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• Twelve general types of UWRs were pre-
sented based on literature review.

• The UWRs were categorized as atmo-
spheric, transferred, processed and
groundwater resources.

• Global distribution of UWRs utilization
depends on climate, socio-economic, cul-
tural, environmental, and political condi-
tions.

• Opportunities and challenges of utilizing
UWRs were presented.
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Water is of central importance for reaching the SustainableDevelopment Goals (SDGs) of theUnitedNations.With pre-
dictions of dire global water scarcity, attention is turning to resources that are considered to be unconventional, and
hence called Unconventional Water Resources (UWRs). These are considered as supplementary water resources that
need specialized processes to be used as water supply. The literature encompasses a vast number of studies on various
UWRs and their usefulness in certain environmental and/or socio-economic contexts. However, a recent, all-
encompassing article that brings the collective knowledge onUWRs together ismissing. Considering the increasing im-
portance of UWRs in the global push for water security, the current study intends to offer a nuanced understanding of
the existing research on UWRs by summarizing the key concepts in the literature. The number of articles published on
UWRs have increased significantly over time, particularly in the past ten years. And while most publications were
authored from researchers based in the USA or China, other countries such as India, Iran, Australia, and Spain have
also featured prominently. Here, twelve general types of UWRs were used to assess their global distribution, showing
that climatic conditions are the main driver for the application of certain UWRs. For example, the use of iceberg water
obviously necessitates access to icebergs, which are taken largely from arctic regions. Overall, the literature review
demonstrated that, even though UWRs provide promising possibilities for overcoming water scarcity, current knowl-
edge is patchy and points towards UWRs being, for the most part, limited in scope and applicability due to geographic,
climatic, economic, and political constraints. Future studies focusing on improved documentation and demonstration
of the quantitative and socio-economic potential of various UWRs could help in strengthening the case for some, if not
all, UWRs as avenues for the sustainable provision of water.
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1. Introduction

Water scarcity, the long-term mismatch between natural water avail-
ability and water demand, is a serious socio-environmental challenge for
sustainable development. It is recognized as a potential cause of social con-
flict within and between countries, which is expected to intensify due to in-
creasing water demands, rapid urbanization, industrialization, and climate
change (Kummu et al., 2010; Macedonio et al., 2012). Unconventional
Water Resources (UWRs) can be an alternative water source and thus over-
come water scarcity. Utilizing UWRs is increasingly growing as an emerg-
ing opportunity for solving water resource limitations and can be
especially useful in arid and semi-arid areas (Gosling and Arnell, 2016;
Yazdandoost et al., 2021).

According to Odendaal, 2009, those sources of water which have not
been traditionally used to meet existing water demands can be classified
as UWRs. UWRs are supplementary water sources requiring specialized
processes such as desalination, rainwater harvesting, and iceberg towing,
which may lead to applying appropriate strategies for a specified goal
(Qadir et al., 2007). Usually, they are not accessible for consumers through
conventional means like surface water or groundwater (Indelicato et al.,
1993; Haddad and Mizyed, 2004; Pereira et al., 2009).

Definitions of UWRs in general and individually have undergone signif-
icant changes over time. Brewster and Buros (1985) defined UWRs as gen-
erally not producing new water, but only developing the potential for
treating and using water sources that were previously considered unusable
or unavailable, such as saline water, wastewater, and inaccessible water re-
sources. They also referred to rainwater harvesting and weather modifica-
tion as types of UWR. In the 1990s, UWRs were defined as water
resources with specific features, such as high organic matter and microor-
ganism content, or high saline concentration needing treatment or similar
processes before use (Indelicato et al., 1993). In the early 2000's, rainwater
harvesting was added to the list of UWRs (Jaber and Mohsen, 2001).
Buchholz (2008) documented UWRs as saline water, brackish water, agri-
cultural drainage water, wastewater, and water obtained by fog capturing,
weather modification, and rainwater harvesting. In the recent literature,
UWRs have been considered as any water resources other than freshwater
that need new technologies to make them useable as complimentary
water sources (Ahmed, 2010; Negm et al., 2018; Ji et al., 2020). A historical
account of the use of certain types of UWRs since ancient times can be found
in the Annex (Appendix A).

Research has also been undertaken to examine UWRs for water supply
in terms of:

i) technical aspects, potential applications, impacts, costs, and regional
relevance (Smakhtin et al., 2001),

ii) the use of UWRs and opportunities for achieving food security inwater-
scarce countries (Qadir et al., 2007),

iii) the possibility for the utilization of UWRs for water supply using desa-
linated water, treated reclaimed water, imported water and water har-
vesting (Jaber and Mohsen, 2001).

A particular focus has been on the availability and potential utilization
of UWRs in agriculture and landscaping in the Middle East and North
Africa (Hussain et al., 2019). Djuma et al. (2016) conducted a systematic lit-
erature review to assess the extent of research on UWRs in the Middle East
and found an increasing trend in the number of articles addressing UWRs.
Here, desalination was the most popular technology used, followed by
wastewater reuse.

Thus, extensive research has taken place on the use and usefulness of
UWRs in general, but also on specific UWRs and their respective benefits
under different circumstances. The current literature indicates that
(1) UWRs are studied independently from one another, and comprehensive
and collective studies are rare, and (2) UWR applications and their impacts
on water scarcity and water supply are often carried out at a case study
level rather than globally. There is a lack of an all-encompassing article bring-
ing the collective knowledge together to better understand the distribution of
UWRs globally and their potential for closing the water demand-supply gap.

The main objective of this review article is thus to offer a better under-
standing of the existing research on UWRs by summarizing current litera-
ture and offering insights into UWR distribution. Results of this review
may enhance awareness around UWRs, with a particular focus on their var-
ious respective benefits in different climates, potentially leading to better
planning and policymaking. In addition, this article intends to highlight
the role that UWRs play on a global scale in addressing water scarcity. In
Section 2, the reader can find a description of the method used for the liter-
ature review, its numerical interpretation, and the extraction of information
to produce global maps of UWR distribution. In Section 3, the literature re-
view results and the mapping are presented. Section 4 puts forward a new
classification of UWRs and potential opportunities and challenges for the
implementation of UWRs.

2. Materials and methods

2.1. Data sources

2.1.1. Grey literature
Data about UWRs was collected based on the documents presented in

reliable websites such as AQUASTAT-FAOs Global Information System on
Water and Agriculture (www.fao.org), Global water intelligence (www.
globalwaterintel.com), World Water & Climate Atlas (www.iwmi.cgiar.
org), the World Overview of Conservation Approaches and Technologies
(WOCAT) (www.wocat.net), the International Water Management
Institute (IWMI) (www.iwmi.org), the CGIAR Research Program on
Water, Land and Ecosystems (WLE) (www.wle.cgiar.org), (www.
gwiwaterdata.com), (www.desalination.com) and (www.fogquest.com).

2.1.2. Literature review
Peer-reviewed articles were accessed through the following databases:

Scopus by Elsevier, Web of Science (WOS) by Clarivate Analytics, and
ProQuest. We limited the review to articles indexed by the Science Citation
Index (SCI), Social Science Citation Index (SSCI), and ProQuest databases
published in December 2020. As WOS and ProQuest are of a high quality
but have a very limited number of publications, it was decided to only
use the Scopus database for further analyses since it has a good amount of
quality journals covering an extensive set of international English and
non-English publications.

The global distribution of published academic records was created by
searching the “topic” domain through the Scopus database. Twelve UWRs
keywords were used: artificial recharge, cloud seeding, desalination, dew
harvesting, agricultural drainage water, fog harvesting, fossil water, greywater,
iceberg towing, rainwater harvesting, virtual water, and wastewater treatment.
Both English and non-English publications were considered.

Statistical analyses were performed based on the Scopus database, and
to evaluate the homogeneity of the time-series of UWRs academic records,
Pettitt's test (PT) (Pettit, 1979) was adopted at a 5% significance level. The
PT method has been reported in several studies (Taxak et al., 2014;
Animashaun et al., 2020) as a nonparametric test that is suitable for
assessing the existence of abrupt changes in time series data. In the current
study, the PT was used to determine the year in which abrupt changes oc-
curred, from 1971 to 2020. Data analysis based on the PT was carried out
using XLSTAT in Excel.

2.2. Bibliometric analysis of the literature

Bibliometric analyses are effective research methods and have been
used to do quantitative assessment in a specific field of research. In
bibliometrics analyses, numerous characteristics of documents, such as
co-relationships, distribution, and patterns, can be explored using statistical
and mathematical methods. They can also measure the contribution of dif-
ferent aspects of a special research topic (Zhang and Yuan, 2019). The bib-
liometric analysis provides graphics, and statistical and mathematical
evaluations of the scientific publications for the identification of areas
and for tracking progress for future research. The literature review
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recognizes themanifest and background for a specific topic from qualitative
data (Zhou et al., 2007). In this study, bibliometric analysis and literature
reviewwere combined to provide deeper knowledge of the UWRs' research
progress.

To visualize keywords co-occurrence of the research pattern,
VOSviewer software was used. The VOSviewer software, designed for the

bibliometric analysis, was used to identify the keywords that co-occurred
more than five times, based on their relevance score (Sharifi, 2021).
Based on the review of 189 papers presented in the Scopus database to re-
trieve all documents relevant to different forms of UWRs, the following
stringwas developed: “TITLE-ABS-KEY ("non-conventionalwater*" OR "un-
conventional water*") AND TITLE-ABS-KEY ("artificial recharge*" OR

Table 1
UWRs concepts and definitions.

UWRs Definition

Artificial recharge
water

An effective, anthropogenic technique that can lead runoff surface water for infiltration and following movement to the aquifer for the augmentation of
subsurface and groundwater resources through designing various methods to increase the transfer of surface waters into groundwater aquifers to supplement
the groundwater resources (Bouwer, 2002; Bhattacharya, 2010; Riad et al., 2011; Prabhu and Venkateswaran, 2015). Finding a potential location for artificial
recharge plays an important role and is reliant on different key factors such as rainfall, drainage density, lineament density, slope, soil permeability, land
use/land cover, geology, and geomorphology (Senanayake et al., 2016).

Agricultural drainage
water

Agricultural drainage water is an artificial or natural surface and sub-surface water, which is removed from agricultural areas as excess water and can be
considered an unconventional water source (Niaghi et al., 2019). Agricultural drainage water is defined as any water left from land irrigation not involved in
growing crops (Zhang et al., 2017). Agricultural drainage water can be a probable source for further irrigation when harvested and prevented from being
disposed of as wastewater. However, as water passes through the soil and drainage network, it contains salts, agricultural chemicals, and other pollutants such
as pesticides, so it needs to be treated (Barnes, 2014).

Cloud seeded water Cloud seeding is a technique of changing the amount, intensity, and even type of precipitation using processes of weather modification. Cloud seeding
processes include dispersing agents into a cloud using rockets, aircraft, and ground-based generators (Chien et al., 2017; Hussain et al., 2019). To improve the
collision-coalescence process in warm clouds, the cloud seeding authorities can serve as cloud condensation nuclei (CCN) or serve as ice nuclei (IN) to convert
liquid water into ice crystals and strengthen vapor deposition, riming, and aggregation processes in super-cooled clouds (Jensen and Lee, 2008). Water
obtained from cloud seeding can be considered as high-quality UWRs. Cloud seeding projects require high technologies in terms of financial costs to be
performed correctly and huge investments with technically experienced staff (Qadir et al., 2007; Guo et al., 2015; Jung et al., 2015; Wang et al., 2019).

Desalinated water Defined as eliminated salt from saline water (comprises ocean and sea saline water and brackish groundwater), which is perceived of as being an
environmentally damaging and expensive alternative and is affordable only for affluent countries (Pistocchi et al., 2020). Referring to the World Health
Organization (WHO), the permitted amount of salt in water is 500 ppm and in exceptional situations is up to 1000 ppm (Eltawil et al., 2009; Abdelmoez
et al., 2014). A desalination system aims to clean or purify seawater or brackish water and supply water with total dissolved solids within the permissible
limit (< 500 ppm). This is accomplished using several desalination techniques that may be classified into conventional and nonconventional methods
(Jones et al., 2019; Elsaid et al., 2020; Ghafoor et al., 2020).

Dew water Dew water is a meteorological phenomenon, which is a common occurrence globally (Kaseke and Wang, 2018). As an unconventional potable resource, it
originates from atmospheric humidity that is altered into liquid water on cold surfaces (Monteith, 1957; Beysens, 2006). There is some evidence that plants
and small animals in arid and semi-arid environments use dew water, (Gindel, 1965; Steinberger et al., 1989). Investigation on dew water collection has been
done many times recently (Jacobs et al., 2002; Berkowicz et al., 2004; Beysens, 2006; Sharan, 2006; Clus et al., 2008; Gido et al., 2016; Kaseke and Wang,
2018).

Fog water Fog water as non-rainfall, suspended water droplets and moisture in the atmosphere or near the Earth's surface is available in fog-prone areas and is a
high-quality source of unconventional water, which is an important component of the water cycle in water-scarce regions. As a source of potable water,
fog-water harvesting using innovative techniques could be a sustainable strategy for providing drinking water for human consumption and environmental
ecosystems, which is vital for water harvesting within Integrated Water Resources Management (IWRM) (Olivier, 2004; Rajaram et al., 2016; Gürsoy et al.,
2017; Kaseke and Wang, 2018; Karimidastenaei et al., 2020).

Fossil water Fossil water, or paleowater, is a valuable finite and non-renewable UWR. It is ancient water that can be found in undisturbed spaces, such as groundwater in an
aquifer and subglacial lakes. This ancient freshwater was formed eons ago and surrounded underground in enormous reservoirs, or aquifers which were
established under past climatic and geological conditions (Margat et al., 2006). It provides a significant source of groundwater in water-scarce areas. Fossil
water reservoirs are sealed and avoid further water recharge or important outflows (Maliva and Missimer, 2012). These fossil aquifers are often geologically
restricted at their lower and upper limits by impermeable rocks, meaning that as soon as it has been extracted, it is gone forever, at least on a human timescale.
The exploitation of this type of non-renewable source is commonly referred to as groundwater mining (Omran, 2017).

Greywater Greywater is defined as household wastewater which is generated from all domestic wastewater (e.g., wastewater from bathtubs, hand basin, showers,
laundry machines, kitchen sinks or dishwashers), not including toilet flushing water (Boano et al., 2020). In water-scarce regions, treated greywater can
reduce water stress as an alternative UWR for non-potable uses. Greywater treatment needs high technological treatments to remove contaminants, including
micropollutants related to the use of many personal care products (Patel et al., 2020).

Rainwater Rainwater Harvesting (RWH) is a common and traditional approach globally, which is being carried out for domestic use, groundwater recharge, and
small-scale agricultural use, especially in rain-fed agriculture (Mucheru-Muna et al., 2017; Toosi et al., 2020). Due to the lack of precipitation and its unfit
Spatio-temporal distribution, RWH is one of the UWRs that can be used in arid and semi-arid regions. (Glendenning et al., 2012; Sepehri et al., 2018;
Rahaman et al., 2019). Using rainwater has advantages over other sources, for example, rainwater harvesting in the rainy seasons provides a source of water
for when other sources of water, including groundwater, are scarce (in the dry seasons). Also, RWH enables the control of flood flows in areas with heavy
rainfall and flooding (Rosmin et al., 2015). Rainwater can be collected from rooftops and non-rooftop areas and can be used in settlements and cultivated
areas (Ngigi, 2003; Helmreich and Horn, 2009).

Iceberg water towed Is a type of UWR, which can be used as melted iceberg water and then transferred to the places that need water, or it can be towed to arid and semi-arid places
which suffer from water scarcity (Marchenko and Eik, 2012; Yulmetov and Løset, 2017). Iceberg water is the purist unconventional water in the world (Eik
and Marchenko, 2010). Iceberg water is offering a great new source for those who do not want to carry out any pre-use processes in terms of increasing the
water quality. In a world where the purity of even bottled water is questionable, iceberg-melted water ensures that the water you are drinking is pure and
pristine (Eik and Marchenko, 2010; Karimidastenaei et al., 2021).

