting the most
influence on overall system performance. Improvements in these areas are crucial for driving
positive outcomes across other dimensions. In contrast, the technological and social
dimensions are more dependent, indicating that advancements in these areas rely on progress
made in the economic and environmental factors.
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7.4.2. Individual weights

At the individual level, stakeholders provided direct weights (BWM method) for the
dimensions and the selected indicators. The results of this prioritisation exercise are available
in Supplementary Information Il (see Section 7.7.2, S2). Following the developed
methodology described in Sections 7.2 and 7.3, the composite weights are calculated at the
individual level. Figure 7. 4 shows the dispersion of individual composite weights assigned
to the various criteria by each stakeholder. The spread of points reveals the variability in
stakeholders' preferences, emphasizing differences in how certain criteria are valued. For
example, criteria E1 (carbon dioxide emissions) and S2 (safe and healthy conditions) show a
wide range of assigned weights, indicating a high degree of disagreement among stakeholders
about their importance. In contrast, criteria F2 (CAPEX) and F3 (OPEX) show more
concentrated opinions, reflecting a stronger agreement among stakeholders on their

importance.
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Figure 7. 4. Dispersion of individual stakeholder composite weights assigned to various indicators (T1
to S4). Each point represents the weight assigned by a specific stakeholder to a particular indicator, with
the horizontal lines indicating the average value across all stakeholders. T1: Energy consumption; T2:
Quantity of water produced; T3: Resource efficiency; T4: Brine production; F1: Levelized cost; F2:
CAPEX; F3: OPEX; F4: Production efficiency; E1: Carbon dioxide emissions; E2: Water footprint; E3:
Human toxicity; S1: Operational complexity; S2: Safe and healthy conditions; S3: Local employment;
S4: Level of aesthetic acceptability.

Descriptive statistics of the weights assigned to each criterion are provided in Table 7. 5. E1
(carbon dioxide emissions) shows the highest variability (S.D 9.90%), followed by E2 (water
footprint), reflecting diverse stakeholder opinions on its importance and indicating differing
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views on the environmental impact of integrated desalination and brine treatment projects.
Overall, the analysis reveals that environmental indicators generate the most disagreement. In
contrast, F2 and S4 exhibit the lowest variability.

Extreme opinions (see criteria T3, T4, F1, F3) or a number of stakeholders with different
opinions (see criteria S2, S3) on the importance of the indicators are visible. These
divergences are often overlooked when averaging opinions, as explained in Section 7.3.7. To
better capture this diversity, hierarchical clustering was applied to group individual weights
and highlighted diverse preferences rather than achieving a forced consensus. This approach
allows for more tailored decision-making, recognizing the complexity of stakeholder
preferences. The detailed results of the individual composite weights are given in
Supplementary Information Il (see Section 7.7.2, Table S.9).

Table 7. 5. Descriptive statistics according to individual direct and composite weights.

Direct weights Composite weights

Average(%) Min(%) Max(%) SD(%) Average(%) Min(%) Max(%) SD(%)
T1 6.68 0.51 24.08 6.72 6.63 0.80 2291 6.30
T2 5.72 0.83 14.26 4.51 5.75 1.19 13.79 4.23
T3 5.46 0.46 36.34 8.18 5.55 0.88 34.41 7.65
T4 4.37 0.20 26.49 5.98 4.50 0.54 25.20 5.61
F1 6.65 0.92 30.18 6.62 6.71 1.36 28.70 6.20
F2 2.59 0.29 10.65 2.49 2.82 0.69 10.30 2.30
F3 5.56 0.54 37.55 7.94 5.78 1.05 35.65 7.42
F4 7.25 0.95 23.84 6.95 7.31 1.37 22.86 6.52
El 11.71 1.30 39.26 10.61 11.35 1.67 37.11 9.90
E2 9.99 1.17 33.05 9.90 9.64 1.38 31.18 9.24
E3 10.67 1.82 30.25 8.37 10.36 2.05 28.71 7.81
S1 4.24 0.75 28.92 6.08 4.38 1.06 27.48 5.70
S2 11.43 1.91 32.27 9.07 11.14 2.19 30.51 8.48
S3 4.85 0.39 15.79 5.06 5.02 0.72 15.25 4.76
sS4 2.80 0.30 11.73 3.13 3.06 0.62 11.37 2.94

7.4.3. Group weighting: determination of group priorities

The dendrogram in Figure 7. 5 shows the sequence by which stakeholders and groups are
merged according to the similarities of their priorities (Figure 7. 5A direct weights and Figure
7. 5B composite weights). At each step, the number of clusters decreases and the within-
cluster variance (the difference of opinions within the cluster) increases. The cutting line
results in three distinct clusters based on the potential similarities and discrepancies in
individual weights.
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Figure 7. 5. Comparison of stakeholder clustering based on direct weights (A) and composite weights
(B). The vertical dashed lines indicate the distances at which key separations between clusters occur.

The clustering results for both direct and composite weights are similar, as expected. This is
because a single influence matrix is consistently applied across all stakeholders for the indirect
influence weights (derived from DEMATEL), whereas direct weights (from BWM) are
individualized. The uniformity in the influence matrix stabilizes the clustering outcomes.
Although interdependencies do not change the final cluster assignments, they affect
hierarchical clustering by reducing the maximum clustering distance. The maximum distance
for composite weights (0.77) is slightly smaller than for direct weights (0.82), indicating that
considering interdependencies in desalination criteria reduces the variability of the weights,
which represents the stakeholder judgments.

Clusters show clear priorities across stakeholder groups:

- Cluster 1: social and environmental advocates represents stakeholders with a
strong focus on both social and environmental dimensions. This group assigns
significantly higher importance to these two dimensions than to economic and
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technological factors in both the direct and composite weightings. The stakeholders
in this cluster likely prioritize environmental protection and social concerns.

- Cluster 2: environmentally focused stakeholders with balanced priorities shows
a clear preference for ecological considerations, with the environmental dimension
receiving three times higher weight than the other dimensions. The other
dimensions—technological, economic, and social—are of relatively similar
importance to those of stakeholders in this cluster.

- Cluster 3: technology-driven stakeholders are primarily focused on the
technological dimension, assigning it the highest importance, followed closely by
the economic and environmental dimensions. This group places little emphasis on
the social dimension, suggesting that these stakeholders are likely driven by the need
for technological advancements and economic viability to achieve sustainability
goals.

