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Abstract

Urban water security is crucial for achieving sustainable development, peace, and human 
health and well-being. Framing urban water security is challenging due to the complexity and 
uncertainty of its definition and assessment framework. Several studies have assessed water 
security in widely divergent ways by granting priority indicators equal weight without consider-
ing or adapting to local conditions. 
This dissertation develops a new urban water security definition and assessment framework 
applicable to water scarce cities, with a focus on Madaba, Jordan. It takes a novel and system-
atic approach to assessing urban water security and culminates in integrated urban water se-
curity index (IUWSI) as a diagnostic tool and guide management actions. The dissertation sug-
gests a new working definition of urban water security based on the United Nations (UN) Sus-
tainable Development Goal 6.1 on safe drinking water for all and the human rights on water 
and sanitation as follows: The dynamic capacity of water systems and stakeholders to safe-
guard sustainable and equitable access to water of adequate quantity and acceptable quality 
that is continuously, physically and legally available at an affordable cost for sustaining liveli-
hoods, human well-being and socioeconomic development, ensuring protection against water-
borne pollution and water-related disasters, and for preserving ecosystems in a climate of 
peace and political stability. This proposed definition captures issues at the urban level of tech-
nical, environmental and socioeconomic indicators that emphasize credibility, legitimacy and 
salience. The assessment framework establishes a criteria hierarchy, consisting of four main 
dimensions to achieve urban water security: drinking water and human well-being, ecosystem, 
climate change and water-related hazards and socioeconomic aspects (together, DECS). The 
framework enables the analysis of relationships and trade-offs between urbanization, water 
security and DECS indicators.
The dissertation also provides a structured analysis to understand how urban water is managed 
in intermittent water supply system, by conducting a water balance analysis after quantifying 
the components of water losses in Madaba’s water distribution network. The findings showed 
that Madaba's non-revenue water (NRW) amounted to annual loss of about 3.5 million m3,
corresponding to financial losses of 2.8 million USD to the utility, of which 1.7 million USD is 
the cost of real losses. The dissertation provided an intervention strategy for strengthening 
infrastructure resilience and reducing leakage via the infrastructure, repair, economic, aware-
ness and pressure (IREAP) framework. The IREAP framework provides a robust strategy to 
shift intermittent water supply (IWS) into continuous water supply.
The IUWSI highlighted the state of water security in Madaba, Jordan and identified the means 
of implementation to move towards achieving urban water security based on the priorities for 
Madaba. The drinking water and human wellbeing dimension was the most important priority, 
receiving a weight of 66.22%, followed by ecosystem (17.15%), socioeconomic aspects 
(10.18%), and climate change and water-related hazards (6.45%) dimensions. The IUWSI in-
dicated that the urban water security in Madaba is reasonable with a score of 2.5/5 and can 
meet the minimum requirements in several dimensions, but nonetheless, it has many loopholes 
to cover. Gaps are clear in the climate change and water-related hazards, and socioeconomic 
dimensions with scores of 1.6/5 and 2.237/5 respectively. Additionally, specific shortcomings 
are found in indicators such as water availability, reliability, diversity, and public health. The 
IUWSI framework assists with a rational and evidence-based decision-making process, which 
is important for enhancing water resource management in water-scarce cities.



