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ARTICLE INFO ABSTRACT
Keywords: Valuable and rare materials in seawater brine are often discarded during desalination. However, there is an
Sustainability assessment framework increasing focus on recovering these resources, due to the economic and environmental opportunities it can

Stakeholders’ participation
Value-sensitive design
Desalination

Brine treatment

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
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.

SWRO Seawater Reverse Osmosis

TEA Techno-economic analysis/assessment
Acronyms TLR Technology Readiness Level
AHP Analytic Hierarchy Process TOPSIS  Technique for Order Preference by Similarity to an Ideal
EIA Environmental impact assessment Solution
GHG Greenhouse gas VSD Value Sensitive Design
GRA Grey relational analysis ZLD Zero Liquid discharge
LCA Life Cycle Assessment
MAUT  Multi-Attribute Utility Theory 1. Introduction
MCA Multi-criteria assessment
MCDA  Multi-criteria decision analysis Seawater desalination is one of the most crucial water treatment
MCDM  Multi-criteria decision making technologies for addressing water scarcity in water-stressed regions.
MLD Minimal Liquid Discharge This is an energy-intensive process, and besides water production, there
RO Reverse Osmosis is a residual stream called brine. Brine is often discharged into the ocean
SA Sustainability Assessment or back to the environment with various methods such as deep well
SAW Simple Additive Weighting injection and evaporation ponds (Panagopoulos et al., 2019). Seawater
SEC Specific energy consumption
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contains large amounts of valuable and rare materials (Mavukkandy
et al., 2019) that end up in the brine (Ogunbiyi et al., 2021), presenting
economic and environmental opportunities from their recovery through
brine treatment (Commission, 2020; Xevgenos et al., 2024). Recent
studies have focused on developing technologies to recover materials
such as magnesium, calcium, and sodium (Mavukkandy et al., 2019;
Cipolletta et al., 2021; Morgante et al., 2024), as well as metals from
seawater brine (Bello et al., 2021). 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 mate-
rials from seawater brine, necessitating integrated approaches tailored
to specific products and conditions, with attention to the market po-
tential of individual products (Ogunbiyi et al., 2021). 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 (Morgante et al., 2024). This integration can
improve the technological and economic performance of desalination
systems but also introduces complexities, making comprehensive sus-
tainability assessments (SA) essential to evaluate the impacts beyond
technical and economic performance (Rustum et al., 2020).

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) (Palmeros Parada, Osseweijer and
Posada Duque, 2017). 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 (Afgan, Darwish and Carvalho, 1999;
Hajeeh and Al-Othman, 2005). Although environmental impact assess-
ments 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 eval-
uation (Raluy, Serra and Uche, 2006; Zhou, Chang and Fane, 2013;
Elsaid et al., 2020; Aziz and Hanafiah, 2021). On the other hand, in
techno-economic studies, economic sustainability focuses on business
economics, while environmental is often limited to GHG emissions
(Micari, Moser, et al., 2020). The environmental assessments and LCAs
need to be combined with techno-economic (Mezher et al., 2011) and
socio-economic analysis to reduce uncertainties and incorporate a
broader range of parameters (Ibrahim et al.,, 2018; Lee and Jepson,
2021; Sola, Saez and Sanchez-Lizaso, 2021). There is no sustained
progress in one pillar (dimension) without progress in all (Sala, Farioli
and Zamagni, 2013).

Despite advancements in SA frameworks for desalination processes
over the past decade, incorporating more comprehensive three-
dimensional assessment (Lior, 2017; Ibrahim et al., 2018; Wang et al.,
2019), 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 (Micari, Moser, et al.,
2020; Panagopoulos, 2021b; Morgante et al., 2022) and environmental
impacts from brine disposal into the marine environment (Xevgenos
et al., 2021). Existing studies have typically centered on either desali-
nation or zero liquid discharge (ZLD) systems, failing to provide a
comprehensive evaluation of integrated desalination and brine man-
agement 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:
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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 sustain-
ability assessment across diverse desalination processes.

This work is organized as follows: Section 2 provides the theoretical
foundation for developing the assessment framework. Section 3 presents
the methodology for the literature review and the development of the
assessment framework. Section 4 presents an extensive literature anal-
ysis of assessment frameworks for desalination and brine treatment
systems (Section 4.2.1) a review of the available assessment indicators
(Section 4.2.2), and a literature analysis of assessment frameworks and
decision-support tools on resource recovery from other sources (Section
4.2.3). Drawing on the theoretical background of SA, key insights, and
research gap, an assessment framework is developed and presented in
Section 4.3. Finally, Section 5 discusses the impact and limitations of
this study and future work. The developed indicator database is pro-
vided in Supplementary Information I.

