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Abstract: Water scarcity presents one of the greatest challenges of our time. Especially in naturally
water scarce regions, the need of additional water resources is rising, requiring innovative and
site-adapted technologies. In this review, selected non-conventional water technologies for sustainable
water management are strategically evaluated. Focused on a matrix-based assessment incorporating
key indicators, the study discusses the availability, applicability, environmental impact, scalability,
and economic viability of the selected technologies. Based on a comprehensive literature review,
the methodology involves a systematic comparison of technologies for desalination, water reuse,
groundwater utilization, agricultural reuse, and unconventional approaches like cloud seeding, dew
water, and fog water harvesting. The indicators covering the respective categories are presented
in the results. On this basis, the different technologies are analyzed by matrix-based evaluation,
highlighting various strengths and weaknesses and providing insights into technology selection
based on regional needs. The discussion interprets the findings, deriving implications for dry
environments, acknowledging limitations and suggesting pathways for future research. Through a
rigorous analytical framework, this study contributes to the discourse on sustainable water solutions,
offering valuable insights for policymakers, researchers and industries during a decision-making
progress.

Keywords: non-conventional water technologies; arid regions; sustainable water management;
matrix-based assessment; technology evaluation

1. Introduction

The increasing water scarcity in arid regions poses a formidable challenge to sustainable
development, necessitating innovative solutions to augment water resources. This study aims to
address this pressing issue through a strategic assessment of non-conventional water technologies [1],
focusing on their availability, applicability, environmental impact, scalability, and economic viability [2].
The objective of this study is to systematically evaluate the non-conventional water technologies using
a matrix-based approach with previously defined indicators. Based on these assessments, insights
are provided with the goal to inform policymakers, researchers, and practitioners navigating the
complexities of water management in arid environments.

The importance of non-conventional water technologies in this context cannot be overstated
[3,4]. As traditional water sources are gradually being exhausted, these technologies show alternative
means to secure a reliable water supply as the example of Italy shows [5]. Desalination (thermal or
membrane-based) [6–8], water reuse [9–11], and unconventional approaches such as cloud seeding
[12,13], dew water harvesting [14,15], and fog water collection [16] represent potential solutions for
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sustainable water management. Understanding their strengths and weaknesses is decisive for the
selection of the appropriate technology under the contraints of a certain location. This study discusses
the applicability and feasibility of these technologies by taking into account location-specific factors,
such as energy costs or the chemical composition of seawater, particularly of the MENA region as it is
an especially arid area. Valuable knowledge is contributing to the broader discourse on water resource
management and is supporting the decision-making process to find the optimal solution.

2. Methodology

The methodology section outlines the structured approach adopted to ensure the reliability and
objectivity of the analysis. The study leverages a matrix-based evaluation framework, integrating
key indicators such as applicability, environmental impact, scalability, and economic viability.
The developed indicators have been discussed and checked during an expert workshop with
representatives in this field. The following Figure 1 shows the general approach of this study.

Literature Review Development of Indicators Matrix-based Evaluation

Expert Workshop

Figure 1. General approach of this study

2.1. Literature Review

The literature review is the foundation of this study, presenting an overview of the research on the
topics of non-conventional water technologies and water management practices in arid regions. The
sources reviewed are articles from diverse scientific journals and provide insights on latest technology
advancements, key challenges and successful case studies in specific countries and environments with
a focus on the MENA region. These sources give the context for the methodological approach of this
study, which allows the definition of specific indicators and the subsequent analysis with a matrix
based approach.

Most of the sources cited in this study have a country-specific point of view, often combined
with a particular technology applied in this region. More general papers provide an overview of
the technologies for non-conventional water technologies, especially [1,4], as well as [11,17,18] and
[19–21]. The different technologies are discussed in detail, including the site-specific conditions
and socio-economic factors of the MENA region. Other articles [22–24] set the focus on the
remaining contaminants of concern and trace metals during the non-conventional water application,
addressing agricultural as well as municipal aspects of water reuse. Several articles specify the
water reuse approaches and safety issues for the irrigation of certain crops [25–29]. In the following
subsections, literature treating a specific country is being shortly reviewed. The technologies applied
are predominantly desalination (namely reverse-osmosis, RO), greywater, water reuse, agricultural
drainage water and rainwater harvesting. Water reuse must be distinguished from water recycling, as
the latter involves the application of additional technology, while the former involves the direct reuse
of water.

2.1.1. MENA and the Mediterranean Region

In these articles and studies, the centre of attention lays on the Mediterranean region [30,31], Italy
in specific [5,19], the MENA region in general [2,9,18,32–34] or the GCC countries [2]. The desalination
of seawater [6,35] is the most widespread technology, but is associated with high operational costs
(OPEX) due to the electricity demand. The combination of renewable energy with desalination is an
attractive topic addressed in many studies, i.e. [34,36–40]. Given the high solar radiation in this area,

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 2 October 2024 doi:10.20944/preprints202410.0060.v1

https://doi.org/10.20944/preprints202410.0060.v1


3 of 24

photovoltaic systems would be an especially efficient solution [41,42], and possible ways of enhancing
their efficiency are already under development [43]. Environmental impacts originating from various
desalination technologies are assessed in this study [44], as well as sustainability aspects [8]. Some
reviewed publications discuss innovative process combinations to improve desalination processes
[35,45]: forward-osmosis (FO) and ultra-filtration (UF) [46], centrifugal RO [47] and nano-filtration
reverse-osmosis (NF-RO) [48,49]. The latest developments use a closed-cycle RO (CCRO) allowing for
better scale control and higher recovery rates [50,51], also used for brackish water desalination [52].

