* water

Article

Mapp

ing and Visualizing Global Knowledge on Intermittent

Water Supply Systems

Shaher Zyoud

check for
updates

Citation: Zyoud, S. Mapping and
Visualizing Global Knowledge on
Intermittent Water Supply Systems.
Water 2022, 14, 738. https://
doi.org/10.3390/w14050738

Academic Editor: Marco Ferrante

Received: 30 December 2021
Accepted: 21 February 2022
Published: 25 February 2022

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the author.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://

creativecommons.org/licenses /by /
4.0/).

Department of Civil Engineering & Sustainable Structures, Department of Building Engineering and
Environment, Palestine Technical University (Kadoorie), Tulkarem P304, Palestine; shaher.zyoud@ptuk.edu.ps

Abstract: Intermittent water supply systems (IWSSs) are prevalent in most developing countries and
some developed ones. Their usage is driven by necessity rather than as a principal objective, mostly
due to technical and economic deficiencies. Major health risks and socio-economic inequities are
associated with such systems. Their impacts are aggravated by climate changes and the COVID-19
crisis. These are likely to have profound implications on progress toward advancing sustainable
development goals (SDGs). Motivated by providing a comprehensive overview of global knowledge
on IWSSs, the present work proposed to track and analyze research works on IWSSs utilizing
bibliometric techniques and visual mapping tools. This includes investigating the trends and growth
trajectories of research works on IWSSs and analyzing the various approaches proposed to expand
our understanding with respect to the management, modeling, optimization, and impacts of IWSSs.
The national and international contributions and collaboration figures are further analyzed at country,
institution, author, and source levels. This analysis indicates that research works conducted on IWSSs
have certain expectations in terms of productivity (total global productivity; 197 documents). The
United States was the best country in terms of productivity (58 documents; 29.4%), while the Water
Switzerland journal was the most productive journal (19 documents; 9.6%). The impacts of IWSSs on
health and well-being have attracted considerable attention. The outcomes showed deep and justified
worries in relation to the transition from intermittent to continuous supply, equity, and mitigating
the health risks associated with IWSSs in the foreseen future. The utilization of artificial intelligence
techniques and expert systems will drive and shape future IWSS-related research activities. Therefore,
investments in this regard are crucial.
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1. Introduction

Intermittent water supply systems (IWSSs) are water systems providing water services
to their customers for less than 24 h a day or less than a few days a week [1,2]. Such
an operation model is counterproductive to the goals of water supply networks which
ought to assure a water service providing their customers with sufficient quantities of
water at a good quality, as in the case of continuous water supply systems. A continuous
water service represents the typical water supply service that considers all issues of water
quantity, quality, convenience, price and reliability [3]. As an optimal operating system, the
inputs to the networks and the hydraulic capacity in a continuous water supply system
are enough to satisfy the needs of customers [4]. It is possible to achieve the first part
by relying on the availability of water resources (the network is always full). In terms of
hydraulic capacity, the system should have enough pressure (positive pressure) to fulfill the
end-users’ demands at any time [5]. The preceding requirements have to be accompanied
by sustainable management plans for water systems. Continuous water supply services
are prevalent in developed and wealthy countries, where customers are able to acquire
their water demands at a full pressure 24 h/day, 7 days/week. This is driven by the
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availability of water resources, conveyance means, and an appropriate infrastructure of
water distribution [6].

IWSSs are common in developing regions and territories across the globe [7-9]. Their
footprint has started to expand and increase in developed territories [3]. The adoption of
intermittent supply services is functional in cases of water scarcity to control the water
demand and to distribute the available water to all consumers in a rational and unbiased
way. The origin of IWSSs is as an outcome and not a planned approach. Their usage is
driven by the inaccessibility of other management plans that may eliminate the risk of
water scarcity and other deficiencies. Therefore, their usage is ruled by necessity rather
than being a principal purpose [6]. The intensive usage of IWSSs in developing regions
is mainly derived from water scarcity and economic and technical deficits [10]. Moreover,
the remarkable shifts in population growth, urbanization, and climatic changes [11-14]
pose unfavorable stresses on already rare water resources and on water systems, mainly
in developing regions, with limited financial resources. IWSSs are further vulnerable to
climatic changes, entailing an urgent need for improvements [15].

It is extensively reported that almost all water supply systems in developing countries
are intermittent [4-6,16-25]. In Southeast Asia and India, the proportion of water supply
systems that are running in intermittent mode is estimated at 90% and nearly 100%, respec-
tively [26]. One-third, more than half, and almost two-thirds of water systems in Africa,
Asia, and Latin America, respectively, are running in intermittent mode [27].

Users of IWSSs are forced to employ ground/roof private storage tanks as a means
of collecting water during the unavailable periods of the water supply service [28-30],
and rely on the presence of sufficient pressure in the system [31] to use water when the
service is disconnected [28,32]. In some cases, users are forced to buy their water via
tanker trucks from surface bodies or groundwater wells [33,34]. The periodical pattern of
filling and emptying each zone in the intermittent systems [35] fails to comply with the
principles of continuous supply systems, as mentioned previously, which governed by
the assumptions of a steady-state flow [31] and the process of continuously filling with
water under pressure [17,36]. The presence of storage tanks forces the network to operate
in conditions that are different from the original ones, found in the design assumptions.
For low-level portions, the flows are much higher than the ones in the design and continue
until the storage tanks are filled, and then the range of supply service can extend to cover
disadvantaged areas (far away from the source, or at higher elevations) [6]. In addition, the
pressures in the network are controlled by the levels of water in the tanks, and are generally
lower than the design values [37].

The intermittent supply practices contribute, in conditions of water scarcity, to re-
ducing background water losses without consuming a high financial potential [30]. The
prolonged use of this technique may have adverse impacts; the rates of pipes deterioration
could increase due to water hammers being stimulated by the emptying and filling of the
network [35]. Moreover, the mechanical stability of the pipes will also be affected by the
transient phenomena [16] due to pressure surges and pressure fluctuations [38,39]. This
will increase the rate of bursts and leakages [40]. Accordingly, the intermittent water supply
mode can only be a legitimate approach if used as an intermediate solution [41,42] and not
as a terminal solution.

Another relevant and important aspect is the quality of water [43,44]. The low pressure
or even negative pressure due to intermittent feeding and pressure deficits causes stagnation
of water in the pipes [26]. This allows the contaminated water and soil particles to enter
the pipes through leaks from the surrounding soil [40]. The serious threat, with fatal
consequences, arises where defective sewers run in parallel to water pipes [26,39]. Moreover,
the length of water residence time in tanks increases the vulnerability to the hazards of
water pathogen contamination [26,27,45], especially since most consumers tend to utilize
oversized tanks with respect to their real needs [40] to collect as much water as possible
during the supply periods.
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Following its characterization as being inequitable in terms of water quantity and
quality, the hydraulic scheme of IWSSs is different from the demand-driven scheme, as in
continuous supply systems, in which the node water demand is dependent on the actual
user consumption [35]. In IWSSs, it is dependent on the water heads in the nodes. High
load factors caused by extracting relatively large amounts of water in short time periods
lead to major head losses and pressure shortfalls [26,39]. Figure 1 demonstrates the major
deficiencies associated with IWSSs.

Deficiendes associat ed with int ermittent water supply systems (IWS5s)

Social deficiendes

- Ad ditional costs for
consumers: stor age tanks,
pumps, alternative water
supplies, househald deaning
equipment, gc

- Inconvenience to
consumers

- Uneven distribution with
cbvious disad vantages for
consumers far from supplv
points and in highlands of
the region

Technical defidencies

- High load factors cansed by
high flow rates during shart
timepericds

- Deficits in pressure
because of lar gehead losses
(linked tothe previcus item )
- Higher rates of bursts
becanse of pressure surges
and fluctnations

- Higher inacouracy in water
meters' readings

- Higher rates of water
wastes (consumers tend to
replace stored water with
freshwater when supplvis
available fram the source)

- Additional costs for water
providers beause of more
frequent valve operation that
requires more manpow er

- Assets detericration (more
frequentm aintenance &
replacement of valves, pipes,
and junctions’ deterioration
because of repetitive

Health deficiencies

= Risks associated with
contaminants' in rusion
through leaks during non-
supply periods, negative
pressure or low pressure

- Risks assodated with
pathogens growing in
storagetanks because of
water long residence times
- Risks assodated with
utilizing other unsafe water
sources

pressure fluctuations, and
water metersm alfunction)

Figure 1. Major social, technical, economic, and health flaws associated with the adoption of intermit-
tent water supply systems (IWSSs), modified after Zyoud [46].

In conclusion, the IWSSs can be considered a dilemma with severe and multiple impli-
cations. The IWSSs” implications encompass public health, economics, politics, geopolitics,
and social stability. Such a crisis will have profound implications on progress toward ad-
vancing the sustainable development goals (SDGs) adopted by all United Nations member
states in 2015 and approved to be achieved by 2030 within The 2030 Agenda for Sustainable
Development. While the hardest-hit goal is SDG-6, which ensures reliable access to water
and sanitation for all, most SDGs are impacted in some way. This is because the 17 SDGs
are linked and integrated, recognizing that non-fulfillment of one goal would impact others.
Therefore, there is a strong debate among the water scientific community, water utilities,
and policymakers regarding whether it is realistic to expect that the SDGs will be achieved
by 2030 without solving IWSS-related issues, mainly in developing countries. In light of the
COVID-19 pandemic, the crisis is aggravated as the risks of transmission of COVID-19 are
expected to increase via contaminated drinking water sources, as in the case of IWSSs [47].
Moreover, while hand hygiene is crucial in reducing COVID-19 transmission, it is acknowl-
edged that millions of people lack access to continuous water services [48]. This negatively
impacts handwashing practices and consequently impacts the endeavors to combat the
spread of the pandemic.