These distinct priorities highlight the need for tailored strategies in decision-making to address
the specific sustainability concerns of each group. The detailed results of the cluster analysis
are given in Supplementary Information Il (see Section 7.7.2, S3).

7.4.4. Group weights: direct and composite weights

The group weights are calculated by averaging the individual weights in each cluster. Figure
7. 6-Figure 7. 8 present the direct and composite weights for the four dimensions and the
individual indicators for the three clusters. The analysis reveals that integrating
interdependency among criteria into weight determination affects the final relative importance
of each criterion.

In Cluster 3 (cluster with majority opinions), the relative ranking of the dimensions remains
consistent, with the technological and economic dimensions retaining the highest importance.
However, the actual weight percentages shift once interdependencies are accounted for, as
shown in Figure 7. 6A. The composite weights reflect a slight increase in the social dimension
(18%) and a slight decrease in the environmental dimension (3%) compared to their direct
weights. These results align with insights from the influential relation map (see Figure 7. 3
and Figure S.4 in Section 7.7.2, S1), where the social dimension, acting as an effect factor, is
more reactive and influenced by other dimensions. This dependency contributes to its increase
in composite weight, indicating its responsiveness within the system. In contrast, the
environmental dimension, identified as a cause factor, influences other dimensions more than
it is influenced, leading to a slight reduction in its composite weight. These shifts emphasize
that interdependencies affect dimensions differently based on their roles as either dependent
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or influencing factors, highlighting the need for careful consideration of these roles in the
decision-making process.
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Figure 7. 6. Direct and composite weights in cluster 3 for (A) the four dimensions and (B) the assessment
indicators.

Regarding individual indicators, F3 (OPEX) and S4 (level of aesthetic acceptability) present
the highest variation (73% and 58%, respectively), followed by S3 (local employment) and
S1 (operational complexity, while most other indicators show limited variation 2%-17%. This
greater variation in the social dimension reflects their inherent interconnectedness with other
dimensions.

The Wilcoxon non-parametric test, together with other descriptive statistics, were applied to
assess the significance of the differences between direct and composite weights [43,44]. The
test resulted in a p-value of 0.8, indicating no significant difference between the two sets of
weights, supporting the conclusion that while interdependencies reduce variability, they do
not significantly alter the relative importance of the criteria. This lack of significant difference
suggests that stakeholder preferences remain stable even after considering interdependencies,
which helps maintain consistency in decision-making priorities.
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Figure 7. 7. Direct and composite weights in cluster 1 for (A) the four dimensions and (B) the assessment
indicators.

Regarding the dispersion of individual weights, the integration of interdependencies resulted
in a decrease in S.D. across all four dimensions in Cluster 3 (2%-7% decrease), as well as in
cluster 1 and cluster 2 (cluster 1: -9%-7% variation, cluster 2: 0%-41% decrease). This
reduction in weight variability suggests a more consistent representation of stakeholder
preferences when interdependencies are considered, which can streamline the prioritization
process and enhance the alignment of decision-making outcomes.

The impact of integrating interdependencies varies across clusters, depending on the strength
of the interdependencies and the original direct weights assigned. This highlights the
importance of considering both direct priorities and the interconnected nature of criteria when
forming sustainability strategies. Note that due to the use of the same influence matrix in the
calculations of the composite weights, the difference between the two sets of weights is
primarily due to the interdependency of the weights. Overall, the results suggest that while
interdependencies refine the weight distribution, direct weights are the dominant factors, with
interdependencies playing a secondary role. It is important to highlight that in this context,
clustering preferences among stakeholders exerts a more substantial effect on outcomes than
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interdependencies alone. Detailed results for the three clusters, including the statistical
analysis, are available in Section 7.7.2 (see Section S3).
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Figure 7. 8. Direct and composite weights in cluster 2 for (A) the four dimensions and (B) the assessment
indicators.
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7.4.5. Performance scores: ranking of alternative scenarios

Figure 7. 9 presents the rankings of alternatives with their @ scores according to the priorities
of each group (cluster). The comparison of scenario rankings across clusters using direct
weights (Figure 7. 9A) and composite weights (Figure 7. 9B) reveals how preferences shift
based on the stakeholder priorities and the performance of each scenario in relation to the

sustainability dimensions.
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Figure 7. 9. Comparison of scenario rankings across clusters using direct weights (A) and composite
weights (B). The dashed points represent the net flow values of three scenarios (scenario 1, scenario 2,
scenario 3) across three clusters. Each dashed line how the rankings of three scenarios change across the
clusters. Higher net flow values indicate a stronger preference.

For cluster 1 (social and environmental advocates), scenario 2 is the most preferred, followed
by scenario 1, with scenario 3 being the least preferred. While scenario 1 performs better in
one of the social indicators (operational complexity) compared to scenario 2, its higher
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environmental impact (carbon dioxide emissions and human toxicity) explains why it ranks
below scenario 2. Note that scenarios 2 and 3 perform similarly in terms of social indicators.

For cluster 2, scenario 3 is the most preferred, followed by scenario 2, with scenario 1 ranked
last. Scenario 3 presents the lowest environmental impact in two out of three indicators
(carbon dioxide emissions and human toxicity), which aligns perfectly with the sustainability
priorities of this cluster. Scenario 2 ranks second due to its balanced performance in the
technological and environmental dimensions. Scenario 1 performs the worst in 2 out of 3
environmental indicators (with the highest emissions and poor water footprint), explaining
why it is the least preferable for this environmentally driven group.

For cluster 3, scenario 2 is the most preferred, followed by Scenario 3, with Scenario 1 ranked
last. Scenario 2 is preferred because of its technological performance, maximizing water
production with the lowest OPEX and levelized cost of water. These factors align well with
the priorities of technology-driven stakeholders, who focus on achieving high operational
efficiency and cost-effectiveness. Scenario 3 ranks closely behind due to its better
environmental performance and moderate economic performance, which explains why it is
not as highly rated as scenario 2. Scenario 1, despite having lower CAPEX, ranks last because
it underperforms in terms of profitability, making it less attractive to this cluster. Detailed
results for the performance scores across three clusters are available in Section 7.7.2 (see
Section S4).