Wastewater Wastewater is any source of water that has been contaminated by human utilization, from a combination of industrial, agricultural, commercial, and domestic
activities. Treated wastewater is one of the most important UWRs (Almanaseer et al., 2020). Treated wastewater is used in agriculture (for crop irrigation),
urban landscape irrigation, and industries. It has been used in water-scarce regions, especially in semi-arid and arid regions (Adewumi et al., 2010; Baawain
et al., 2020). But public and especially farmer’s approval matters, as they are directly impacted by the costs and consequences of these projects (Leviston et al.,
2006; Nancarrow et al., 2008; Domènech and Saurí, 2010). Recently, due to freshwater shortage problems, public acceptance has become more positive
towards wastewater reuse, with previous concerns becoming less of an issue (Davarnejad et al., 2018; Davarnejad and Karimi Dastnayi, 2019; Karimidastenaei
et al., 2020).

Virtual water Virtual water was first introduced by Allan (Allan, 1993) and can be defined as the amount of fresh water that is used to produce goods and services along
supply chains. This includes water used in the import of goods, e.g., meat, rice, and cane sugar, which need substantial amounts of water to produce them.
Based on this definition, virtual water took a few years to enter global water resource assessments (Horlemann and Neubert, 2006; Wichelns, 2010) and it is
one of the UWRs which may be useful for arid regions, as when they import goods from other regions, they are also importing water (Zhao et al., 2020).
Physical transfer water and virtual water are used to supply enough water and can be included as a possible option for arid regions (Winpenny et al., 2010).
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"cloud seeding*" OR "desalinate*" OR "dew*" OR "drainage water*" OR
"fog*" OR "fossil water*" OR "greywater*" OR "iceberg*" OR "rainwater*"
OR "virtual water*" OR "wastewater*") AND TITLE-ABS-KEY (management
OR "water scarcity" OR "water supply" OR "water demand" OR policy OR
sustainability OR SDG) AND (EXCLUDE (PUBYEAR, 2021))”. The key-
words with fewer than five occurrences were excluded. Of the 2021
items, only 130 terms met this threshold. The terms were then manually
screened to eliminate words that discussed research process and synonyms,
and the final keywords were 21.

2.3. Distribution maps of UWRs utilizations

The current literature provides the following forms of UWRs: Artifi-
cial Recharge (AR), Agricultural Drainage Water (ADW), Cloud Seeded
Water (CDW), Desalinated Water (DW), Dew-Water (DW), Fog-Water
(FW), Fossil Water (FW), Greywater Treated (GT), Iceberg Towed
Water (ITW), Rainwater Harvesting (RWH), and Wastewater Treated
(WT). Table 1 provides their definitions.

Virtual Water (VW) as an unconventional water source created some
controversy and divided opinions. The concept has been in discussion for
more than two decades, with contrasting opinions on the concept and its
application. Ye et al. (2018) mentioned that virtual water can be a part of
physical water resources to alleviate water stress. Horlemann and
Neubert (2006) and Wichelns (2010) have pointed out that it has been a
couple of years since virtual water entered global water resource assess-
ments. In this study, based on the concept and the idea of physical transfer
of virtual water as an unconventional resource, it was considered as a form
of unconventional water by importing goods from other regions.

Global distribution maps of these eleven UWRs were created based on
the information extracted from the articles shown in Table 2. Articles
were selected based on the following criteria: (1) it had to be an English lan-
guage article, and (2) the article had to describe a UWR specific project. The
list is therefore certainly incomplete and is only an approximation of UWR
utilization globally and historically.

Global UWRs utilizations information about artificial recharge, cloud
seededwater, dewwater, fogwater, fossil water, greywater treated, iceberg
towed water, and rainwater harvesting was obtained based on data pre-
sented in the literature review. The available data for the above-
mentioned UWRs was related to each country. According to Deng et al.
(2021), all imports and exports of virtual water were considered for virtual
water trades (traded volume) between countries. Utilizations data and in-
formation about agricultural drainagewater, desalinatedwater, and treated
wastewater were obtained based on the documents presented on reliable
websites from AQUASTAT-FAOs Global Information System on Water and
Agriculture (http://www.fao.org/aquastat).

3. Results

3.1. Quantitative results of the literature review

The number of publications for Scopus search engine can be found in
Table 3. As all the desired data existed in Scopus, the statistical analyses
were performed on this data.

A total of 643,101 academic records relating to different types of UWRs
between January 1971 and December 2020 were found by the Scopus da-
tabase. The number of published records increased over time and was
highest in 2020. The highest number of publications (61% of the total re-
cords) originated from China (130,952), followed by the USA (77,298),
India (36,400), Spain (22,785), Iran (21,769), the UK (20,501), Germany
(18,915), Canada (18,721), and Australia (17,503) (Fig. 1). Although the
conducted literature review was performed by searching the “topic” do-
main using the previously mentioned keywords on the WOI, Scopus, and
ProQuest, and the data on global maps was collected through the literature
review, FAO, and different websites, there may still be some relevant liter-
ature and data that was not acquired.

Table 2
Existing location and databases used in worldwide UWRs utilizations which were
used to make Figs. 3 and 4.

UWRs References

Artificial recharge
water

Harpaz (1971); Brown and Signor (1973); Clark and Kneeshaw
(1983); Kimrey (1985); Levin et al. (1988); Koutsos (1988);
Mukhopadhyay et al. (1994); Wright and du Toit (1996);
Schöttler (1996); Hassan and Bhutta (1996); Zubari (1999); Von
Hoyer et al. (2000); Haeffner et al. (2001); Gale et al. (2002);
Bouwer (2002), Ghayoumian et al. (2007); Hida (2007); Sherif
and Kacimov (2007); Delinom (2008); Barber et al. (2009);
Al-Assa’d and Abdulla (2010); Saxena et al. (2010); Igboekwe
and Ruth (2011); Hamad (2012); Salem et al. (2012); Sayit and
Yazicigil (2012); Zakhem and Hafez (2012); Zektser et al.
(2012); Kareem (2013); Masciopinto (2013); Arras et al. (2014);
Teatini et al. (2015); Zaidi et al. (2015); Zhang et al. (2015);
Benseddik et al. (2017); Sprenger et al. (2017); Gesim and
Okazaki (2018); Cadamuro et al. (2020);
Mohammadzadeh-Habili and Khalili (2020).

Agricultural
drainage water

FAO (http://www.fao.org/aquastat); Wang et al. (2020).

Cloud seeded water Godson et al. (1966); Rakovec et al. (1990); Dore et al. (1992);
Bigg (1997); Mather et al. (1997); Ryan and King (1997);
Bruintjes (1999); Yee (1999); Murty et al. (2000); Al-Fenadi
(2001); Stauffer Jr. (2001); Andrei et al. (2002); Breed et al.
(2005); Khalili et al. (2008); Dessens et al. (2009); Guo and
Zheng (2009); Simms (2010); Seifert et al. (2012); Zoljoodi and
Didevarasl (2013); Freud et al. (2015).

Desalinated water FAO (http://www.fao.org/aquastat); Lattemann et al. (2010);
Gao et al. (2017); Jones et al. (2019).

Dew water Msangi, 1987; Muselli et al. (2002); Sharan (2006); Sharan
et al. (2007); Vogel and Müller-Doblies (2011); Sarparast et al.
(2014); Khalil et al. (2014); Gałek et al. (2016); Carvajal et al.
(2018); Beysens (2018); Carvajal et al. (2018); Atashi et al.
(2020); Di Bitonto et al. (2020); Gurera and Bhushan (2020).

Fog water Goncalves and Cunha (1992); Al-Jayyousi and Mohsen (1999);
Martorell and Ezcurra (2002); Olivier and De Rautenbach
(2002); Holder (2004); Sharma (2006); Noman and Al-Jailani
(2007); Mileta et al. (2007); Abdul-Wahab and Lea (2008);
Marzol and Sánchez (2008); Marzol et al. (2011); Klemm et al.
(2012); Davtalab et al. (2013); Fessehaye et al. (2014); Ngaina
et al. (2014); Vuollekoski et al. (2014); Dodson and Bargach
(2015); Fessehaye et al. (2015); Ritter et al. (2015); del Río
et al. (2017); Fessehaye et al. (2017); Carrera-Villacres et al.
(2017); Salem et al. (2017); Qadir et al. (2018); Morichi et al.
(2018); Shi et al. (2018); Shrestha et al. (2018); Kaseke and
Wang (2018); Echeverría et al. (2020); Villacrés et al. (2020);
Gebru et al. (2021)

Fossil water Foster and Loucks (2006); UNESCO (2009); Jasechko et al.
(2017).

Greywater Dixon et al. (1999); Smith and Stammerjohn (2001); Günther
(2000); Faruqui and Al-Jayyousi (2002); Al-Jayyousi (2003);
Lazarova et al. (2003); Prathapar et al. (2005); Rueedi et al.
(2005); Exall et al. (2006); Jamrah et al. (2006); Madungwe and
Sakuringwa (2007); Roman et al. (2007); Friedler (2008);
Jimenez and Asano (2008); Zhang et al. (2009); Domènech and
Saurí (2010); Paris and Schlapp (2010); Pinto and Maheshwari
(2010); Al-Maskati (2011); Al-Wabel (2011); Mourad et al.
(2011); Al-Mughalles et al. (2012); EL-Jumaily and Jalal (2012);
Leung et al. (2012); Abd Alaziz and Al-Saqer (2014); Matos
et al. (2014); Oron et al. (2014); Redwood et al. (2014);
Symonds et al. (2014); Shamabadi et al. (2015); Elmeddahi
et al. (2016); Giresunlu and Beler Baykal (2016); Chowdhury
and Rajput (2017); Lambert and Lee (2018); Lee and Lambert
(2018); Lefebvre (2018); Taemthong (2018); Elkiran et al.
(2019); Batisha (2020); Craddock et al. (2020); Ullah et al.
(2020).

Rainwater Poesen and Lavee (1997); Hatibu et al. (2000); Li et al. (2000);
Kumar et al. (2006); Tal (2006); Abbott et al. (2007); Kahinda
et al. (2007); Solomon and Smith (2007); Despins et al. (2009);
Li et al. (2010); Roebuck et al. (2011); Rowe (2011); Biazin
et al. (2012); Areerachakul (2013); Hartung and Akkerman
(2014); Lo and Koralegedara (2015); Ammar et al. (2016); da
Costa Pacheco et al. (2017); Teston et al. (2018).

Iceberg water
towed

Lefrançois et al. (2008); Spandonide (2012); Spandonide
(2009).

Virtual water Feng and Hubacek (2015); Deng et al. (2020); Wang et al.
(2020).

Wastewater FAO (http://www.fao.org/aquastat); Sato et al. (2013).
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Based on PT, there were two change points (mutation #1 in 1984 and
mutation #2 in 2008) in the number of UWR publications (Fig. 1). Accord-
ingly, the studied period is divided into three sub-periods, pre-mutation #1
(1971–1983), mutation #1-#2 (1984–2007) and post-mutation #2
(2008–2019) encompassing 9874, 92,419 and 489,078 UWRs academic re-
cords, respectively. Which shows increasing concern and vitality on study-
ing UWRs to address water scarcity through finding and exploiting new
alternative water resources as UWR.

3.2. Bibliometric analysis of the literature

Fig. 2 shows the relevant terms and their network of co-occurrences elu-
cidating the knowledge structure of UWRs research. VOSviewer recognizes
the keywords as nodes connected to a cluster and a larger node size indi-
cates a more frequently used term. The curves between the nodes demon-
strate their co-occurrence. The distance between two nodes shows the co-
occurrence and the colour indicates the strength of the co-occurrence.
The red to blue spectrum signifies a higher to lower density weight of
network-forming nodes.

In the current paper, three clusters were identified namely: i) Policy
and management related keywords such as decision-making, water
planning, water resources management, cost-benefit analysis, and sus-
tainable development (grouped in the red cluster). ii) nonconventional
water resources, water demand, water availability, and climate change
(grouped in the green cluster), these show the clear nexus between cli-
mate change and UWRs as an adaptive management approach to reduc-
ing the misbalance between water supply and water demand. iii)
desalination, virtual water, surface water resources, and arid regions
(grouped in the blue cluster). The presence of the term ‘arid regions’
in this last cluster indicates more focus on desalination and virtual
water as UWRs to eliminate water scarcity in arid and semi-arid regions.
The most prominent keywords related to UWRs are desalination, waste-
water treatment, and water supply.

3.3. Maps with locations of UWRs utilizations

Distribution maps with marked locations in fog, dew, rainwater har-
vested, and cloud seeding projects as Atmospheric Unconventional
Water (AUW) and artificial recharge, fossil water as Unconventional
Ground Water (UGW) and, iceberg water and virtual water projects as
Transferred Unconventional Water (TUW) are shown in Fig. 3. AUW,
TUW, and UGW produce drinking water and supply water required for
agricultural use, especially in arid, semi-arid or seasonally arid regions
of the world.

Based on Fig. 3, themost favourable location for fog and dewwater har-
vesting depends on variables such as climatic and meteorological condi-
tions, and a mountainous or coastal area (Gido et al., 2016); for example,
in South America, sections of the coastal areas of the Pacific Ocean which
receive only very small amounts of annual rainfall. Stratus clouds as low-
level clouds frequently form over the cold ocean water and move inland,
which lead to foggy areas on the coastal zones with virtually no precipita-
tion. In these coastal areas, fog water harvesting projects intend to provide
fresh water for the local people and support agricultural and reforestation
activities.

Fig. 1. The global distribution of published academic records on UWRs and Pettit's test.

Table 3
The number of publications on Scopus search engine.

UWRs Scopus

Artificial recharge 6850
Cloud seeding 2555
Desalination 265,823
Dew harvesting 100
Agricultural drainage water 20,129
Fog harvesting 949
Fossil water 855
Greywater 6534
Iceberg towing 70
Rainwater harvesting 8969
Virtual water 8485
Wastewater treatment 321,782
Total count 643,101
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Fig. 2. High-frequency keyword network visualization map indicating the most prominent keywords related to UWRs.

Fig. 3.Map with locations marked for artificial recharge, fossil water, iceberg melted water utilization, virtual water, fog water harvesting, dew water harvesting, rainwater
harvesting and cloud seeding (extracted from the literature review presented in Table 2 and Appendix B).
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In humid areas, due to the frequency of rainfall events, dew is not very
important and is ignored, but in arid areas and desert environments such as
the Middle East and African countries, dew is a precious gift to both plants
and small organisms (Sharan, 2006). As shown in Fig. 3, the most fog water
projects were conducted in South Africa, Chile, the USA, Yemen, Peru, Iran,
and Australia, and the most dew water projects were conducted in Chile,
Spain, Japan, Sweden, and India.

In the arid and semi-arid regions of the world, an extreme lack of con-
ventional water and low precipitation lead to the utilization of rainwater
harvesting (RWH) (Iraq, India Syria, China South Africa, and Tunisia).
Even some water-abundant countries have introduced RWH systems.
Germany has been developing RWH practical projects since the 1980s
and has implemented research to evaluate the practicality and feasibility
of runoff collection (Nolde, 2007; Ammar et al., 2016; Ali et al., 2020;
Gebru et al., 2021).

The biggest cloud seeding project was carried out in China to increase
the amount of precipitation over several arid regions where rain is needed.
Also, cloud seeding projects have been carried out in the United Arab
Emirates, Iran, India, and the USA. For example, in India, the State
Government of Karnataka has carried out a cloud seeding program during
the period from 21 August to 07 November 2017 (Khalili et al., 2008;
Zoljoodi and Didevarasl, 2013; Chien et al., 2017; Kulkarni et al., 2019;
Kumar and Suzuki, 2019).