Motivated by providing an inclusive overview of endeavors to advance our under-
standing of the structure and dynamics of global research activities on IWSSs, the present
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work proposed to track and analyze research works and global knowledge of IWSSs from
a bibliometric perspective. The major objectives to be addressed include: investigating
the trends and growth trajectories of research works on IWSSs; the topical foci of research
activities on this topic. The identification of national and international contributions to-
ward this research topic will be a further objective. This will be examined at the country,
institution, author, and source levels. The present status of IWSSs research will be analyzed
with the aim of developing new proposals to steer research activities in the future. This
will assist in suggesting novel avenues and locating research investments. Such an analysis
provides academics, researchers, and policymakers with information regarding research
gaps to direct future research activities in the field. It will indicate the extent of national
and international preparedness to combat the adverse impacts associated with IWSSs.
This can be concluded by examining the endeavors of countries, national institutions, etc.,
regarding this issue, as countries, institutions, etc., with significant contributions have
strong concerns regarding this issue. Furthermore, revealing the prolific actors in the field
(authors, institutions, sources, etc.) will facilitate research collaboration teaming global
efforts with the aim of reaching potential solutions to IWSS challenges.

Bibliometric methods and visualization mapping tools were used to better achieve
the objectives of the present work. These methods offer a wide variety of mathematical
and statistical tools to characterize the significant features, structures, and patterns of
the underlying science [49]. Such techniques can be applied at various levels, from the
micro-level (that is, institutions) to the macro-level (that is, countries and regions). The
present work is the first of its style in the literature that addresses IWSS research works. It
will act as a source that can help scholars to identify the existing research priorities and
other essential bibliometric information.

The current work is formulated as follows: Section 2 is a theoretical background
providing an overview of the major causes of intermittent water supply. Section 3 displays
the methodological approach used, while Section 4 analyzes and discusses the major
findings. The last section, Section 5, draws the major conclusions.

2. Causes of Intermittent Water Supply
2.1. Water Scarcity/Physical Scarcity

This cause is a critical environmental issue [50]. It is associated with the unavailability
of enough water from the chosen source to satisfy the desired demands of the customers. In
water supply management systems, this issue has been deemed the most complicated [42].
This scarcity could be an output of different natural origins including drought, aridity,
anthropogenic activities causing desertification, and overexploitation of surface water
and groundwater [51]. The boom in water demands related specifically to urbanization,
population growth [52], and socio-economic advancements [53] are foremost contributors
to the water shortage and low availability of water that will aggravate the physical scarcity
cases in the foreseen future.

The restrictions imposed on the development of additional water sources to meet
the needs of consumers in some regions, interregional and international disputes [54] are
further contributors to water scarcity cases. These make the introduction of the intermittent
model to distribute the available quantities of water an inevitable action. In the short term,
this model of operation is a viable solution to water scarcity conditions [55]. It can be
considered as a demand management tactic that assures the systematic and well-planned
usage of restricted water amounts and supplies [36]. To alleviate water scarcity conditions
more efficiently, some major strategies should be followed, in addition to the demand
management plans, including the reuse of water, improvements in irrigation efficiency;,
transboundary water management projects, and water—energy linkages [56].

2.2. Economic Deficiencies/Economic Scarcity

The inefficacy of water utilities in developing water infrastructures and new water
sources because of inappropriate planning strategies and/or financial deficits contributes
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to economic water scarcity. Supply disruptions and the unfair distribution of water will
become clear in cases of failure to boost the water supply and distribution infrastructures’
capacities and develop the new water sources that are essential to fulfill the rising demands
of population growth, industrial and agricultural activities, etc. [51]. The problem derives
from the failure to constantly deliver water to all consumers once the hydraulic capacities
of the networks have been exhausted. Subsequently, the source’s ability to meet the
required demands is exhausted [42]. This issue could be solved by well-planned and
greater investments in the water sector.

2.3. Technical Deficiencies

The technical deficiencies are mainly caused by failures in acquiring complete knowl-
edge with respect to water systems and their future requirements [26]. This includes
insufficient planning and failure to consider the overarching water systems notions that
are crucial in maintaining the overall stability and functionality of the whole water system.
The primary causes that contribute to intermittent supply services include the expansion of
distribution, and supply networks neglecting their hydraulic ability to meet the growing
demand, failures to build an inclusive framework of integral and precise metering, imper-
fect collection and charging systems and insufficient tariff, non-revenue water at high rates
due to illegal connections, and leakage [3]. Water wastage and ill-structured operation and
maintenance actions are additional causes [42]. These practices mainly result from poor
and mismanaged conceptions. The exacerbation of the previous symptoms is an inevitable
result of deficits in forming a comprehensive framework with an adequate recognition of
systems’ concepts, knowledge, and planning [26].

There are instances where all formerly stated deficiencies are synchronized with each
other, as in the case of Palestinian water systems. In such a case, there is an incomplete con-
trol over water resources [57-59], high rates of non-revenue water, poor design, increasing
demand, dissimilarities in tariff ranges, and scant financial resources [6]. In other examples,
as in the case of Kathmandu, India, the most prevalent deficiencies are technical ones [3].
It is clear that different natural, political, economic, social, and technical aspects interplay
and contribute to the development and sustenance of water supply intermittency [60].

3. Materials and Methods
3.1. Data Source

Scopus database, a well-known and inclusive scientific literature database, was the
major source of the data required for this analysis. It is possible to source sufficient relevant
information regarding the published works (authors, countries, affiliations, references,
keywords, citations, date of publication, etc.) [61]. Most bibliometric studies use the Scopus
database in addition to the other three well-known scientific literature databases, Google
Scholar, Web of Science, and PubMed, to perform the required analyses [62]. Scopus and
Web of Science databases are characterized by following very restricted standards and
measures with respect to the insertion of different literature sources (journals, proceedings,
etc.) [63]. A major characteristic of the Scopus database is its higher flexibility compared to
other databases in terms of offering a comprehensive summary of the different fields of
research. Moreover, it has robust search tools that facilitate more advanced evaluations of
the compiled data.

3.2. Strategy of Search

In the Scopus database, all subjects’ fields were considered during the search phase
while gathering the required data and information, including physical, social, health, and
life sciences. We used the following terms in the search query, with relevance to IWSS:
intermittent, water, supply, and distribution. The final query string was concerned with
searching for relevant terms in the titles and abstracts of published works until 1 October
2021. Articles and reviews documents were considered for further analysis, while other
types of published works (notes, editorial, conference papers, short communication, etc.)
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were eliminated. The resultant search query looks like this: TITLE-ABS (“Intermittent”)
AND TITLE-ABS (“Water”) AND (TITLE-ABS (“Supply”) OR TITLE-ABS (“distribution”))
AND ((LIMIT-TO (DOCTYPE, “ar”) OR LIMIT-TO (DOCTYPE, "re”)).

In search queries within Scopus database, terms and expressions that are restricted by
double quotes are regarded as one unity. They ought to appear in the precise arrangement
as considered in the search query. The Boolean operators OR and AND can be used to
merge the different elements of the search query. In the search query “ar” and “re” refer
to articles and reviews, respectively. The process of searching and collecting all required
information was carried out within 1 day, 1 October 2021. This is necessary to avert all
possible biases as an outcome of the regular updating of the Scopus database. This phase
was followed by a manual screening of all collected documents, with the aim of excluding
documents that were not related to IWSSs. There were 1805 documents before the screening
and 197 related documents after the manual screening.

3.3. Analysis of Data

The compiled data were transferred to Excel files. The data include the following
major information: title, authors, abstracts, keywords, type of document, authors, authors’
affiliations, country/territory, year of publication, language of the documents, citation
frequency, fields of interests, subject area, model of publication, source type, and funding
sponsor. Performance analysis was used to assess the scientific actors’ contribution and im-
pact (countries, institutions, regions, sources, etc.). The number of publications by different
scientific actors is used to indicate the quantitative impact. This highlights the research pro-
ductivity and contributions of the actors regarding the topic under investigation. Different
qualitative indexes (i.e., frequency of citations, average, median, and interquartile range)
were used to indicate the impact of published works. The aforementioned descriptive
statistics were performed using the SPSS programme. A further assessment of the quality
of published works was proposed based on the Hirsch index (h-index) [64]. This index is
vigorous enough in describing the impact and merit of cumulated research works [65]. This
index integrates the productivity (number of published research works as a quantitative
index of source, country, author, etc., with the frequency of citation as a qualitative index).
Its interpretation can be defined as the number of publications by scientific actors with a
citation rate of h or greater [64]. As an example, a journal with an h-index of 30 contains
30 research works, where each work has received at least 30 citations. This index is ap-
plicable when evaluating the impact of research works by other scientific research actors
(countries, institutions, regions, sources, etc.). The Standard Competition Ranking (SCR)
was employed to arrange various scientific research actors with prolific achievements in
descending order.