2. Theoretical background on sustainability assessment and
multi-criteria assessment

Sustainability assessment guides decision-making towards sustain-
ability (Bond, Morrison-Saunders and Pope, 2012), encompassing both
negative impacts and positive contributions across various dimensions.
Ness et al. (2007) 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 sus-
tainable”. SAs are critical tools used to evaluate the sustainability of
various systems and processes, typically applied to compare the sus-
tainability of two or more systems, whether they be technologies, pro-
cesses, 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 (Gasparatos, El-Haram and Horner, 2008). SA has also
the role of improving the decision-making process by:

e Integrating sustainability dimensions
interdependencies.

e Including intragenerational and intergenerational considerations.

Supporting constructive interaction among stakeholders

e Accounting for uncertainties (Gasparatos, El-Haram and Horner,
2008; Cinelli, Coles and Kirwan, 2014)

e Managing trade-offs, prioritization, comparability, and compensa-
tion between sustainability categories (Lindfors, 2021).

and considering their

Traditional sustainability assessments relied on reductionist methods
(Gasparatos, El-Haram and Horner, 2008), using one measurable indi-
cator, one dimension, a single scale of analysis, one objective, and a
one-time horizon (Munda, 2006; Gasparatos, El-Haram and Horner,
2008). However, there is now a move towards more indicator-based
assessments, which offer a more comprehensive understanding of sus-
tainability. Indicator-based SA, such as multi-criteria assessment (MCA),
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” (UN, 2001; Gasparatos and Scolobig, 2012).

MCA is a methodology used to evaluate and prioritize different op-
tions based on multiple criteria (Herva and Roca, 2013), considering
multiple sustainability dimensions, stakeholders’ values, and
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uncertainties (Cinelli, Coles and Kirwan, 2014). MCA frameworks vary
from simple to sophisticated methods, including horizontal or soft MCA,
which aims to structure knowledge for decision support, requiring very
little information, and vertical or hard MCA, which uses mathematical
programming techniques for ranking alternatives, requiring extensive
information (Mendoza and Martins, 2006; Herva and Roca, 2013). The
key elements identified in traditional MCA are scope definition
(including selection of alternatives), criteria selection, and interpreta-
tion methods (assigning weights, aggregating scores and ranking alter-
natives) (Kumar et al., 2017; Lindfors, 2021). For more detailed
methodological insights, readers can refer to works by Sala, Ciuffo and
Nijkamp (2015), Lindfors (2021), and Gasparatos and Scolobig (2012).

The technical dimension is often included indirectly in the evalua-
tion of well-developed technologies, but directly for emerging technol-
ogies to assess the performance and feasibility of the process (Ren et al.,
2020; Lindfors, 2021) since the operational performance is uncertain
(Lindfors, 2021). Technical aspects significantly influence economic,
environmental, and social dimensions (Ren et al., 2020; Wreyford et al.,
2020). Thus, SA must integrate economic, environmental, social, and
technological issues and their interactions and consider the conse-
quences of present actions into the future and drivers of change
(Gasparatos, El-Haram and Horner, 2008; Pintér et al., 2012). This in-
tegrated 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 (Sala,
Ciuffo and Nijkamp, 2015). Stakeholder participation is crucial for
aligning resource recovery innovations with their socio-technical
context, democratizing decision-making, and ensuring the relevance of
sustainability assessments (Hamilton et al., 2015; Palmeros Parada
et al., 2022). Stakeholder participation goes beyond merely incorpo-
rating expert opinions in the weighting process of decision-making
studies, empowering stakeholders and providing them with the oppor-
tunity to understand the problem and influence the decision (Hamilton
et al., 2015).

Value-sensitive design (VSD) is a participatory approach that pro-
actively incorporates societal values (Miller et al., 2007) into techno-
logical designs by investigating stakeholder values and identifying
desirable technical features (Friedman, Kahn and Borning, 2015, 2017).
In particular, VSD incorporates social aspects into emerging technolo-
gies consciously (van den Hoven, Vermaas and van de Poel, 2015),
which are often developed in processes that are blind to the context and
the stakeholders’ realities (Palmeros Parada, Osseweijer and Posada
Duque, 2017). This inclusive design process allows stakeholders to
co-design technologies that align with their values, perceptions, and
expectations (Palmeros Parada et al., 2022). It is a valuable methodol-
ogy for ensuring stakeholder participation and comprehensive evalua-
tion in addressing multi-objective systems.

While VSD has been utilized in various contexts, such as ICT and
robotics projects (Davis and Nathan, 2016), the design of biorefineries
(Palmeros Parada et al., 2020), wind turbines and wind parks
(Oosterlaken, 2014), and digital platforms (de Reuver et al., 2020), its
application in the water and wastewater sectors remains limited. Only
an approach based on VSD has been used to proactively integrate soci-
etal values in the design of technologies for resource recovery and gain
first insights into its societal implications in the context of small islands
(Palmeros Parada et al., 2023).

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
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the literature review were composed to develop the proposed frame-
work (synthesis phase) according to the methodology in Fig. 1.

3.1. Preparation phase

The review was conducted through various steps, as described in
Fig. 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 “MCA 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 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 sustain-
ability 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 desalina-
tion 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 di-
mensions 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 waste-
water, 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.