Kurzfassung

Urbane Wassersicherheit ist entscheidend für eine nachhaltige Entwicklung, Frieden, mensch-
liche Gesundheit und Wohlbefinden. Entsprechend ihrer Komplexität wurde sie bislang nicht 
eindeutig definiert und es existiert kein allgemein anerkannter Analyserahmen. Bislang existie-
rende Studien untersuchen Wassersicherheit auf sehr unterschiedliche Weise, wobei sie prio-
ritäre Indikatoren oftmals ausgeglichen gewichten, ohne dabei lokale Bedingungen zu berück-
sichtigen.
Diese Dissertation entwickelt eine neue Definition und einen systematischen Bewertungsrah-
men des IUWSI für urbane Wassersicherheit in wasserarmen Regionen. Er dient zur Bewer-
tung, Diagnose und Management urbaner Wassersicherheit und wird auf die jordanischen 
Stadt Madaba angewandt.
Basierend auf dem Ziel 6.1 der UN-Nachhaltigkeitsziele für sicheres Trinkwasser für alle und 
dem Menschenrecht auf Wasser und Sanitärversorgung, schlägt die Dissertation eine neue 
Arbeitsdefinition für urbane Wassersicherheit vor: Diese bezeichnet die dynamische Fähigkeit 
von Wassersystemen und ihren Stakeholdern, einen nachhaltigen und gerechten Zugang zu 
Wasser in ausreichender Menge und akzeptabler Qualität zu gewährleisten. Wasser ist hierbei 
kontinuierlich physisch und rechtlich zu erschwinglichen Kosten verfügbar. Es sichert Lebens-
unterhalte, menschliches Wohlergehen und sozioökonomische Entwicklung, gewährleistet den
Schutz vor wasserbedingter Verschmutzung und wasserbedingten Katastrophen und erhält 
Ökosysteme in einem Klima des Friedens und der politischen Stabilität. Diese Definition erfasst 
Fragen auf städtischer Ebene bezüglich technischer, ökologischer und sozioökonomischer In-
dikatoren. Der Bewertungsrahmen stellt eine Kriterienhierarchie auf, die aus vier Hauptdimen-
sionen besteht, um urbane Wassersicherheit zu erreichen: Trinkwasser und menschliches 
Wohlbefinden, Ökosystem, Klimawandel und wasserbezogene Gefahren sowie sozioökonomi-
sche Aspekte (zusammen DECS als englisches Akronym). Das Rahmenwerk ermöglicht die 
Analyse von Beziehungen und Zielkonflikten zwischen Urbanisierung, Wassersicherheit und 
DECS-Indikatoren.
Die Dissertation bietet eine strukturierte Analyse des Managements intermittierender Wasser-
versorgungssysteme. Nach Quantifizierung der Komponenten der Wasserverluste im Wasser-
verteilungsnetz von Madaba wurde eine Wasserbilanzanalyse durchgeführt. Die Ergebnisse 
zeigen Wasserversorgungsverluste von jährlich ca. 3,5 Mio. m3. Diese entsprechen einem fi-
nanziellen Verlust von 2,8 Mio. USD für das Versorgungsunternehmen; davon 1,7 Mio. USD 
als reale Verluste. Die Dissertation bietet eine Interventionsstrategie zur Stärkung der Wider-
standsfähigkeit der Infrastruktur und zur Reduzierung von Leckagen über das IREAP-Rahmen-
werk (Infrastructure, Repair, Economic, Awareness and Pressure). Das IREAP-Framework bie-
tet eine robuste Strategie, um die intermittierende Wasserversorgung (IWS) in eine kontinuier-
liche Wasserversorgung zu überführen.

Der Integrated Urban Water Security Index (IUWSI) beleuchtet den Zustand der Wasser-
sicherheit in Madaba, Jordanien und identifiziert die Umsetzungsmöglichkeiten, um auf der 
Grundlage der Prioritäten städtische Wassersicherheit für Madaba zu erreichen. Die Dimension 
Trinkwasser und menschliches Wohlbefinden war mit 66,22% die wichtigste Priorität, gefolgt 
von den Dimensionen Ökosystem (17,15%), Sozioökonomische Aspekte (10,18%) und Klima-
wandel und wasserbezogene Gefahren (6,45%). Der IUWSI zeigt, dass die urbane Wassersi-
cherheit in Madaba mit einer Punktzahl von 2,5/5 angemessen ist und die Mindestanforderun-
gen in mehreren Dimensionen erfüllen kann. Defizite bestehen jedoch in den Dimensionen 
Klimawandel und wasserbezogene Gefahren sowie sozioökonomisch mit Bewertungen von 
1,6/5 bzw. 2,237/5. Zusätzlich existieren spezifische Mängel bei Indikatoren wie Wasserver-
fügbarkeit, Zuverlässigkeit, Vielfalt und öffentliche Gesundheit. Das IUWSI-Rahmenwerk hilft 
bei einem rationalen und evidenzbasierten Entscheidungsprozess, der für die Verbesserung 
des Wasserressourcenmanagements in wasserarmen Städten wichtig ist.
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Chapter 1: General Introduction 

 Background  
Water security is an integral part of life and is at the heart of the United Nations Sus-
tainable Development Goals (SDGs). Securing water for people and food is indispen-
sable and an increasingly urgent challenge for achieving sustainable growth, ending 
poverty and hunger, ensuring human rights and fully achieving the eight ambitious tar-
gets of SDG 6 and the whole set of SDGs. Water challenges continue to grow, ad-
versely affecting societies, prosperity, and national security. The concept of water se-
curity has recently received a great deal of attention across many disciplines and sec-
tors, encapsulating many competing objectives of water resource management. 

Today, many countries are facing the central challenge of doing more with less under 
severe water scarcity to meet increasing water demand while achieving universal, safe, 
and affordable water and sanitation services (Kummu et al. 2016; Gerlak et al. 2018; 
Hoekstra et al. 2018). Achieving water security is complex in fragile contexts where 
there is conflict, increased vulnerability and weakened social contracts, as it could be 
considered as a destabilizing force and a risk multiplier (Sadoff 2015). Thus, the im-
portance of water security stimulates the water community to translate it from a concept 
to a meaningful tool to guide policy and practice. 