Different types of recharge aquifer structures are widely used and ap-
plied at different scales and for different reasons in countries worldwide.
Many countries located in the Middle East have arid and semi-arid climates
with severe water scarcity, as well as other regional characteristics such as
economic, social, demographic, cultural, environmental, political, or devel-
opmental problems, leading the development of aquifer recharge structures
(Fig. 3) and the extraction of non-renewable fossil water (Haddadin, 2002;
Rahman et al., 2012; Malekmohammadi et al., 2012). Sprenger et al.
(2017) have pointed out that 224 artificial recharge sites are currently
located in 23 European countries (e.g., Slovakia, Hungary, Poland,
Germany, Switzerland, France, and Finland) which produce large quanti-
ties of drinking water. As shown in Fig. 3, most fossil water projects were
conducted in Algeria, Libya, Niger, Chad, Yemen, Egypt, and Australia.
The largest known fossil water aquifer in the world, the Nubian Sandstone
Aquifer System (NSAS), is in North and North-eastern Africa, covering two
million km2 under the nations of Egypt, Libya, Chad, and Sudan. Also, in the
northern region of the Kalahari, in central southern Africa (South Africa
and Namibia), a deep aquifer in cave stone was found that seemed to be
confined with little to no leakage for long periods (Mazor et al., 1977; De
Vries et al., 2000).

Based on the literature review, in the cold climates of Newfoundland, in
Canada, the local people were encouraged to use iceberg water due to the
availability of this water resource as a legacy from their ancestors
(Spandonide, 2009).

According to Deng et al. (2021) for virtual water trades (traded volume)
betweenmajor countries, all imports and exports of virtual water were con-
sidered (Fig. 3). Based on the imported tradewater data amongmajor coun-
tries, the growth rate of China's virtual water is the largest (due to the huge
imports of agricultural products) followed by Argentina, Saudi Arabia, and
Brazil. Russia had the largest growth rate in exported virtual water. The
highest contribution of traded water as exported virtual water was con-
ducted by Australia, India, and Indonesia.

Fig. 4 shows the distribution maps of Processed Unconventional Water
(PUW), including wastewater, desalinated water, and agricultural drainage
water. The growing competition between industrial and domestic sectors
for limited freshwater resources has motivated investment in wastewater
and greywater treatment1 (Oron et al., 2014) in many countries around
the world, such as North America, north and southwest Europe (Spain,
Italy, and France), Australia, China, and South Africa. Technical solutions
and public policies in developed countries support the treatment and use

of wastewater, but the situation is not the same in developing countries
that struggle with inadequate treatment facilities, leading to agricultural ir-
rigation using untreatedwastewater (Sato et al., 2013; Qadir et al., 2020). It
is worth mentioning that greywater treatment has already been conducted
inmany countries around theworld and is becoming increasingly common-
place in water-stressed areas such as Australia, China, India, Algeria, the
Middle East, and Mediterranean countries (Shaikh and Ahammed, 2020).

Desalination can be found inmany places around the world, and it is be-
coming a main alternative water supply source in the many Mediterranean
andMiddle East countries where natural water resources are restricted and
availability of seawater is viable to satisfy the increasing demands for sus-
tainable development (Tsiourtis, 2008; Nair and Kumar, 2013). Fig. 4
shows that utilizing agricultural drainage water has been piloted in many
countries around the world, especially in India, Egypt, Syria, Kazakhstan,
and Uzbekistan.

4. Discussion

The literature review showed that an immense number of peer-
reviewed journal articles has been published on UWRs in the past few
decades, demonstrating the importance of this field. The drastic in-
crease in the production of science on this topic since 2010 also high-
lights the increasing awareness of these technologies. And while the
USA and China are record-holders in publishing on this topic, other
countries, such as India, Iran and Spain, have developed a clear interest
here; one reason for this being that these countries are also particularly
affected by water scarcity. In addition, UWRs offer important opportu-
nities for synergies between water scarcity adaptation and mitigation.
Using UWRs is essential to meet the challenge of increasing water de-
mands at a time when the severe changing climate as a result of global
warming is forcing fluctuations to the water cycle and having important
effects on the availability of water resources. Also, utilizing UWRs is
vital to achieve the Sustainable Development Goals (SDGs). In recent
years, more countries have focused on sustainability aims related to
water, including UWRs, reuse of water, sustainable water use in agricul-
ture and clean water production in part due to global, supranational and
national agendas and policies (Djuma et al., 2016; Aznar-Sánchez et al.,
2018).

The bibliometric analysis extracted through the VOSviewer resulted
in three large clusters, namely: (1) unconventional water resources,
water supply, water planning and management, (2) water availability,
water demand, groundwater/aquifer and climate change (3) water scar-
city, arid regions, surface water, desalination and virtual water which
strongly shows the importance of considering water planning in the uti-
lization of UWRs worldwide.

The grouping of the UWRs into four categories proved to be useful when
comparing UWRs of a similar ‘origin’. The UWRs were categorized as: i)
Atmospheric Unconventional Water (AUW) resources, including fog
water, dew water, cloud seeded water, and rainwater. ii) Processed Uncon-
ventionalWater (PUW) resources, including desalinated water, wastewater
treated, greywater treated, and agricultural drainage water. iii) Transferred
Unconventional Water (TUW) resources, including iceberg towed water
and virtual water. iv) Unconventional GroundWater (UGW) including arti-
ficial recharge and fossil water.

Mapping of UWR studies demonstrated that (a) some UWRs have
clear geographic limitations, (b) some UWRs overlap in their geo-
graphic distribution, (c) some are practiced only in certain contexts,
and (d) some UWRs are negligible in their abundance/implementation.
For example, fog and/or dew harvesting, iceberg or fossil water, and de-
salinization can only occur where the proper geographic conditions are
present. Fog and dew harvesting overlap in the Pacific Coast of South
America, Southern Africa, and parts of Southeast Asia; rainwater har-
vesting overlaps with fog harvesting for most of Africa; and cloud
seeding, and dew harvesting are both practiced in the Middle East. Man-
aged Artificial Recharge, cloud seeding, and wastewater use demand
certain legislative frameworks since their unskilled implementation

1 Greywater has been included in the wastewater category because it is hard to separate
from wastewater.
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may cause significant harm to the environment, both regionally and
across borders. Agricultural drainage water utilization, as well as fog
or dew harvesting, iceberg water use, and cloud seeding are so far
minor water providers and are mostly only used in unusual or climati-
cally extreme conditions. The global maps therefore show the opportu-
nities as well as the limitations that UWRs bring about.

4.1. Cost/benefit analysis

UWRs that can alleviatewater stress, especially in arid and semi-arid re-
gions, have many challenges and side effects. None of the UWRsmentioned
are accessible worldwide, and most of them are restricted to specific loca-
tions. Some key points need to be considered, such as the existence of the

Fig. 4. Map with locations marked for a) used treated wastewater, b) desalination water, and c) agricultural drainage water utilization extracted from literature review
presented in Table 2 and Appendix B.
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kind of UWR, cost, acceptability, political agendas, supportive plans for
empowering local people to access safe potable water in remote areas. To
select the best alternative, it is difficult to compare the costs of UWRs utili-
zations globally, due to variations in thematerials and labour costs, mainte-
nance, additional resource costs, presence or absence of subsidies, and
efficiency of UWRs systems in a given location (Qadir et al., 2018;
Hussain et al., 2019). Costs associated with UWR utilization are also condi-
tion dependent; for example, in desalination procedures, cost depends on
many factors including the desalination method, the level of feed water sa-
linity, the energy source, the capacity of the desalting plant, and other site
related factors. The UAE struggles to find new water resources other than
desalinated water, due to its rapid population growth. It was successful in
enhancing rainfall through cloud seeding, which was found to be more
cost-effective than the desalination method (Hussain et al., 2019). How-
ever, in the last few years, due to much lower energy consumption and
the recent advances that have been achieved in membrane technology, re-
verse osmosis among all the existing methods is the optimal and desired
choice (Karagiannis and Soldatos, 2008). In another example, the cost of
rainwater harvesting (RWH) depends on the scale at which RWH is done,

e.g., at a single-house scale, the cost of rainwater is about $4.7 m−3,
while on an apartment building scale, it is much lower at approximately
$1.65 m−3 (Morales-Pinzón et al., 2015). Therefore, it is difficult to pre-
cisely quantify the costs of the different forms of UWRs globally, but
some positive and negative aspects of UWRs can be gathered. In Table 4,
a summary of the advantages and disadvantages of UWRs is presented.

4.2. Possible solutions to overcome limitations of UWRs utilization

Even though utilizing UWRs would benefit from enhancing water re-
sources in water scarce areas some major obstacles in utilizing UWRs re-
main. To overcome these obstacles and limitations, some solutions are
presented. For instance, to facilitate fog water and dew water harvesting
and boost the acceptance rate of these kinds of water resources, involving
local people of both genders and asking local and international volunteers
could effectively tackle those difficulties. As weather modification such as
cloud seeding could have long-term effects on weather patterns and the hy-
drological cycle, clear international water rules and legislations are needed
with conditions agreeing to share the profits of the transformed rainfall

Table 4
A summary of the advantages and disadvantages of UWRs (See the references in Appendix C).

UWRs Advantages Disadvantages

Artificial
recharge
water

1) Cost-effective
2) Has the potential for use in flood control
3) Boosts water quality using natural filters
4) Does not require complex technology

1) Needs regular maintenance
2) Can cause reduced stream flow in arid environment
3) May disturb soil and vegetation cover

Agricultural
drainage
water

1) Can be reused and act as a valuable supplement in the face of
scarcity

1) One of the major causes of groundwater and surface water pollution

Cloud seeded
water

1) Increases precipitation and makes land more usable
2) Helps to regulate weather patterns in specific locations
3) Improves economy through increasing crop quality and
quantity
4) Decreases the impact of drought events

1) Needs specific atmospheric conditions and capable clouds
2) Is expensive and cannot be used everywhere
3) Its efficiency is still under review; It is not always a reliable method
4) Changes weather patterns in other areas and causes weather-related disasters

Desalinated
water

1) Due to the sheer volume of seas and oceans all over the
world, it is an accessible water resource everywhere

1) Disposing of the salt created can be hard and damaging to the environment
2) The cost of desalination is not affordable for developing countries and it can only be used in rich
countries encountering a lack of water, such as countries in the Middle East
3) Desalination requires a continuous input of energy, chemicals, and labour (high energy
consumption)

Dew water 1) Is energy-free
2) Does not require sophisticated instruments
3) Does not need processing or treatment before use
4) Requires low investment and maintenance

1) Is not available everywhere
2) Needs regular maintenances and supervision by experts
3) Has a small yield

Fog water 1) Does not rely on energy consumption
2) Needs green technology
3) Very low-cost collection system
4) Good-quality freshwater
6) Requires very little maintenance or additional equipment
7) Does not need processing or treatment before use

1) Seasonal fluctuations in the occurrence and intensity of fog in a calendar year limits availability
2) Can increase car accidents in fog prone areas
3) Is not accessible all over the world
4) Needs regular supervision from experts
5) Volume of the harvested water is not considerable

Fossil water 1) Provides good quality water
2) Has Large resources available

1) Has high costs in terms of drilling and pipelines
2) Is unrenewable

Greywater 1) Is useful for landscape irrigation in urban areas
2) Provides plant nutrients and fertilizers in agriculture

1) Spreads infectious diseases and causes bioaccumulation of toxic elements in plants
2) Increases salinity and nitrogen in the soil
3) May cause groundwater contamination

Rainwater 1) Can be done using a number of different building materials
based on the budget
2) Is easy to use for local people
3) Produces a sufficient quality of harvested water
4) Is renewable and environmentally friendly
5) Is useful for household consumptions

1) May produce harvested water affected by air pollution or other kinds of impurities
2) Is sensitive to drought events
3) May differ seasonally and not always be available

Iceberg water
towed

1) Is a pure water resource
2) Creates new jobs
3) Prevents icebergs damage to offshore structures through
iceberg transferring

1) Has a major issue with the difficulty of the transportation of large icebergs over open seas
2) Influences design structures in the offshore area
3) May disturb both shallow and deep polar seafloor habitats
4) Is not cost-efficient

Virtual water 1) Is suitable for arid countries through importing goods to
avoid using local water sources
2) Is the easiest way to achieve peaceful solutions to water
conflicts
3) Saves local water resources
4) Prevents competition over water

1) Is difficult to quantify the exact amount of virtual water used
2) Does not have any kind pf pricing protocol in IWRM
3) Causes unfair competition between countries through unequal water resource distribution

Wastewater 1) Is suitable for agricultural and urban landscape irrigation,
dust control, toilet flushing, and use in carwashes

1) May be dangerous to aquatic life
2) Requires sophisticated treatment
3) Requires the continuous input of energy, chemicals, and labour.
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patterns. As RWH has uncertainty due to climate oscillation and weather
fluctuation, long term studies on climate and weather conditions before es-
tablishing RWH structures may help provision a stable water source. Desa-
lination is technically highly and necessitates significant innovation to be
affordable and efficient. To motivate water reuse, new regulations and in-
centives could be employed such as establishing a quota for the amount
of treated wastewater use, designing improved technical treatment systems
at lower costs to promote water reuse and making this a unique possibility
on water markets. Water authorities may want to validate water reuse and
expand their diversity of usages. In general, UWRs could become more
widely used by modifying policies around water, employing more sophisti-
cated, innovative, cost-effective, and environmentally friendly techniques,
and increasing awareness about UWRs and their acceptability.

4.3. Closing the water supply-demand gap

UWRs are an opportunity towards water security. Global water demand
for agriculture, energy production, industrial use and human consumption
is around 4600 km3/year (Boretti and Rosa, 2019; Piesse, 2020). The total
global water withdrawal considering conventional water resources and un-
conventional water resources including treated wastewater, agricultural
drainage water, fossil water and desalinated water is about 4011km3/
year based on the latest statistics extracted from Aquastat (Fao,
AQUASTAT, 2021). The total global freshwater withdrawal, which can be
considered as used conventional water resources is approximately
3756 km3/year (Fao, AQUASTAT, 2021). Currently 255 km3/year UWRs
is used worldwide, of which 131 (51.37%), 83 (32.54%), 35 (13.72%),
5.95 (2.35%) km3/year belongs to agricultural drainage water, fossil
water, desalinated water, and treated wastewater, respectively (Fao,
AQUASTAT, 2021). For other types of UWRs, the annual potential (or ac-
tual) usage is difficult to estimate and there is no exact amount for annual
usages. However, the existing estimations of some UWRs, such as atmo-
spheric water (fog, dew and rainwater harvesting, cloud seeding), icebergs
are presented in Table 5.

Among sources of UWRs, the greatest volume belongs to seawater, with
1.35 billion km3. Currently 35 km3/year is produced as desalinated water,
followed by Antarctic ice, which produces 27 million km3 of freshwater
and, annually, 2000 km3/year of icebergs break off, giving the potential
to be utilized in the future (Lewis, 2015; UN-Water, 2020). Fossil water
with 25 million km3 is the next largest source of UWR, with optimistic esti-
mations suggesting there is 30 million km3 deep groundwater, 5 million
km3 of which is considered renewable and approximately 25 million km3

is non-renewable or fossil water, which of it approximately 83 km3/year
is being used (UN-Water, 2020). Whereas most of UWRs present renewable
water resources, fossil water is considered a non-renewable form of ground-
water extraction which is not sustainable and may provide a false sense of
short-term water security. Atmospheric moisture contains 13,000 km3 of

water as the feed of cloud seeding, fog and dewwater, whichmay diminish
local water scarcity in areas with limited reliable rainfall and water (Shan
et al., 2020). Fog and dew water yield depends on the intensity, duration,
and frequency of the events, and daily fog water yields range from 2 to
20 L/m2 of fog water collection mesh (Correggiari et al., 2017). Dew has
a theoretical maximum daily water yield of 0.8 L/m2 (Monteith and
Unsworth, 2013) and is a more common occurrence globally than fog
(Jacobs et al., 2002; Vuollekoski et al., 2014). Due to the low yield of
dew and fog, it is unlikely that fog and dew harvesting will replace conven-
tional water resources and should thus be viewed as supplementary re-
sources, especially during the driest periods of the year (Kaseke and
Wang, 2018). Annual generated wastewater and greywater is 380 km3/
year (UN-Water, 2020); of this 5.95 km3/year is treated wastewater (data
used in this study covers all treated wastewater in every sector which en-
compasses domestic, commercial, and industrial effluents, storm water,
and runoff) which is used directly for irrigation and 8.35 km3/year is un-
treated municipal wastewater used for irrigation purposes (Graham et al.,
2010; Baggio et al., 2021). The annual usage of agricultural drainage
water which is used directly is around 131 km3/year (Fao, AQUASTAT,
2021).