These results highlight the importance of considering clusters when analysing sustainability
preferences. The variations in preferences across the clusters reflect how different groups
prioritize social, environmental, technological, and economic factors, which should be
integrated into decision-making to ensure that solutions align with diverse stakeholder
concerns.

When comparing the rankings using direct and composite weights (Figure 7. 9A and 9B), the
overall ranking order of the scenarios remains unchanged across the clusters, indicating that
the ranking order of scenarios is stable despite the incorporation of interdependencies.
However, negligible shifts in the net flow values (¢ scores) are observed when
interdependencies are considered. In cluster 1 and cluster 2, there is no change in the
preference rankings between direct and composite weights. This suggests that in these
clusters, the interdependencies among criteria have a minimal effect on altering the relative
importance of the scenarios. In cluster 3, however, the gap between scenario 1 and scenario 3
narrows by 8% when composite weights are applied, indicating that interdependencies
influence the results more strongly in this cluster. While the ranking order remains the same,
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this reduction in the gap shows that the interdependencies make scenario 1 more competitive
with Scenario 3 in terms of preference.

Although, in this case study, the variation due to interdependencies does not significantly alter
the final rankings, it demonstrates that interdependencies can influence the decision-making
process, particularly when the criteria weights are sensitive or when scenarios have close net
flow values.

7.4.6. Sensitivity analysis

Sensitivity analysis was conducted to investigate the extent to which variations in the criteria’s
composite weights impact the ranking results of the evaluated scenarios. Specifically, the
analysis focused on perturbing the interdependency weights between the criteria, as derived
from the DEMATEL method, to examine whether these changes would lead to different
ranking outcomes.

The sensitivity analysis involved systematically altering the interdependency weights while
keeping the BWM weights fixed, as listed in Table S6 of Supplementary Information II. For
each criterion, the interdependency weights were perturbed individually within a discrete
range of integer values from 0 to 10, aligning with the influence scale defined by the
DEMATEL method. This process ensured that the sensitivity analysis isolated the effect of
interdependency weights on the composite weights while maintaining the integrity of the
BWM weights. The modified PROMETHEE Il method was then applied to each perturbed
weight set to compute new rankings for the evaluated scenarios. This structured approach
allowed for a comprehensive evaluation of how the interdependencies between criteria
influence the decision-making process.
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Figure 7. 10. Sensitivity analysis of interdependency weights across clusters.
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The sensitivity analysis demonstrates that despite variations in the interdependency weights,
there is no significant change in the final net flow values across the three clusters for the
different scenarios (see Figure 7. 10). This indicates that, while the interdependencies do
contribute to the composite weight calculation, their influence is not strong enough to alter
the rankings or shift the net flow outcomes between scenarios. The stability of the results
highlights that the direct weights, derived from the BWM method, are the primary determinant
of the composite weight. The interdependency weights have a more moderate effect and do
not override the influence of the direct weights and other key factors in the decision-making
process.

Additional parameters that could impact scenario rankings were assessed to evaluate
sensitivity further. This supplementary analysis (detailed results in Section 7.7.2, S4) applied
thresholds of 10% for preference parameter g and 15% for preference threshold p based on
the lower criterion scores. In Cluster 1, there was a slight change in net flow values for both
composite and direct weights, though not substantial enough to alter the final ranking of
scenarios. In Clusters 2 and 3, no variation in net flow values was observed. Overall, the
results indicate that performance scores remain stable and are not sensitive to these threshold
adjustments.

7.5.  Discussion

This study introduces a novel integration of BWM and DEMATEL to incorporate the
interdependence among decision criteria in sustainability assessments. The application of this
combined methodology allows for a better understanding of the interrelationships between
criteria, leading to more informed decision-making. By reflecting both the direct importance
of each criterion and their interdependencies, this approach adds an extra layer of depth to
traditional MCDM processes, offering more robust insights into how criteria mutually
influence one another.

The interdependencies revealed through DEMATEL provide valuable insights into how
different criteria impact each other, which traditional models often overlook. These
relationships were reflected in slight shifts in weight distribution, particularly in the social and
environmental dimensions, when interdependencies were considered. However, the numerical
impact on final rankings was limited, demonstrating that interdependencies can refine weights
but may not significantly alter decision outcomes in cases where rankings are less sensitive
to such changes.

The results indicate that changes in weights due to differing stakeholder priorities had a more
significant impact on rankings than interdependencies. This underscores the importance of
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considering stakeholder clustering in participatory evaluations. Aggregating all stakeholder
inputs into a single analysis may oversimplify diverse perspectives, potentially leading to less
nuanced decision-making insights. Group weighting through hierarchical clustering enhances
inclusivity by aligning the final ranking more closely with distinct stakeholder priorities. In
participatory settings, interdependencies may be more valuable for raising awareness about
complex relationships between criteria than for directly influencing ranking outcomes.
Conversely, in single-stakeholder or limited-participant settings, interdependencies may play
a more substantial role in shaping weights and decision outcomes. This distinction highlights
the need to carefully consider the context when deciding whether to incorporate
interdependencies into the decision-making process, a critical insight for participatory
multicriteria evaluations.

While BWM-DEMATEL enriches the analysis by integrating interdependencies, its
application has practical limitations [45]. For instance, DEMATEL requires n(n—1)
comparisons (e.g., 210 pairwise comparisons for 15 indicators) [45], compared to BMW's
simpler structure (2n—3 comparisons) [15], makes it time-intensive and may discourage broad
stakeholder participation under tight time constraints. Compared to DEMATEL-ANP,
DEMATEL-BWM simplifies the process by requiring fewer pairwise comparisons, making
it more practical for participatory contexts (non-expert stakeholders). However, this
simplicity comes at the cost of capturing feedback loops, which ANP handles more
comprehensively [23]. While DEMATEL-ANP may offer deeper insights, its complexity and
high demands make it less real-world applicability.

Due to the complexity of the method (high number of pairwise comparisons needed) and time
constraints, only one decision-maker completed the DEMATEL survey. This reliance on a
single expert raises concerns about potential biases, as the perception of interdependencies
can vary significantly across stakeholders. Defining the degree of interdependencies
accurately is challenging and can lead to subjectivity in the results, as expert judgments may
introduce biases or oversimplifications. In an ideal situation, each stakeholder should make
judgments on the direct weights and the interdependencies in criteria and combine them to
indicate the composite weights. This simplification could explain the relatively small
differences in the criteria weights observed.