3.4. Science Mapping Techniques

The objective of these mapping techniques is to unveil the structural and dynamic
features of various scientific research streams [66]. Different assessments can be used to
quantify and visualize scientific research-related works (i.e., co-citation, co-authorship,
and co-word analyses) [66]. In this regard, various bibliometric tools were developed,
aiming to combine performance analysis techniques and science mapping techniques [67].
This assists in the production of knowledge maps, evaluating research advancements and
frontiers, and identifying research trends and hotspots [68]. The co-authorship analyses
can be employed to evaluate co-authorship links between countries, authors, etc. This can
be used as a valuable tool to stimulate research collaborations among different scientific
research actors. While collaboration links among countries are revealed, as an example, it
is true to suggest that countries with frequent appearances have strong research linkages
compared to others [69]. This helps to recognize potential collaborators in certain areas of
science [69]. Co-citation analysis reveals the co-citation links between two published works
that are jointly cited by a third work. Such analysis has an advantage in identifying the
intellectual principles of a particular subject of science based on the links’ strengths among
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various research works [69]. Moreover, this analysis can be used to characterize research
trends and frontiers, highly valuable researchers, and other pertinent bibliometric data [68].

The VOSviewer software is employed to produce visualization maps of co-authorships
(for countries and authors), and co-citation analyses (for sources) [70]. The VOSviewer
software employs similarity mapping and clustering techniques to demonstrate the con-
tributions of countries, sources, institutions, etc., based on various bibliometric maps [70].
Regarding countries’ research collaboration, as an example, the VOSviewer is able to
generate a bibliometric map of two dimensions. The collaboration strength between any
two specific countries can be demonstrated as a distance on the map between these two
countries [70]. A closer distance will appear on the map between countries with more joint
research works [71]. Objects of interest, such as sources, institutions, countries, etc., are
represented by nodes on the map. These objects will be normalized using the formula of as-
sociation strength. The nodes will later be assigned to distinct clusters using the smart local
moving algorithm that connects closely related nodes. Each cluster will have a unique color
to differentiate clusters from each other. The links between objects on the bibliometric map,
which display the relationships between objects, are represented by lines of positive values
(higher values: stronger links; stronger links between two objects: thicker lines). While
with respect to co-authorship analysis, the link strength indicates the number of research
works that are co-authored by two scholars (van Eck and Waltman, 2010). The distance
between any two sources on the map of co-citation shows the relatedness of these sources
(the closer two sources are on the map, the stronger the relatedness in terms of co-citation).
The lines are also used to present the strong co-citation links between sources [70].

Keyword co-occurrence analysis was carried out, benefiting from the powerful charac-
teristics of VOSviewer software. This assessment is significant as focal keywords display
the literature core and research hubs [72]. This helps to recognize the interconnections
among the notions of various research works, which accordingly helps in identifying the
hot subjects that will continue to be popular in the future. Well-defined thresholds are
proposed to properly visualize the bibliometric maps (i.e., minimum occurrences of a
term) [73].

An additional assessment was carried out using SciMAT software [66,67,74] to explore
the intellectual, social, and conceptual structures of research works on IWSSs based on
co-word analysis [75]. This analysis employs advanced text mining tools to investigate the
titles, abstracts, and keywords of published documents. The outcomes will be presented
using a strategic diagram displaying the leading themes of interest [75]. The approach was
followed as outlined by Cobo, Lopez-Herrera, Herrera-Viedma and Herrera [66], as follows:

1.  Step 1: Raw data collection, and extracting all pertinent details (i.e., co-occurrence of
keywords).

2. Step 2: Evaluating the rates of similarity between various elements, relying on the
co-occurrence frequency of keywords. The equivalent index is used to assess the
association strength and to normalize co-occurrence frequencies. This equivalent
index will be equal to one when the keywords always appear together and zero when
the keywords are by no means associated.

3. Step 3: Clustering techniques can be used to reveal relevant themes based on iden-
tification of the sub-clusters of correlated keywords. The clustered keywords are in
agreement with the core interests and/or research matters that have attracted consid-
erable efforts from researchers. The simple center algorithm was applied to detect
these themes.

4. Step 4: The output can be mapped to a 2D space known as a strategic diagram.
The major themes in the strategic diagram are organized considering two major
criteria, centrality and density, as in Figure 2. The centrality evaluates the degree of
interconnection between a particular network and other networks (i.e., external ties).
The density, on the other hand, evaluates the internal ties amid the keywords. In the
strategic diagram, four major zones can be recognized. The driving themes of strong
centrality and high density are displayed in the upper right region. Such themes are
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very well-developed and are significant in shaping the research field structure. The
very specialized topics, with robust internal links and less significant external ones,
are displayed in the upper left zone. They are of secondary importance. Themes in
the lower right zone are fundamental but still under development. These themes can
be classified as general topics. Lastly, themes that are characterized by their weak
development and marginality are displayed in the lower-left zone [76]. These themes
represent emerging and/or disappearing topics [66].

Density

Highly
developed;
Isolated
themes

Basic;
Transversal
themes

Figure 2. The strategic diagram that displays the various types of themes based on their centrality
and density, adopted after Zyoud and Zyoud [76].

Figure 3 summarizes the methodological approach of the search strategies and the
inclusion criteria employed to retrieve research works in relation to IWSSs. This further
displays the roadmap that outlines the entire analysis procedure, including data collection,

bibliometric analysis, and major outcomes.

Data collection process
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Figure 3. The roadmap outlines the entire analysis procedure including data collection, bibliometric
analysis, and major outcomes.
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4. Results and Discussion
4.1. Analysis of Growth Rates and Evolution of INSSs” Scientific Research Publications

The overall research works retrieved from the Scopus database and related to IWSSs
comprised 197 documents published in a timeframe of about 147 years (1875-2021). These
documents are distributed as follows: articles (186 articles; 94.4%) that represent the largest
portion of published works on IWSSs, followed, by a large margin, by reviews (11 reviews;
6.0%). The oldest document found in the Scopus database was a note published in The
Lancet journal in 1873 and entitled “Epidemic typhoid resulting from an intermittent water-
supply” [77], without available information regarding authors and contents. The oldest
article that addressed an issue in relation to IWSSs, a health issue, was published in the
British Medical Journal and entitled “The fever at Croydon; and intermittent water-supply
as a cause of typhoid” [78].

Research activities on IWSSs were neglected from 1875 to 1979. Then, a very modest
and discrete productivity was observed during the 1980s and 1990s. True interest in IWSSs
arose in 2002, but had a humble beginning. The breakthrough in the number of publications
on IWSSs occurred post-2012, where 82.0% of the overall research works were published
(Figure 4). The peak rate of publications on IWSSs was documented in 2020 (34 documents;
17.7%), taking into consideration that the year 2021 is still open for new publications.

(7]
V]

(%]
(=]

N
9}

[
<

o
=}

9]

No. of published documents/year
7y

[

Figure 4. Evolution of publications on IWSSs with a timeframe from the beginning of 1875 to
1 October 2021.

4.2. Global Research Output

Figure 5 shows the worldwide perspective of research outcomes. Sixty-four countries
have made various contributions, spanning 58 documents (29.4%), as in the case of the
United States, to only 1 document/country, as in the case of 25 countries around the world.
Different factors contribute to the uneven performance among countries including national
wealth, population size, level of development, scientific capacity, and national scientific
infrastructures. Another important factor is related to the prevalence of IWSS practices in
various regions and countries (such as developing countries).

The top 10 most-prolific countries are presented in Table 1, which displays some key
bibliometric indices associated with published works on IWSSs.
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Figure 5. Nation-level production regarding intermittent water supply; a worldwide perspective
of the research productivity at the country level. The intensity of colors elucidates the number of
published works. The size of black circles represents the output of each country (i.e., the larger the
circle, the higher the performance of the country with respect to the number of publications). The
global map was created using Statplanet Interactive Mapping and Visualization Software, www.
statsilk.com, free license.
Table 1. Countries’ key bibliometric performance indices associated with research on intermittent
water supply systems (IWSSs); top 10 most-productive countries.
Collaboration No. of No. of
with Other ) Most Documents
No. of No. of . Documents -
a h- . Average- Countries— Collaborated- with the Most
SCR Country Documents Cita- iy Form .
(%) b Index tions Citations No. of Collaboration With Collaborated-
Collaborated o/ ¢ Country With Country
- (%) o) d
Countries (%)
United o India 6
1st States 58 (29.4%) 18 1345 23.2 24 41 United
- 6
Kingdom
2nd India 30 (15.2%) 10 417 13.9 5 10 United States 6
3rd United 24 (12.2%) 9 296 12.3 20 18 United States 6
Kingdom
4th Germany 14 (7.1%) 5 128 9.1 7 5 Palestine 2
gn TheNether- ) 7o 8 315 25 15 13 Yemen 4
lands
Chile 1
o Switzerland 1
6th Ttaly 13 (6.6%) 8 305 235 4 2 United 1
Kingdom
United States 1
South .
7th . 12 (6.1%) 4 73 6.1 8 6 United States 2
Africa
8th  Palesti 8 (4.1%) 5 141 17.6 4 6 Germany 2
t alestine e ) United States 2
9th Iran 6 (3.0%) 3 89 14.8 1 4 United States 4
9th Kenya 6 (3.0%) 5 219 36.5 5 6 United States 5
. o France 1
9th Mexico 6 (3.0%) 4 29 4.8 2 2 United States 1

Abbreviations: SCR = Standard Competition Ranking. * Countries with the same output have the same ranking
number, and then a gap is left in the ranking numbers. P Percentage of publications/country out of the total
published research. ¢ Percentage of publications with international authors out of the total number of documents
for each country. ¢ Percentage of publications with the most collaborated-with country out of the total number of
documents for each country.
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The United States showed remarkable achievements regarding most bibliometric
performance indicators (e.g., productivity, h-index, citations rates, collaboration, and the
number of publications resulting from international collaboration). The dominance of
the United States in terms of research productivity and research collaboration is well
established and confirmed in most fields of science. According to the nature index 2021,
the United States topped all countries in the world in both high-quality research outputs
and international research collaboration [79]. Most research works recorded to the benefit
of the United States (44 documents; 76.0%) were conducted over case studies of IWSSs in
developing countries (mainly India, Jordan, Bolivia, Uganda, Malawi, South Africa, Iran,
Panama, Ecuador, China, Peru, Bangladesh, Palestine, Nepal, Nicaragua, Mexico, Rwanda,
Sub-Saharan Africa, Kenya, Ghana, and Uzbekistan).