While the potential use may be large, economic, social, environmental,
and political challenges prevail. As such, fog and dew water harvesting
need to consider the regional and transboundary impacts and environmen-
tal aspects, and iceberg towing through seas/oceans and cloud seedingmay
need to consider issues with the technology and facilities needed. Also, de-
salinated water may be perceived as a competitor to UWRs such as iceberg
water because the relevant technologies are much better developed, and
they are already in use in many areas of the world (Smakhtin et al.,
2001). Thus, utilizations of UWRs are accompanied by controversial ques-
tions of which methods to consider at the international, regional, or domes-
tic scales.

Among the atmospheric unconventional water resources, fog and dew
alternatives give a small volume of water in comparison to rainwater har-
vesting and cloud seeding. Mountainous and coastal regions are among
the best site selection for effective fog and dew water collection (Dodson
and Bargach, 2015). Although cloud seeding gives a considerable volume
of water, it needs specific atmospheric conditions with capable clouds
and needs sophisticated technologies. The main advantage of these atmo-
spheric UWRs is that they produce renewable clean water sources with
low-to-no pre-treatment. However, the seasonality (availability of atmo-
spheric UWRs at different times/seasons of the year) is the main disadvan-
tage of atmospheric UWRs.

Although all processed UWRs, such as desalination, are categorized as
renewable sources and give a huge volume of water, they can cause envi-
ronmental damage, and need sophisticated treatment with high energy
consumption. Currently, more than 150 countries use desalination to sup-
ply potable water for 300 million people (Mickley, 2018). Approximately
24.85 billion m3 annually of global desalination capacity is in high income
countries and only 0.035 billion m3 annually is produced in low-income
countries. Almost 15.4 billion m3 of the desalination capacity is in the
Middle East, China, the United States, and Latin America (Jones et al.,
2019; UN-Water, 2020).

Among unconventional ground water UGWs, fossil water is not renew-
able, However, artificial recharge has been considered as renewable source
but may cause environmental damage. Although iceberg water as trans-
ferred unconventional water, gives a pure water source for supplying fresh-
water, the transportation of large icebergs over open seas is expensive.

As the literature has pointed out, recovering a volume of unconven-
tional water from different resources (such as fossil water, atmospheric
water, Arctic and Antarctic ice, and seawater) can ease water stress around
the world. However, some UWRs, such as cloud seeding and iceberg
towing, are difficult to assess due to the lack of information and facilities,
hence they remain in their infancy until further development (Walker,
2016). Today, among all forms of UWR, desalinated and treated wastewa-
ter produce the greatest amount of water. Approximately 97% of
the planet's water resources, delivers unlimited raw material for seawater

Table 5
The volume feed of UWRs.

UWRs Total volume Reference

Sea and oceansa 1.35 billion
km3

Baggio et al. (2021)

Wastewater and
greywaterb

380 km3/year Qadir et al. (2020)

Atmospheric water
harvestingc

13,000 km3 Graham et al. (2010); Shan et al. (2020)

Antarctic iced 27 million
km3

UN-Water (2020)

Fossil watere 25 million
km3

Foster and Loucks (2006); Gleeson et al.
(2016); Ferguson et al. (2018)

a Sea and oceans.
b All the produced wastewater around the world.
c Atmospheric water vapor.
d Iceberg.
e Unrenewable groundwater.
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desalination (UN-Water, 2020). The key to the long-term sustainability
of desalination is themanagement of the brine produced, both environmen-
tally and economically. Desalinated water provides a climate independent
and steady supply of good-quality water (Elsaid et al., 2020). However,
fog and dew water provide small yields but, surprisingly, deliver precious
support to local communities to address water scarcities (Hussain et al.,
2019).

5. Conclusion

The findings of this study reveal that different forms of UWRs are used
in specific regions of the world, with water scarce areas featuring promi-
nently. UWR implementation at a regional and local scale is influenced by
technical aspects, climate, and socio-economic conditions. This study also
showed that truly assessing the potential of closing the water gap is cur-
rently numerically difficult, as data only exists in the form of singular
case studies. Therefore, future work on UWRs should focus on:

• Encouraging international collaboration in collecting, storing, and
analysing numerical data and information on the implementation and
performance of UWRs.

• Developing and applying integrated numerical modeling on the physical
and socio-economic potential of UWR implementation and the discovery
of hotspot applications.

• Motivating water resource management agencies and policymakers to
support scientific funding for UWRs studies and develop supportive prac-
tical plans in UWR utilization.

CRediT authorship contribution statement

Zahra Karimidastenaei, Ali Torabi Haghighi, and Tamara Avellán:
Conceptualization, methodology; Zahra Karimidastenaei, Ali Torabi
Haghighi: Software; Zahra Karimidastenaei, Ali Torabi Haghighi and
Tamara Avellán: Data curation, writing-original draft preparation. Zahra
Karimidastenaei, Ali Torabi Haghighi and Tamara Avellán: Visualiza-
tion, investigation. Ali Torabi Haghighi, Tamara Avellán, Mojtaba
Sadegh and Bjørn Kløve: Supervision; Zahra Karimidastenaei, Ali
Torabi Haghighi, Tamara Avellán, Mojtaba Sadegh and Bjørn Kløve:
Reviewing and editing.

Declaration of competing interest

The authors declare that they have no known competing financial inter-
ests or personal relationships that could have appeared to influence the
work reported in this paper.

Acknowledgment

This work was supported by the Maa- ja vesitekniikan tuki r.y. (MVTT)
project number 42563, to which the authors would like to express their
deep gratitude. Especial thanks to Dr. Manzoor Qadir for his constructive
comments and suggestions to improve the current study.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.scitotenv.2022.154429.

References

Abbott, S., Caughley, B., Douwes, J., 2007. The microbiological quality of roof-collected rain-
water of private dwellings in New Zealand. Rainwater Urban Des. 2007, 9.

Abd Alaziz, A.I., Al-Saqer, N.F., 2014. The reuse of greywater recycling for high rise buildings
in Kuwait Country. Int. J. Eng. Res. Appl. 4 (3), 208–215.

Abdelmoez, W., Mahmoud,M.S., Farrag, T.E., 2014. Water desalination using humidification/
dehumidification (HDH) technique powered by solar energy: a detailed review. Desalin.
Water Treat. 52 (25–27), 4622–4640.

Abdul-Wahab, S.A., Lea, V., 2008. Reviewing fog water collection worldwide and in Oman.
Int. J. Environ. Stud. 65 (3), 487–500.

Adewumi, J.R., Ilemobade, A.A., Van Zyl, J.E., 2010. Treated wastewater reuse in South
Africa: overview, potential and challenges. Resour. Conserv. Recycl. 55 (2), 221–231.

Ahmed, A., 2014. An overview of conventional and non-conventional water resources in arid
region: assessment and constrains of the United Arab Emirates (UAE). J. Water Resour.
Prot. 2 (2), 181–190.

Al-Assa’d, T.A., Abdulla, F.A., 2010. Artificial groundwater recharge to a semi-arid basin: case
study of Mujib aquifer, Jordan. Environ. Earth Sci. 60 (4), 845–859.

Al-Fenadi, Y., 2001. Cloud Seeding Experiments in Arab Countries: History and Results.
Libyan National Meteorological Centre, Tripoli www.wmo.int/pages/prog/arep/
wmp/documents/Cloud%20seeding%20experiments%20in%20Arab%20countries.
pdf.

Ali, S., Zhang, S., Yue, T., 2020. Environmental and economic assessment of rainwater har-
vesting systems under five climatic conditions of Pakistan. J. Clean. Prod. 120829.

Al-Jayyousi, O.R., 2003. Greywater reuse: towards sustainable water management. Desalina-
tion 156 (1-3), 181–192.

Al-Jayyousi, O.R., Mohsen, M.S., 1999. Evaluation of fog collection in Jordan. Water Environ.
J. 13 (3), 195–199.

Allan, J.A., 1993. Fortunately, there are substitutes for water otherwise our hydro-political fu-
tures would be impossible. Priorities for Water Resources Allocation And Management.
13(4), p. 26.

Almanaseer, N., Hindiyeh, M., Al-Assaf, R., 2020. Hydrological and environmental impact of
wastewater treatment and reuse on Zarqa River basin in Jordan. Environments 7 (2), 14.

Al-Maskati, H., 2011. Water Demand Management: A Case Study of the Kingdom of Bahrain.
(Doctoral dissertation)Loughborough University.

Al-Mughalles, M.H., Rahman, R.A., Suja, F.B., Mahmud, M., Jalil, N., 2012. Household
greywater quantity and quality in Sana'a, Yemen. EJGE 17, 1025–1034.

Al-Wabel, M.I., 2011. Simple system for handling and reuse of gray water resulted from ablu-
tion in Mosques of Riyadh City, Saudi Arabia. Proceedings of International Conference on
Environment Science and Engineering, IPCBEE. Vol. 8.

Ammar, A., Riksen, M., Ouessar, M., Ritsema, C., 2016. Identification of suitable sites for rain-
water harvesting structures in arid and semi-arid regions: a review. Int.SoilWater
Conserv.Res. 4 (2), 108–120.

Andrei, S., Kim, J.Y., Song, B.H., Suh, A.S., 2002. Cloud seeding to regulate water supplies and
their economic efficiency in Korea. Water Eng. Res. 3 (1), 1–8.

Animashaun, I.M., Oguntunde, P.G., Akinwumiju, A.S., Olubanjo, O.O., 2020. Rainfall analy-
sis over the Niger Central Hydrological Area, Nigeria: variability, trend, and change point
detection. Sci.Afr. 8, e00419.

Areerachakul, N., 2013. Overviews of rainwater harvesting and utilization in Thailand:
Bangsaiy Municipality. Int. J. Environ. Ecol. Eng. 7 (7), 485–492.

Arras, C., Buttau, C., Carletti, A., Funedda, A.L., Ghiglieri, G., 2014. Geological 3D model for
the design of artificial recharge facilities into the Oued Biskra inféro-flux aquifer (NE
Algeria). SGI-SIMP 2014-The Future of the Italian Geosciences, the Italian Geosciences
of the Future. Vol. 31, No. 1, p. 542.

Atashi, N., Rahimi, D., Al Kuisi, M., Anwar, J., Vuollekoski, H., Kulmala, M., ... Hussein, T.,
2020. Modeling long-term temporal variation of dew formation in Jordan and its link
to climate change. Water 12 (8), 2186.

Aznar-Sánchez, J.A., Belmonte-Ureña, L.J., Velasco-Muñoz, J.F., Manzano-Agugliaro, F.,
2018. Economic analysis of sustainable water use: a review of worldwide research.
J. Clean. Prod. 198, 1120–1132.

Baawain, M.S., Al-Mamun, A., Omidvarborna, H., Al-Sabti, A., Choudri, B.S., 2020. Public per-
ceptions of reusing treated wastewater for urban and industrial applications: challenges
and opportunities. Environ. Dev. Sustain. 22 (3), 1859–1871.

Baggio, G., Qadir, M., Smakhtin, V., 2021. Freshwater availability status across countries for
human and ecosystem needs. Sci. Total Environ. 148230.

Barber, M.E., Hossain, A., Covert, J.J., Gregory, G.J., 2009. Augmentation of seasonal low
stream flows by artificial recharge in the Spokane Valley-Rathdrum Prairie aquifer of
Idaho and Washington, USA. Hydrogeol. J. 17 (6), 1459–1470.

Barnes, J., 2014. Mixing waters: the reuse of agricultural drainage water in Egypt. Geoforum
57, 181–191.

Batisha, A.F., 2020. Greywater in Egypt: the sustainable future of non-conventional water re-
sources. Environ. Sci. Pollut. Res. 1–11.

Benseddik, B., El Mrabet, E., El Mansouri, B., Chao, J., Kili, M., 2017. Delineation of
artificial recharge zones in Mnasra Aquifer (NW, Morocco). Model. Earth Syst. Envi-
ron. 3 (1), 10.

Berkowicz, S.M., Beysens, D., Milimouk, I., Heusinkveld, B.G., Muselli, M., Wakshal, E.,
Jacobs, A.F., 2004. Urban Dew Collection Under Semi-arid Conditions:Jerusalem.

Beysens, D., 2006. Dew nucleation and growth. C.R.Phys. 7 (9–10), 1082–1100.
Beysens, D., 2018. Dew Water. River Publishers.
Bhattacharya, A.K., 2010. Artificial ground water recharge with a special reference to India.

Artif Gr Water Recharg 4 (2), 214–221.
Biazin, B., Sterk, G., Temesgen, M., Abdulkedir, A., Stroosnijder, L., 2012. Rainwater harvest-

ing and management in rainfed agricultural systems in sub-Saharan Africa–a review.
Phys. Chem. Earth Part A/B/C 47, 139–151.

Bigg, E.K., 1997. An independent evaluation of a South African hygroscopic cloud seeding ex-
periment, 1991–1995. Atmos. Res. 43 (2), 111–127.

Boano, F., Caruso, A., Costamagna, E., Ridolfi, L., Fiore, S., Demichelis, F., Masi, F., 2020. A
review of nature-based solutions for greywater treatment: applications, hydraulic design,
and environmental benefits. Sci. Total Environ. 711, 134731.

Boretti, A., Rosa, L., 2019. Reassessing the projections of the world water development report.
NPJ Clean Water 2 (1), 1–6.

Bouwer, H., 2002. Artificial recharge of groundwater: hydrogeology and engineering.
Hydrogeol. J. 10 (1), 121–142.

Breed, D., Bruintjes, R., Jensen, T., Salazar, V., Fowler, T., 2005. The UAE rainfall en-
hancement assessment program: implications of thermodynamic profiles on the

Z. Karimidastenaei et al. Science of the Total Environment 827 (2022) 154429

11

https://doi.org/10.1016/j.scitotenv.2022.154429
https://doi.org/10.1016/j.scitotenv.2022.154429
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf9000
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf9000
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf6065
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf6065
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf202203070952220448
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf202203070952220448
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf202203070952220448
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf0340
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf0340
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf202203070952260799
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf202203070952260799
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf202203070931520854
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf202203070931520854
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf202203070931520854
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf2060
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf2060
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf6500
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf6500
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf6500
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf6500
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf202203070905463101
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf202203070905463101
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf5090
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf5090
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf6250
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf6250
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf202203070907147359
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf202203070907147359
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf202203070907147359
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf202203070952341593
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf202203070952341593
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf6035
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf6035
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf6045
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf6045
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf6025
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf6025
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf6025
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf202203070952580482
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf202203070952580482
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf202203070952580482
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf3075
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf3075
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf202203070953496221
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf202203070953496221
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf202203070953496221
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf6175
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf6175
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf6270
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf6270
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf6270
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf6270
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf4040
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf4040
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf202203070953535552
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf202203070953535552
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf202203070953596240
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf202203070953596240
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf202203070953596240
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf202203070907581923
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf202203070907581923
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf2055
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf2055
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf2055
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf202203070954033208
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf202203070954033208
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf6125
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf6125
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf3015
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf3015
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf3015
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf202203070909048227
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf202203070954352458
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf4030
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf202203070909323575
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf202203070909323575
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf6170
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf6170
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf6170
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf3045
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf3045
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf202203070954500609
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf202203070954500609
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf202203070954500609
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf202203070910115296
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf202203070910115296
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf202203070954535632
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf202203070954535632
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf3080
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf3080


development of precipitation in convective clouds over the Oman mountains.
AGUFM 2005, A44A–04.

Brewster, M.R., Buros, O.K., 1985. The use of non-conventional water resource alternatives in
water short areas. Desalination 56, 89–108.

Brown, F.R., Signor, D.C., 1973. Artificial-recharge experiments and operations on the south-
ern High Plains of Texas and New Mexico. USGS Water Resour. Invest. 10, 73.