The timing of conducting the DEMATEL survey can play a critical role in capturing accurate
interdependencies among criteria. Subjective reasons such as limited knowledge can decrease
the quality of judgment information in the DEMATEL [45]. Stakeholders’ understanding of
interdependencies often deepens as they engage with the project, which can refine their
judgments over time [33,46,47]. Typically, the weighting process is conducted mid-project,
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with findings presented toward the end. In this study, the survey was repeated with an expert
after significant project engagement, aiming to assess potential differences that might arise as
stakeholder knowledge matures. The proposed BWM-DEMATEL process, hierarchical
clustering and the ranking of the alternative scenarios were repeated, and all the results are
available in Section 7.7.2 (see Section S5). It is observed a significant difference in the
relationships among indicators, and the composite weights changed from 0% to 43%.
However, the final ranking of the alternative scenarios across the different clusters remained
the same. This analysis confirmed the hypothesis that understanding interdependencies
changes during the project, and this can refine judgments. Future applications could benefit
from strategically timing interdependency assessments or conducting iterative rounds to
capture evolving stakeholder knowledge more accurately.

The outcomes of the interdependency analysis are influenced by the chosen set of indicators
and their placement within the cause-effect groups (e.g., quadrants in the influential relation
map, Figure 7. 3). Indicators in quadrants | (cause group) and Il (effect group) typically
exhibit stronger direct relationships and feedback loops. If more indicators had been
positioned in these quadrants, the changes in weights due to interdependencies might have
been more pronounced, further refining the evaluation process.

Future research should explore alternative methods or algorithms that can incorporate
interdependencies while reducing the complexity of pairwise comparisons. Hybrid
approaches combining the simplicity of DEMATEL-BWM with iterative feedback
mechanisms from ANP could balance practicality and accuracy. Workshops could be used to
both raise awareness about interdependencies and enhance data quality by fostering
collaborative discussions among stakeholders. Furthermore, system dynamics modeling could
offer a more objective way to assess interdependencies, addressing current limitations related
to reliance on expert judgment. Models addressing the directionality of influence between
criteria could offer more precise insights into how changes in one criterion affect others
(positive or negative) [48]. Moreover, conducting analyses under uncertain conditions—such
as using fuzzy logic or stochastic models—may further enhance the robustness of this
approach in handling real-world complexities [49].

7.6.  Conclusions

This study addresses limitations in traditional multi-criteria decision-making methods, which
often assume independence between evaluation criteria, leading to less representative
decision-making. By integrating the Best-Worst Model and the Decision-Making Trial and
Evaluation Laboratory technique, we propose a novel weighting method that considers both
the direct importance of each criterion and the interdependencies between them. This
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weighting method was applied to the sustainability assessment of desalination and brine
treatment systems. The results revealed that while interdependencies provide valuable insights
into the relationships between criteria, their numerical impact on the final rankings is limited
in cases where decision outcomes are less sensitive to weight variations. Conceptually,
however, incorporating interdependencies offers a deeper understanding of the decision
problem and establishes a more comprehensive evaluation framework.

The findings indicate that interdependencies between evaluation criteria hold a moderate
effect in multi-stakeholder contexts (participatory approaches), where clustering stakeholder
preferences has a more pronounced impact on rankings than interdependencies alone. Instead,
in single-stakeholder or limited-participant settings, accounting for interdependencies may
have a more significant impact. Future research should explore methods to simplify pairwise
comparisons while incorporating directional influences among criteria, with applications in
both collaborative and single-stakeholder decision-making environments.

7.7.  Supplementary information

7.7.1. Supplementary Information |
See documentation.

7.7.2. Supplementary Information Il
See documentation.
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Chapter 8

The thesis started in Chapter 1 by setting the stage for the transition from traditional, linear
desalination to resource recovery systems, positioning this shift as a critical example of
sustainable development in practice. While technological innovation is a key driver of this
transition, it also brings significant economic, environmental, and social challenges. These
challenges demand a holistic approach that incorporates non-technical aspects early in the
process design stage. Questions such as how to effectively combine innovative technologies,
how to tailor solutions to local needs, and how to evaluate these solutions for sustainability

within specific contexts are central to this work.

From Chapter 1, the importance of interdisciplinary perspectives, collaborative methods, and
stakeholder participation were highlighted. Stakeholders from diverse backgrounds—
including policymakers, industry representatives, and community members—must work
together to clearly define problems, co-design solutions, and evaluate their sustainability in

ways that align with both local priorities and global sustainability goals.

To support these practices, a tailored sustainability assessment (SA) framework for integrated
desalination and brine treatment systems is provided, designed to address the specific
challenges of multi-objective systems. By combining value-sensitive design (VSD), life cycle
analysis, levelized cost analysis, and multi-criteria decision-making methods, the framework
operationalizes participatory and context-sensitive assessment. This integration bridges
disciplinary boundaries and operationalizes stakeholder inclusion in both data-rich and data-

scarce contexts.

This chapter reflects on the key scientific insights from the thesis and their relevance to the
field of resource recovery. It also discusses the main limitations of this work and outlines
future directions for advancing methodologies in the sustainability assessment of resource

recovery systems.

8.1. Main learnings

The extensive review in Chapter 2 revealed significant gaps in existing sustainability
frameworks for integrated systems, particularly in the context of desalination and brine
treatment. Current assessment tools lack the transparency needed for replicable and
accountable decision-making, fail to adopt a comprehensive approach, and often overlook
critical social dimensions, including stakeholder involvement. These gaps limit their

effectiveness in evaluating complex systems like those integrating resource recovery.

To address these gaps, the key learnings from this thesis are framed around four critical

characteristics essential for robust and meaningful sustainability assessments:
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comprehensiveness, transparency, stakeholder participation, and interdisciplinarity and trans-

disciplinarity.

Comprehensiveness ensures that assessments account for the full spectrum of impacts, from
technical feasibility to societal relevance. Transparency is crucial for establishing trust,
ensuring accountability, and promoting reproducibility in methodological choices and
decision-making processes. Stakeholder participation incorporates diverse perspectives,
fostering inclusivity and aligning decisions with real-world needs and concerns. Finally,
transdisciplinary approaches integrate knowledge across disciplines, bridging the gap

between technical solutions and societal priorities.