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 MCA 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 as-
sessment’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
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assessment framework
for desalination
aiming at resource
Develop indicators database recovery

Svnthesis

Develop assessment framework
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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

Screening and selection based on:
(1) Applicability

(2) Sustainability dimensions

(3) Multi-criteria assessment methods.

Analysis based on:

(1) Assessment’s purpose
(2) Sustainability principles
(3) Transparency

(4) Stakeholder participation
(5) Methods used

J
O«O

Select key methodological
elements

Select key indicators

Fig. 1. Scheme of research methodology to develop sustainability assessment framework.

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.

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 devel-
oped, drawing inspiration from sustainability science and building on
the key elements of multi-criteria sustainability methodologies (Foxon
et al., 2002; Azapagic and Perdan, 2005a, 2005b; Singh et al., 2012;
Gargalo et al., 2016; Kehrein et al., 2020; Lohman et al., 2023), 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 Fig. 2) that thus
draws from value-sensitive design (VSD) and MCA (as an SA approach).
This work integrates VSD elements into different steps of the proposed
framework. Specifically, key characteristics of VSD, such as stake-
holders’ 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

Desalination for resource recovery

Desalination
Resource
recovery

Value Sensitive
Design

assessment process, we can ensure that the selected criteria and in-
dicators 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.

Transparency is one of the key elements of an objective SA frame-
work and can ensure credibility (Sala, Ciuffo and Nijkamp, 2015).
Lindfors (2021) 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 in-
dicators, 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.

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

Value Sensitive Design

Fig. 2. The intersectionality of value sensitive design, sustainability assessment and desalination aiming at resource recovery.
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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 III (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.

4. Results and discussion

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 Fig. 3), driven by global capacity
expansion, cost reduction, environmental concerns around desalination
and significant technological developments in brine valorisation. How-
ever, despite this growing interest, the number of publications specif-
ically 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 sci-
entific publications focusing on the environmental impacts of desali-
nation or brine treatment, particularly over the last decade. This trend
underscores the growing recognition of environmental concerns asso-
ciated 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 method-
ologies in the field and underscores the need for a more balanced
approach that incorporates economic, technical, environmental and
social indicators into the assessment process.

Currently, only 35 % of the studies employ the three sustainability
dimensions (economic, environmental, and social), indicating a signif-
icant 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. De-
tails of the empirical analysis that informed these adaptations are
available in Supplementary Information II.

140
—Desalination envrionmental assessment
120

Brine environmental assessment

100
—Desalination Sustainability assessment

——Brine Sustainability assessment

60

Number of Publications

2000 2005 2010 2015 2020
Year

Fig. 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 assess-
ment AND brine ", "sustainability assessment AND desalination", "brine AND
environmental assessment", and "desalination AND environmental assessment".
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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 (Lior, 2017; Lior
and Kim, 2018). 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 (Ghassemi and Danesh,
2013) contribute to their limited use, as they require extensive data
collection and active stakeholder engagement.

4.2. Analysis

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 (Afgan, Darwish and Car-
valho, 1999; Hajeeh and Al-Othman, 2005). Over the last decade, more
comprehensive SA frameworks for desalination processes have emerged,
as summarised in Table 1 and illustrated in Fig. 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, Ghassemi and
Danesh (2013) developed a multi-criteria decision-making model that
considers environmental, technical, and economic indicators, but
overlooked social indicators. Similarly, Lior and Kim (2018) and Ibra-
him and Ibrahim (2018) proposed methodologies to evaluate desalina-
tion processes, addressing economic, environmental, and social issues
but limiting stakeholder engagement to data collection and weight
determination. Abdulbaki et al. (2020) proposed a multi-criteria deci-
sion-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 stake-
holder engagement can result in biased outcomes and reduce the as-
sessment’s applicability. The process of assigning weightings to different
indicators lacks uniformity across studies, leading to inconsistent re-
sults. Wang et al. (2019) proposed a methodology for the SA of desali-
nation 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 ap-
proaches to ensure comparability and reliability across different studies.

Recent contributions have continued to advance the field. Wreyford
et al. (2020) emphasized the importance of stakeholder interactions,
expert input, and case-specific contextual effects in the assessment and
final decision-making. Similarly, Rustum et al. (2020) provided a
well-described case study and indicator selection. However, stake-
holders (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. How-
ever, the assessment of those systems has primarily focused on TEA
(Xevgenos, 2016; Mansour et al., 2018; Chen et al., 2021; Panagopoulos,
2021c, 2022). In particular, Shende et al. (2021) evaluated ZLD systems
based on economic, technical, and administrative indicators, but envi-
ronmental 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, Xevgenos
et al. (2024) developed a transparent methodology for brine valoriza-
tion, estimating the value that can be captured by treating the brine with
a novel brine treatment system.
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Table 1
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Summary of literature findings on Sustainability Assessment frameworks in the desalination and brine treatment field.