Bruintjes, R.T., 1999. A review of cloud seeding experiments to enhance precipitation and
some new prospects. Bull. Am. Meteorol. Soc. 80 (5), 805–820.

Buchholz, M., 2008. A scenario for the future development of the agricultural and water sec-
tor in arid and hyper arid areas. Overcoming Drought, The Cycler Support Implementa-
tion Guide.

Cadamuro, A.L., Campos, J.E.G., Tröger, U., 2020. Artificial recharge in fractured rocks—an
example from the Federal District of Brazil for the sustainability of the system. Manage-
ment of Aquifer Recharge for Sustainability. CRC Press, pp. 523–526.

Carrera-Villacres, D.V., Robalino, I.C., Rodriguez, F.F., Sandoval, W.R., Hidalgo, D.L.,
Toulkeridis, T., 2017. An innovative fog catcher system applied in the Andean communi-
ties of Ecuador. Trans. ASABE 60 (6), 1917–1923.

Carvajal, D., Minonzio, J.G., Casanga, E., Muñoz, J., Aracena, A., Montecinos, S., Beysens, D.,
2018. Roof-integrated dew water harvesting in Combarbalá,Chile. J. Water Supply Res.
Technol. AQUA 67 (4), 357–374.

Chien, S.S., Hong, D.L., Lin, P.H., 2017. Ideological and volume politics behind cloud water
resource governance–weather modification in China. Geoforum 85, 225–233.

Chowdhury, R.K., Rajput, M.A., 2017. Will greywater reuse really affect the sewer flow? Ex-
perience of a residential complex in Al Ain, UAE. Water Sci. Technol. Water Supply 17
(1), 246–258.

Clark, G.B., Kneeshaw, M., 1983. Artificial recharge in the Pilbara, Western Australia. Hydrol-
ogy and Water Resources Symposium 1983: Preprints of Papers. Institution of Engineers,
Australia, p. 92.

Clus, O., Ortega, P., Muselli, M., Milimouk, I., Beysens, D., 2008. Study of dew water collec-
tion in humid tropical islands. J. Hydrol. 361 (1–2), 159–171.

Correggiari, M., Castelli, G., Bresci, E., Salbitano, F., 2017. Fog collection and participatory ap-
proach for water management and local development: practical reflections from case
studies in the Atacama drylands. Water and Land Security in Drylands. Springer, Cham,
pp. 141–158.

Craddock, H.A., Panthi, S., Rjoub, Y., Lipchin, C., Sapkota, A., Sapkota, A.R., 2020. Antibiotic
and herbicide concentrations in household greywater reuse systems and pond water used
for food crop irrigation: West Bank, Palestinian Territories. Sci. Total Environ. 699,
134205.

da Costa Pacheco, P.R., Gómez, Y.D., de Oliveira, I.F., Teixeira, L.C.G., 2017. A view of
the legislative scenario for rainwater harvesting in Brazil. J. Clean. Prod. 141,
290–294.

Davarnejad, R., Karimi Dastnayi, Z., 2019. Cd (II) removal from aqueous solutions by adsorp-
tion on Henna and Henna with chitosan microparticles using response surface methodol-
ogy. Iran. J. Chem. Chem. Eng. 38 (3), 267–281.

Davarnejad, R., Dastnayi, Z.K., Kennedy, J.F., 2018. Cr (VI) adsorption on the blends of Henna
with chitosan microparticles: experimental and statistical analysis. Int. J. Biol. Macromol.
116, 281–288.

Davtalab, R., Salamat, A., Oji, R., 2013. Water harvesting from fog and air humidity in the
warm and coastal regions in the south of Iran. Irrig. Drain. 62 (3), 281–288.

De Vries, J.J., Selaolo, E.T., Beekman, H.E., 2000. Groundwater recharge in the Kalahari, with
reference to paleo-hydrologic conditions. J. Hydrol. 238 (1–2), 110–123.

Delinom, R.M., 2008. Groundwater management issues in the Greater Jakarta area,
Indonesia. TERC Bull, University of Tsukuba 8 (2), 40–54.

del Río, C., Garcia, J.L., Osses, P., Zanetta, N., Lambert, F., Rivera, D., ... Lobos, F., 2017. ENSO
influence on coastal fog-water yield in the Atacama Desert, Chile. Aerosol Air Qual. Res.
18, 127–144.

Deng, G., Lu, F., Wu, L., Xu, C., 2020. Social network analysis of virtual water trade among
major countries in the world. Sci. Total Environ., 142043

Deng, G., Lu, F., Wu, L., Xu, C., 2021. Social network analysis of virtual water trade among
major countries in the world. Sci. Total Environ. 753, 142043.

Despins, C., Farahbakhsh, K., Leidl, C., 2009. Assessment of rainwater quality from rainwater
harvesting systems in Ontario, Canada. J. Water Supply Res. Technol. AQUA 58 (2),
117–134.

Dessens, J., Berthet, C., Sanchez, J.L., 2009. Mitigation of hail damages by cloud seeding in
France and Spain. 5th European Conference Conf. on Severe Storms October.

Di Bitonto, M.G., Angelotti, A., Zanelli, A., 2020. Fog and Dew Harvesting: Italy and Chile in
Comparison.

Dixon, A., Butler, D., Fewkes, A., 1999. Water saving potential of domestic water reuse sys-
tems using greywater and rainwater in combination. Water Sci. Technol. 39 (5), 25–32.

Djuma, H., Bruggeman, A., Eliades, M., Lange, M.A., 2016. Non-conventional water resources
research in semi-arid countries of the Middle East. Desalin. Water Treat. 57 (5),
2290–2303.

Dodson, L.L., Bargach, J., 2015. Harvesting fresh water from fog in rural Morocco: research
and impact Dar Si Hmad's Fogwater Project in Aït Baamrane. Procedia Eng. 107,
186–193.

Domènech, L., Saurí, D., 2010. Socio-technical transitions inwater scarcity contexts: public ac-
ceptance of greywater reuse technologies in the Metropolitan Area of Barcelona. Resour.
Conserv. Recycl. 55 (1), 53–62.

Dore, A.J., Choularton, T.W., Fowler, D., 1992. An improved wet deposition map of the
United Kingdom incorporating the seeder—feeder effect over mountainous terrain.
Atmos. Environ. Part A 26 (8), 1375–1381.

Echeverría, P., Domínguez, C., Villacís, M., Violette, S., 2020. Fog Harvesting Potential for Do-
mestic Rural Use and Irrigation in San Cristobal Island, Galapagos. Ecuador, Cuadernos
de Investigación Geográfica.

Eik, K., Marchenko, A., 2010. Model tests of iceberg towing. Cold Reg. Sci. Technol. 61 (1),
13–28.

EL-Jumaily, K.K., Jalal, M.W., 2012. Potentiality of waste water reuse in Iraq. Eng. Technol. J.
30 (10), 1766–1782.

Elkiran, G., Aslanova, F., Hiziroglu, S., 2019. Effluent water reuse possibilities in Northern
Cyprus. Water 11 (2), 191.

Elmeddahi, Y., Mahmoudi, H., Issaadi, A., Goosen, M.F., 2016. Analysis of treated wastewater
and feasibility for reuse in irrigation: a case study from Chlef, Algeria. Desalin. Water
Treat. 57 (12), 5222–5231.

Elsaid, K., Kamil, M., Sayed, E.T., Abdelkareem, M.A., Wilberforce, T., Olabi, A., 2020. Envi-
ronmental impact of desalination technologies: a review. Sci. Total Environ. 141528.

Eltawil, M.A., Zhengming, Z., Yuan, L., 2009. A review of renewable energy technologies in-
tegrated with desalination systems. Renew. Sustain. Energy Rev. 13 (9), 2245–2262.

Exall, K., Marsalek, J., Schaefer, K., 2006. Water reuse in Canada: opportunities and chal-
lenges. Integrated Urban Water Resources Management. Springer, Dordrecht,
pp. 253–262.

Faruqui, N., Al-Jayyousi, O., 2002. Greywater reuse in urban agriculture for poverty allevia-
tion: a case study in Jordan. Water Int. 27 (3), 387–394.

Feng, K., Hubacek, K., 2015. A multi-region input–output analysis of global virtual water
flows. Handbook of Research Methods and Applications in Environmental Studies. Ed-
ward Elgar Publishing.

Ferguson, G., McIntosh, J.C., Perrone, D., Jasechko, S., 2018. Competition for shrinking win-
dow of low salinity groundwater. Environ. Res. Lett. 13 (11), 114013.

Fessehaye, M., Abdul-Wahab, S.A., Savage, M.J., Kohler, T., Gherezghiher, T., Hurni, H.,
2014. Fog-water collection for community use. Renew. Sust. Energ. Rev. 29, 52–62.

Fessehaye, M., Abdul-Wahab, S.A., Savage, M.J., Kohler, T., Tesfay, S., 2015. The potential for
scaling up a fog collection system on the eastern escarpment of Eritrea. Mt. Res. Dev. 35
(4), 365–373.

Fessehaye, M., Abdul-Wahab, S.A., Savage, M.J., Kohler, T., Gherezghiher, T., Hurni, H.,
2017. Assessment of fog-water collection on the eastern escarpment of Eritrea. Water
Int. 42 (8), 1022–1036.

Foster, S., Loucks, P.D., 2006. Non-renewable Groundwater Resources: A Guidebook on So-
cially Sustainable Management for Water-Policy Makers, IHP-VI Ser. Groundwater. UN
Educ., Sci. and Cult. Organ, Paris.

Freud, E., Koussevitzky, H., Goren, T., Rosenfeld, D., 2015. Cloud microphysical background
for the Israel-4 cloud seeding experiment. Atmos. Res. 158, 122–138.

Friedler, E., 2008. The water saving potential and the socio‐economic feasibility of greywater
reuse within the urban sector–Israel as a case study. Int. J. Environ. Stud. 65 (1), 57–69.

Gale, I.N., Williams, A.T., Gaus, I., Jones, H.K., 2002. ASR-UK: Elucidating the
Hydrogeological Issues Associated With Aquifer Storage and Recovery in the UK.

Gałek, G., Sobik, M., Błaś, M., Polkowska, Ż., Cichała-Kamrowska, K., 2016. Urban dew forma-
tion efficiency and chemistry in Poland. Atmos. Pollut. Res. 7 (1), 18–24.

Gao, L., Yoshikawa, S., Iseri, Y., Fujimori, S., Kanae, S., 2017. An economic assessment of the
global potential for seawater desalination to 2050. Water 9 (10), 763.

Gebru, T.A., Brhane, G.K., Gebremedhin, Y.G., 2021. Contributions of water harvesting tech-
nologies intervention in arid and semi-arid regions of Ethiopia, in ensuring households'
food security, Tigray in focus. J. Arid Environ. 185, 104373.

Gesim, N.A., Okazaki, T., 2018. Identification of groundwater artificial recharge sites in Herat
city, Afghanistan, using Fuzzy logic. Int. J. Eng. Tech. Res. 8(2).

Ghafoor, A., Ahmed, T., Munir, A., Arslan, C., Ahmad, S.A., 2020. Techno-economic feasibility
of solar based desalination through reverse osmosis. Desalination 485, 114464.

Ghayoumian, J., Saravi, M.M., Feiznia, S., Nouri, B., Malekian, A., 2007. Application of GIS
techniques to determine areas most suitable for artificial groundwater recharge in a
coastal aquifer in southern Iran. J. Asian Earth Sci. 30 (2), 364–374.

Gido, B., Friedler, E., Broday, D.M., 2016. Assessment of atmospheric moisture harvesting by
direct cooling. Atmos. Res. 182, 156–162.

Gindel, I., 1965. Irrigation of plants with atmospheric water within the desert. Nature 207
(5002), 1173–1175.

Giresunlu, E., Beler Baykal, B., 2016. A case study of the conversion of grey water to a flush
water source in a Turkish student residence hall. Water Sci. Technol. Water Supply 16
(6), 1659–1667.

Gleeson, T., Befus, K.M., Jasechko, S., Luijendijk, E., Cardenas, M.B., 2016. The global volume
and distribution of modern groundwater. Nat. Geosci. 9 (2), 161–167.

Glendenning, C.J., Van Ogtrop, F.F., Mishra, A.K., Vervoort, R.W., 2012. Balancing watershed
and local scale impacts of rain water harvesting in India—a review. Agric. Water Manag.
107, 1–13.

Godson, W.L., Crozier, C.L., Holland, J.D., 1966. An evaluation of silver iodide cloud seeding
by aircraft in Western Quebec, Canada, 1960–1963. J. Appl. Meteorol. 5 (4), 500–512.

Goncalves, M.M., Cunha, F.R., 1992. Water Harvesting From Fog in the Cape Verde Archipel-
ago. An Aid for Household Supply. Series: Ciencias Agrarias.

Gosling, S.N., Arnell, N.W., 2016. A global assessment of the impact of climate change on
water scarcity. Clim. Chang. 134 (3), 371–385.

Graham, S., Parkinson, C., Chahine, M., 2010. The Water Cycle. NASA Earth Observatory.
Guo, X., Zheng, G., 2009. Advances in weather modification from 1997 to 2007 in China.

Adv. Atmos. Sci. 26 (2), 240–252.
Guo, J., Deng, M., Lee, S.S., Wang, F., Li, Z., Zhai, P., Liu, H., Guo, X., Fu, D., Li, X., Hu, Z., Lei,

H., Xiao, H., Hong, Y., 2015. Advances in cloud physics and weather modification in
China. Adv. Atmos. Sci. 32, 230–249.

Günther, F., 2000. Wastewater treatment by greywater separation: outline for a biologically
based greywater purification plant in Sweden. Ecol. Eng. 15 (1-2), 139–146.

Gurera, D., Bhushan, B., 2020. Passive water harvesting by desert plants and animals: lessons
from nature. Phil. Trans. R. Soc. A 378 (2167), 20190444.

Gürsoy, M., Harris, M.T., Carletto, A., Yaprak, A.E., Karaman, M., Badyal, J.P.S., 2017.
Bioinspired asymmetric-anisotropic (directional) fog harvesting based on the arid
climate plant Eremopyrum orientale. Colloids Surf. A Physicochem. Eng. Asp. 529,
959–965.

Haddad, M., Mizyed, N., 2004. Non-conventional options for water supply augmentation in
the Middle East: a case study. Water Int. 29 (2), 232–242.

Z. Karimidastenaei et al. Science of the Total Environment 827 (2022) 154429

12

http://refhub.elsevier.com/S0048-9697(22)01522-4/rf3080
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf3080
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf202203070954579201
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf202203070954579201
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf1095
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf1095
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf3060
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf3060
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf202203070932389468
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf202203070932389468
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf202203070932389468
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf3020
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf3020
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf3020
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf5030
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf5030
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf202203070911488262
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf202203070911488262
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf202203070955135479
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf202203070955135479
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf6085
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf6085
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf6085
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf2000
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf2000
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf2000
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf202203070955170118
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf202203070955170118
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf7700
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf7700
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf7700
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf7700
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf6115
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf6115
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf6115
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf6115
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf6190
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf6190
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf6190
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf202203070912089301
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf202203070912089301
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf202203070912089301
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf202203070912198193
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf202203070912198193
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf202203070912198193
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf4090
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf4090
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf202203070955260819
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf202203070955260819
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf2050
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf2050
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf5020
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf5020
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf5020
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf6210
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf6210
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf202203070955387615
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf202203070955387615
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf7600
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf7600
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf7600
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf3085
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf3085
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf6800
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf6800
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf5070
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf5070
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf202203070955494696
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf202203070955494696
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf202203070955494696
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf5015
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf5015
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf5015
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf202203070956156903
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf202203070956156903
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf202203070956156903
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf3035
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf3035
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf3035
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf5055
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf5055
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf5055
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf202203070956380792
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf202203070956380792
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf6050
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf6050
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf6110
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf6110
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf6080
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf6080
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf6080
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf202203070914217375
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf202203070914217375
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf202203070956501703
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf202203070956501703
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf6000
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf6000
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf6000
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf5080
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf5080
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf6205
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf6205
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf6205
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf202203070956540117
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf202203070956540117
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf4095
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf5005
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf5005
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf5005
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf5025
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf5025
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf202203070914520285
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf202203070914520285
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf202203070914520285
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf4000
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf4000
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf6015
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf6015
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf6260
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf6260
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf4025
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf4025
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf4005
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf4005
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf202203070957109123
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf202203070957109123
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf202203070957109123
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf202203070957148306
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf202203070957148306
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf0105
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf0105
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf0105
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf202203070957196106
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf202203070957196106
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf202203070957228077
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf202203070957228077
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf7010
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf7010
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf7010
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf202203070957274644
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf202203070957274644
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf1065
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf1065
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf1065
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf3025
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf3025
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf4045
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf4045
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf6215
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf6215
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf202203070934228518
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf3090
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf3090
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf202203070916438838
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf202203070916438838
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf5075
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf5075
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf4035
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf4035
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf202203070957393963
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf202203070957393963
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf202203070957393963
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf202203070957490349
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf202203070957490349


Haddadin, M.J., 2002. Water issues in the Middle East challenges and opportunities. Water
Policy 4 (3), 205–222.