These four characteristics emerged as fundamental for improving the relevance and
effectiveness of sustainability assessments in the context of integrated resource recovery
systems. The following sections delve into each of these pillars, reflecting on the insights
gained throughout this thesis and their broader implications for advancing sustainability

practices.

8.1.1. Stakeholder Participation

In an era of rapid technological progress and growing awareness of sustainability challenges,
the idea of participatory design and assessment feels like a natural fit for some. The simple
idea of involving more people in the design and evaluation process can lead to solutions that
are more inclusive, tailored, and responsive to real-world needs [1,2]. These approaches align
with principles of fairness, inclusivity, and usability, holding the promise of more equitable

and impactful technological advancements [1].

However, while participatory approaches sound like a democratic approach to shaping our
future, their implementation is far from straightforward. They raise questions about justice,
accessibility, and power dynamics, particularly in relation to skills, education, and time. The
saying “time is money” fits perfectly here. Participation requires individuals to invest their
time, often without financial compensation. For some, this investment can come at a
significant cost, as the hours spent contributing to a participatory project in unpaid
involvement take time away from paid work. Another critical factor is the privilege of time
itself. Not everyone has the luxury of setting aside hours for participatory processes, even
relevant professionals. Additionally, individuals with higher education or strong
communication skills may need less preparation time and often exert greater influence during
discussions. This creates a selection bias, as those who can afford to contribute are not
necessarily representative of the broader community, undermining the inclusivity that

participatory design seeks to achieve.
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As discussed in Chapter 2, the level of stakeholder participation in a project can vary widely
depending on factors such as power, capacity, interest, and ability to engage. Effective
participation ranges from simply informing stakeholders to full collaboration, where they take
an active role in defining problems, analysing options, and co-creating solutions. There is no
optimal level of participation. The ideal level of engagement depends on the specific project
[3], but early and continuous involvement is vital to fostering trust, transparency, and
democratization. Participation that begins at the problem-definition stage helps ensure that
solutions reflect community needs and values, promoting more relevant and accepted

outcomes.

Chapter 7 illustrates the complexities and benefits of participatory approaches, particularly
when incorporating advanced methods like interdependency analysis. Knowledge, time, and
skills proved to be pivotal factors in ensuring the success of these approaches. Specifically,
the complexity of the DEMATEL method and the time constraints limited stakeholder
participation to a single decision-maker. This reliance on a single expert highlighted potential

biases, as perceptions of interdependencies often vary among stakeholders.

Additionally, the time spent participating significantly impacts the quality of the outcomes.
Stakeholders often gain a deeper understanding of interdependencies as they engage with the
project, which can enhance their judgments over time [4—6]. This was evident in the repeated
survey conducted during the later stages of the project, which demonstrated how growing

knowledge can improve the accuracy of assessments.

This underscores a crucial benefit of participatory processes: their ability to enhance
stakeholders’ understanding of the problem and proposed solutions. This enables more
informed feedback and promotes more robust evaluations. At the same time, these findings
underscore the importance of carefully structuring participatory approaches. Allowing
sufficient time for stakeholder learning, using iterative rounds to refine inputs, and employing

strategies to manage complexity are crucial for achieving meaningful engagement.

Participation is far from a simple or universal solution. It demands thoughtful implementation,
creativity, and a genuine commitment to making design processes more inclusive and
representative. Building trust among stakeholders, reducing conflicts, and clearly
communicating the benefits of participation are vital for fostering collaboration. By balancing
ambition and practicality, participatory approaches can create more inclusive, representative,
and impactful outcomes, ultimately contributing to sustainable solutions that align with

diverse needs and priorities.
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This thesis shows that meaningful participation is possible even when direct engagement is
limited by embedding stakeholder values through VSD and structured preference modelling.
These pragmatic strategies offer a path toward more inclusive and value-sensitive decision-

making in resource recovery systems.

8.1.2. Comprehensiveness

The success of desalination and resource recovery projects depends not only on evaluating
technical, economic, and environmental dimensions but also on accounting for the broader
context in which these systems operate. This thesis advances a more comprehensive approach
to sustainability assessment, one that considers regional priorities, local market conditions,

institutional constraints, and the diversity of stakeholder values and capabilities.

Chapter 4 is an example of this shift by applying VSD to structure decision-making scenarios
that reflect local trade-offs and priorities. Instead of relying on static optimization, the analysis
revealed how system performance varies significantly depending on contextual variables like

waste heat availability and societal goals.

Analysing these trade-offs in dialogue with stakeholders fosters informed decision-making
and context-specific solutions that balance competing priorities. A key challenge lies in
aligning global sustainability principles with region-specific needs shaped by factors such as
climate, economy, and cultural norms. Tailoring systems via VSD to these local contexts
promotes solutions that are not only effective but also embraced by the communities they

S€rve.

Understanding trade-offs extends beyond immediate feasibility. It is fundamental for ensuring
long-term viability and adaptability, enabling systems to remain resilient in the face of
evolving challenges. A good example is the use of waste heat to cover the thermal
requirements of desalination and resource recovery plants, as illustrated by the technical
scenarios in Chapters 4-7. While utilizing waste heat may be a viable solution today, it may
not align with the carbon-free energy systems of the future. Building on such principles while

seeking truly sustainable, long-term alternatives is essential for lasting success.

Chapter 7 further underscores the importance of comprehensive evaluation frameworks.
While incorporating interdependencies among criteria provides a deeper understanding of
decision problems, their numerical impact on final rankings is often limited in multi-
stakeholder contexts, such as participatory approaches, where clustering stakeholder
preferences plays a more decisive role. By grouping stakeholder perspectives, decision-
makers gain valuable insight into the distribution of opinions and priorities, enabling more

nuanced and representative analyses. These findings from Chapter 7 underscore the
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importance of incorporating stakeholder clustering into participatory evaluations to achieve a

comprehensive understanding of complex decision-making problems.

The thesis redefines comprehensiveness in sustainability assessment by integrating social,
economic, environmental, and contextual dimensions into one coherent framework, enabling

solutions that are resilient, context-specific, and stakeholder-aligned.

8.1.3. Transparency

Transparency is not a static concept in sustainability assessments. It shifts in meaning and
importance at different stages of the process. By openly addressing the “how” and “why” of
methodological and participatory decisions, sustainability assessments can ensure their results
are both credible and actionable. Without clear communication about who is included, why,
and how their input is used, participatory processes risk disruptive stakeholders and

undermining their legitimacy.