Five countries in the list of top 10 prolific countries are developed countries (United
States: 1st position, United Kingdom: 3rd position, Germany: 4th position, The Netherlands:
5th position, and Italy: 6th position). This is a multifold issue that includes the fact
that principles and concepts of integrated water resources’” management in developed
countries were identified and established in science and research earlier than in other
regions; the region’s high growth rate provides the flexibility needed to tackle and solve
a variety of environmental problems (e.g., water resources issues), as the financial and
technical resources needed to solve such issues are available; developed countries are active
in supporting research activities in developing countries; the majority of scholars from
developing countries acquire their scientific knowledge from institutions in developed
countries and continue research collaboration and research training activities with their
counterparts in developed countries. Therefore, it is not surprising that these countries
have become world leaders in this regard. The case of Italy, in sixth place, is different from
other developed countries. It is characterized by less international collaboration and more
focus on local cases. Most publications on IWSSs by Italian scholars (12 documents out of
13 documents; 92.3%) are specific to local case studies in Italy (9 cases are applied to parts of
the Palermo water distribution network, 2 cases are tested over a water distribution network
located in a small city in northern Italy, and 1 case is applied to Ragalna water distribution
network, in the Province of Catania). Many endeavors are devoted to tackling the issue
of intermittent supply and solving related impacts in different regions of Italy, where
intermittent supply is historically a common practice, particularly during summer [80].
India, in second place, shows distinct achievements in fields of research in relation to IWSSs.
This is referred to the prevalence of this issue in India, where no main city provides its
citizens access to continuous services at present, resulting in at least 460 million urban-
dwelling persons being exposed to an intermittent water supply. Regardless of the successes
of various pilot programs of continuous supply in different parts of India, further efforts
are required to eliminate the issue of intermittent supply [81]. Other countries in the list are
characterized by a high prevalence of intermittent supply practices, with high vulnerability
to their impacts.

4.3. Global Research Collaboration on IWSSs

Figure 6 shows the map of collaboration among countries on IWSSs. This is shown
using a two-dimensional space considering co-authorship links between countries. This
collaboration is beneficial in generating high-impact studies primarily based on comple-
mentary practices, experiences, and skills. The conjoining of the endeavors of research
institutions and throughout the globe is extremely beneficial in attaining powerful solutions
to the challenges caused by IWSSs” and combating their adverse impacts. Countries with
the very best co-authorships links are often near to each other, as shown in the visualization
map, Figure 6. Appointing countries with common collaborators to clusters can primarily
be achieved based on one particular color/cluster. The volume of each node demonstrates
each country’s performance with respect to collaboration and co-authorship links with
other countries.
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Figure 6. Countries’ collaboration map using network visualization maps. Five documents were
specified as a threshold for each country. Twelve countries met the set threshold. The link thickness
was used to indicate collaboration strength between countries. The circle that bounded the item (the
country) indicates the contribution of each item based on the size of the circle (a country that has a
higher contribution with respect to co-authorships has a larger circle compared to other countries).
More related items have the same color (i.e., appointed to the same cluster).

A minimum of five documents/country was set as a threshold in the present analy-
sis. Twelve of the 64 countries met this threshold. A total of 19 collaboration links were
identified, with an overall strength of 40. The country with the highest number of collab-
oration links and the strongest strength was the United States, with 8 collaboration links
and an overall strength of 27, followed by the United Kingdom and India, respectively.
The United States and the United Kingdom recorded the strongest collaboration links (an
overall strength of 6). The same was found between the United States and India. The
United Kingdom and India collaborated the most with the United States, followed by the
United States and Kenya (an overall strength of 5). The regularly collaborative countries
were classified into three clusters. The first cluster of red color comprises 5 countries (the
United States in the core). The second cluster of green color comprises 4 countries (the
Netherlands in the core). While the last cluster of blue color comprises 3 countries (South
Africa in the core).

The coupling between countries based on bibliographical data is displayed in Figure 7.
This represents the link between documents from different countries that cite the same
publication. Therefore, this can be considered as a combined association between different
identities (countries, institutions, etc.). The network visualization map of bibliographical
coupling classifies countries into three clusters, with the countries aggregating in each
cluster conducting more interconnected research works. Countries with the highest number
of publications within their clusters represent the core countries. A minimum of five
documents/country was set as a threshold. Fourteen of the 64 met this threshold. Overall,
there were 90 collaboration links, with a strength of 9274. The highest link strength (5666)
was recorded by the United States. The United States and the United Kingdom recorded
the strongest link (1337).
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Figure 7. Bibliographical coupling among countries using network visualization maps. Five doc-
uments were specified as a threshold for each country. Fourteen countries met the set threshold.
The overall strength of bibliographical coupling links was estimated for each country that met the
threshold. The selected countries were the ones that acquired the highest total link strength.

4.4. Leading Journals with Prolific Contributions on IWSSs and Co-Citation Analysis

Research works on IWSSs have been published by scholars around the world in
90 journals. Sixty journals published just 1 document/journal, 9 journals published
2 documents/journals, and 7 journals published 3 documents/journals. Table 2 shows
journals that have published four documents or more. Water Switzerland (IF, 2020 = 3.103)
published the highest number of research works on IWSSs (1 = 19; 9.6%), followed by Water
Science and Technology Water Supply (1 = 12; 6.1%, IF = 1.275), and Urban Water journal
(n=8;4.1%, IF = 2.081). The present analysis revealed that most published works on IWSSs
have been published in prestigious journals. The Environmental Science and Technology
journal was at the forefront with respect to the number of citations (238), followed by Water
Switzerland (218), and Water Research (167).

Table 2. List of top 10 most-prolific journals on intermittent water supply systems (IWSSs).

SRC? Name of the Journal No. of Documents (%) *  h-Index ¢ NO'.Of Impact Factor (IF) 4
Citations
1st Water Switzerland 19 (9.6%) 8 218 3.103
ond Water Science and Technology 12 (6.1%) 5 144 1075
Water Supply
3rd Urban Water Journal 8 (4.1%) 5 112 2.081
ith ]ournal. of Water Sanitation and 7 (3.6%) 3 29 1.5
Hygiene for Development
Journal of Water Supply Research o
4th and Technology Aqua 7 (3.6%) 5 82 1.644
4th Water Resources Management 7 (3.6%) 6 140 3.517
7th Journal of Water Resources Planning 6 (3.0%) 4 97 3.054

and Management
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Table 2. Cont.
a o/ b c No. of d
SRC Name of the Journal No. of Documents (%) h-Index S Impact Factor (IF)
Citations
8th Environmental Science and 5 (2.5%) 5 238 9.028
Technology
8th Water Research 5 (2.5%) 3 167 11.236
International Journal of Hygiene and .
10th Environmental Health 4 (2.0%) 2 1 5840
10th Journal of Hydroinformatics 4 (2.0%) 4 115 2.376
10th PLOS One 4 (2.0%) 3 66 3.24
10th Water Policy 4 (2.0%) 2 6 1.434
10th Water Resources Research 4 (2.0%) 4 108 5.24

Abbreviations: SCR = Standard Competition Ranking; IF = impact factor. ? Journals with the same productivity
have the same order, a gap is fixed then with respect to ranking. ® Proportion of the number of documents /journals
with respect to the total number of publications on IWSSs. € This index represents h-index of research works on
IWSSs in each journal. ¢ Impact factors were extracted from Journal Citation Reports (JCR): released in 2021 by
Web of Science for 2020 citations data.

The most prolific sources considering co-citation figures are displayed in Figure 8:
Network visualization map. Forty citations were considered the minimum number of
citations/sources. Eight sources out of 3623 achieved the set threshold. The overall
number of co-citation links between the sources was 22 (the overall strength was 1034).
Plos One acquired the strongest strength (349), followed by Water Switzerland (344), and
Water Research (322). The strongest link (156) was between Water Research and Plos One,
followed by the link between Water Resources Management and Journal of Water Resources
Planning and Management (132).

Journal of Wager and Health

Environmental §gience and Te(hnolcngywater Science agid Technology Water Supply

%, VOSviewer

Waterwearch

Water Resources Management
Joufnal of Watgr Resources Pla-
nning and Management

Plogione

Figure 8. Co-citation analysis of top sources with 40 citations/source as a minimum number of
citations (network visualization map). Of the 3623 sources, 8 sources met the set threshold. The
overall strength of co-citation links was assessed for each source. The selected sources were the ones
with the strongest co-citation links.
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4.5. The Major Institutions with Outstanding Contributions on IWSSs

One-hundred-and-sixty institutions across the globe have collaborated on IWSS
research activities. The list of most prolific institutions is displayed in Table 3. The
most productive institution was the University of California, Berkeley, United States
(16 documents; 8.1%), followed by the IHE Delft Institute for Water Education, The Nether-
lands (11 documents; 5.6%), and the National Environmental Engineering Research Insti-
tute, India (9 documents; 4.6%). Most productive institutions are affiliated with developed
countries (9 out of 12 institutions). The largest portion of institutions in the list of the most
prolific were in the United States (3 out of 12 institutions).