2.1.2. Jordan

The water scarcity in Jordan is more extreme compared to other countries in the MENA region
due to limited surface waters and limited seawater access, which is only given in the city of Aqaba.
The available surface waters are mostly stored rainwater in high-dams in the mountainous North of
Jordan but often polluted by local uncontrolled discharge of wastewater or generally over-exploited.
All other literature are subject to desalination units [42]. Some other sources include groundwater [53]
and water treated by solar desalination systems [42,54]. The high energy consumption of desalination
plants is discussed here [55,56]. Wastewater reuse in general is presented in these studies [57,58], and
the use of treated wastewater for irrigation specifically is considered in [59].

2.1.3. Egypt

As Egypt is experiencing water scarcity since many decades, there has been extensive research
conducted in field of non-conventional water technologies, including both agricultural and municipal
water use. A general overview is given by Bakr et al. [60], who mentions the Nile river as the
primary water resource for human supply. As the river does not fully covers the irrigation needs,
non-conventional resources are added, namely agricultural drainage, groundwater and treated
wastewater. Other resources/technologies are more specifically detailed in the following papers:
greywater in [61,62], water reuse in [63–65], or rainwater harvesting in [66,67]. Several papers have a
distinct local relation, e.g. [63,65,68,69]. One of the most widely used technologies, the desalination, is
described in general in [70,71], in the context of irrigation in [70], and Rayan et al. present the installed
desalination units in the Sinai peninsula specifically, as well as potential future sites in Egypt [68].

2.1.4. Tunisia and Morocco

Tunisia started early with water-reuse approaches [27] in the agricultural sector, a general outline
of the national perspective of water in Tunisia can be found here [72]. Several other publications see
the technological solution in desalination plants [73–75], partly supplied with geothermal energy [76]
or desalination using solar energy (PV) [37,39,77]. Morocco has a desalination strategy explained in
this study [78].

2.2. Selection of Non-Conventional Water Technologies

The initial phase of the study involves a selection process to identify non-conventional water
technologies [19] with a particular emphasis on the site-specific conditions, namely the arid climate.
Table 1 shows the selected technologies with its abbreviation based on [4], which are the foundation
of the following analysis. The technology readiness level (TRL) gives its development level and its
market maturity on a scale from 1 (first idea) to 10 (market ready). More information about the TRL
concept and the maturity stages of a technology can be found in Figure 2.
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Table 1. Selected non-conventional water technologies and descriptions

Technology Description TRL

Desalination
(D)

Desalination involves the process of removing salt and other
impurities from seawater, groundwater [53] and brackish
water, making it suitable for various uses, including portable
use and irrigation. Depending on the applied technology,
desalination units use vast amounts of thermal [79] or
electrical energy [6], but are mostly the only solution in arid
regions where traditional freshwater sources are limited.

10

Water reuse
(WR)

Water reuse [11,80], is the direct re-utilization of wastewater.
If an additional treating step is included, e.g. dilution with
freshwater, this technology is referred as water recycling.
The treatment can be adjusted as required to meet specific
quality standards for various applications like discussed in
[58]. This sustainable approach helps in conserving freshwater
resources by treating wastewater for non-potable purposes
such as irrigation or industrial processes.

9-10

Groundwater
(G)

Groundwater [81–83] refers to water stored beneath the
earth’s surface in aquifers. In arid regions, sustainable
management of groundwater resources is crucial [9,81]. This
involves assessing extraction rates, recharge mechanisms,
and addressing potential issues of over-extraction and
contamination.

9-10

Agricultural reuse
(AR)

Agricultural reuse [11,84] focuses on utilizing treated
wastewater for irrigation purposes in agriculture. This
approach is mostly associated with adapted irrigation systems
like drip irrigation to increase the water use efficiency [84,85].

8-9

Cloud seeding
(CS)

Cloud seeding [13] is a weather modification technique that
involves dispersing substances into the air to encourage
cloud condensation or ice crystal formation. This process
aims to enhance precipitation [12], potentially increasing
water availability in targeted regions, but heavily depends
on meteorological conditions and has not understood
environmental impacts.

7-8

Dew water
(DW)

Dew water harvesting [14,15] involves collecting moisture
from the air as dew. This method is particularly useful in
arid climates where humidity levels fluctuate, providing an
additional source of water for various applications [86]. The
structures and shapes can greatly vary, one example can be
found in [87].

6-7

Fog Water
(FW)

Fog water harvesting [16] captures water droplets from foggy
air using specialized nets or structures. An example of this
construction can be found in [88]. This method is similar to
DW, but is less suited for arid climates as it is most effective in
coastal areas with frequent fog and high relative humidity,
offering a unique way to supplement water resources in
regions facing water scarcity.

6-7
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TRL 1

TRL 2

TRL 3

TRL 4

TRL 5

TRL 6

TRL 7

TRL 8

TRL 9

Basic principles observed, research stage
in lab scale

Technology concept formulated, scale up
necessary

Experimental proof of concept

Technology validated in laboratory
experiment

Technology validated in relevant
environment, first demonstration plant

Technology demonstrated in relevant
environment, pilot plant

System prototype demonstration in
operational environment, pilot plant
with increased scale

System complete and qualified

Actual system proven in operational
environment, market maturity reached

Figure 2. Technology Readiness Levels (TRL)

This selection is not required to include every possible technology, as it would go beyond the aim
of this review which is to give a comprehensible and clearly-arranged overview. It also neglects the
origin of the water, i.e. municipal, industrial or agricultural. The most common technologies, namely
desalination [7] and water reuse [10], and more unconventional approaches like cloud seeding [13],
dew water [15] harvesting and fog water [16] collection are chosen based on their potential significance
in the Mediterranean region. Each of these non-conventional water technologies present distinctive
advantages and challenges, and their suitability depends on the specific conditions and requirements
of the target region.

2.3. Development of indicators

An indicator is a parameter designed to assess progress, effectiveness, and performance within a
given context. Following the SMART criteria [89], indicators should meet specific criteria in order to
establish a clear frame for the evaluation [90].