Methodologically, transparency is key to avoiding misinterpretation and ensuring that studies
can be reliably replicated. As highlighted in Chapter 2, the desalination literature often
prioritizes the development of new assessment methodologies, overlooking the importance of
documenting key decisions, such as indicator selection or multi-criteria decision-making
methods. This gap not only limits the reproducibility of studies but also risks producing results

that are incomplete or misleading [7].

This thesis tackled these challenges by embedding transparency into every stage of the
assessment process (Chapters 3-7), explicitly documenting all methodological steps,
assumptions, and rationales. It shows how methodological choices, such as functional unit
definition or assumptions about waste heat (see Chapter 6), can substantially alter results,
reinforcing the need for full transparency in modelling decisions to avoid misleading
conclusions. This emphasis on transparency supports not only credibility but also
reproducibility and future improvement, particularly relevant given the open-source nature of

the software developed in this thesis (Chapters 3).

8.1.4. Interdisciplinarity and Trans-disciplinarity

This thesis is an example of an interdisciplinary effort, integrating tools and methods from
engineering, economics, environmental sciences, and social sciences to assess complex
desalination and resource recovery systems: value-sensitive design (Chapter 4), economic
evaluation with levelized cost analysis (Chapter 5), and environmental assessment with life
cycle analysis (Chapter 6). Their integration into a multi-criteria decision-making process in

Chapter 7 enabled a more holistic evaluation than any single-discipline approach could
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achieve. Together, these methods provide a robust analytical foundation for addressing

sustainability challenges.

However, the work goes beyond interdisciplinary integration. It embraces a transdisciplinary
orientation, recognizing that sustainability problems cannot be solved by disciplinary
knowledge alone. In particular, trans-disciplinarity here involved identifying shared values,
navigating trade-offs, and proposing context-specific, socially robust solutions. This was
operationalized through the participatory framework outlined in Chapter 2 and applied in
decision-making in Chapter 7, even though stakeholder input was simulated or drawn from
existing studies. In addition, this thesis is among the first to operationalize VSD for
desalination and brine treatment systems in Chapter 4, offering a replicable method to align

technical system design with societal values, co-producing knowledge.

A key insight is that no single framework can be universally applied—sustainability
assessments must evolve with the context, stakeholders, and system complexity. The work
highlights that methodologies from other sectors are useful starting points, but must be
reconfigured through engagement with real-world stakeholders. This confirms the thesis's
core message: sustainability challenges demand both integrated use of interdisciplinary

methods and participatory, inclusive design logic.

Finally, a key principle emerges from these findings: tools are advisors, not decision-makers.
In resource recovery, where uncertainty is high and methods are assumption-sensitive,
outcomes can be misleading if tools are used without critical interpretation. Blindly following
tool-generated rankings or metrics is risky. Decision-makers must critically assess results,
understand trade-offs, and engage in collaborative dialogue to ensure solutions are not only
technically sound but also socially just and contextually relevant. This thesis demonstrates
that robust, fair, and forward-looking decisions require both interdisciplinary rigor and

transdisciplinary inclusion.

By bridging engineering, economics, social sciences, and environmental modelling, the thesis
delivers a rare example of operationalizing transdisciplinary logic in sustainability
assessments, demonstrating that robust, context-aware outcomes demand methodological

integration and social engagement.

8.2. Insights and impacts of this research

8.2.1. Bridging policy, society, and technology for sustainable progress
The findings of this thesis underline the critical role of societal values and policy in shaping

the adoption of sustainable desalination and resource recovery systems. Technological
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advancements alone are insufficient if they fail to address societal priorities such as equitable

access to resources, affordability, and environmental protection.

Policies play a pivotal role in bridging these gaps by integrating stakeholder perspectives,
ensuring that solutions are not only technically and economically viable but also socially and
ethically aligned. For instance, engaging diverse stakeholders can help policy-makers identify
context-specific needs and barriers, fostering more inclusive and democratic decision-making.
Moreover, targeted policies, such as subsidies for recovered materials, can address economic
challenges and promote market development. By balancing technological innovation with
societal and ethical considerations, this work offers a roadmap for policy frameworks that

support sustainable, equitable, and contextually relevant solutions.

8.2.2. Implementation of resource recovery systems in desalination: How close are
we?

Desalination has made important steps toward the full-scale implementation of resource

recovery systems, with advancements over the past two decades driven by pilot plants [8—10]

and EU-funded projects aimed at developing and optimizing technologies for brine treatment

and the recovery of valuable products (see Water Mining project, Searcular Mine). These

projects have offered valuable knowledge on managing materials, water, energy, products,
and components to preserve their maximum intrinsic value [11]. This thesis builds on these
foundations, using such projects as case studies to evaluate systems and develop

comprehensive methodologies for sustainability assessments.

Furthermore, these initiatives have actively engaged relevant stakeholders, fostering a
dialogue about practical social, environmental, and economic challenges. By involving
industry leaders, policymakers, and local communities, these projects have laid the
groundwork for scaling up resource recovery in desalination. While foundational work and
dialogue are underway, significant technical, regulatory, and market challenges still hinder

full-scale adoption.

The most significant limitation lies in aligning the recovered products with market adoption
and demand. Are industries prepared to embrace these new materials? It’s still unclear!
Uncertainty surrounds the integration of resource recovery systems into existing value chains.
For example, feedstock supply uncertainty, the lack of established markets for emerging
materials, and limited coordination across industries and policymakers are critical barriers to

scaling these systems.

Another major hurdle is the policy landscape. While progress has been made in raising

awareness and initiating dialogue, the regulatory frameworks required to support resource
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recovery systems are still in development. Clear policies and incentives are needed to bridge

the gap between innovation and widespread adoption.

The scenario analysis showed that no single configuration dominates across the sustainability
dimensions. For instance, water-prioritizing systems performed best when waste heat was
available, while other configurations were more suited to chemical recovery or economic
feasibility under specific regional conditions. These findings underscore the need to align
system design with local priorities—what works in one context may be ineffective or

undesirable in another.

Economic feasibility plays a central role in determining whether resource recovery systems
can be successfully implemented. However, decisions about material recovery should not be
reduced to purely economic considerations. Society's willingness to pay for recovery efforts,
driven by values like environmental protection and resource efficiency, is equally crucial.
Recovery systems must strike a balance between economic efficiency and broader societal

priorities, including sustainability and equity.