Study reference Methodology and MCDA Dimensions Context Stakeholder participation and Main limitations
method considered social relevance
(Afgan, Darwish Techno-economic analysis Technical, economic Desalination Stakeholders considered as Limited consideration of social aspects
and Carvalho, and environmental data sources
1999)
(Hajeeh and Multi-criteria decision- Technical, economic Desalination Experts involved in the Lack of social dimensions, stakeholder
Al-Othman, 2005)  making with AHP and Environmental weighting procedure participation
(Lior and Kim, Multi-criteria decision- Economic, Desalination Stakeholders involved in the Poor stakeholder participation
2018) making with AHP environmental, social weighting procedure
(Ibrahim et al., Multi-criteria decision- Techno-economic, Desalination A diverse group of Poor stakeholder participation
2018) making with AHP, Swing environmental, social stakeholders involved in the
data collection and weighting
procedure
(Wang et al., 2019) Multi-criteria decision- Techno-economic, Desalination No diverse group of Limited transparency in indicator
making with AHP and environmental, social stakeholders, Stakeholders selection
TOPSIS involved in the weighting
procedure
(Ghassemi and Multi-criteria decision- Environmental, Desalination A small group of experts Lack of social dimension
Danesh, 2013) making with fuzzy-AHP and  technical, economic involved in indicator
TOPSIS identification and weighting
procedure
(Wreyford et al., System-level decision Technical, economic, Desalination Experts involved in indicator Expand the model to address brine
2020) support tool environmental selection management
(Rustum et al., Multi-criteria decision- Environmental, Desalination Experts involved in the ranking Limited stakeholder involvement
2020) making with fuzzy model economic, social procedure
(Abdulbaki et al., Multi-criteria decision- Technical, economic, Desalination Experts involved in the Limitations in applying MCDM-based
2020) making environmental, social weighting procedure solutions, Lack of data
(Saleh and Mezher, Multi-criteria decision- Economic, Desalination Experts involved in the Lack of data, Recommendation for the
2021) making with AHP environmental, social weighting procedure introduction of more metrics highlighted
Micari, Moser, et al. Techno-economic Technical, economic, Brine treatment No stakeholder participation Lack of social dimension and stakeholder
(2020) assessment environmental participation, the technical assessment

(Panagopoulos,
2021a)

(Mansour et al.,

2018)
(Nayar et al., 2019)

(Shende et al.,
2021)

(Xevgenos, 2016)

(Panagopoulos,
2021c¢)

(Micari, Cipollina,
et al., 2020)

(Morgante et al.,
2022)

Techno-economic
assessment

Cost assessment

Techno-economic
assessment

Multi-criteria decision-
making with AHP and grey
relational analysis (GRA)
Techno-economic
assessment

Techno-economic
assessment

Techno-economic
assessment

Techno-economic
assessment

Technical, economic

Economic

Technical, economic
Technical, economic,
administrative (social)
Technical, economic,
social

Technical, economic

Technical, economic

Technical, economic

Brine treatment
and resource
recovery

Brine treatment

Brine treatment
and resource
recovery

Brine treatment

Brine treatment
and resource
recovery

Brine treatment

Brine treatment
and resource
recovery

Brine treatment
and resource
recovery

Experts involved in the design

NA

NA

NA

NA

NA

NA

NA

includes only the energy requirements.
Lack of environmental and social
dimensions, lack of stakeholder
participation

Only economic dimension, lack of
stakeholder participation

Lack of environmental and social
dimensions, lack of stakeholder
participation

Lack of environmental dimensions, lack
of stakeholder participation

Lack of environmental dimensions, lack
of stakeholder participation

Lack of environmental and social
dimensions, lack of stakeholder
participation

Lack of environmental and social
dimensions, lack of stakeholder
participation

Lack of environmental and social
dimensions, lack of stakeholder
participation

AHP: Analytic Hierarchy Process; TOPSIS: Technique for Order Preference by Similarity to an Ideal Solution.

Micari, Moser, and Moser (2020) 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 COy
emissions). In addition, Micari, Cipollina, et al. (2020) 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 pro-
duction, and introduces a novel parameter, the levelized cost of the NaCl
crystals.

Panagopoulos (2021a) performed a TEA of a seawater ZLD system,
focusing on freshwater, mixed solid salt, and high-purity NaCl produc-
tion. (Morgante et al., 2022) 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 environ-
mental 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
(Micari, Moser, et al., 2020; Xevgenos et al., 2021; Panagopoulos,
2021b; Morgante et al., 2022), comprehensive sustainability assess-
ments of ZLD systems remain scarce. A first attempt to integrate social
aspects into the analysis/evaluation of desalination and brine manage-
ment systems was proposed by Tsalidis et al. (2023) through social LCA.

Few studies attempted to evaluate integrated desalination and brine
treatment systems with technical and economic criteria. For instance,
Nayar et al. (2019) 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
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analysis. Panagopoulos (2021b) evaluated the desalination system RO
integrated with brine treatment technologies (brine concentrator, brine
Crystallizer), using technical, economic, and environmental (only CO5
emissions) criteria. The performance of the system was analysed with
respect to both water and salt.