Figure 3 shows the SMART concept and gives some examples that can be applied for the respective
technology indicator. In order to make them more meaningful in the context of non-conventional water
technologies, it is important to understand that the chosen indicators should fulfill the SMART criteria.
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S

M

A

R

T

Specific

Measurable

Achievable

Relevant

Time-bound

The indicator must be defined in a way that
captures the unique characteristics of the chosen
technology. In desalination processes, an
indicator could be the percentage reduction in
salinity.

The quantification of an indicator is essential to
enable accurate measurement. For WR, it could
be the volume of treated wastewater successfully
reused in irrigation, expressed in m3 or l

The indicators should be realistically attainable
within the given resources and constraints. For
G, an indicator could be the annual recharge rate,
considering precipitation and extraction rates.

The information brought by the indicator needs
to directly contribute to the effectiveness and
sustainability of the technology. For AR, a
relevant indicator might be the nutrient content
in the treated wastewater.

Establishing a time frame for the assessment
of indicators enables tracking progress over a
period. For CS, a time-bound indicator could
be the increase in precipitation during a defined
season.

Figure 3. SMART indicators for technologies

After the definition of the technologies, the development of applicable indicators in the framework
of non-conventional water resources is made. These indicators are reviewed by experts and
stakeholders, jointly discussed during a workshop of the AGREEMed project with all participants. In
a second step, the indicators are grouped in five categories. The categories listed in Table 2 provide a
structured framework for the analysis of diverse set of indicators in order to derive a comprehensive
evaluation of the non-conventional water technology’s performance and impact in arid regions.
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Table 2. Categories and explanations of indicators

Categories Explanations

Availability
This category sets the focus on the accessibility and availability of
water resources, considering aspects such as the source and supply of
raw water, usable volume produced, and previous usage of the water.

Applicability

Applicability assesses the suitability and relevance of the
non-conventional water technology in a given context. It includes
indicators such as the effectiveness of the technology in meeting
specific water quality requirements for water use and social factors,
e.g. the acceptance of the technological solution in the society.

Environmental impact

Environmental impact reviews the ecological consequences of the
non-conventional water technology, caused directly or indirectly.
Indicators in this category include meteorological conditions, plant
footprint, chemicals and byproducts, life cycle assessment, and
toxicity of chemicals applied.

Scalability

Scalability assesses the potential for the non-conventional water
technology to adapt and expand based on demand. This category
includes indicators such as plant modularity, capacity restrictions,
and efficiency of contaminants removal.

Economy
Economy evaluates the economic aspects of the non-conventional
water technology, encompassing indicators like energy consumption,
CAPEX, OPEX, water product costs, life cycle costs, and logistics.

2.4. Matrix-Based Evaluation Framework

The criteria chosen for each category should be customized to account for the site-specific
conditions, including factors such as the local availability of raw water sources, region-specific
economic considerations, and environmental impact assessments. Assigning weights to these criteria,
based on stakeholder input and expert insights, helps in prioritizing their significance. A numerical
or qualitative scoring system facilitates the systematic assessment of each technology based on
the identified criteria. Subsequently, relevant data is collected as part of a comprehensive site
assessment in order to complete the matrix, considering aspects such as climate, water quality, and
socio-economic conditions. The scoring matrix is then utilized to calculate total scores for each
technology, incorporating both the assigned weights and the actual scores. This approach facilitates
the ranking and prioritization of technologies, with the highest total score indicating suitability for
the specific site conditions. The entire process should be thoroughly documented and reported to
ensure transparency and to provide a dynamic tool for informed decision-making in water resource
management. Regular updates and reviews further enhance the framework’s adaptability to changing
conditions and evolving technologies.

Stakeholders and experts collaboratively determine the significance of each indicator in
contributing to the success of the technology in a given context. The applicability framework involves
assigning relative weights to indicators, reflecting their relevance and influence on the effectiveness.
Factors such as the adaptability to local water quality requirements, the consideration of the climate,
its alignment with economic considerations, and its acceptance within the community are considered
during this weighting process. The goal is to create a balanced and relevant system where indicators
decisive for the success of the technology receive higher weights. This tailored approach ensures that
the matrix-based evaluation adequately addresses the unique requirements and challenges of each
non-conventional water technology.

3. Results and Analysis

A matrix-based evaluation of non-conventional water technologies is presented in the following
section, focusing on aforementioned site-specific conditions. This section introduces the developed
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indicators, their weights, and the scoring matrix. The results are analyzed to reveal insights into each
technology’s performance, emphasizing their suitability for the unique challenges posed by the site.
Beyond presenting scores, the analysis explores the interactions between indicators, leading to a solid
foundation for the ensuing discussion and conclusions.

3.1. Development of Indicators for the Selected Technologies

This subsection details the systematic selection and formulation of indicators, aligning them with
the defined categories. Each indicator is carefully customized to capture the nuanced aspects of the
chosen technologies. This concise paragraph highlights the rationale behind indicator selection, setting
the stage for the subsequent matrix-based evaluation.

3.1.1. Availability

The "Availability" category evaluates the reliability of the non-conventional water technology
when it comes to harnessing existing water sources in arid regions. It considers factors such as water
availability for desalination, groundwater accessibility, meteorological conditions and atmospheric
moisture for dew and fog water harvesting. This category is relevant for ensuring a consistent
and dependable water supply, fundamental for the success of these technologies in water-scarce
environments. The following Table 3 summarizes the indicators and its units.