Haeffner, H., Grandguillaume, J.J., Vanrenterghem, A., Detay, M., 2001. Artificial recharge
experience in France: lessons learned and perspectives. Houille Blanche 3, 29–78.

Hamad, S.M., 2012. Opportunities and challenges for groundwater artificial recharge by sur-
face water harvesting in Libya. Libyan Agric. Res. Cent.J. Int. 3 (6), 260–268.

Harpaz, Y., 1971. Artificial ground-water recharge bymeans of wells in Israel. J. Hydraul. Div.
97 (12), 1947–1964.

Hartung, H., Akkerman, P., 2014. Field report: roofwater harvesting on the coastal islands of
Guinea-Bissau: rainwater tank construction adapted to the local context. Waterlines
160–167.

Hassan, G.Z., Bhutta, M.N., 1996. A water balance model to estimate groundwater recharge in
Rechna Doab, Pakistan. Irrig. Drain. Syst. 10 (4), 297–317.

Hatibu, N., Mahoo, H.F., Gowing, J.W., 2000. Rainwater harvesting for natural resources
management: a planning guide for Tanzania. Technical Handbook. 22.

Helmreich, B., Horn, H., 2009. Opportunities in rainwater harvesting. Desalination 248 (1-3),
118–124.

Hida, N., 2007. An overview of experiences of basin artificial recharge of ground water in
Japan. J. Jpn. Assoc. Hydrol. Sci. 37 (4), 295–302.

Holder, C.D., 2004. Rainfall interception and fog precipitation in a tropical montane cloud for-
est of Guatemala. For. Ecol. Manag. 190 (2-3), 373–384.

Horlemann, L., Neubert, S., 2006. Virtual Water Trade-a Realistic Concept for Resolving the
Water Crisis?. 25. DEU, p. 139

https://www.fao.org/aquastat/en/.
Hussain, M.I., Muscolo, A., Farooq, M., Ahmad, W., 2019. Sustainable use andmanagement of

non-conventional water resources for rehabilitation of marginal lands in arid and semi-
arid environments. Agric. Water Manag. 221, 462–476.

Igboekwe, M.U., Ruth, A., 2011. Groundwater recharge through infiltration process: a case
study of Umudike, Southeastern Nigeria. J. Water Resour. Prot. 3 (5), 295–299.

Indelicato, S., Tamburino, V., Zimbone, S.M., 1993. Unconventional water resource use
and management. Ressources en eau: developpement et gestion dans les pays
mediterraneens.

Jaber, J.O., Mohsen, M.S., 2001. Evaluation of non-conventional water resources supply in
Jordan. Desalination 136 (1–3), 83–92.

Jacobs, A.F., Heusinkveld, B.G., Berkowicz, S.M., 2002. A simple model for potential dewfall
in an arid region. Atmos. Res. 64 (1–4), 285–295.

Jamrah, A., Al‐Omari, A., Al‐Qasem, L., Ghani, N.A., 2006. Assessment of availability and
characteristics of greywater in Amman. Water Int. 31 (2), 210–220.

Jasechko, S., Perrone, D., Befus, K.M., Cardenas, M.B., Ferguson, G., Gleeson, T., ... Kirchner,
J.W., 2017. Global aquifers dominated by fossil groundwaters but wells vulnerable to
modern contamination. Nat. Geosci. 10 (6), 425–429.

Jensen, J.B., Lee, S., 2008. Giant sea-salt aerosols and warm rain formation in marine strato-
cumulus. J. Atmos. Sci. 65 (12), 3678–3694.

Ji, L., Wu, T., Xie, Y., Huang, G., Sun, L., 2020. A novel two-stage fuzzy stochastic model for
water supply management from a water-energy nexus perspective. J. Clean. Prod.
123386.

Jimenez, B., Asano, T., 2008. Water reclamation and reuse around the world. Water Reuse: An
International Survey of Current Practice, Issues and Needs. 14, pp. 3–26.

Jones, E., Qadir, M., van Vliet, M.T., Smakhtin, V., Kang, S.M., 2019. The state of desalination
and brine production: a global outlook. Sci. Total Environ. 657, 1343–1356.

Jung, E., Albrecht, B.A., Jonsson, H.H., Chen, Y.-C., Seinfeld, J.H., Sorooshian, A., Metcalf,
A.R., Song, S., Fang, M., Russell, L.M., 2015. Precipitation effects of giant cloud conden-
sation nuclei artificially introduced into stratocumulus clouds. Atmos. Chem. Phys. 15,
5645–5658. https://doi.org/10.5194/acp-15-5645-2015.

Kahinda, J.M.M., Taigbenu, A.E., Boroto, J.R., 2007. Domestic rainwater harvesting to im-
prove water supply in rural South Africa. Phys. Chem. Earth Part A/B/C 32 (15-18),
1050–1057.

Karagiannis, I.C., Soldatos, P.G., 2008. Water desalination cost literature: review and assess-
ment. Desalination 223 (1–3), 448–456.

Kareem, I.R., 2013. Artificial groundwater recharge in Iraq through rainwater harvesting
(case study). Eng. Technol. J. 31 (6 Part (A) Engineering).

Karimidastenaei, Z., Haghighi, A.T., Rahmati, O., Rasouli, K., Rozbeh, S., Pirnia, A., Kløve, B.,
2020. Fog-water harvesting Capability Index (FCI) mapping for a semi-humid catchment
based on socio-environmental variables and using artificial intelligence algorithms. Sci.
Total Environ. 708, 135115.

Karimidastenaei, Z., Klöve, B., Sadegh, M., Haghighi, A.T., 2021. Polar ice as an unconven-
tional water resource: opportunities and challenges. Water 13 (22), 3220.

Kaseke, K.F., Wang, L., 2018. Fog and dew as potable water resources: maximizing harvesting
potential and water quality concerns. GeoHealth 2 (10), 327–332.

Khalil, S.K., Rehman, S., Rehman, A., Wahab, S., Muhammad, F., Khan, A.Z., Khan, A.,
2014. Water harvesting through micro-watershed for improved production of
wheat (Triticum aestivum L.) in semiarid region of Northwest, Pakistan. Soil Tillage
Res. 138, 85–89.

Khalili Sr., M., Seidhassani Sr., M., Golkar Sr., F., Khatibi Sr., V., 2008. Results of
cloud seeding operations for precipitation enhancement in Iran during
1999–2007. Planned And Inadvertent Weather Modification/Weather Modifica-
tion Association. 22.

Kimrey, J.O., 1985. Proposed Artificial Recharge Studies in Northern Qatar (No. 85-343). US
Geological Survey.

Klemm, O., Schemenauer, R.S., Lummerich, A., Cereceda, P., Marzol, V., Corell, D., ... Osses,
P., 2012. Fog as a fresh-water resource: overview and perspectives. Ambio 41 (3),
221–234.

Koutsos, P., 1988. Artificial recharge of the heretaunga plains aquifer Hawke's Bay, New
Zealand. Artificial Recharge of Ground Water. ASCE, pp. 592–601 August.

Kulkarni, J.R., Morwal, S.B., Deshpande, N.R., 2019. Rainfall enhancement in Karnataka state
cloud seeding program “Varshadhare” 2017. Atmos. Res. 219, 65–76.

Kumar, K.N., Suzuki, K., 2019. Assessment of seasonal cloud properties in the United Arab
Emirates and adjoining regions from geostationary satellite data. Remote Sens. Environ.
228, 90–104.

Kumar, M.D., Ghosh, S., Patel, A., Singh, O.P., Ravindranath, R., 2006. Rainwater harvesting
in India: some critical issues for basin planning and research. Land Use Water Resour.
Res. 6 1732-2016-140267.

Kummu, M., Ward, P.J., de Moel, H., Varis, O., 2010. Is physical water scarcity a new phe-
nomenon? Global assessment of water shortage over the last two millennia. Environ.
Res. Lett. 5 (3), 034006.

Lambert, L.A., Lee, J., 2018. Nudging greywater acceptability in a Muslim country: compari-
sons of different greywater reuse framings in Qatar. Environ. Sci. Pol. 89, 93–99.

Lattemann, S., Kennedy, M.D., Schippers, J.C., Amy, G., 2010. Global desalination situation.
Sustain.Sci.Eng. 2, 7–39.

Lazarova, V., Hills, S., Birks, R., 2003. Using recycled water for non-potable, urban uses: a review
with particular reference to toilet flushing. Water Sci. Technol. Water Supply 3 (4), 69–77.

Lee, J.M., Lambert, L.A., 2018, March. Initial results from a study on greywater reuse in Qatar:
economic benefits and public opinions. Qatar Foundation Annual Research Conference
Proceedings Volume 2018 Issue 1. Vol. 2018, No. 1. Hamad bin Khalifa University
Press (HBKU Press), EEPD827.

Lefebvre, O., 2018. Beyond NEWater: an insight into Singapore's water reuse prospects. Curr.
Opin. Environ. Sci. Health 2, 26–31.

Lefrançois, S., Doyon-Poulin, P., Gosselin, L., Lacroix, M., 2008. Optimization of Iceberg
towing velocity for water supply. Trans. Can. Soc. Mech. Eng. 32 (3-4), 537–548.

Leung, R.W.K., Li, D.C.H., Yu, W.K., Chui, H.K., Lee, T.O., Van Loosdrecht, M.C.M., Chen,
G.H., 2012. Integration of seawater and grey water reuse to maximize alternative water
resource for coastal areas: the case of the Hong Kong International Airport. Water Sci.
Technol. 65 (3), 410–417.

Levin, M., Panarello, H.O., Albero, M.C., Castrillo, E., Grizinik, M., Amoroso, A., 1988.
Groundwater recharge and subsurface flow in the comodoro rivadavia area, Chubut Prov-
ince, Argentina. Isotopic and hydrochemical study. Estimation of Natural Groundwater
Recharge. Springer, Dordrecht, pp. 377–393.

Leviston, Z., Nancarrow, B.E., Tucker, D.I., Porter, N.B., 2006. Predicting community behav-
iour: indirect potable reuse of wastewater through managed aquifer recharge. LandWater
Sci.Rep. 2906 (29), 06.

Lewis, C., 2015. Iceberg harvesting: suggesting a federal regulatory regime for a new freshwa-
ter source. BC Envtl. Aff. L. Rev. 42, 439.

Li, X.Y., Gong, J.D., Wei, X.H., 2000. In-situ rainwater harvesting and gravel mulch combina-
tion for corn production in the dry semi-arid region of China. J. Arid Environ. 46 (4),
371–382.

Li, Z., Boyle, F., Reynolds, A., 2010. Rainwater harvesting and greywater treatment systems
for domestic application in Ireland. Desalination 260 (1-3), 1–8.

Lo, K.F.A., Koralegedara, S.B., 2015. Effects of climate change on urban rainwater harvesting
in Colombo city, Sri Lanka. Environments 2 (1), 105–124.

Macedonio, F., Drioli, E., Gusev, A.A., Bardow, A., Semiat, R., Kurihara, M., 2012. Efficient
technologies for worldwide clean water supply. Chem. Eng. Process. Process Intensif.
51, 2–17.

Madungwe, E., Sakuringwa, S., 2007. Greywater reuse: a strategy for water demand manage-
ment in Harare? Phys. Chem. Earth Part A/B/C 32 (15-18), 1231–1236.

Malekmohammadi, B., Mehrian, M.R., Jafari, H.R., 2012. Site selection for managed aquifer
recharge using fuzzy rules: integrating geographical information system (GIS) tools and
multi-criteria decision making. Hydrogeol. J. 20 (7), 1393–1405.

Maliva, R., Missimer, T., 2012. Non-renewable groundwater resources. Arid Lands Water
Evaluation And Management. Springer, Berlin, Heidelberg, pp. 927–951.

Marchenko, A., Eik, K., 2012. Iceberg towing in open water: mathematical modeling and anal-
ysis of model tests. Cold Reg. Sci. Technol. 73, 12–31.

Margat, J., Foster, S., Droubi, A., 2006. Concept and importance of non-renewable resources.
Non-renewable Groundwater Resources: A Guidebook on Socially Sustainable Manage-
ment for Water-policy Makers. 10, pp. 13–24.

Martorell, C., Ezcurra, E., 2002. Rosette scrub occurrence and fog availability in arid moun-
tains of Mexico. J. Veg. Sci. 13 (5), 651–662.

Marzol, M.V., Sánchez, J., 2008. Fog water harvesting in Ifni, Morocco. An assessment of po-
tential and demand. Erde 139 (1-2), 97–119.

Marzol, M.V., Sánchez, J.L., Yanes, A., 2011. Meteorological patterns and fog water collection
in Morocco and the Canary Islands. Erdkunde 291–303.

Masciopinto, C., 2013. Management of aquifer recharge in Lebanon by removing seawater in-
trusion from coastal aquifers. J. Environ. Manag. 130, 306–312.

Mather, G.K., Terblanche, D.E., Steffens, F.E., Fletcher, L., 1997. Results of the South African
cloud-seeding experiments using hygroscopic flares. J. Appl. Meteorol. 36 (11),
1433–1447.

Matos, C., Pereira, S., Amorim, E.V., Bentes, I., Briga-Sá, A., 2014. Wastewater and
greywater reuse on irrigation in centralized and decentralized systems—an inte-
grated approach on water quality, energy consumption and CO2 emissions. Sci.
Total Environ. 493, 463–471.

Mazor, E., Verhagen, B.T., Sellschop, J.P.F., Jones, M.T., Robins, N.E., Hutton, L., Jennings,
C.M.H., 1977. Northern Kalahari groundwaters: hydrologic, istopic and chemical studies
at Orapa,Botswana. J. Hydrol. 34 (3–4), 203–234.

Mickley, M., 2018. Updated and extended survey of US municipal desalination plants. Desa-
lination and Water Purification Research and Development Program Report, p. 27.

Mileta, M., Beysens, D., Nikolayev, V., Milimouk, I., Clus, O., Muselli, M., 2007. Fog and dew
collection projects in Croatia. arXiv preprint arXiv:0707.2931.

Mohammadzadeh-Habili, J., Khalili, D., 2020. Assessment of Artificial Recharge Dams and
Improvement of Their Groundwater-Recharge Capacity. J. Hydrol. Eng. 25 (5),
04020011.

Monteith, J.L., 1957. Dew. Q. J. R. Meteorol. Soc. 83 (357), 322–341.
Monteith, J.L., Unsworth, M.H., 2013. Principles of environmental physics: plants. Animals,

And the Atmosphere.