4.2.2. Review of assessment indicators

This section examines the key findings from the review of sustain-
ability 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 perfor-
mance of a system. A good understanding of the process is essential
(Lior, 2017), 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. Howev-
er, limitations exist, as some indicators are overestimated with respect to
others because of the availability of data (Saleh and Mezher, 2021).

Regarding the energy-related indicators (in the technical dimen-
sion), 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 perfor-
mance 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 (Lior, 2017). Various in-
dicators 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 (Papapetrou et al., 2017). It represents the
break-even price of the main product, taking into account revenues from
by-products (Micari, Moser, et al., 2020). Unit cost is defined as it re-
flects the cost per unit of desalinated water, encompassing capital,
operation, maintenance, and fuel costs (Afgan, Darwish and Carvalho,
1999; Mohsen and Al-Jayyousi, 1999; Xevgenos, 2016; Panagopoulos,
2021b). The normalization to production capacity, used in both lev-
elized 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 (Papapetrou et al., 2017).

Treatment cost, utilized by Xevgenos (2016) and Bick and Oron
(2005), considers capital costs, energy costs, and operating costs. Wang
et al. (2019) and Panagopoulos (2021c) 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 desali-
nation brine effluent was conducted by Xevgenos et al. (2018), consid-
ering 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 (Micari, Moser, et al.,
2020) for ZLD/MLD systems. However, the costs of brine disposal are
usually excluded from the analysis.
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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 asso-
ciated with high energy consumption and brine disposal. Only 61 % of
the reported studies used environmental indicators, with36 % assessing
CO, emissions from the operation, such as CO5 emissions/m> of desa-
linated water (Lior and Kim, 2018) or CO, emissions/m® of brine
(Micari, Moser, et al., 2020). 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 (Saleh and Mezher, 2021), 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 (Lior and Kim, 2018; Saleh and Mezher, 2021),
eco-toxicity (Meneses, Pasqualino and Raquel, 2010; Zhou, Chang and
Fane, 2013; Balfaqih et al., 2017; Ibrahim et al., 2018), and increased
salinity and temperature (Lior, 2017; Ibrahim et al., 2018).

The use of chemicals is directly related to environmental impacts in
the desalination sector; however, it is not considered in the reviewed
works. While Lior (2017) referred to chemical consumption in the eco-
nomic assessment, it was not included in their subsequent work where
the proposed framework was implemented (Lior and Kim, 2018).
Similarly, Bick and Oron (2005) 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 (Lior, 2017). Only 48 % of the reported
studies used social indicators, with 45 % assessing impacts on the local
economy and communities (Lior, 2017; Ibrahim et al., 2018; Pan-
agopoulos, 2021b). These studies considered indicators such as the level
of aesthetic acceptability, noise levels, provision of employment op-
portunities, safety levels, quality of life, and effectiveness and equity of
employment. Xevgenos (2016) recommended the indicator of willing-
ness to pay. Water quality was used in 25 % of the studies to assess
social-technical aspects (Saleh and Mezher, 2021). Shende et al. (2021)
included the operational complexity of the processes as a social indi-
cator, reflecting the need for skilled labour. Similarly, Wang et al. (2019)
emphasized the importance of specific expertise, and Panagopoulos
(2021b) highlighted the significance of high-skilled employees and
specialized knowledge. Loutatidou et al. (2017) 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 (Lindfors,
2021). The data collection for social indicators can be challenging,
especially for indicators like political risks/impacts and benthic seabed
damages (Ibrahim et al., 2018). These challenges are exacerbated when
collecting data from multiple individuals within an organization
without direct collaboration with S-LCA practitioners (Tsalidis et al.,
2023). Such complexities often lead to the reliance on assumptions when
evaluating social impacts (Stringham and Mattson, 2021), 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 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



R. Ktori et al.

more inclusive assessment of social and environmental aspects is war-
ranted. 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 gives a
summary of the most frequently used indicators in the literature. Their
definition and mathematical description are given in Supplementary
Information III (see Section B). Notably, brine disposal is not commonly
considered in sustainability assessments, which encompass economic
factors, such as disposal costs, as well as environmental and social
impacts.