Table 3. Indicators in the "Availability" category

No. Indicator Unit Description

1.1 Origin and supply of raw water m³/h Groundwater, sea water, drainage
water, dew, fog

1.2 Usable volume produced m³/h Typical plant capacity
1.3 Previous usage of the water — Greywater, drainage water
1.4 Water quality properties,

physical
— pH, T

1.5 Water quality properties,
chemical

mg/l Water quality analysis, parameters
COD, BOD, TSS, DO

1.6 Water quality properties, ion
composition

mg/l, ppm Total dissolved solids (TDS),
dissolved ion composition

1.7 Meteorological conditions °C, m/s, °,
kWh/m²·a

Temperature, relative humidity,
presence of clouds, wind speed,
wind direction, solar radiation
(GHI)

1.8 Meteorological conditions,
rainfall precipitation

mm/a Millimeters of water column

3.1.2. Applicability

In the "Applicability" category, the focus shifts to evaluating the suitability and adaptability of
non-conventional water technologies to diverse environmental and operational contexts. This category
assesses how well these technologies can be practically implemented in arid regions, considering
factors such as compatibility with local conditions and ease of integration into existing infrastructures,
like the plant footprint. In addition, the social acceptance, water accessibility and inequalities of the
usage outlines the importance of estimating the applicability of these solutions. Table 4 shows the
developed indicators.
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Table 4. Indicators in the "Applicability" category

No. Indicator Unit Description

2.1 Plant footprint, available space m² Space requirements, housing, land
use

2.2 Water quality requirements for
water use

mg/l Drinking water, process water,
irrigation water

2.3 Social acceptance of
technological solution

— Water access and inequalities in use,
welfare differences

3.1.3. Environmental Impact

In the "Environmental impact" category, the evaluation is centered around key indicators aiming
for the recognition of the ecological ramifications of non-conventional water technologies in arid
regions. This examination considers critical factors such as electrical and thermal energy consumption,
the usage and generation of chemicals and byproducts, life cycle assessment, toxicity of applied
chemicals, freshwater consumption for mixing, presence of hazardous water compounds in runoff
water, and the efficiency of contaminants removal. It is important to mention that the time frame for
such an evaluation is short term based and cannot predict future developments. By focusing on these
indicators, the evaluation aims to offer a detailed understanding of the environmental implications of
the technology, enabling a thorough consideration of their sustainability and ecological compatibility
within the designated areas. Table 5 shows the developed indicators of this subsection.

Table 5. Indicators in the "Environmental Impact" category

No. Indicator Unit Description

3.1 Energy consumption,
electrical and thermal

kWh/m³ Specific energy consumption per water
volume, both electrical and thermal

3.2 Chemicals and byproducts — Examining the substances used and
brine discharge, antiscalants, CIP and
blowdown water treatment

3.3 Life cycle assessment — Evaluating the environmental impact
throughout the life cycle of the
technology

3.4 Toxicity of chemicals applied LD50 / TD50 Assessing the potential harm of
chemicals used in the process e.g. silver
iodide for cloud seeding

3.5 Freshwater required for
mixing

m³/h Quantifying the amount of freshwater
needed for the technology’s operation

3.6 Hazardous water
compounds, runoff water

mg/l Fertilizers, soil salinity, soil conditioners,
agricultural chemicals

3.7 Efficiency of contaminants
removal

mg/l Measuring the effectiveness of removing
contaminants from water

3.1.4. Scalability

In the "Scalability" category, the assessment revolves around two key indicators that determine
the adaptability and extensibility of non-conventional water technologies in arid environments. The
first indicator, "Capacity restrictions, processing limits," focuses on understanding the constraints
and limitations regarding the maximum water treatment capacity and processing capabilities of the
technology. The second indicator, "Plant modularity," evaluates the degree to which the technology
can be designed modularly and scaled, allowing for flexible adjustments to varying capacities. Both
indicators address effectively a range of water treatment needs across different scales within arid
regions. The following Table 6 explains the indicators in detail.
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Table 6. Indicators in the "Scalability" category

No. Indicator Unit Description

4.1 Capacity restrictions,
processing limits

m³/h Constraints on maximum water
treatment capacity and processing
capabilities

4.2 Plant modularity — Degree of modular design and
scalability for adjusting to varying
capacities

3.1.5. Economy

In the "Economy" category, the evaluation centers on the financial aspects that govern the
implementation and sustainability of non-conventional water technologies in arid regions. This
category encompasses critical indicators that directly influence economic considerations, presented
in Table 7. Capital Expenditure (CAPEX) examines the initial investment required for technology
establishment, while Operational Expenditure (OPEX) assesses ongoing operational costs, e.g. energy
demand. Water product costs scrutinize the expenses associated with the produced water, and life cycle
costs enable a comprehensive view of the overall financial impact throughout the technology’s life
cycle. Logistics consider the efficiency of resource utilization, and profitability evaluates the economic
viability of the technology. Given the pivotal role of financial considerations, this category plays a
crucial role in determining the feasibility and long-term success of implementing these technologies in
arid environments.

Table 7. Indicators in the "Economy" category

No. Indicator Unit Description

5.1 CAPEX EUR Initial investment required for establishing
plant technology

5.2 OPEX EUR Ongoing operational and maintenance costs
for plant technology

5.3 Water product costs EUR/m³ Cost associated with treating one cubic
meter of water, dependent on plant size

5.4 Life cycle costs EUR/m³ Total cost of water treatment throughout the
operational lifetime of the plant

5.5 Logistics EUR Expenses related to plant transport, mass,
and required piping

5.6 ROI EUR Return of invest and assessment of plant’s
economic viability under local conditions
and water pricing

3.2. Analysis by Matrix-based Evaluation

In this section, the focus shifts to the examination of the chosen non-conventional water
technologies (see Table 1) by applying the previously described indicators to the respective technologies.
This analytical approach considers the applicability of each technology to specific indicators, allowing
a systematic comparison of their performance and suitability. By employing a matrix-based framework,
this evaluation aims to elucidate the interactions between the selected technologies and the diverse
array of indicators across the five chosen categories. The goals of this assessment are mainly
the identification of the strengths and weaknesses of each technology in order to simplify of the
decision-making process for their deployment in arid regions.