Table 3. Top 10 most-productive institutions regarding intermittent water supply systems (IWSS)
research works.

SRC? Name of the Institution No. of Documents (%) ®
Ist University of California, Berkeley, United States 16 (8.1%)
2nd THE Delft Institute for Water Education, Netherlands 11 (5.6%)
3rd National Environmental Engineering Research Institute India, India 9 (4.6%)
4th Universita degli Studi di Palermo, Italy 8 (4.1%)
5th University of Exeter, United Kingdom 7 (3.6%)
5th Karlsruher Institut fiir Technologie, Germany 7 (3.6%)
5th Universita degli Studi di Enna Kore, Italy 7 (3.6%)
8th Delft University of Technology, Netherlands 6 (3.0%)
9th Stellenbosch University, South Africa 5 (2.5%)
9th University of Massachusetts Amherst, United States 5(2.5%)
9th Georgia Institute of Technology, United States 5 (2.5%)
9th University of Tehran, Iran 5 (2.5%)

Abbreviations: SCR = Standard Competition Ranking. ? Institutions with the same productivity have the same

order, a gap is fixed with respect to ranking. b Proportion of documents/institution with respect to the total
number of publications on IWSSs.

4.6. The Most Prolific Authors with Outstanding Contributions on IWSSs

One-hundred-and-fifty-five researchers had different contributions to IWSSs’ research
activities. The list of the top 10 most-prolific authors is displayed in Table 4. Nelson,
K.L. from the University of California, Berkeley, United States, was the most prolific
author (11 documents; 5.6%), followed by Kumpel, E. from the University of Massachusetts
Ambherst, Amherst MA, United States (10 documents; 5.1%). The two authors, Nelson, K.L.
and Kumpel, E., are frequent collaborators. Italy and the United States had the highest
number of most prolific authors, respectively.

The co-authorship analysis outcomes (network visualization map) are shown in Figure 9.
While co-authorship is a kind of research collaboration between scholars in a particular field
of science, co-authorship analysis awards a comprehensive view of patterns of cooperation
between scholars. The map categorized authors into 1 cluster, with a red color. This
cluster includes five authors affiliated with institutions from Italy (four authors, Freni, G,;
Fontanazza, C.M.; Notaro, V., and De Marchis, M., are affiliated with Universita degli Studi
di Enna “Kore”, Enna, Italy, while La Loggia, G. is affiliated with Universita degli Studi
di Palermo, Palermo, Italy). The most collaborated-with authors further appear in the list
of most-productive authors at the global level. The overall links were 10, with a total link
strength of 53. Freni, G. acquired the strongest link (24). The strongest links (link strength
of 7 between every two authors) were between Freni, G., Fontanazza, C.M., and La Loggia,
G. This group of authors is active in examining inequality, water losses, and energy costs in
IWSSs, in addition to modeling IWSSs.
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Table 4. Top 10 most prolific-authors on intermittent water supply systems (IWSSs).

No. of Documents

SRC? Name of the Author Institution (%) P
1st Nelson, K.L. University of California, Berkeley, Berkeley, United States 11 (5.6%)
2nd Kumpel, E. University of Massachusetts Amherst, Amherst MA, United States 10 (5.1%)
3rd Freni, G. Universita degli Studi di Enna “Kore”, Enna, Italy 9 (4.6%)
4th Fontanazza, C.M. Universita degli Studi di Enna “Kore”, Enna, Italy 7 (3.6%)
4th Klingel, P. Stadtwerke Karlsruhe GmbH, Karlsruhe, Germany 7 (3.6%)
4th La Loggia, G. Universita degli Studi di Palermo, Palermo, Italy 7 (3.6%)
7th Notaro, V. Universita degli Studi di Enna “Kore”, Enna, Italy 5 (2.5%)
7th Sharma, S. IHE Delft Institute for Water Education, Delft, Netherlands 5 (2.5%)
9th Andey, S.P. National Environmentai\]}i;g%ﬂie{rilré%aResearch Institute India, 4(2.0%)
9th Brown, J. Georgia Institute of Technology, Atlanta, United States 4 (2.0%)
9th De Marchis, M. Universita degli Studi di Enna “Kore”, Enna, Italy 4 (2.0%)
9th Farmani, R. University of Exeter, Exeter, United Kingdom 4 (2.0%)
9th Jacobs, H.E. Stellenbosch University, Stellenbosch, South Africa 4 (2.0%)
9th Kelkar, PS. Rajiv Gandhi Science and Technology Commission, Nagpur, India 4 (2.0%)
9th Kennedy, M. THE Delft Institute for Water Education, Delft, The Netherlands 4 (2.0%)
9th Mastaller, M. Karlsruher Institut fiir Technologie, Karlsruhe, Germany 4 (2.0%)
9th Ray, L. Energy & Resources Group, Berkeley, United States 4 (2.0%)
9th AL-Washali, T. Sana’a University, Sana’a, Yemen 4 (2.0%)

Abbreviations: SCR = Standard Competition Ranking. # Authors with the same productivity have the same order,
a gap is fixed then with respect to ranking. ® Proportion of the number of documents/authors with respect to the
total number of publications on IWSSs.

FreniG.
w Fontanazza C.M.

De Makghis M.

Notapo V.

gﬁ VOSviewer La Laggia G.

Figure 9. The network visualization map of co-authorship links between scholars. Five docu-
ments/author were proposed as a minimum number. Five of the 609 authors met the set threshold.
The overall strength of co-authorship links was assessed for each author. The selected authors were
the ones with the strongest co-authorship links.
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4.7. Analysis of Citation Trends and Most Cited Publications on IIWSSs

The well-known bibliometric performance indicators include the total citations a
specified research work acquires. This is the best indicator to assess the published works in
terms of quality. At the time of data-gathering, a total of 2931 citations was recorded. The
average was 14.9 and the median (quartile range) was 6 (1-16). The h-index of published
works was 29 (of the 197 documents considered for the h-index, 29 were cited at least
29 times). An exponential model in which the dependent variable is the cumulative citation
and the independent variable is the period was used to assess the tendency of the citation
(Figure 10). The determination coefficient (r?) of the model comprising the year 2021 was
0.994, with new citations still being accepted.

3500
3000 Y= 804. 0760217SX

R*=0.994
2500
2000 .
iso0 |
1000 | g
500 ]
0

<2017 2017 2018 2019 2020 2021
Period

Accumulative citation

Figure 10. Evolution of citations of published works on IWSSs.

The top 10 most-cited publications on IWSSs (articles and reviews) are shown in
Table 5 [27,30,35,36,82-87]. The list includes seven articles and three reviews. Despite the
marginal presence of reviews within the overall analyzed sample (6.0%), they represent
a significant portion of the list of most-cited research works. This is attributed to the fact
that reviews, in general, are highly cited, as they are intensively used as major sources in
literature reviews. As reviews summarize the status of knowledge in a particular research
field, these kinds of publications are cited considerably more than articles.

4.8. Content Analysis

Figure 11 displays the network visualization map of co-occurrence of terms in titles
and abstracts. A minimum of 10 occurrences of the term was considered. Of the 5268 terms,
152 met the set threshold. The most pertinent terms were 91 keywords after adopting a rele-
vance score of 60%. The chief occurrence terms were: network, with 153 occurrences; model,
with 134 occurrences; household, with 97 occurrences; water quality, with 89 occurrences;
source, with 76 occurrences; contamination, with 65 occurrences; tank, with 65 occurrences;
sample, with 62 occurrences; drinking water, with 62 occurrences; risk, with 60 occurrences.
The map classified terms into three major clusters. The first cluster, with a red color, is
concerned with the modelling, design and optimization techniques of IWSSs. The second
cluster, with a blue color, is concerned with the transmission from intermittent supply
services to continuous supply models. The last cluster, with a green color, is concerned
with the health risks associated with IWSSs.
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Table 5. Top 10 most-cited publications on intermittent water supply systems (IWSSs).
Times Document
a .
SRC Authors Title Journal Name Cited b Type
Ist Lee E.J. and Schwab Deficiencies in drinking water dlStI"lbuthl’l Journal of Water and Health 179 Review
K.J., 2005 systems in developing countries
Water distribution system and diarrheal disease =~ American Journal of Tropical .
2nd Semenza ].C. etal., 1998 transmission: A case study in Uzbekistan Medicine and Hygiene 146 Article
. Managing urban water supplies in developing . .
3rd Vairavamoorthy K. countries—Climate change and water Physics and Chemistry of 128 Article
etal., 2008 . ¢ the Earth
scarcity scenarios
Kumpel E. and Nelson Comparing microbial water quality in an .
4th K.L., 2013 intermittent and continuous piped water supply Water Research 13 Article
5th Kumpel E. and Nelson  Intermittent Water Supply: Prevalence, Practice, =~ Environmental Science and 111 Review
K.L., 2016 and Microbial Water Quality Technology
Evaluation of the apparent losses caused by Water Science and
6th Criminisi A. etal.,, 2009  water meter under-registration in intermittent Technolo 86 Article
water supply 8y
Application of Quantitative Microbial Risk
7th Machdar E. et al., 2013 Assessment to an.alyze the pubhF hgalth risk Sc1encg of the Total 78 Article
from poor drinking water quality in a low Environment
income area in Accra, Ghana
Intermittent domestic water supply: A critical
8th Galaitsi S.E. et al., 2016 review and analysis of causal-consequential Water (Switzerland) 72 Review
pathways
9th De Marchis M. et al., A model of the' flll.lng process of an intermittent Urban Water Journal 59 Article
2010 distribution network
R Operating water distribution networks during
10th Soltanjalili M.-J. et al., water shortage conditions using hedging and Journal of Water Resources 57 Article

2013

intermittent water supply concepts Planning and Management

Abbreviations: SCR = Standard Competition Ranking.  Documents with the same number of citations have the
same order; a gap is then fixed regarding ranking. ? Total citations were extracted from Scopus database. These
figures could differ when using other research databases.
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Figure 11. The network visualization map of terms co-occurrence in titles and abstracts. Ten occur-
rences of a term were set as the minimum number. A total of 152 terms met the set threshold out of
5268 terms. A relevance score was set to assess the most relevant terms: 60%. The selected terms
were the most relevant: 91 terms were categorized into 3 major clusters.