Z. Karimidastenaei et al. Science of the Total Environment 827 (2022) 154429

13

http://refhub.elsevier.com/S0048-9697(22)01522-4/rf202203070916514417
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf202203070916514417
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf2035
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf2035
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf3000
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf3000
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf1090
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf1090
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf6180
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf6180
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf6180
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf2025
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf2025
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf6140
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf6140
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf1085
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf1085
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf6275
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf6275
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf4060
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf4060
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf202203070917408902
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf202203070917408902
https://www.fao.org/aquastat/en/
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf202203070957598558
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf202203070957598558
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf202203070957598558
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf2070
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf2070
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf202203070918005818
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf202203070918005818
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf202203070918005818
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf202203070918033244
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf202203070918033244
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf202203070918072997
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf202203070918072997
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf8400
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf8400
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf5065
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf5065
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf202203070958467711
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf202203070958467711
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf202203070919014067
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf202203070919014067
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf202203070919014067
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf6010
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf6010
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf202203070919048640
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf202203070919048640
https://doi.org/10.5194/acp-15-5645-2015
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf7500
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf7500
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf7500
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf202203070958583847
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf202203070958583847
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf8300
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf8300
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf202203070919304246
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf202203070919304246
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf202203070919304246
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf202203070959046088
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf202203070959046088
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf202203070959076282
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf202203070959076282
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf4020
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf4020
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf4020
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf202203070920147090
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf202203070920147090
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf202203070920147090
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf202203070920147090
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf6255
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf6255
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf4050
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf4050
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf2010
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf2010
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf202203070959159585
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf202203070959159585
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf202203070959214651
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf202203070959214651
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf202203070959214651
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf6145
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf6145
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf6145
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf202203070959262529
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf202203070959262529
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf202203070959262529
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf6105
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf6105
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf202203070920317245
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf202203070920317245
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf5085
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf5085
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf6100
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf6100
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf6100
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf6100
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf6095
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf6095
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf6200
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf6200
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf6040
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf6040
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf6040
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf2005
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf2005
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf2005
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf202203070920501632
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf202203070920501632
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf202203070920501632
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf202203070920555897
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf202203070920555897
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf6135
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf6135
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf6135
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf6155
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf6155
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf6185
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf6185
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf202203070959320501
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf202203070959320501
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf202203070959320501
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf6310
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf6310
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf202203070921126715
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf202203070921126715
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf202203070921126715
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf202203070921265395
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf202203070921265395
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf202203070959485479
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf202203070959485479
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf1020
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf1020
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf1020
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf4055
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf4055
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf4075
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf4075
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf4085
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf4085
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf6400
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf6400
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf3050
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf3050
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf3050
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf6070
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf6070
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf6070
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf6070
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf202203070922008536
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf202203070922008536
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf6225
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf6225
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf7000
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf7000
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf8010
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf8010
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf8010
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf202203070941245612
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf202203070923092990
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf202203070923092990


Morales-Pinzón, T., Rieradevall, J., Gasol, C.M., Gabarrell, X., 2015. Modelling for economic
cost and environmental analysis of rainwater harvesting systems. J. Clean. Prod. 87,
613–626.

Morichi, G., Calixto, L.B., Zanelli, A., 2018. Novel applications for fog water harvesting.
J. Geosci. Environ. Prot. 6 (3), 26–36.

Mourad, K.A., Berndtsson, J.C., Berndtsson, R., 2011. Potential fresh water saving using
greywater in toilet flushing in Syria. J. Environ. Manag. 92 (10), 2447–2453.

Msangi, J.P., 1987. Water resources conservation in the semi-arid parts of Tanzania. J. East.
Afr. Res. Dev. 17, 63–73.

Mucheru-Muna, M., Waswa, F., Mairura, F.S., 2017. Socio-economic factors influencing
utilisation of rain water harvesting and saving technologies in Tharaka South, Eastern
Kenya. Agric. Water Manag. 194, 150–159.

Mukhopadhyay, A., Szekely, F., Senay, Y., 1994. Artificial ground water recharge experiments
in carbonate and clastic aquifers of Kuwait 1. J. Am. Water Resour. Assoc. 30 (6),
1091–1107.

Murty, A.S.R., Selvam, A.M., Devara, P.C.S., Krishna, K., Chatterjee, R.N., Mukherjee, B.K., ...
Jadhav, D.B., 2000. 11-year warm cloud seeding experiment in Maharashtra State, India.
J. Weather Modification 32 (1), 10–20.

Muselli, M., Beysens, D., Marcillat, J., Milimouk, I., Nilsson, T., Louche, A., 2002. Dew water
collector for potable water in Ajaccio (Corsica Island, France). Atmos. Res. 64 (1–4),
297–312.

Nair, M., Kumar, D., 2013. Water desalination and challenges: the Middle East perspective: a
review. Desalin. Water Treat. 51 (10–12), 2030–2040.

Nancarrow, B.E., Leviston, Z., Po, M., Porter, N.B., Tucker, D.I., 2008. What drives communi-
ties' decisions and behaviours in the reuse of wastewater. Water Sci. Technol. 57 (4),
485–491.

Negm, A.M., Omran, E.S.E., Abdel-Fattah, S., 2018. Update, conclusions, and recommenda-
tions for the “Unconventional Water Resources and Agriculture in Egypt”. Unconven-
tional Water Resources And Agriculture in Egypt. Springer, Cham, pp. 509–532.

Ngaina, J.N., Muthama, J.N., Opere, A.O., Ininda, J.M., Ng’etich, C.K., Ongoma, V., Mutai,
B.K., 2014. Potential of Harvesting Atmospheric Water Over Urban Cities in Kenya.

Ngigi, S.N., 2003. What is the limit of up-scaling rainwater harvesting in a river basin? Phys.
Chem. Earth Part A/B/C 28 (20-27), 943–956.

Niaghi, A.R., Jia, X., Steele, D.D., Scherer, T.F., 2019. Drainage water management effects on
energy flux partitioning, evapotranspiration, and crop coefficients of corn. Agric. Water
Manag. 225, 105760.

Nolde, E., 2007. Possibilities of rainwater utilisation in densely populated areas including pre-
cipitation runoffs from traffic surfaces. Desalination 215 (1–3), 1–11.

Noman, A.A., Al-Jailani, J., 2007. Investigation of the potential of fogwater harvesting in the
Western Mountainous parts of the Yemen. Arab Gulf Journal of Scientific Research
(1989) 25 (1-2), 50–58.

Odendaal, P.E., 2009. Unconventional sources of water supply. Water Health II, 88.
Olivier, J., 2004. Fog harvesting: an alternative source of water supply on the west coast of

South Africa. GeoJournal 61 (2), 203.
Olivier, J., De Rautenbach, C.J., 2002. The implementation of fog water collection systems in

South Africa. Atmos. Res. 64 (1-4), 227–238.
Oron, G., Adel, M., Agmon, V., Friedler, E., Halperin, R., Leshem, E., Weinberg, D., 2014.

Greywater use in Israel and worldwide: standards and prospects. Water Res. 58, 92–101.
Paris, S., Schlapp, C., 2010. Greywater recycling in Vietnam—application of the HUBER MBR

process. Desalination 250 (3), 1027–1030.
Patel, P., Muteen, A., Mondal, P., 2020. Treatment of greywater using waste biomass derived

activated carbons and integrated sand column. Sci. Total Environ. 711, 134586.
Pereira, L.S., Cordery, I., Iacovides, I., 2009. Using Non-conventional water resources. Coping

With Water Scarcity. Springer, Dordrecht, pp. 175–220.
Pettit, A.N., 1979. A non-parametric approach to the change-point problem. Appl. Stat. 28 (2),

126–135.
Piesse, M., 2020. Global Water Supply And Demand Trends Point Towards Rising Water Inse-

curity. Future Directions Int'l Feb. 27, 2020.
Pinto, U., Maheshwari, B.L., 2010. Reuse of greywater for irrigation around homes in

Australia: understanding community views, issues and practices. Urban Water J. 7 (2),
141–153.

Pistocchi, A., Bleninger, T., Breyer, C., Caldera, U., Dorati, C., Ganora, D., Sapiano, M., 2020.
Can seawater desalination be a win-win fix to our water cycle? Water Res. 115906.

Poesen, J., Lavee, H., 1997. How Efficient Were Ancient Rainwater Harvesting Systems in the
Negev Desert, Israel. Mededelingen der Zittingen-Koninklijke Academie voor Overzeese
Wetenschappen.

Prabhu, M.V., Venkateswaran, S., 2015. Delineation of artificial recharge zones using
geospatial techniques in Sarabanga Sub Basin Cauvery River, Tamil Nadu. Aquat.
Procedia 4, 1265–1274.

Prathapar, S.A., Jamrah, A., Ahmed, M., Al Adawi, S., Al Sidairi, S., Al Harassi, A., 2005. Over-
coming constraints in treated greywater reuse in Oman. Desalination 186 (1-3), 177–186.

Qadir, M., Sharma, B.R., Bruggeman, A., Choukr-Allah, R., Karajeh, F., 2007. Non-
conventional water resources and opportunities for water augmentation to achieve food
security in water scarce countries. Agric. Water Manag. 87 (1), 2–22.

Qadir, M., Jiménez, G.C., Farnum, R.L., Dodson, L.L., Smakhtin, V., 2018. Fog water collec-
tion: challenges beyond technology. Water 10 (4), 372.

Qadir, M., Drechsel, P., Jiménez Cisneros, B., Kim, Y., Pramanik, A., Mehta, P., Olaniyan, O.,
2020. Global and regional potential of wastewater as a water, nutrient and energy source.
FebruaryNatural Resources Forum. 44. Blackwell Publishing Ltd., Oxford, UK, pp. 40–51
No. 1.

Rahaman, M.F., Jahan, C.S., Mazumder, Q.H., 2019. Rainwater harvesting: practiced poten-
tial for integrated water resource management in drought-prone Barind tract,
Bangladesh. Groundw. Sustain. Dev. 9, 100267.

Rahman, M.A., Rusteberg, B., Gogu, R.C., Ferreira, J.L., Sauter, M., 2012. A new spatial multi-
criteria decision support tool for site selection for implementation of managed aquifer re-
charge. J. Environ. Manag. 99, 61–75.

Rajaram, M., Heng, X., Oza, M., Luo, C., 2016. Enhancement of fog-collection efficiency of a
Raschel mesh using surface coatings and local geometric changes. Colloids Surf. A
Physicochem. Eng. Asp. 508, 218–229.

Rakovec, J., Gregorčič, B., Kranjc, A., Mekinda, T., Kajfež-Bogataj, L., 1990. Some evaluations
of hail suppression system efficiency in Slovenia, Yugoslavia. Theor. Appl. Climatol. 41
(3), 157–171.

Redwood, M., Bouraoui, M., Houmane, B., 2014. Rainwater and greywater harvesting for
urban food security in La Soukra, Tunisia. Int. J. Water Resour. Dev. 30 (2), 293–307.

Riad, P.H., Billib, M.H., Hassan, A.A., Omar, M.A., 2011. Overlay weighted model and fuzzy
logic to determine the best locations for artificial recharge of groundwater in a semi-arid
area in Egypt. Nile Basin Water Sci.Eng.J. 4 (1), 24–35.

Ritter, A., Regalado, C.M., Guerra, J.C., 2015. Quantification of fog water collection in three
locations of Tenerife (Canary Islands). Water 7 (7), 3306–3319.

Roebuck, R.M., Oltean‐Dumbrava, C., Tait, S., 2011. Whole life cost performance of
domestic rainwater harvesting systems in the United Kingdom. Water Environ. J.
25 (3), 355–365.

Roman, A., Winker, M., Tettenborn, F., Otterpohl, R., 2007. Informal settlements and waste-
water reuse: improve of urban environment and alleviate poverty in Lima, Peru. Final re-
port for SWITCH. Institute of Wastewater Management and Water Protection. Hamburg
University of Technology, Hamburg, Germany.

Rosmin, N., Jauhari, A.S., Mustaamal, A.H., Husin, F., Hassan, M.Y., 2015. Experimental study
for the single-stage and double-stage two-bladed Savonius micro-sized turbine for rain
water harvesting (RWH) system. Energy Procedia 68, 274–281.

Rowe, M.P., 2011. Rain water harvesting in Bermuda 1. J. Am. Water Resour. Assoc. 47 (6),
1219–1227.

Rueedi, J., Cronin, A.A., Moon, B., Wolf, L., Hoetzl, H., 2005. Effect of different water manage-
ment strategies on water and contaminant fluxes in Doncaster, United Kingdom. Water
Sci. Technol. 52 (9), 115–123.

Ryan, B.F., King, W.D., 1997. A critical review of the Australian experience in cloud seeding.
Bull. Am. Meteorol. Soc. 78 (2), 239–254.

Salem, S.B.H., Chkir, N., Zouari, K., Cognard-Plancq, A.L., Valles, V., Marc, V., 2012. Natural
and artificial recharge investigation in the Zéroud Basin, Central Tunisia: impact of Sidi
Saad Dam storage. Environ. Earth Sci. 66 (4), 1099–1110.

Salem, T.A., Mohie El Din, M.O., El Gammal, H.A.A., 2017. Evaluation of fog and rain water
collected at Delta Barrage, Egypt as a new resource for irrigated agriculture. J. Afr. Earth
Sci. 135, 34–40.

Sarparast, M., Hesam, M., Asgari, H., 2014. Determining appropriate provinces for dew har-
vesting in Iran. Environ. Resour. Res. 2 (1), 21–30.

Sato, T., Qadir, M., Yamamoto, S., Endo, T., Zahoor, A., 2013. Global, regional, and country
level need for data on wastewater generation, treatment, and use. Agric. Water Manag.
130, 1–13.

Saxena, P., Chandra, A., Garg, A., Sharma, G., Varma, P., 2010. Conservation of groundwater
by artificial recharge in Delhi and Haryana State of India-a review. Int. J. Appl. Biol.
Pharm. Technol. 1 (3), 989–993.

Sayit, A.P., Yazicigil, H., 2012. Assessment of artificial aquifer recharge potential in the Kucuk
Menderes River Basin, Turkey. Hydrogeol. J. 20 (4), 755–766.

Schöttler, U., 1996. Artificial recharge of groundwater in Germany — state of the art in re-
search and practice. NHP Rapport 41–49.

Seifert, A., Köhler, C., Beheng, K.D., 2012. Aerosol-cloud-precipitation effects over Germany
as simulated by a convective-scale numerical weather prediction model. Atmos. Chem.
Phys. 12 (2), 709.

Senanayake, I.P., Dissanayake, D.M.D.O.K., Mayadunna, B.B., Weerasekera, W.L., 2016. An
approach to delineate groundwater recharge potential sites in Ambalantota, Sri Lanka
using GIS techniques. Geosci. Front. 7 (1), 115–124.

Sepehri, M., Malekinezhad, H., Ilderomi, A.R., Talebi, A., Hosseini, S.Z., 2018. Studying the
effect of rain water harvesting from roof surfaces on runoff and household consumption
reduction. Sustain. Cities Soc. 43, 317–324.

Shaikh, I.N., Ahammed, M.M., 2020. Quantity and quality characteristics of greywater: a re-
view. J. Environ. Manag. 261, 110266.

Shamabadi, N., Bakhtiari, H., Kochakian, N., Farahani, M., 2015. The investigation and de-
signing of an onsite grey water treatment systems at Hazrat-e-Masoumeh University,
Qom, IRAN. Energy Procedia 74, 1337–1346.

Shan, V., Singh, S.K., Haritash, A.K., 2020. Water crisis in the Asian countries: status and fu-
ture trends. Resilience, Response, And Risk in Water Systems. Springer, Singapore,
pp. 173–194.

Sharan, G., 2006. DewHarvest: To Supplement Drinking Water Sources in Arid Coastal Belt of
Kutch. Foundation Books.

Sharan, G., Beysens, D., Milimouk-Melnytchouk, I., 2007. A study of dew water yields on Gal-
vanized iron roofs in Kothara (North-West India). J. Arid Environ. 69 (2), 259–269.

Sharifi, A., 2021. Co-benefits and synergies between urban climate change mitigation and ad-
aptation measures: a literature review. Sci. Total Environ. 141642.

Sharma, A., 2006. Water harvesting context in the Indian Subcontinent. UNESCO G-WADI
Meeting on Water Harvesting Aleppo Syria. November

Sherif, M., Kacimov, A., 2007. Seawater intrusion in the coastal aquifer of Wadi Ham, UAE.
International Symposium: A New Focus on Groundwater-Seawater Interactions-24th
General Assembly of the International Union of Geodesy and Geophysics (IUGG),
pp. 315–325.