In addition to these challenges, environmental performance must also guide implementation
decisions. LCA results (Chapter 6) show that integrated resource recovery systems can
outperform conventional desalination and salt production in key environmental metrics,
particularly when multi-product recovery is included. This highlights that their adoption is not

only technically and economically promising but also environmentally justified.

Addressing these socio-technical and environmental barriers is essential for accelerating the
uptake of resource recovery systems in desalination. While this thesis primarily focused on
assessing technical configurations and methodologies, external factors such as market

dynamics and policy readiness are also critical considerations for specific business cases.

8.2.3. Breaking boundaries: applying insights beyond desalination

This study goes beyond desalination, offering methodologies and frameworks that can be
applied across various resource recovery systems, regardless of the feedstock or end products.
While integrated sustainability assessment frameworks exist in fields like biorefineries, this
thesis shows that their direct transferability is often limited. These existing approaches offer
valuable methodological starting points and insights; however, they must be carefully adapted
to account for the unique characteristics of water systems, particularly the public service role

of desalination and region-specific societal values.

The methods developed in this thesis, such as integrated VSD and sustainability assessments

(Chapters 2&4), the novel economic cost allocation methods (Chapter 5), and the revised
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life cycle assessment methodologies (Chapter 6), were designed with these contextual
requirements in mind. For example, Chapter 6 provides a robust approach for evaluating the
environmental performance of multi-product systems, making them applicable to other
contexts. Similarly, Chapter 5 presents a structured and flexible framework for calculating
fair selling prices and assessing the financial viability of systems recovering multiple products
or utilizing waste as feedstock (e.g., brine, wastewater sludge), with a focus on determining a

fair selling water price.

While desalination served as the primary case study, the contributions of this thesis provide a
broader roadmap for adapting existing frameworks to new contexts. By demonstrating how
to tailor generic methodologies to the specific challenges of integrated resource recovery
systems, this research contributes both practical tools and a transferable assessment logic for

sustainability across diverse domains.

8.2.4. Atool for advancing resource recovery research and practice

The software developed in this thesis addresses a critical gap in the field of desalination and
resource recovery by offering an open-access, integrated platform for modelling and analysis
(see Chapter 3). By providing a freely accessible, modular platform, it fosters transparency,
reproducibility, and collaborative development, key principles for advancing sustainability
research. The tool is designed not only for researchers but also for practitioners, enabling users
without specialized expertise to explore system performance and assess early-stage design
options. Its flexibility and user-friendliness make it suitable for diverse applications, from
scenario screening to system integration planning. Importantly, its open structure invites
future adaptation and improvement, allowing others to refine models, incorporate new
technologies, and tailor analyses to evolving regional and technical needs. In this way, the

software serves as both a practical tool and a foundation for continued innovation in the field.

8.3. Limitations

While this study advances methodologies for assessing sustainability in desalination and

resource recovery systems, several limitations should be noted:

o Specific socio-economic context: The methodologies developed in this study are not
tailored to a specific socio-economic context. The problem statements and values
analysed were derived from prior literature. The problem statements used in
developed methodologies were inspired by real-world scenarios and built upon
previous experience; however, they may limit their direct applicability.

o Stakeholder engagement: The stakeholder values used in this thesis were based on

previous research rather than direct engagement methods, such as interviews,
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surveys, or workshops. While these values are robust in the context of prior studies,
direct interaction with stakeholders would enable the capture of a broader range of
perspectives and the validation of these values for specific applications.
Incorporating participatory workshops and focus groups could significantly enhance
the robustness of analyses.

Validation of technical scenario design: The technical scenarios in Chapter 4 were
designed based on stakeholder values, but further rounds of empirical validation with
stakeholders are necessary to assess the practical implications and feasibility of the
proposed designs. Future work could involve multiple validation rounds, including
stakeholder workshops and feedback sessions, to refine these scenarios.

Software: The integrated software tool developed in this thesis served as the primary
source of technical and economic performance data used throughout the assessment.
While the software was validated through comparisons with literature (e.g., specific
energy consumption) and further reviewed by technology experts and suppliers (e.g.,
specific energy consumption, recovery rates, product quality), discrepancies remain
for some technologies, particularly where data is scarce, or model simplifications
were required. These deviations in energy use or system behaviour may affect the
accuracy of the assessments. These limitations are especially relevant for less mature
processes or those that rely on estimated input values. Although the tool is suitable
for scenario exploration and comparative evaluations, its predictive precision is
constrained by these assumptions. Nevertheless, we believe that these limitations do
not compromise the overall conclusions of this thesis, as the comparative and
methodological insights remain valid across a range of potential values.
Assumptions in methodologies: Many aspects of this research rely on assumptions,
such as the stability of market conditions, market prices, technological performance
under ideal conditions etc. These assumptions, while necessary for modelling,
introduce uncertainties that need to be critically evaluated in real-world

implementations.

Future work: what is important for the future

Integrating system dynamics for enhanced problem definition

A key limitation of this thesis is the reliance on problem statements derived from existing

literature rather than specific socio-economic contexts. Future work could address this by

incorporating system dynamics modelling, which excels at capturing long-term system

behaviour, feedback loops, and the evolution of systems under varying conditions, such as

policy shifts, market changes, and environmental dynamics.
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This approach could enhance the methodologies developed in this thesis by modelling how
resource recovery systems evolve in response to factors such as policy changes, market
dynamics, and environmental conditions. For example, system dynamics could help identify
trade-offs and unintended consequences by simulating feedback loops and long-term system
behaviour. It could also improve early-stage decision-making by structuring problem
statements in a way that captures interdependencies and interactions among technical,
economic, and societal factors. Furthermore, its application in participatory modelling can
enhance stakeholder understanding of system complexity, fostering trust in model outcomes
and supporting collaborative decision-making [12]. By integrating system dynamics, future
work could provide more robust and predictive insights, supporting more informed and

adaptive strategies for implementing resource recovery.

Additionally, integrating system dynamics with decision-making methods could provide a
more objective approach to assess interdependencies in Chapter 7, addressing current

limitations related to reliance on expert judgment.