In Table 8, the suitability of the indicators from the category "Availability" for the different
technologies is shown. Only one indicator, namely No. 1.2 (usable volume produced), is suitable for
every technology. Although it is the largest category, there is a recognisable trend in the division of
the indicators; the different water properties (1.4 - 1.6) are relevant to the technologies using already
existing water resources (D, WR, G and AR) with given water quality aspects.
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Table 8. Matrix analysis for the "Availability" category
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Indicator W
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1.1 ✓ ✓ ✓ ✓ Origin and supply of raw water 4
1.2 ✓ ✓ ✓ ✓ ✓ ✓ ✓ Usable volume produced 7
1.3 ✓ ✓ Previous usage of the water 2
1.4 ✓ ✓ ✓ Water quality properties, physical 3
1.5 ✓ ✓ ✓ ✓ Water quality properties, chemical 4
1.6 ✓ ✓ ✓ ✓ Water quality properties, ion composition 4
1.7 ✓ ✓ ✓ Meteorological conditions 3
1.8 ✓ ✓ ✓ ✓ ✓ Meteorological conditions, rainfall precipitation 5

The others rely on the meteorological conditions with limited predictability, which are important
for the methods condensing the water from the air and utilising the different weather conditions.
AR and G also depend on a longer timescale on the local rainfall and precipitation, determining the
available water for those applications.

In Table 9, the indicators of the category "Applicability" are shown, in analogy to the table
previously mentioned. The suitability of each one varies way less than in the category "Availability",
every single one being applicable on nearly every technology. The reason for that is that only CS does
not require any plant space, as chemicals are dispersed by aeroplanes to initiate rainfall.

Table 9. Matrix Analysis for the "Applicability" category
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2.1 ✓ ✓ ✓ ✓ ✓ ✓ Plant footprint, available space 6
2.2 ✓ ✓ ✓ ✓ ✓ ✓ ✓ Water quality requirements for water use 7
2.3 ✓ ✓ ✓ ✓ ✓ ✓ ✓ Social acceptance of technological solution 7

In Table 10, the analysis for the environmental impact aspects is presented. Being the
second-largest category, the weights of the indicators vary quite significantly, No. 3.3 (LCA) being the
only one applicable for every technology. Every indicator is suitable only for two processes (WR and
AR), while only two indicators are applicable to the more innovative/less wide-spread technologies
(CS, DW and FW).
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Table 10. Matrix Analysis for the "Environmental Impact" category
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3.1 ✓ ✓ ✓ ✓ ✓ Energy consumption, el. and th. 5
3.2 ✓ ✓ ✓ Chemicals and byproducts 3
3.3 ✓ ✓ ✓ ✓ ✓ ✓ ✓ Life cycle assessment 7
3.4 ✓ ✓ ✓ ✓ Toxicity of chemicals applied 4
3.5 ✓ ✓ Freshwater required for mixing 2
3.6 ✓ ✓ Hazardous water compounds 2
3.7 ✓ ✓ ✓ ✓ Efficiency of contaminants removal 4

In Table 11, the matrix for the scalability indicators is pictured, the smallest of the categories. The
processing limits are applicable to every technology, while the plant modularity is only applicable to
D, DW and FW. The two latter ones require large land areas, due to relatively low water production
volume per area of condensing surface. It is notable that the applicable areas can be in remote locations,
which are difficult to access.

Table 11. Matrix Analysis for the "Scalability" category
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4.1 ✓ ✓ ✓ ✓ ✓ ✓ ✓ Capacity restrictions, processing limits 7
4.2 ✓ ✓ ✓ Plant modularity 3

In Table 12, the category "Economy" is shown. This is the only category where all indicators are
applicable on every single technology, despite the relatively large number of the indicators.

Table 12. Matrix Analysis for the "Economy" category
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5.1 ✓ ✓ ✓ ✓ ✓ ✓ ✓ CAPEX 7
5.2 ✓ ✓ ✓ ✓ ✓ ✓ ✓ OPEX 7
5.3 ✓ ✓ ✓ ✓ ✓ ✓ ✓ Water product costs 7
5.4 ✓ ✓ ✓ ✓ ✓ ✓ ✓ Life cycle costs 7
5.5 ✓ ✓ ✓ ✓ ✓ ✓ ✓ Logistics 7
5.6 ✓ ✓ ✓ ✓ ✓ ✓ ✓ Profitability 7

The assessment of the respective technologies should be done explicitly for the special boundary
requirements of a distinct location. The best solution may vary and there are always several options
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to consider, while the indicators from the "Economy" category are mostly the basis for an investment
decision.

4. Discussion

In this section, an analysis of the findings is presented, derived from the matrix-based evaluation
of non-conventional water technologies and their corresponding indicators. In order to enable a better
understanding for the interpretation, there is given a small example of the matrix-based evaluation for
a specific site in Jordan. The strengths and weaknesses of each technology concerning the diverse set
of indicators are critically discussed, while highlighting their performance in the discussed categories.

4.1. Interpretation of the analysis

4.1.1. Desalination

This technology is widely used for the production of drinking water and for agricultural purposes
[32]. The significant operational costs (OPEX) are associated with the high electricity demand,
representing around 80 % of the costs. The economic viability heavily relies on the local electricity price,
impacting the overall cost-effectiveness of desalination projects [52]. Useful indicators to estimate the
impact of these issues are the following: Energy consumption (3.1), Life cycle costs (5.4) and OPEX
(5.2). Additionally, environmental aspects have to be taken into consideration, e.g. brine discharge
and water intake construction. It is recommendable to set up an LCA for this purpose (3.3). The
brine has significant environmental impacts, mostly regulated by a legal framework and technical
limitations. Especially if the brine disposed improperly in the sea, it can cause serious damage to the
aquatic ecosystem. The reasons are not only the high salinity, but also the possible accumulation of
hazardous chemicals such as antiscaling agents, chemicals from CIP processes, and heavy metals [44]
[49]. Nevertheless, a complete brine treatment would multiply the water price from desalination and is
mostly not applied. All indicators of the category "Economy" and some of the category "Environmental
impacts" (3.1), (3.2) and (3.4) describe the associated costs and limitations of the technology.