The rapid growth of the urban's population does not show any sign of slowing down. 
By 2030, two-thirds of the global population will be living in cities, the urban population 
in developing countries will double and one in every three people will live in cities with 
a population of at least half a million (Chen et al. 2014; United Nations 2018; Gu 2019). 
In addition, the increased water demand is associated with population growth, eco-
nomic growth, climate change, changes in consumption patterns and competition 
among water users (WWAP 2018; Li et al. 2017; Flörke et al. 2018). 

Urban water is the backbone for other economic sectors such as agriculture, energy 
and industry, in which 42% of global jobs are highly dependent on water (WWAP 2016; 
Uitto and Biswas 2000; Loucks and van Beek 2017; McDonald et al. 2014). In addition, 
water-related urban health and natural hazards risks can only be secured with proper 
governance and management of the water sector (Romano and Akhmouch 2019; 
Seckler et al. 1999; Makarigakis and Jimenez-Cisneros 2019; Rietveld et al. 2016).  

Major cities worldwide are either currently facing water security issues or will have 
these challenges in the future due to the inability to adapt to changes which can be 
driven by demographic or socioeconomic forces, or caused by climate change (World 
Economic Forum 2020; Alcamo et al. 2007). In the last decade, many cities were at 
risk of running out of water. The risk could originate from droughts causing water short-
ages such as in São Paulo, Brazil where shortages in 2015 affected the industrial sec-
tor (Soriano et al. 2016; Milano et al. 2018). In 2018, the city of Caracas, Venezuela 
had water shortages due to power cuts resulting from a drought that hit a region with 
hydropower plants, in which the water supply pumps could not be operated (Zerpa and 
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Laya 2019). Other drought incidents have occurred in Singapore (2014), Cape Town 
(2018), and Chennai (2019) (Chuah et al. 2018; Taing et al. 2019; Dhillon 2019). An 
important lesson to learn from water crises in many places is that it is not enough to 
implement a water management plan for the urban area itself, it is also important to 
consider the resilience and holistic management of water resources.                                  

With limited sustainable water supply sources and the continuous growth of demand 
and risks, achieving urban water security is becoming a major challenge for many 
countries (Nazemi and Madani 2018). Urban water security is popular among re-
searchers, as evidenced by a clear shift of interest from integrated and sustainable 
water management to urban water security (Hoekstra et al. 2018). However, to con-
sider urban water security, several dimensions should be assessed with a holistic and 
dynamic approach to determine areas of weakness and set priorities for potential im-
provement.  

Since water is related to multiple disciplines, water security is thus viewed from diverse 
perspectives at distinct scales (Srinivasan et al. 2017). The engineering view looks at 
water quantities and protection from water-related hazards (floods, droughts and 
coastal protection) while considering urban water security, whereas water resources 
scientists and hydrologists pay attention to watersheds and water supply/demand man-
agement. Water security is viewed by economists as an essential economic good. On 
the contrary, public health scientists study urban water security with a focus on safe 
access to drinking water and potential contamination and risks within water networks. 
Social and political scientists investigate the issue on the national scale, considering 
water governance and the interlinkages of water supply with other sectors such as 
energy, health and food, and study transboundary water resource management. One 
can argue that each discipline focuses on a different spatial scale, from community to 
watershed to national to regional scales, presenting a scalar mismatch. Therefore, to 
include all aspects of assessing urban water security, an integrated and interdiscipli-
nary approach should be adopted.  

Decisions concerning water and human security are typically complex or even hyper-
complex. The decision-making process in water management requires deep analysis 
and a holistic mind-set covering all disciplines, such as engineering, environmental, 
economic and socio-political. The paradox here is that the water community is mostly 
working in silos, in very detailed and more narrow aspects, whereas water managers 
require systems thinking. However, the gap between those who analyse and those 
who decide is not only in the knowledge but also in the objectives and the way of 
thinking.  

 State of the art of water security definitions and assessment frameworks  
Water security is widely recognised by policy makers and academics as a global risk 
and policy challenge that transcends national security, endangers the health and live-
lihoods of vulnerable communities, and matters to global security (World Economic 
Forum 2020; Cook and Bakker 2012; Wheater and Gober 2015; Steffen et al. 2015). 
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Since water security is a multifaceted challenge, the concept is viewed from diverse 
perspectives that cannot be easily reconciled (Srinivasan et al. 2017; Lankford et al. 
2013) It can generally be seen as the overarching goal of water resources manage-
ment towards thinking about sustainable development with a focus on meeting water 
demands for societal and ecological needs (Bolognesi et al. 2018; Gerlak et al. 2018; 
Hoekstra et al. 2018). The concept has emerged from the need to balance people’s 
needs with the need to conserve water resources, and is reflected explicitly in SDG 6, 
related to water and sanitation  (UNESCO and UNESCO i-WSSM 2019). 