Integration of data envelopment analysis for scenario evaluation

Future work could extend the assessment of technical scenarios by integrating data
envelopment analysis (DEA) with the MCDM methods applied in this thesis. While MCDM
methods help structure preferences and rank alternatives based on stakeholder preferences,
DEA offers a complementary way to assess the scenarios (system performance). DEA could
evaluate how well each scenario transforms multiple inputs (e.g., energy, capital, emissions)
into outputs (e.g., recovered resources, water), assigning a relative efficiency score from 0 to
1 [13]. This enables the identification of the most efficient scenarios and highlights the degree
and direction of improvement for others. Future research should investigate whether
combining MCDM with DEA can enhance the robustness of scenario selection. MCDM filters
and prioritizes options based on value alignment, while DEA benchmarks their operational

performance and effectiveness.

Extending the open-source platform

As an open-source platform, the software developed in this thesis also offers a transparent and
adaptable foundation for future work. Researchers can build upon and refine the existing
models by incorporating additional process units, expanding validation metrics, or adapting
the tool to new contexts and technologies. This openness encourages collaborative
improvement, supports reproducibility, and fosters broader application of the sustainability

assessment methodologies developed here.

Validating the framework through diverse case studies
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Conducting case studies in diverse socio-economic contexts is essential to validate the
methodologies developed in this thesis. These studies could address specific challenges such
as environmental trade-offs, the economic feasibility of recovery systems, and stakeholder
engagement processes. For example, applying the frameworks in industrialized regions could
explore their scalability and integration into established supply chains, while case studies in

low-resource settings could highlight barriers to adoption and the need for tailored solutions.

A critical aspect for future validation is the role and quality of stakeholder participation. While
this thesis proposed stakeholder participation in different stages in the SA (see Chapter 2)
and integrates stakeholder values indirectly, real-world applications must assess how
participatory approaches affect outcomes. Future research should explore how to
operationalize the participatory steps outlined in Chapter 2: how to structure effective
stakeholder groups, determine who should be involved, and assess whether participation leads
to broadly accepted and socially relevant solutions. Key challenges include managing diverse
interests, maintaining engagement over time, and ensuring the group remains representative
and capable of co-producing knowledge, a core requirement for achieving the

transdisciplinary goals of sustainability assessment.

By validating the framework across different settings and through richer forms of
participation, future research can strengthen the framework's adaptability, legitimacy, and

overall impact.
Supply chain transformation

Future work must focus on transforming supply chains to support the adoption of resource
recovery systems. While the development of value chains is primarily the responsibility of the
economic sector, science plays a crucial role in informing this process. Early assessments of
the marketability and value chain development potential of recoverable resources are vital for
ensuring that these systems are not only economically viable but also determine whether
recovered resources can serve as viable commodities. Key factors, such as demand, logistics,
consumer acceptance, regulatory frameworks, market supply potential, and application
possibilities—often overlooked in scientific studies—must be systematically analysed to

enable informed decisions and effective value chain integration.

Additionally, future research should analyse the ability to supply recovered resources in
sufficient quantities to compete with conventional suppliers. Identifying which resources are
more favourable for recovery requires understanding both existing market demand and the
potential for creating new applications or markets for recovered products. Alongside

optimizing recovery processes, research should also explore innovative uses for these
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materials. This effort would help prioritize resources that can be integrated effectively into

existing value chains and support the broader adoption of resource recovery systems.
Addressing policy needs through research

Future research must bridge the gap between technological advancements and policy
frameworks to accelerate the adoption of resource recovery systems. As technical innovations
advance, they must be complemented by a deeper focus on marketization, regulatory
alignment, and policy formulation. A critical bottleneck for implementation lies in ensuring
competitiveness and creating dedicated markets for recovered resources supported by clear

and enforceable legal frameworks.

Research should aim to identify how policies can foster market development, mitigate risks,
and incentivize industries to adopt resource recovery technologies [14]. This includes
examining mechanisms like subsidies, tax incentives, or penalties for non-compliance with
circular economy principles. Moreover, collaborative efforts among researchers,
policymakers, and industry stakeholders will be essential to create adaptable and context-
specific policies that strike a balance between economic feasibility and environmental and
societal goals. By aligning policy needs with technological capabilities, future work can

ensure resource recovery systems become both practical and impactful.
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GRA
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Nomenclature

Analytic Hierarchy Process
Analytic Network Process

Brine concentrator

Capital Expenditure

Concentrate Solar Power

Direct Contact Membrane Distillation
Decision-Making Trial and Evaluation Laboratory
Electrodialysis

Electrodialysis With Bipolar Membranes
Eutectic Freeze Crystallization
Environmental impact assessment
Early-stage methodologies
Energy Self-Sufficiency

Freeze desalination

Forward Osmosis

Functional Unit

Greenhouse gas

Gain Output Ratio

Grey relational analysis
High-pressure Reverse Osmosis
lon Exchange

Life Cycle Assessment
Multi-Attribute Utility Theory
Multi-criteria decision analysis
Multi-criteria decision making
Membrane Crystallizer
Membrane Distillation
Multi-Effect Distillation

Multiple Feed Plug Flow Reactor
Minimal Liquid Discharge
Multistage flash

Mechanical Vapor Compression



NF Nanofiltration

OARO Osmotically Assisted Reverse Osmosis
oD Osmotic Distillation
OPEX Operating Expenditure

PROMETHEE Preference Ranking Organization Method for Enrichment of Evaluations
PV Photovoltaic

RES Renewable Energy Sources

RO Reverse Osmosis

SA Sustainability Assessment

SAW Simple Additive Weighting

Sc Scenario

SDGs Sustainable Development Goals

SEC Specific energy consumption

SWRO Seawater Reverse Osmosis

TCr Thermal Crystallizer

TEA Techno-economic analysis/assessment
TLR Technology Readiness Level

TOPSIS Technique for Order Preference by Similarity to an Ideal Solution
UF Ultrafiltration

VSD Value Sensitive Design

WH Waste heat

ZLD Zero Liquid discharge
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Kot 0€ €TOLUOTNTA VO UYoLHE gkdpopn Yo vo Eeokdow. Eioon povaduog kat gipot moiv
TUYEPT OV 0€ €Y dimAa pov. Xe Bovpdlom Yo OAo aVTA Kot Yo TOAAGL GALD. X EVYOPLOTE
Yo OA0L KoL GOV VIOSYOOL OTL TO KaAvTepa EpyovTat. Movo fun Podovia amd edd kot mépa.

2 oyand.
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