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, Lohman
et al. (2023) and Millward-Hopkins et al. (2018) acknowledged the
importance of stakeholder engagement in the development and appli-
cation of sustainability assessments and decision-support tools, but
lacked actual stakeholder involvement, raising questions about the
validity and applicability of their findings. Conversely, Iacovidou et al.
(2017) and Arushanyan, Ekener and Moberg (2017) emphasized the
system thinking approach and stakeholder participation in the assess-
ment, advocating for transparent and inclusive approaches. Ddiba et al.
(2022) 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, Ling, Germain and Murphy

Table 2
Summary of the most frequently used indicators in the literature.
Dimension Indicator Frequency  Method/Concept
Technical Specific energy 56 % MCA, TEA, SA, EIA, Energy
consumption assessment
Water recovery 44 % MCA, TEA, SA, EIA, Energy
assessment
Energy 33% MCA, TEA, SA, EIA, LCA
consumption
Water quality 28 % MCA, TEA, SA
Economic OPEX 85 % MCA, TEA, SA, Cost
assessment, EIA, Energy
assessment
CAPEX 69 % MCA, TEA, SA, Cost
assessment, 3E assessment
Freshwater 31% MCA, TEA, SA, 4E
produced cost assessment, EIA, Energy
assessment
Unit cost 28 % MCA, TEA, SA
Environmental GHG emissions 62 % MCA, TEA, SA, LCA, EIA
GHG intensity 38 % MCA, TEA, SA, 3E
assessment, 4E assessment,
LCA, EIA, Economic
assessment
Global warming 31% LCA
Ecotoxicity 31% LCA, EIA
Social Health and 28 % SA
sanitation;
Acceptability 23 % Decision support tool
Education and 13 % SA
training
Public safety 13 % SA

EIA: environmental impact assessment, LCA: life cycle assessment, MCA: multi-
criteria assessment, SA: sustainability assessment, TEA:techno-economic
assessment.
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(2021) 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, Ladu and Morone (2021) and Ling, Germain and
Murphy (2021) proposed comprehensive assessment tools that involve
stakeholders in indicator selection. Ling, Germain and Murphy (2021)
selected the indicators and criteria based on the insights from the pre-
liminary interviews, while Ladu and Morone (2021) involved stake-
holders through workshops, interviews and webinars for indicator
selection. Similarly, Sadr et al. (2015), defined indicators based on ex-
perts’ input and Ddiba et al. (2022) based on specific context relevance.
Conversely, Lohman et al. (2023) 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, (Sadr et al., 2015) designed alternative scenarios based on
necessity and viability, while lacovidou et al. (2017) incorporated
concepts from the circular economy and industrial symbiosis and
actively engaged stakeholders in scenario communication. Similarly,
Ddiba et al. (2022) 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 Sadr et al. (2018) explicitly
discussed the improvement of a methodology for the scenario develop-
ment by exploring existing regulations, guidelines and standards for
wastewater treatment and water reuse in the understudied region.
Conversely, Sucu et al. (2021 and Lohman et al. (2023) use an existing
knowledge database to design alternative scenarios without any feed-
back 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 Ddiba et al. (2023), Mannina et al. (2019), and Mustajoki
and Marttunen (2017)highlighted the ongoing need for further research
and improvement in decision-support tools for resource recovery plants.
Specifically, Ddiba et al. (2023) emphasized the importance of under-
standing practitioner interaction with those tools, while Mustajoki and
Marttunen (2017) stressed the importance of close collaboration with
stakeholders in the multi-criteria decision analysis (MCDA) for better
problem structuring and transparent inclusion of public values and
concerns.

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 desali-
nation 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 MCDA methods, results interpretation may be misleading (Pintér
et al., 2012). Furthermore, the review exposes a common misuse of the
term ’sustainability’ in analyses, suggesting a need for greater adher-
ence to sustainability principles. While sustainability is a popular term,
its misuse can compromise the integrity of studies, undermining their
credibility.

The multi-criteria decision making (MCDM) 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. (Ibrahim et al., 2018; Lior and Kim, 2018; Wang
et al., 2019)), there remains a general lack of comprehensive stake-
holder 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
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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, environ-
mental, social and/or technical) must be complemented by meaningful
stakeholder participation to align resource recovery innovations with
policies, markets, and societal concerns.

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 Wreyford et al. (2020) and Rustum et al. (2020), which
emphasized the significance of case-specific contextual effects in sus-
tainability assessments, underscoring the need to consider local condi-
tions and stakeholder insights. Conversely, studies on resource recovery
from other sources (see Section 4.2.3) have demonstrated various ap-
proaches 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
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approach that addresses these limitations. In this regard, the imple-
mentation 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 stake-
holders from the literature review, below is a list of key criteria that an
SA needs to include:

o Comprehensiveness: Provide a holistic approach by integrating
environmental, social, economic, and technical dimensions.
Transparency: Provide explicit information on stakeholder partici-
pation, 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.
Stakeholder participation: Promote continuous engagement and
open communication with stakeholders representing diverse per-
spectives 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 partici-
patory tools such as surveys, workshops, and focus groups to gather
diverse perspectives. Identify and mitigate potential biases early by
involving a diverse group of stakeholders and using reflective
frameworks

Transdisciplinary: Integrate methodologies and knowledge from
different disciplines for knowledge co-production and social
learning.
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Fig. 4. Schematic representation of the proposed framework for a VSD-informed sustainability assessment of desalination and brine management. The Stakeholder
Engagement Gradient illustrates varying degrees of stakeholder involvement across different steps, ranging from light gold-yellow indicating low involvement to dark

gold-yellow indicating high involvement.
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4.3. Synthesis: a proposed framework to assess integrated desalination
and brine treatment systems

Building upon the theoretical background outlined in Section 2 and
insights from the literature reviews in Sections 4.2.2 and 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. Fig. 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.