Shi, W., Anderson, M.J., Tulkoff, J.B., Kennedy, B.S., Boreyko, J.B., 2018. Fog harvesting with
harps. ACS Appl. Mater. Interfaces 10 (14), 11979–11986.

Shrestha, S., Moore, G.A., Peel, M.C., 2018. Trends in winter fog events in the Terai region of
Nepal. Agric. For. Meteorol. 259, 118–130.

Simms, V., 2010. Making the rain: cloud seeding, the imminent freshwater crisis, and interna-
tional law. Int'l Law. 44, 915.

Smakhtin, V., Ashton, P., Batchelor, A., Meyer, R., Murray, E., Barta, B., Terblanche, D., 2001.
Unconventional water supply options in South Africa: a review of possible solutions.
Water Int. 26 (3), 314–334.

Z. Karimidastenaei et al. Science of the Total Environment 827 (2022) 154429

14

http://refhub.elsevier.com/S0048-9697(22)01522-4/rf202203071000244574
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf202203071000244574
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf202203071000244574
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf7800
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf7800
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf6030
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf6030
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf4010
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf4010
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf1050
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf1050
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf1050
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf2235
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf2235
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf2235
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf3065
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf3065
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf202203071000319482
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf202203071000319482
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf202203071000319482
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf202203071000408905
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf202203071000408905
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf202203071000452208
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf202203071000452208
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf202203071000452208
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf202203070840145165
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf202203070840145165
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf202203070840145165
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf5000
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf1080
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf1080
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf202203070840194006
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf202203070840194006
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf202203070840194006
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf202203070947288013
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf202203070947288013
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf4070
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf4070
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf4070
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf202203070924009541
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf202203070947318511
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf202203070947318511
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf6900
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf6900
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf202203070947350976
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf7005
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf7005
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf202203070947386884
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf202203070947386884
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf202203070841361205
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf202203070841361205
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf202203070842085994
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf202203070842085994
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf202203070843373106
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf202203070843373106
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf7900
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf7900
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf7900
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf202203070843409547
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf6130
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf6130
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf6130
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf202203070948474988
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf202203070948474988
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf202203070948474988
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf5095
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf5095
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf202203070948580410
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf202203070948580410
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf202203070948580410
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf202203070843430308
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf202203070843430308
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf202203070924371911
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf202203070924371911
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf202203070924371911
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf1075
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf1075
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf1075
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf202203070844366474
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf202203070844366474
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf202203070844366474
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf202203070949093814
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf202203070949093814
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf202203070949093814
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf3030
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf3030
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf3030
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf6060
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf6060
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf202203070845042073
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf202203070845042073
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf202203070845042073
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf5010
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf5010
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf6160
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf6160
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf6160
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf6005
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf6005
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf6005
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf6005
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf2230
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf2230
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf2230
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf6165
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf6165
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf8200
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf8200
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf8200
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf3040
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf3040
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf2080
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf2080
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf2080
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf5035
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf5035
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf5035
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf6300
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf6300
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf202203070949183958
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf202203070949183958
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf202203070949183958
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf2065
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf2065
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf2065
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf2090
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf2090
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf2020
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf2020
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf6280
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf6280
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf6280
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf202203070949293554
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf202203070949293554
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf202203070949293554
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf1070
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf1070
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf1070
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf202203070949334733
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf202203070949334733
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf6075
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf6075
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf6075
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf202203070845271010
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf202203070845271010
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf202203070845271010
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf202203070845525118
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf202203070845525118
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf4015
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf4015
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf202203070845573366
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf202203070845573366
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf4065
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf4065
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf2045
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf2045
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf2045
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf2045
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf5040
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf5040
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf5045
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf5045
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf3095
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf3095
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf202203070846497120
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf202203070846497120


Smith, R.C., Stammerjohn, S.E., 2001. Variations of surface air temperature and sea-ice extent
in the western Antarctic Peninsula region. Ann. Glaciol. 33, 493–500.

Solomon, H., Smith, H.H., 2007. Effectiveness of mandatory law of cistern construction for
rainwater harvesting on supply and demand of public water in US Virgin Islands. Pro-
ceedings of the 7th Caribbean Island Water Resources Congress October.

Spandonide, B., 2009. Iceberg freshwater sustainable transportation, a new approach.
JanuaryThe Nineteenth International Offshore And Polar Engineering Conference. Inter-
national Society of Offshore and Polar Engineers.

Spandonide, B., 2012. Iceberg Water Transportation From Antarctica to Australia. University
of Tasmania Doctoral dissertation.

Sprenger, C., Hartog, N., Hernández, M., Vilanova, E., Grützmacher, G., Scheibler, F.,
Hannappel, S., 2017. Inventory of managed aquifer recharge sites in Europe: historical
development, current situation and perspectives. Hydrogeol. J. 25 (6), 1909–1922.

Stauffer Jr., N.E., 2001. Cloud seeding-the Utah experience. J. Weather Modification 33 (1),
63–69.

Steinberger, Y., Loboda, I., Garner, W., 1989. The influence of autumn dewfall on spatial and
temporal distribution of nematodes in the desert ecosystem. J. Arid Environ. 16 (2),
177–183.

Symonds, E.M., Verbyla, M.E., Lukasik, J.O., Kafle, R.C., Breitbart, M., Mihelcic, J.R., 2014. A
case study of enteric virus removal and insights into the associated risk of water reuse for
two wastewater treatment pond systems in Bolivia. Water Res. 65, 257–270.

Taemthong, W., 2018. Grey water recycling for reuse in toilet flushing: a case study in
Thailand. J. Green Build. 13 (1), 73–82.

Tal, A., 2006. Seeking sustainability: Israel's evolving water management strategy. Science
313 (5790), 1081–1084.

Taxak, A.K., Murumkar, A.R., Arya, D.S., 2014. Long term spatial and temporal rainfall trends
and homogeneity analysis in Wainganga basin, Central India. WeatherClim.Extremes 4,
50–61.

Teatini, P., Comerlati, A., Carvalho, T., Gütz, A.Z., Affatato, A., Baradello, L., et al., Paiero, G.,
2015. Artificial recharge of the phreatic aquifer in the upper Friuli plain, Italy, by a large
infiltration basin. Environ. Earth Sci. 73 (6), 2579–2593.

Teston, A., Geraldi, M.S., Colasio, B.M., Ghisi, E., 2018. Rainwater harvesting in buildings in
Brazil: a literature review. Water 10 (4), 471.

Toosi, A.S., Tousi, E.G., Ghassemi, S.A., Cheshomi, A., Alaghmand, S., 2020. A multi-criteria
decision analysis approach towards efficient rainwater harvesting. J. Hydrol. 582,
124501.

Tsiourtis, N.X., 2008. Criteria and procedure for selecting a site for a desalination plant. Desa-
lination 221 (1–3), 114–125.

Ullah, A., Qaisrani, Z.N., Shah, S.A., Nuthamachot, N., Techato, K., Jha, P.K., 2020. Fabrica-
tion of lab scale greywater filtration plant for water management in Quetta, Pakistan.
J. Appl. Emerg. Sci. 10 (1), 1.

United Nations Educational, Scientific, and Cultural Organization (UNESCO), 2009. Atlas of
Transboundary Aquifers: Global Maps, Regional Cooperation, and Local Inventories.

UN-Water, 2020. UN-Water Analytical Brief on Unconventional Water Resources.
Villacrés, D.C., Carrera Villacrés, J.L., Braun, T., Zhao, Z., Gómez, J., Carabalí, J.Q., 2020. Fog

harvesting and IoT based environment monitoring system at the Ilalo volcano in Ecuador.
Int. J. Adv. Sci. Eng. Inf. Technol. 10 (1), 407–412.

Vogel, S., Müller-Doblies, U., 2011. Desert geophytes under dew and fog: the “curly-whirlies”
of Namaqualand (South Africa). Flora-Morphology, Distribution, Functional Ecology of
Plants 206 (1), 3–31.

Von Hoyer, M., Junker, M., Centurion, C., Irrazabal-Soza, D., Larroza, F.A., Farina-Larroza, S.,
Paredes-Rolon, J.L., 2000. Sustained water supply by artificial groundwater recharge in
the Chaco of Paraguay. Z. Angew. Geol. 207–215.

Vuollekoski, H., Vogt, M., Sinclair, V.A., Duplissy, J., Järvinen, H., Kyrö, E.M., Sipilä, M.,
2014. Estimates of global dew collection potential. Hydrol. Earth Syst. Sci. Discuss. 11,
9519–9549.

Walker, T.R., 2016. Green marine: an environmental program to establish sustainability in
marine transportation. Mar. Pollut. Bull. 105 (1), 199–207.

Wang, W., Yao, Z., Guo, J., Tan, C., Jia, S., Zhao, W., Gao, L., 2019. The extra-area effect in 71
cloud seeding operations during winters of 2008–14 over Jiangxi Province. J. Meteorol.
Res. 33 (3), 528–539.

Wang, Z., Shao, G., Lu, J., Zhang, K., Gao, Y., Ding, J., 2020. Effects of controlled drainage on
crop yield, drainage water quantity and quality: a meta-analysis. Agric. Water Manag.
239, 106253.

Wichelns, D., 2010. Virtual water: a helpful perspective, but not a sufficient policy criterion.
Water Resour. Manag. 24 (10), 2203–2219.

Winpenny, J., Heinz, I., Koo-Oshima, S., Salgot, M., Collado, J., Hernandez, F., Torricelli, R.,
2010. The Wealth of Waste. Food and Agriculture Organization of the United Nations
(FAO).

Wright, A., du Toit, I., 1996. Artificial recharge of urban wastewater, the key component in
the development of an industrial town on the arid west coast of South Africa. Hydrogeol.
J. 4 (1), 118–129.

Yazdandoost, F., Noruzi, M.M., Yazdani, S.A., 2021. Sustainability assessment approaches
based on water-energy Nexus: fictions and nonfictions about non-conventional water re-
sources. Sci. Total Environ. 758, 143703.

Ye, Q., Li, Y., Zhuo, L., Zhang, W., Xiong, W., Wang, C., Wang, P., 2018. Optimal allocation of
physical water resources integrated with virtual water trade in water scarce regions: a
case study for Beijing,China. Water Res. 129, 264–276.

Yee, T.S., 1999. Cloud seeding as a viable option for augmenting water resources in Southeast
Asia: a hydrological appraisal (Doctoral dissertation).

Yulmetov, R., Løset, S., 2017. Validation of a numerical model for iceberg towing in broken
ice. Cold Reg. Sci. Technol. 138, 36–45.

Zaidi, F.K., Nazzal, Y., Ahmed, I., Naeem, M., Jafri, M.K., 2015. Identification of potential ar-
tificial groundwater recharge zones in Northwestern Saudi Arabia using GIS and Boolean
logic. J. Afr. Earth Sci. 111, 156–169.

Zakhem, B.A., Hafez, R., 2012. Chemical and isotopic methods for management of artificial
recharge in Mazraha Station (Damascus Basin, Syria). Hydrol. Process. 26 (24),
3712–3724.

Zektser, I.S., Potapova, E.Y., Chetverikova, A.V., Shtengelov, R.S., 2012. Perspectives of artifi-
cial recharge of groundwater in southern European Russia. Water Res. 39 (6), 672–684.

Zhang, W., Yuan, H., 2019. A bibliometric analysis of energy performance contracting re-
search from 2008 to 2018. Sustainability 11 (13), 3548.

Zhang, D., Gersberg, R.M., Wilhelm, C., Voigt, M., 2009. Decentralized water management:
rainwater harvesting and greywater reuse in an urban area of Beijing, China. Urban
Water J. 6 (5), 375–385.

Zhang, Y., Wu, J., Xue, Y., Wang, Z., Yao, Y., Yan, X., Wang, H., 2015. Land subsidence and
uplift due to long-term groundwater extraction and artificial recharge in Shanghai,
China. Hydrogeol. J. 23 (8), 1851–1866.

Zhang, T.Q., Tan, C.S., Wang, Y.T., Ma, B.L., Welacky, T., 2017. Soil phosphorus loss in tile
drainage water from long-term conventional-and non-tillage soils of Ontario with and
without compost addition. Sci. Total Environ. 580, 9–16.

Zhao, Y., He, G., Wang, J., Gao, X., Li, H., Zhu, Y., Jiang, S., 2020. Water stress assessment in-
tegrated with virtual water trade and physical transfer water: a case study of Beijing,
China. Sci. Total Environ. 708, 134578.

Zhou, F., Guo, H.C., Ho, Y.S., Wu, C.Z., 2007. Scientometric analysis of geostatistics usingmul-
tivariate methods. Scientometrics 73 (3), 265–279.

Zoljoodi, M., Didevarasl, A., 2013. Evaluation of cloud seeding project in Yazd Province of
Iran using historical regression method (case study: Yazd 1 cloud seeding project,
1999). Nat. Sci. 5, 1006–1011.

Zubari, W.K., 1999. The Dammam aquifer in Bahrain–hydrochemical characterization and al-
ternatives for management of groundwater quality. Hydrogeol. J. 7 (2), 197–208.

Z. Karimidastenaei et al. Science of the Total Environment 827 (2022) 154429

15

http://refhub.elsevier.com/S0048-9697(22)01522-4/rf202203070949474935
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf202203070949474935
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf7200
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf7200
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf7200
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf202203070847232109
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf202203070847232109
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf202203070847232109
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf202203070848322319
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf202203070848322319
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf202203070949546817
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf202203070949546817
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf3070
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf3070
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf202203070949571374
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf202203070949571374
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf202203070949571374
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf6055
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf6055
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf6055
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf6090
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf6090
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf6150
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf6150
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf202203070950228907
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf202203070950228907
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf202203070950228907
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf3010
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf3010
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf6195
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf6195
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf202203070848361486
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf202203070848361486
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf202203070848361486
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf202203070950269531
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf202203070950269531
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf6120
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf6120
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf6120
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf5060
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf5060
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf202203070929582988
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf5050
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf5050
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf5050
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf6700
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf6700
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf6700
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf8000
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf8000
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf202203070850068480
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf202203070850068480
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf202203070950302747
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf202203070950302747
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf1000
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf1000
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf1000
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf202203070950346893
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf202203070950346893
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf202203070950346893
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf202203070951164659
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf202203070951164659
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf202203070904173125
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf202203070904173125
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf2015
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf2015
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf2015
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf6220
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf6220
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf6220
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf202203070905094017
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf202203070905094017
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf202203070905094017
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf3055
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf3055
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf202203070951441962
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf202203070951441962
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf7400
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf7400
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf7400
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf2075
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf2075
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf2075
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf2085
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf2085
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf202203070951583878
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf202203070951583878
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf6020
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf6020
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf6020
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf3005
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf3005
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf3005
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf202203070951547859
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf202203070951547859
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf202203070951547859
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf202203070905339001
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf202203070905339001
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf202203070905339001
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf202203070952028477
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf202203070952028477
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf202203070905428320
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf202203070905428320
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf202203070905428320
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf2030
http://refhub.elsevier.com/S0048-9697(22)01522-4/rf2030

	Unconventional Water Resources: Global Opportunities and Challenges
	Publication Information

	Unconventional water resources: Global opportunities and challenges
	1. Introduction
	2. Materials and methods
	2.1. Data sources
	2.1.1. Grey literature
	2.1.2. Literature review

	2.2. Bibliometric analysis of the literature
	2.3. Distribution maps of UWRs utilizations

	3. Results
	3.1. Quantitative results of the literature review
	3.2. Bibliometric analysis of the literature
	3.3. Maps with locations of UWRs utilizations

	4. Discussion
	4.1. Cost/benefit analysis
	4.2. Possible solutions to overcome limitations of UWRs utilization
	4.3. Closing the water supply-demand gap

	5. Conclusion
	CRediT authorship contribution statement
	Declaration of competing interest
	Acknowledgment
	Appendix A. Supplementary data
	References