Water 2022, 14, 738

19 of 32

4.8.1. Health Risks Associated with Intermittent Water Supply: Water Contamination

There is an extensive literature that emphasizes the health risks associated with the
use of an intermittent supply [88-90]. The potential risks primarily stem from the ingress
of contaminations through leaks due to a drop in or loss of pressure, and even to back-
pressure [91,92]. The contaminants’ intrusion into water systems requires the existence of
three components: source of contamination, route, and driving force [93]. The sources of
contaminants could be a leaking sewer main near the water supply pipes [39,94], while the
route contaminants use to invade the network are leaks in drinking water pipes [94]. The
intermittent feeding and pressure deficits create low pressures and /or negative pressures,
which lead to a high risk of contamination and substantial health hazards [26,95] and
represent the driving force. The risks are manifested by the intrusion of contaminants into
the distribution system and the regrowth of bacteria and pathogens in pipes and storage
tanks due to water stagnation [26].

The presence of integrity problems in intermittent systems mainly occur in developing
countries, and include high rates of leakage, technical deficiencies in connections of water
mains, inadequate disinfection residuals, and incapable sanitation practices associated
with inadequate levels of water pressure [27]. These increase the vulnerability of water
supply networks to contamination. Kumpel and Nelson [83] studied the microbial water
quality in continuous and intermittent systems by collecting samples of water from the
two systems over one year, using three repeated rounds (from reservoirs, taps, and stor-
age containers—Hubli-Dharwad, India). The samples were tested for Physico-chemical
parameters, Escherichia coli, and total coliform. The results showed that water quality
was the same at reservoirs of service for the two supply schemes, while indicator bacteria
were more frequently found, and had higher concentrations, in the intermittent water
supply system. Escherichia coli was scarce in the continuous system (0.7%), and found
at a level of 31.7% in the intermittent one, and total coliform was found at high concen-
trations in both intermittent and continuous systems after rainfall [83]. Bivins, Lowry,
Wankhede, Hajare, Murphy, Borchardt, Labhasetwar and Brown [81] conducted a cross-
sectional sampling study to correlate water quality in intermittent and continuous systems
in Nagpur, India, which is switching from an intermittent to continuous supply in phases.
The findings showed that the switching from an intermittent to a continuous supply is
yielding meaningful improvements in microbial water quality [81]. The same conclusion
was reached by Haider et al. [96]. Coelho et al. [97] conducted a study to identify the
factors controlling bacterial concentrations in IWSSs and understand the differences in
the behavior of bacteria in intermittent and continuous supply systems. They concluded
that household storage tanks have a paramount influence on water quality deterioration
in IWSSs [97]. Alazzeh et al. [98] concluded that water quality deterioration in roof tanks
could be attributed to air temperature in a study assessing water quality in IWSSs of two
camps in Palestine.

To study the impact of storage tanks in IWSSs on microbial quality, Tokajian and
Hashwa [99] collected samples from a small intermittent system and its roof storage tanks,
Beirut, Lebanon, over a period of two years, and counted coliforms and heterotrophic plate
count (HPC) bacteria following the standard methods. The results showed high levels of
turbidity from the source (artesian well) during rainfall events and a positive correlation
between HPC and turbidity. Furthermore, an intermittent flow led to sudden changes in
HPC (increase), and the quality of water deteriorated after storage in the roof tanks [99].
The same conclusion was reached by Machdar, van der Steen, Raschid-Sally and Lens [85]
in a study assessing the risks of microbial contamination of different drinking water sources
by performing a quantitative microbiological risk evaluation in Accra, Ghana.

Gonzalez et al. [100] concluded, in a study assessing the quality of water stored in
households in IWSSs, that prolonged supply interruptions result in longer storage periods
and lower chlorine residual, which were associated with high concentrations of indicator
bacteria. In the same context, Yassin et al. [101] assessed the contamination levels of total
and faecal coliforms in different water wells and IWSSs and their associations with the



Water 2022, 14, 738

20 of 32

health of humans. They collected data on total and faecal coliform contamination in Gaza
Governorate, Palestine for a period extended from 1999 to 2003 from the Ministry of Health
records, and designed a questionnaire that included questions related to water supply
services and the habit of using water from the network and the roof tanks in the study
area. The analysis of data showed that contamination levels were higher than the World
Health Organization (WHO) limits (they were higher in the networks than the wells), and
intermittent supply and sewage flood seemed to be the main contributors to self-reported
diseases (diarrheal) [101].

In a study of seven years of observation (2000-2006), Abu Amr and Yassin [102] studied
the microbial contamination of the water systems and their influences on human health,
Khan Yunis Governorate, Gaza Strip. Their study was based on records from the Ministry
of Health on total and faecal coliform and an interview questionnaire on water-related
diseases. They concluded that diseases were in association with intermittent supply, water
source, inadequate chlorination, water distribution network age, and sewage flooding [102].
In a cross-sectional study, Shrestha et al. [103] concluded that diarrhoea was positively
associated with IWSSs in rural Nepal. Elala et al. [104] confirmed a reduction in the quality
of water between the tap and point-of-use, which proves that the contaminants mainly
enter post-supply in the intermittent supply network of Nagpur city. The same conclusion
was reached by Grube et al. [105] while investigating water quality over a period of 3 years
in San Cristobal Island, Galapagos. The results showed that high-quality water is produced
by the water treatment plants. The detection of Escherichia coli in 2-30% of post-treatment
samples suggests regrowth and /or contamination during storage and distribution [105].
Bain et al. [106], in a review study, examined if the source of water, whether improved
or unimproved, will impact the levels of fecal contamination. The results showed that
the odds of contamination were lower for improved sources than the unimproved ones,
but they are not consistently safe, and high rates of contamination have been reported
in IWSSs [106]. Price et al. [107] concluded that water quality and related health risks in
IWSSs vary at daily temporal levels more than is reported globally. Adane et al. [108] in
a matched case-control study, found a high association between IWSSs and point-of-use
E. coli contamination in water stored in households.

To promote strategies to upgrade water quality in IWSSs, there is a need to understand
the mechanisms that impact contamination in these systems. In this regard, Kumpel and
Nelson [109] conducted an experimental study testing water quality in IWSSs in Hubli-
Dharwad, India, based on continuous measurements of pressure and physicochemical
parameters. The results showed high levels of turbidity and indicator bacteria concentra-
tions when the supply was first turned on, and all conditions that led to the intrusion of
contaminants (source, pathway, and low pressure) were available in this system. They
concluded that monitoring water quality in dynamic IWSSs requires special considera-
tions [109]. Van den Berg et al. [110] examined the impacts of variations in operation
strategies (i.e., increased supply durations, increased chlorine dosages, and first-flush)
on the quality of water in IWSSs. The results showed that increased chlorine dosages
improved compliance with the standards of microbial water quality, averting a possible
health risk [110]. In a comparative analysis conducted in two Chinese provinces with two
intermittent systems and two continuous systems, Li et al. [111] concluded that there were
no significant variations in sanitation and water behaviors in intermittent and continuous
water supply systems, suggesting that interventions to improve adaptive and conservation
behaviors at the household level in an intermittent supply system could improve safe
access to water.

To model the intrusion of contaminants through leaks in IWSSs, Fontanazza et al. [112]
used a small-scale looped distribution network to perform the tests on two setups (transient
pressure and intermittent supply). They added soluble contaminants through cracks and
measured the concentrations in two nodes. The outcomes showed that an intermittent
supply could permit large amounts of contaminants to enter the pipes [112]. Besner, Prévost
and Regli [94] developed a conceptual model to quantify the risks of pathogens entering
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the distribution systems from different intrusion events. The concepts used in this model
comprise the examination of sources, extents, periods and frequencies of low /negative-
pressure incidents; contaminant pathways, pathogens, the amount of water that may enter
through pathways; pathogen transport; pathogen exposure by humans consuming water;
health risk. These risk assessment models could be a useful tool to recognize the risks
associated with different events in drinking water systems (low or negative pressures)
that have the potential to result in the intrusion of contaminants into water distribution
systems [94].