4.1.2. Water Reuse

While technically and economically feasible, water reuse and recycling encounters economic
challenges related to upgrading processes, particularly when intended for human consumption [11].
Therefore, it is important to consider the economy-related indicators. Also, there is sometimes the
need for freshwater used for mixing (3.5), which can be minimized by appropriate plant operation.
Depending on the intended purpose of the reused water, there might be stricter regulations regarding
the water quality (2.2). Cultural and social aspects (2.3) can further affect the economic viability of
widespread deployment, necessitating careful consideration of associated costs. The concentration of
certain compounds of concern (e.g. pharmaceutics, pesticides) as well as biological parameters like
COD and BOD5 should be considered (3.2, 3.6), as the origin of the raw water and the containing
substances can be unknown (1.1, 1.3) [63]. However, the energy requirements are significantly lower
compared to other technologies (3.1) [91].

4.1.3. Groundwater

Groundwater utilization is subject to availability and economic constraints, with post-treatment
costs being a factor (5.2), especially for brackish water. A treatment is often necessary due to the
salinity and the possibility of contamination with e.g. agricultural substances like pesticides or
fertilizers (3.2, 3.6), also depending on the location of the groundwater extraction (1.1) [22] [92].
The economic feasibility of the direct usage for irrigation (5.4, 5.6) depends on factors such as deep
aquifer accessibility, its management to prevent over exploitation and the potential risk of increasing
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salinization [72]. Additionally, the depleting groundwater level has to be taken into account, especially
in arid regions, therefore uncontrolled groundwater extraction may contribute to this problem [53].

4.1.4. Cloud Seeding

Cloud seeding, although dependent on local weather conditions (1.7, 1.8), faces serious economic
and environmental challenges due to the costs associated with the applied chemicals (5.2, 5.3, 5.4),
additional costs for the spreading using small airplanes and unforeseeable environmental impacts.
Secondly, the increase of rainfall can reach from not measurable to up to 30 %, but is hard to predict
and measure exactly. Due to the toxicity of the chemicals (3.4) e.g. silver iodide (AgI), it may
necessitate additional measures contributing to economic considerations [13]. Due to the known
hazardous potential of AgI on agricultural lands, it may lead to safety concerns within the society (2.3).
Furthermore, the prevailing local meteorological conditions need to be strictly taken into account, as
special cloud formations and humidity levels are the basis for this technology. The wind direction can
lead to rainfall in areas, where it is not intended to rain [12]. Despite the advantage of this technology
concerning its footprint and flexibility regarding the location (4.1), it cannot be considered nowadays
as sustainable water technology due to unpredictable environmental impacts and high associated
costs.

4.1.5. Dew and Fog Water

Dew and fog water technologies are entirely dependent on meteorological conditions respecting
indicators (1.7, 1.8) [15,16]. Economic and logistical challenges are caused by the need for large
installation areas, which are often remote and challenging-to-access (2.1) areas like mountains and
elevations. The economic feasibility is further impacted by the costs associated with maintaining the
plant and transporting water from the remote locations (5.3, 5.4). Concerning the energy demand (3.1),
this technology needs only very low resources, mostly depending entirely on the post-treatment and
transportation logistics.

4.2. Implications for Water Management in Arid Environments

The evaluation of the non-conventional water technologies by matrix-based analysis showed
that several key indicators emerged as pivotal factors, carrying the highest impact in the technology
selection process. The usable volume produced, assigned a weight of 7, highlights the practicality
and effectiveness of each technology, emphasizing the need for a substantial water output to meet
diverse demands. The stringent water quality requirements depending on the application underscore
the significance of ensuring that the usage of treated water is safe and sustainable, without creating
further environmental problems such as soil contamination. Social acceptance reflects the intricate
interplay between technological solutions and societal perceptions, highlighting the importance of
aligning innovations with community values. All indicators are summarized in Table 13 and have
been assigned in the prior analysis a weight of 7.

Furthermore, the life cycle assessment describes a comprehensive extent of the environmental
impact, encompassing factors from raw material extraction to end-of-life considerations
(cradle-to-grave). It is also useful to avoid problem shifting when considering one technology against
another, given the fact that the LCA highlights potential issues which would otherwise remain
unrecognized. Capacity restrictions and processing limits focus on the scalability of the technology,
addressing the critical aspect of accommodating varying water demand scenarios efficiently.

The economic considerations, represented by CAPEX, OPEX, water product costs, life cycle costs,
logistics, and profitability, emphasise the great importance of financial performance and long-term
sustainability. These indicators encapsulate the entire economic landscape of implementing and
maintaining each technology, highlighting the need for cost-effectiveness, efficient logistics, and
positive financial outcomes.
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Table 13. Key indicators for decision-making progress

No. Indicator Unit

1.2 Usable volume produced m³/h
2.2 Water quality requirements for water use mg/l
2.3 Social acceptance of technological solution —
3.3 Life cycle assessment —
4.1 Capacity restrictions, processing limits m³/h
5.1 CAPEX EUR
5.2 OPEX EUR
5.3 Water product costs EUR/m³
5.4 Life cycle costs EUR/m³
5.5 Logistics EUR
5.6 ROI EUR

4.3. Example scenario

In order to give a more precise idea of how to work with the indicators, the following subsection
presents a scenario of a possible decision-making process for a plant location in Jordan. For better
clarity, only a few indicators are selected in this example. The goal is to compare the implementation
of different technologies within the frame of a given set of parameters for a specific location.