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 participa-
tory definition of the problem statement.

Stakeholder analysis and engagement: The involvement of a
diverse range of stakeholders, including researchers, policymakers, en-
gineers, and affected communities, is crucial. Grouping these stake-
holders by their interests and potential impact ensures that all relevant
perspectives are integrated into the assessment process (Bryson, 2004;
Reed et al., 2009). 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 (Voinov et al., 2016). 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 III (see Section C), while
Bryson (2004) 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 pro-
cess. While the proposed participatory approach aims to involve stake-
holders at various stages of the assessment process, the level of
participation of each stakeholder can vary. Factors such as power, ca-
pacity, interest, and the ability to engage must be considered when
determining their participation (see example in Supplementary Infor-
mation III, 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 pro-
cesses. 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 (Voinov et al., 2016). It is important to
ensure that all stakeholders, regardless of their interests or potential
gains or losses, are given equal consideration in the participatory pro-
cess, promoting democratization, ownership, and transparency. Partic-
ipation 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 collabo-
rative 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 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
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ensures that the assessment is grounded in a comprehensive under-
standing 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 (Ulrich
and Reynolds, 2010).

Transparency: is a critical aspect at all participatory stages, from the
selection and invitation of stakeholders to the development of engage-
ment activities and the analysis of outcomes. Transparency in stake-
holder 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 ques-
tions of who is included and on what grounds, taking into account the
motivations and intentions of both stakeholders and practitioners/ fa-
cilitators (Voinov et al., 2016). 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
(Hamilton et al., 2015; Voinov et al., 2016).

Problem statement definition: Described and analysed the prob-
lem 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 con-
ducted (Azapagic and Perdan, 2005a). This process can involve evalu-
ating 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 (Sala, 2020) but also help in the design of
alternative scenarios (see Section 4.3.3). This can be achieved by con-
ducting 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.

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 sys-
tem 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/ fa-
cilitators and can influence the assessment outcomes. For example,
excluding the distribution network might overlook significant environ-
mental 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-
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making tools needs to be determined in this step. The choice between
soft and hard MCDA depends on several factors, such as the objective,
complexity of the problem, availability of data, and resource availability
(Mendoza and Martins, 2006) (see example in Supplementary Infor-
mation III, Section C).

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

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

e What is the goal of the assessment?

e What are stakeholders’ values?

e 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
II1, Section C).

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 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 trans-
parent 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 I). 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 liter-
ature 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 (Pintér et al., 2012).

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 (Singh et al., 2012), 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 (Gasparatos, El-Haram and Horner, 2008). 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 (Foxon et al., 2002; Azapagic
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and Perdan, 2005a). 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.

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 (Gasparatos and Sco-
lobig, 2012). 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 (Pintér et al.,
2012). Although “user friendliness” is one of the main advantages of
reductionism (Gasparatos, El-Haram and Horner, 2008), for this
framework, we can accept partial reductionism for the benefit of effec-
tive 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 modifica-
tions 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 (inte-
grated 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 quan-
tity, 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 secu-
rity. This contribution/impact is assigned to the technical dimension.
Similarly, ’energy security’ can be assessed by monitoring both elec-
trical 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.

4.3.3. Design of alternative scenarios

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) (Lindfors, 2021) (see Micari,
Moser, et al., 2020; Ronquim et al., 2020). Choosing what alternatives to
include can become very challenging and complicated, especially when
technologies are integrated into a system. While conventional MCA
methodologies begin by selecting alternatives after or within the scope
definition. (Lindfors et al., 2019; Lindfors, 2021), in this work, the
design of alternative scenarios comes after the definition of the in-
dicators. This adjustment is made to ensure transparency in the assess-
ment 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
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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 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 in-
cludes 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 (Palmeros Parada et al., 2022), 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 chal-
lenges 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.

- 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 dis-
cussion. 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 (Parada et al., 2017).
Additionally, insights and lessons learned from the literature and tech-
nology 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 per-
spectives 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.
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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 (Singh et al., 2012; Nika et al., 2020). From the liter-
ature review, it was found that one of the main limitations of previous
works is the availability of data (Jia et al., 2019; Saleh and Mezher,
2021). 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 eco-
nomic models for integrated seawater desalination and brine treatment
technologies for resource recovery (https://github.com/rodoulak/Desa
lination-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 4.3.2.

In general, more complex models can provide more data, but the
complexity does not necessarily correlate with usefulness or accuracy (Li
et al., 2022). The selection of the methods, models, tools, or algorithms
depends on the assessment’s objective. In light of the challenges asso-
ciated 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 gen-
eration. Surveys, interviews, and literature reviews are required to
determine the social indicators (Wasserman and Faust, 1994). These
methods play a crucial role in the data collection process, providing
valuable information and ensuring consideration of different perspec-
tives. 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 avail-
ability 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. Stake-
holders 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 perfor-
mance data during stakeholder engagement and the final results of the
analysis (Akadiri and Olomolaiye, 2012).