Vairavamoorthy et al. [113] proposed a software tool with the potential to forecast the
different risks associated with the intrusion of contaminants into IWSSs. This risk analysis
tool integrates three models (contaminant zone model to calculate the contamination zone
depending on seepage principles, contaminant transport model to simulate the concentra-
tion and loading of contaminant, and pipe condition assessment model to calculate the
conditions of the pipes) with a GIS model using a tight coupling method. They applied
the tool to the zone of Guntur municipal corporation, India, after collecting the necessary
data, and the outcomes were different thematic maps that determined the sections of the
water distribution system that were most at risk [113]. Sakomoto et al. [114] suggested
that the adoption of an integrated quality-monitoring approach (i.e., identifying potential
intrusion hotspots in IWSSs using field measurements) and interventions (i.e., booster
chlorination) could improve water quality in IWSSs. Erickson et al. [115] proposed that
pressure monitoring and sampling in the first-flush IWSSs can reveal water quality risks
that would likely not be revealed based on conventional monitoring programmes.

To study the effects of an intermittent supply on biofilms and water quality in IWSSs
Calero Preciado et al. [116] conducted an experimental test utilizing a full-scale chlorinated
water distribution network, operated over 60 days to for allow biofilm growth under
realistic hydraulic conditions. This was followed by intermittent supply events for different
periods of 6, 48, and 144 h and flow resumption. The results showed that by minimizing
intermittent supply times, biofilm-associated impacts can be reduced [116].

4.8.2. Modelling, Design, and Optimization Techniques

This approach confirms the necessity to create proper design mechanisms and opera-
tion techniques for IWSSs. These techniques must primarily be based on methodologies
that are totally unlike the ones considered in continuous water supply systems [42]. The
development of proper leak detection techniques and the appropriate selection of valves to
ensure that they are in agreement with IWSSs’ flow characteristics are also essential [95,117].
The most-proposed approaches in this regard are dedicated to analyzing and recognizing
the behavior of IWSSs from a hydraulic perspective, resolving the inequality [118], and
developing mathematical modelling tools for intermittent supply systems [16,95].

In this context, Vairavamoorthy, Akinpelu, Lin and Ali [16] confirmed the need to
develop appropriate design tools, with the potential to recognize IWSS features. This need
is based on the fact that, at least in the foreseeable future, intermittent supply practices
will continue to be prevalent, particularly in developing regions, and the distribution
networks’ operating intermittency design is generally based on the principles of continuous
systems, resulting in serious pressure troubles and inequities in the distribution of available
amounts of water [16]. Accordingly, Vairavamoorthy, Akinpelu, Lin and Ali [16] proposed a
modified network analysis programme that merges pressure-dependent outflow functions
to simulate the demands in IWSSs. The components of this model comprise a demand
model to forecast the end-users’ demand profiles (pressure regime, connection type, supply
duration, supply time); a secondary network model in which the primary nodes are
assumed to be constant head nodes supplying water to the secondary network (by varying
the pressure at the primary nodes, the outflows to the secondary network can be evaluated);
a network charging model to simulate the charging of the network; and a modified network
analysis method. The tool has been applied in Kerala, South India, and was able to achieve
an equitable distribution and a least-cost design [16,36,42,119].
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In modelling the hydraulic behavior of IWSSs, Trifunovi¢ and Abu-Madi [31] identified
water demand patterns and real consumption in IWSSs by monitoring the changes in roof
storage tank levels (keeping the connection with the distribution system closed). They built
a model with three scenarios: conventional demand modelling (baseline node demand,
multiplying by corresponding peak factors for each time step); pressure-related demand
(run the model for three baseline pressures); and modelling each cluster of roof tanks by
the equivalent tank and connecting it to the node (attach the demand patterns to tanks
instead of nodes). The last scenario was better able to model the reality of IWSSs than the
first two [31].

Since the use of private roof tanks, which change the demand patterns and cause
inequality, is a common practice in IWSSs, different works have been performed in this
regard, aiming to understand the dynamic process of network filling. The results of ap-
plying different numerical models to analyze the filling process in IWSSs showed high
inequality regarding the supply to customers (with some users prolonging the time re-
quired to fill the network due to filling their tanks completely) [35,118]. To improve the
performance of IWSSs and the equity in distributing the available resources, Fontanazza,
Freni and La Loggia [55] developed a numerical model in EPANET 2 [120] and a set of
performance indicators to assess equity and identify the disadvantaged and advantaged
customers in IWSSs. The developed model was tested on parts of the Palermo City water
network, Italy, and the results showed that although an even water supply was able to
fulfill the demands, an intermittent scheme will create inequalities due to the reduced
supply to high, elevated nodes [55,121]. To reduce the inequalities in IWSSs, depending
on the simulation of management plans, a developed model was used that integrates a
dynamic mathematical model for intermittent networks with pressure-reducing valves
model [80,118]. The results showed that the introduction of pressure management areas
reduces inequalities by reducing the differences in pressure [80,118]. Soltanjalili, Haddad
and Marifio [87] developed a model of intermittent supply, paying attention to indicators
and constraints such as equity and pressure. The aim was to identify the ideal operation of
water systems during water-shortage events. They integrated the honey-bee mating opti-
mization (HBMO) algorithm as an optimization tool with EPANET 2, aiming to maximize
water supply desirability. The performance criteria were evaluated under different water
shortage scenarios. The results showed that the resiliency to intermittent and hedging
water supply was more favorable than other methods or scenarios [87].

It is well known that modelling IWSSs with standard hydraulic models is a challenging
task. Therefore, there is a need to adjust them to model-pressure-dependent demands. In
this regard, Ingeduld et al. [122] adjusted the EPANET engine to deal with low pressure and
limited demand availability to simulate the case of IWSSs. The roof tanks were incorporated
by developing an automated procedure for the tank generation, and the developed model
was a robust, simple, and practical tool to model the IWSSs [122]. In the same context,
different research works were devoted to developing powerful tools to simulate water
systems with normal, low, or no pressure. The used models comprise demand-driven
models, head-driven models, and models of mixed flow in pipelines [5,123]. Mohan and
Abhijith [124] proposed an improved pressure-dependent analysis integrating partial-flow
characteristics to simulate the hydraulic behavior of IWSSs. Campisano et al. [125] used
the EPA Storm Water Management Model (EPA-SWMM) to simulate the filling phase in
IWSSs. This approach showed efficiency in simulating the processes that occur in IWSSs.
While the use of storage tanks is essential in IWSSs as means of collecting water during
supply periods, different research works found negative effects associated with using these
private storage tanks in terms of waste, water losses, unaccounted-for water, economic
efficiency, management, energy, and water quality [29]. However, Guragai et al. [126] used
a pressure-based data logger to observe water level variations in rooftop storage tanks as
a non-destructive method, which was easily applicable and more accurate in evaluating
overall water consumption compared to other existing methods.
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The identification of integrated water resources’ management decisions in IWSSs
is essential to cope with water shortages and scarcity in these systems. In this regard,
demand management in the long term comprises the installation of water-saving devices,
water-conservation laundry machines, low-water-consuming landscape, drip irrigation,
etc., while in the short term, the installation of bottles in toilet tanks, repairing leaks, and
reducing irrigation to landscape, etc., can greatly improve water availability in IWSSs [18].
Long-term supply-improving actions comprise connections to the network, installing
roof/ground tanks or cisterns, rainwater collection, reusing greywater, while, in the short-
term, buying water or bottled water/from water stores/private vendors, etc., are essential
decisions in IWSSs [18,127,128]. Madanat and Humplick [129] developed a model system
of household water supply options, with the objective of developing an understanding of
households” water demand beyond connection decisions, as in the case of IWSSs.

The management of water losses in IWSSs is a crucial task to improve these water sys-
tems. The focus on measuring water use and water losses is essential in water conservation
programs using flow measurements (e.g., meters or sensors that have been calibrated to be
precise under intermittent supply conditions) [130]. AL-Washali et al. [131] investigated
the effects of the amount of water supplied in IWSSs on the reported levels of non-revenue
water using different normalization approaches (regression analysis and average supply-
time adjustment). AL-Washali, Sharma, AL-Nozaily, Haidera and Kennedy [131] employed
a minimum night flow analysis to model leakage rates in IWSSs. To better use the water
balance developed by the International Water Association (IWA), which is applicable to
analysis of water losses in continuous water supply systems, Mastaller and Klingel [132]
developed an adaption version of the INA water balance to construct the balance in
IWSSs [132]. Haider et al. [133] proposed a framework to evaluate economic leakage level
in IWSSs considering the specific conditions of IWSSs. Zyoud et al. [134] developed a
decision-making model to help water utilities in developing countries identify integrated
water loss management plans that will guide utility managers in better controlling for water
losses in IWSSs. These models allow for the participation of all stakeholders with an interest
in upgrading water supply services in IWSSs and help them select the most appropriate
water loss management strategies [134-136]. Agathokleous and Christodoulou [137] used
statistical and survival analyses to investigate the impacts of intermittent supply on the
breakage rates by studying the changes in the rates of failures before, during, and after
an intermittent supply. They found an increase in the number of failure incidents during
and immediately after the periods of intermittent supply [137]. Energy recovery in IWSSs,
based on the use pumps as turbines, was also a topic of interest as an option to monitor
pressure in the network and generate energy [138-140].