4.3.1. Parameters

The example location and the respective parameters are chosen because an operational plant for
the water supply of a date farm has been implemented at this location 12 years ago. The plant is a
reverse osmosis desalination plant for brackish water desalination of deep well water, entirely powered
by solar PV panels. It has a design capacity of 2 m³/h and is operated in an island configuration with
solar electricity only. This allows a runtime up to 12 h operation per day during the summer months.
The following Table 14 shows some of the exemplary boundary conditions. The meteorological data
have been obtained by a local weather station using averaged data of the year 2019, because there are
no other data available.

Table 14. Parameters of example site in Jordan

Parameter Description Value Unit

Location Jordan Jordan Valley —
GPS Coordinates 31°54’38.7"N 35°34’40.8"E — —
Water purpose Irrigation of a date farm — —
Water origin Groundwater from deep well 80 m
Water quality Brackish water 3150 mg/l TDS
Water use Irrigation 25 m³/d
Operational costs Electricity price 0.09 $/kWh
Meteorological data Temperature (av.) 26.3 °C
Meteorological data Rainfall 1.69 mm/year
Meteorological data Solar irradiance 3683 kWh/m²·a

4.3.2. Selection of indicators

The technology selection is based on five selected indicators from Table 13, which are the following
shown in Table 15. In order to keep the example short, only some of the applicable indicators are
considered.
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Table 15. Summary of key indicators

No. Category Indicator

1.2 Availability Usable volume produced
2.2 Applicability Water quality requirements for water
3.1 Environmental impact Energy consumption
4.1 Scalability Capacity restrictions
5.3 Economy Water product cost

4.3.3. Comparison of Technological Options

In order to assess the performance and the applicability of the selected technologies, the respective
indicators are assigned certain points by a specific scheme. This ensures the comparability of the
technologies and simplifies the decision-making progress for a specific water treatment technology.
The scheme is based on a scoring system following the most important points:

• 2: Technology is fully suitable to meet the requirements of the indicator;
• 1: Technology is still appropriate under certain conditions;
• 0: Indicator is not applicable or missing information;
• -1: Technology is applicable, but not suitable in the given location;
• -2: Technology is not applicable.

Table 16 compares the seven technologies are assessed according to the proposed scoring system
with certain value for every indicator. Given the fact that five indicators are selected and can amount
to 2 points each, a total of 10 points is the highest value achievable. In order to understand the scoring
system of the matrix based comparison, the following explanations are helpful:

Table 16. Comparison of the different technologies

Indicator D WR G AR CS DW FW

1.2 Usable volume 2 1 1 1 -2 -1 -1
2.2 Water quality requirements 2 0 0 1 1 1 1
3.1 Energy consumption 1 2 1 1 0 1 1
4.1 Capacity restrictions 1 1 1 1 2 0 0
5.3 Product cost 1 2 1 1 0 1 1

Total (max. 10) 7 6 4 5 1 2 2

Concerning the usable volume produced, desalination (D) can be easily scaled up depending on
the feedwater and availability of the electricity, while cloud seeding (CS), dew water (DW) and fog
water (FW) are not suitable for the selected locations. These technologies are not reliable in the selected
environment and cannot meet the water demand for the irrigation. Especially CS is too unreliable for
irrigation as the average humidity and temperature do not support the formation of clouds.

The water quality of the ground water does not meet the irrigation water requirements of date
palms. The reduction of the water salinity is the main goal of the technology, which makes water
reuse (WR) and groundwater (G) not applicable. All other technologies are able to reduce the salinity
to a level, which allows irrigation after water treatment. So the desalination (D) is the best suitable
technological option.

Focusing on energy consumption, the water reuse (WR) does not require any energy and is
therefore the best option here. Cloud seeding (CS) depends on suitable meteorological conditions with
a certain humidity to initiate rainfall, but has no direct energy consumption and several unknown
environmental impacts by the applied chemicals. The electricity demand of desalination (D) is generally
high, but due to the strong solar irradiation, it can be also realized by a solar PV field. In this example,
this is the case, resulting in very low operational costs (OPEX).

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 2 October 2024 doi:10.20944/preprints202410.0060.v1

https://doi.org/10.20944/preprints202410.0060.v1


17 of 24

Concerning capacity restrictions, dew and fog water (DW, FW) have strong requirements for the
local meteorological conditions, treatment capacity and plant footprint, associated with the available
space as they use large webs to condense the fog directly. All other technologies have a smaller plant
footprint per m³ water produced and are easier to scale. In contrast to cloud seeding (CS), it can be
applied everywhere and has no required land use for a plant.

Lastly, the product costs have a significant impact on the financial performance of a respective
technology. Here, the water reuse (WR) is the most beneficial technology, as there there can be
assigned the lowest capital and operational expenditures. Under the assumed boundary conditions,
cloud seeding (CS) can be hardly predicted, as the applied chemicals and the facility for an effective
distribution require significant efforts (e.g. fuel for an airplane). The desalination with reverse osmosis
technology is highly commercialized and due to further membrane development, the plants are
standardized and comparably low installation costs. During the operation, the electricity price per
kWh have the greatest impact on the product price. Solar PV can reduce this costs significantly, but
requires higher capital expenditures compared to grid-connected plants.

4.3.4. Results of Matrix-Based Evaluation

As a result from Table 16, the desalination achieves the highest points (7) for this specific example.
This also meets with the real situation of the selected location in the Jordan valley, as the local brackish
water desalination plant runs there since many years. As the date palm trees have a certain tolerance
concerning the irrigation with brackish water, the permeate is mixed with the feedwater to a tolerable
salinity for the palm trees in order to increase the availability of the irrigation water. Secondly, the
water reuse also scores with the second best option, which is due to the low electricity consumption
and the attractive product costs. This would be tolerable, if the groundwater quality would meet the
irrigation requirements in terms of salinity.