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 (Singh et al., 2012). 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 (Nika et al., 2020). Thus, it is vital to analyse and quantify the
uncertainty of the data (Baustert et al., 2018). This can be done through
various methods, such as sensitivity analysis or Monte Carlo simulation
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(Li et al., 2022). The choice of method depends on the specific assess-
ment 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 (Nika et al., 2020).

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.

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 4.3.1) and
Supplementary Information III (Section C). Particularly in hard MCDA,
once the selected indicators are determined using the data acquired in
Step 4 (Section 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 di-
mensions (units) (Saad, Nazzal and Basil M. Darras, 2019). Additionally,
the performance analysis in hard MCDA includes more steps, such as
selecting the MCDM method for weight determination, aggregation,
alternatives ranking, and sensitivity analysis. Conversely, in soft MCA,
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
(Diaz-Balteiro, Gonzalez-Pachon and Romero, 2017). Instead, the se-
lection of suitable MCDA 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 (Singh et al., 2012; Diaz-Balteiro,
Gonzalez-Pachon and Romero, 2017). Determining weights aims to
assign relative importance to indicators, reflecting their significance in
decision-making. Weighting dimensions and indicators have been a
critical issue in the sustainability literature (Turkson et al., 2020). In
general, MCDA 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 (Cinelli, Coles and Kirwan, 2014). Wen, Lindfors and
Liu (2023) and Kumar and Kumar (2017) 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 di-
mensions. This means that improvements in one dimension (e.g., eco-
nomic) 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 (Munda, 2008; Cinelli, Coles and Kirwan, 2014). Detailed
definitions of strong and weak sustainability are provided in Supple-
mentary Information III (see Section A).

In the field of desalination, AHP emerged as the most frequently
utilized method in the reviewed studies to handle complexity, uncer-
tainty and consistency, followed by Technique for Order Preference by
Similarity to an Ideal Solution (TOPSIS) (see Table 1). However, it was
observed that many studies did not provide explicit justification for
selecting a particular MCA method. There were exceptions, such as the
work by Lior and Kim (2018) that briefly explained the rationale for
choosing and (Ghassemi and Danesh, 2013), who explained that
fuzzy-AHP and TOPSIS were selected to address uncertainty and sensible
attributes with simplified programming methods. New MCDA methods,
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such as the Best-Worst method (BMW), developed by Rezaei (2015), has
been extensively applied in other fields (Rezaei, Wang and Tavasszy,
2015; Salamirad et al., 2023; Wen, Lindfors and Liu, 2023) 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 repre-
sent everyone’s opinion, leading to a loss of valuable information. This
can ultimately reduce the effectiveness of the decision-making process
(Garmendia and Gamboa, 2012; Mustajoki and Marttunen, 2017). In
sustainability assessment studies, it can be more beneficial to focus on
understanding the decision-making process and differences in stake-
holders’ opinions rather than arriving at a final ranking for alternatives.
While there may not be a definitive answer to sustainability perfor-
mance, 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 MCDA
methods are chosen, how weights are determined, and how indicators
are normalized or not. This transparency is further ensured by pre-
senting analysis results and interpretations to stakeholders, as
mentioned also 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 participa-
tion of diverse stakeholders ensures a comprehensive evaluation that
considers diverse perspectives, values, and stakeholder needs.

5. Impact, limitations, and future work

A critical review of the state of SA for desalination and brine treat-
ment 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 prior-
ities 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 I)
is a valuable resource for selecting performance indicators tailored to
desalination and brine treatment case studies. It significantly contrib-
utes 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 compre-
hensive and relevant evaluations, advancing the field of SA. The pro-
posed methodology can guide the user in identifying improved
opportunities through the development and evaluation of alternative
technical scenarios where social and stakeholders’ values are incorpo-
rated. 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 meth-
odology that considers the interconnections between economic, envi-
ronmental, social, and technical aspects. It involves stakeholders
throughout the assessment process and incorporating 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 con-
ducting academic studies on desalination and resource recovery, gov-
ernment 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 involve-
ment 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
(Ling, Germain and Murphy, 2021).

Moreover, reducing conflicts and building trust among stakeholders
is vital for moving towards a shared vision (Hamilton et al., 2015).
Educating stakeholders, including researchers and decision-makers,
about the benefits of collaboration can facilitate meaningful engage-
ment. 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 con-
texts can provide valuable insights into the practical implementation of
stakeholder engagement and the associated benefits and limitations.

Future work should implement the proposed framework, including
mathematical models for formulating, calculating, and analysing sus-
tainability performance and integrating different analytical tools to
develop a multi-sectoral system without increasing the complexity.

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 di-
mensions 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 re-
covery 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
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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 limita-
tions and improvements that need to be made.
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