Aiming to achieve equity in IWSSs, Gullotta et al. [141] proposed a methodology
of installing valves in IWSSs using sequential addition algorithms, with the objective
of rearranging flow circulation. With a similar objective of achieving equity, Gullotta,
Campisano, Creaco and Modica [141] proposed two optimization models, developed
based on the use of NSGA II. The first one aims to maximize equity by installing fully
closed valves, while the second one considers the supply levels of the individual nodes,
including the optimization of both the position and configuration of control valves [141].
Nyahora et al. [142] proposed a multi-objective optimization model utilizing a genetic
algorithm to help with investment decision-making in IWSSs. This model uses multiple
cost-effective intervention choices to magnify equity and reliability, while lowering the cost
implications [142]. Ilaya-Ayza et al. [143] developed a model that utilizes the hydraulic
capacity concept and the soft computing techniques of graph theory and cluster analysis to
recognize district metered areas (DMAs) in IWSSs, aiming to achieve an equitable water
supply. In a similar manner, Ilaya-Ayza, Martins, Campbell and Izquierdo [143] used integer
linear programming and multi-criteria analysis to create an optimal allocation supply
schedule for IWSSs. To improve pressure and water safety in IWSSs, Meyer et al. [144]
proposed setting up pressure-sustaining valves at consumer connections.
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4.8.3. From Intermittent to Continuous Approach

This approach underlines the need to correct the misconception of considering inter-
mittent water supply services to be tolerable practices. This misconception may derive from
an unawareness of the risks and costs associated with intermittent water supply services [3].
This tactic further looks at the different measures and interventions used to create major
improvements in IWSS functions. This is based on the development of different design and
planning tools, which are compatible with the nature of the IWSSs, as interim actions [4].
These interim actions are fundamental measures in the continuous water supply services,
providing safe, technically sound, and sustainable options [3,4,41,145,146].

In this context, Dahasahasra [146] proposed a model to transform an intermittent
system into a 24 x 7 water supply system. The model is based on an analysis of the present
system (water infrastructure mapping, operation mapping), before simulating the behavior
of the network by using the collected data, reframing the operational zones, studying the
storage capacities, and implementing water auditing. This is followed by a pressure man-
agement and leakage reduction campaign, before applying the transformation in phases.
Using this approach, it was possible to divide the city (Badlapur city, Mumbai, India) into 10
operational zones. The transformation to a continuous supply was achieved in three zones,
and the work continued for the remaining zones [146]. The same approach was adopted by
McIntosh [3] and Myers [145]. The knowledge of the technical causes of intermittent supply,
in association with a reliable database, are vital factors when successfully introducing the
continuous supply [147]. This approach comprised the following: applying a feasibility
analysis of continuous supply, data collection and management, and a hydraulic analysis
for planning purposes (data collection must be a function of progress or need in execution,
which will be useful to shorten the time required to put the approach into effect), using a
pilot study to calculate consumption and water loss figures and test the practical feasibility
of the continuous supply, restructuring planning (planning for one transmission and dis-
tribution network; identifying pressure zones), public awareness to increase acceptance
and willingness to pay, restructuring the system (completely or phases), introducing a con-
tinuous supply (start with a pilot zone) and updating the system’s database and adapting
the restructuring plans [4,147]. This approach has been applied to the Béni Abbes (Algeria)
water supply system [4,26,147].

David et al. [148] developed a methodology to analyze hybrid demand patterns
for a water system in the transition from an intermittent to a continuous water supply
system. The analysis addressed the operating criteria, network behavior, and the demand
profiles, aiming to identify the adequate operation criteria in such cases [148]. El Achi
and Rouse [149] proposed, in a theoretical study, a hybrid hydraulic model for a gradual
transition, zone-by-zone, from an intermittent to a continuous supply considering economic
scarcity. The developed model included both types of water supply, intermittent and
continuous, and displayed high efficiency regarding both the economic and technical
aspects [149]. In a study comparing water quality, practices of water storage, the health of
the child, and coping costs in IWSSs and water systems that were upgraded to continuous
supply in Hubli-Dharwad, Karnataka, India, Ray et al. [150] conducted a matched-cohort
research design study. It was found that the continuous supply improved water quality.
The supply did not improve children’s overall health, but reduced serious water-related
illnesses in the lowest-income group, reduced waiting times and increased monthly water
charges [150]. The same conclusion was reached by the authors of [151].

Successful Case Studies of Transition from Intermittent to Continuous Supply

This section shows a real application of the above approach in Pnomh Penh City,
the capital of Cambodia, whose water supply authority is considered a pioneering and
outstanding public utility in Asia [152]. The approach comprised some of the general
principles that were mentioned in Section 4.8.3. Independence of water utility was one of
the key success factors [4], followed by improvements in information systems and revenue
performance, expansion of the service coverage in terms of quality and quantity, and
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increasing tariff in stages. The accomplishments were attained by increasing the coverage
from 25% in 1993 to 85% in 2004, ensuring a continuous water supply, reducing non-revenue
water to 14%, full cost recovery, a 99% collection ratio and increasing the pressure in the
system [153].

Another successive application was demonstrated in the case of Manila Water Com-
pany, Philippine. By adopting the private-sector participation models, the continuous water
supply service attained a coverage of 91% at the beginning of 2004, instead of 26% in 1997,
reducing non-revenue water to 40.7% in 2005 instead of 63% in 1997, increasing the billed
volumes and served households, and decreasing the staff [153].

4.9. Analysis of the Strategic Diagram

The strategic diagram, Figure 12 shows the major themes of IWSS research activities at
global levels, where the size of each circle is in proportion with the number of documents
that incorporated each term. The primary driving themes comprise water distribution
networks, human, apparent losses, water supply systems, and distribution systems. The
fundamental matters, in the lower right zone display the challenges that IWSSs face in
developing countries (the most vulnerable regions across the globe). Declining or emerging
topics, such as animals, cities, and leakage, are shown in the lower left zone. Issues that
are characterized by their high specialty (i.e., biofilm) are shown in the upper left zone.
The major driving themes confirm two major matters associated with IWSSs. The first is in
relation to the risks associated with IWSSs and their impacts on human health. The second
is concerned with the importance of water loss management (mainly the management
of apparent losses) as a potential strategy in coping with the challenges of IWSSs. More
accurately simulating the behavior of IWSSs, considering their hydraulic deficiencies and
the presence of private water tanks, is a further driving theme. This will be based on the
utilization of mathematical models, genetic algorithms, and artificial intelligence techniques.
These topics will continue to play a primary role in structuring and shaping IWSS-related
research works in the foreseeable future.

density WATER-DIST, @
’é‘)
APPAR@OSSES

DEVEL()NTRIES

Figure 12. The strategic diagram depicts the number of published works and combines the different
themes of IWSS research at the global level.

5. Conclusions

Analyzing and visualizing global research activities regarding IWSSs was the primary
objective of the present work. A global analysis was conducted in this regard, benefiting
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from bibliometric techniques and visualization mapping. Different quantitative and quali-
tative bibliometric indicators were revealed and analyzed to demonstrate the contribution
and performance of countries, institutions, sources, etc., toward advancing our understand-
ing with respect to the impacts of IWSSs. Collaboration among countries, authors and
institutions on this topic was analyzed and assessed based on co-authorship analysis. To
identify the intellectual basis of research works, a co-citation analysis was conducted. A
keyword co-occurrence analysis was conducted to reveal the core topics and future trends
of research activities. As most endeavors were devoted to identifying the health risks
associated with IWSSs, aiming to save human lives, substantial research works in this
regard were documented compared to other issues in relation to modeling IWSSs and the
transition from intermittent to continuous water supply schemes. The present analysis
revealed major concerns associated with IWSSs. It was found that an intermittent water
supply is a compound matter of multi-causes (i.e., technical, economic and environmental
deficiencies) and has multiple impacts (i.e., health, social, economic and technical impacts).
Joint work and attention, at regional and international levels, in response to the adverse
impacts of IWSSs, is still at immature levels. A clear and dissimilar performance is noted
among countries regarding issues related IWSSs. This entails the need to unify global
efforts on this issue, aiming to enhance collaboration and establish an effective exchange
of knowledge and experience among developed and developing countries. In conclusion,
research activities to assess and mitigate the impacts of IWSSs were very modest in terms
of productivity. Despite this, increased interest in this topic will be witnessed in the near
future. This path is inevitable if the SDGs to be achieved by 2030.

The major lessons and considerations that have emerged are as follows: IWSSs should
not constitute a permanent solution as they are not an ideal model of water supply; in
some cases, the application of an intermittent supply as an option for dealing with water
scarcity and/or water shortage is performed with ease, without earnestly looking into
alternative approaches; the transition from an intermittent to a continuous water supply
is not an easy job and must be achieved in a cost-effective manner, integrating improved
operations, good management practices, modern management systems, sound data and
reliable technical modeling tools. Furthermore, a strong integration of the scientific com-
munity, policymakers, and water utilities is essential to create well-functioning systems
with the capacity, experience, and know-how to operate and more efficiently manage
IWSSs. In this regard, advancing knowledge and sharing experiences regarding IWSSs;
the development of manuals and guidelines of best practices for managing IWSSs; and
mainstreaming knowledge of IWSSs through the organization of workshops, conferences,
and training are essential requirements for the successful monitoring and management
of IWSSs. Supporting more vulnerable communities, which are utilizing many resources
to deal with intermittent supply crises, should be a priority for developed countries and
international organizations. This includes investments in better-integrated water resource
management plans, improvements in infrastructure, and capacity-building programmes.
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