4.4. Limitations and Future Research Directions

Despite the robustness of the matrix-based evaluation, it is essential to acknowledge certain
limitations which introduce complexities into the technology selection process. The gap between
theoretical assessments and real-world implementation poses a significant challenge, as practical
considerations often deviate from idealized scenarios. Local conditions including climate variations,
geological diversity, and ecosystem intricacies, play a pivotal role, impacting the applicability and
effectiveness of non-conventional water technologies in different regions.

Furthermore, the technological availability and readiness present a notable limitation (see also
the TRL in Section 2, Figure 2). Not all regions may have equal access to advanced technologies,
creating disparities in the feasibility and implementation of certain solutions. Additionally, the legal
environment, covering e.g. regulatory frameworks like discharge limits and policy support, can either
facilitate or impede the deployment of non-conventional water technologies.

Social acceptance remains a multifaceted challenge, as community perceptions, cultural norms,
and awareness influence the success of technology adoption due to the fact that a technology viewed
with concern by the consumers could be rejected. Bridging the gap between innovative solutions and
societal expectations requires a nuanced understanding of local contexts and effective communication
strategies.

While considering the future of non-conventional water technologies, it appears that the
refinement of the matrix-based assessment concept is an important starting point for research. Further
development and optimization of the indicators, in consideration of emerging scientific insights and
technological advancements, can enhance the accuracy and relevance of the evaluation framework
for an effective decision-making progress. Robust methodologies for indicator weighting, especially
taking into account regional variations and evolving environmental standards, can contribute to a
more precise technology selection process.
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For future research, it is necessary to carry out an examination of site-specific conditions, involving
diligent site assessments, accounting for geological, climatic, and socio-economic factors. The nuanced
intricacies of each location significantly impact the performance and viability of non-conventional water
technologies. Identifying potential biases and understanding the contextual relevance of indicators
within different environments is critical to achieve reliable and applicable results.

Moreover, additional research should integrate predictive modeling and artificial intelligence
(AI) to forecast the long-term performance and adaptability of selected technologies under changing
environmental conditions. By harnessing the power of advanced analytics, researchers can develop
predictive tools that offer insights into the dynamic behavior of non-conventional water technologies
over time.

Finding solutions for these specific future challenges can pave the way for a more resilient,
adaptable, and sustainable approach to address water scarcity through non-conventional water
technologies. In Table 17, an overview of limitations and possible solutions are shown.

Table 17. Limitations and solutions of the matrix-based assessment

Limitation Possible solution

Idealized assumptions may not reflect
reality

Include more factors for realistic results

TRL varies by region Consider the TRL for each location

Legal frameworks may hinder technology
implementation

Research regional legislation limitations in
advance

Society may not accept water from
non-conventional sources

Create a transparent communication
strategy, e.g., use NCW for non-drinking
purposes initially

Locations differ in climate, solar intensity,
culture, etc.

Conduct a detailed site assessment,
covering geological, climatic,
socio-economic, cultural, and legal
aspects

Modeling is static and ignores climate
change and variable shifts

Use AI for predictive modeling to account
for dynamic changes

5. Conclusion

This paper presents a comprehensive exploration of selected non-conventional water technologies,
utilizing a matrix-based evaluation framework to assess their applicability using various indicators.
Some key technologies are analyzed, namely desalination, water reuse, groundwater utilization, cloud
seeding, dew and fog water harvesting. The indicators, categorized into availability, applicability,
environmental impact, scalability and economic viability, are thoroughly examined, each receiving
specific weights based on their significance and applicability to the different technologies.

Desalination has emerged as a viable option for drinking water production, but concerns are raised
due to the environmental impacts, e.g. the unresolved issue of appropriate brine management, options
for brine treatment and high operational costs (OPEX), particularly in regions with high electricity
prices. Water reuse technologies demonstrate sufficient maturity, especially for agricultural purposes,
but face challenges regarding the social acceptance of reusing water for human consumption purposes,
especially in the MENA region. Groundwater usage depends on local availability and necessitates
careful aquifer management to avoid over-exploitation and over-salinization risks. Cloud seeding,
dew, and fog water technologies show a strong dependence on the region-specific site conditions
like topography and meteorology, several challenges related to the effectiveness, (partly unknown)
environmental impacts, accessibility, and transportation still remain.

The matrix-based evaluation emphasizes the importance of technical indicators such as usable
volume produced, water quality requirements, social acceptance, and life cycle assessment, each
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carrying varying weights. Economic indicators, including CAPEX, OPEX, and profitability, have
emerged as critical factors in the selection of the technology.

However, the analysis presents some constrains which should not be neglected. The gap
between theoretical evaluations and real-world implementation highlights the need for future research
to address diverse local conditions, geological complexities, aquifer management, technological
constraints, legal considerations, and social acceptance factors. The outlook for future research
points towards the refinement of the evaluation framework, incorporating predictive modeling and
site-specific assessments.

Overall, this paper provides an understanding of non-conventional water technologies, presenting
a structured evaluation including the different capabilities of the technologies and environmental,
social, and economic considerations. The various site-specific aspects are taken into account as well.
As the challenges of water scarcity are addressed, this analysis lays the groundwork for informed
decision-making in the selection of sustainable water solutions applicable to diverse contexts.
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Abbreviations

The following abbreviations are used in this manuscript:

AR Agricultural reuse
BOD Biological oxygen demand
CAPEX Capital Expenditure
CCRO Closed loop reverse osmosis
COD Chemical oxygen demand
CS Cloud Seeding
D Desalination
DW Dew Water
FO Forward osmosis
FW Fog Water
G Groundwater
GCC Gulf Cooperation Countries
GHI Global Horizontal Irradiation
LCA Life Cycle Assessment
LD50 Lethal Dose 50
MENA Middle East and North Africa
NF Nano filtration
OPEX Operational Expenditure
PV Solar Photovoltaics
RO Reverse Osmosis
TDS Total dissolved solids
TD50 Toxic Dose 50
TRL Technology readiness level
TSS Total suspended solids
UF Ultra filtration
WR Water Reuse
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