Urban areas have experienced major transitions in water management and face in-
creasing pressure due to population and economic growth, coupled with the climate 
change extremes of floods and droughts (Sadoff 2015; Haddeland et al. 2013; Alcamo 
et al. 2007). These conditions pose threats to socio-economic development and human 
and water security, such as inadequate water and sanitation services, pollution and 
over exploitation of water resources, failing storm water management, and degradation 
of water quality and ecosystems (Wheater and Gober 2015; UNESCO and UNESCO 
i-WSSM 2019; Gheuens et al. 2019). Eighty percent of GDP is produced in cities—so 
there are major economic repercussions (UNESCO World Water Assessment Pro-
gramme 2019). Thus, ensuring urban water security is an urgent challenge that could 
threaten humanity’s food, economic, ecological, and national security if not properly 
addressed (Jimenez Cisneros 2014; World Economic Forum 2020; Steffen et al. 
2015a; Mekonnen and Hoekstra 2016; Gerlak et al. 2018). Water security must be a 
top priority for policymakers and governments as part of the collective commitment to 
achieve SDG 6 for all. 

The intersection of water security and urbanization poses many issues, ranging 
from high population density and water crises to climate risks and natural disasters 
(Srinivasan et al. 2017; Hoekstra et al. 2018; Roth et al. 2019; Hassan Rashid et al. 
2018; Sadoff 2015). Rapid urbanization has exceeded the capacity of governments to 
meet the water demand, which has led to many challenges, such as a lack of access 
to safely managed water and sanitation, intermittent water supply, competition be-
tween water users, water quality degradation, failing flood management, and environ-
mental degradation (Chang et al. 2015; Clifford Holmes et al. 2014; Chen et al. 2015; 
da Costa Silva 2014; Flörke et al. 2018; Vairavamoorthy et al. 2007; Trinh 2017). In 
recent years, many cities have faced serious water shortages, such as Delhi and Chen-
nai (India), Cape Town (South Africa), Mexico City (Mexico), and Santiago (Chile), and 
many cities are likely to run out of water in the future (Rajendran 2008; Shepherd 2019; 
Liu et al. 2018; Burls et al. 2019) . 

Water security is a multifaceted challenge that occupies many socio-economic, 
public health, governance, anthropogenic, natural risk, infrastructure and institutional 
dimensions that are hard to align and manage (Grey and Sadoff 2007; Grey et al. 2013; 
Halbe et al. 2013; McDonald et al. 2014). As shown in Figure 1.1, the discourse on 
urban water security in recent years has involved many studies at different levels on 
definitions and assessment frameworks with indicators of water security (Steffen et al. 
2015a; Hoekstra et al. 2018; Allan et al. 2018a; Jensen and Wu 2018; Shrestha et al. 
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2018; Garfin et al. 2016; van Leeuwen 2013). Most of these assessments are poorly 
integrated with the needs of policymakers, thus there is a clear scalar mismatch (Bo-
lognesi and Kluser 2017; van den Brandeler et al. 2019; Bakker 2012).  

 

Figure 1. 1. Variability of theme prevalence within water security definitions (by dimen-
sion, over time) (Allan et al. 2018) 

In terms of widely-referenced definitions (Table 1.1), a recent review identified 25 def-
initions of water security, of which only three relate to the urban level (Allan et al. 2018). 

Table 1. 1. Common global water security definitions (Global Water Partnership 2000; 
Grey et al. 2013; UN Water 2013). 

Definition of Water Security References 
Water security at any level, from household to global, means 
that every person has access to enough safe water at an af-
fordable cost to lead a clean, healthy and productive life, while 
ensuring that the natural environment is protected and en-
hanced. 

Global Water 
Partnership 

Water security is the availability of an acceptable quantity and 
quality of water for health, livelihoods, ecosystems, and pro-
duction, coupled with an acceptable level of water-related 
risks to people, environments, and economies. 

World Bank 
(Grey and Sadoff) 
 

Ensures that freshwater, coastal and related ecosystems are 
protected and improved; that sustainable development and 
political stability are promoted; that every person has access 
to enough safe water at an affordable cost to lead a healthy 
and productive life; and that thevulnerable are protected from 
the risks of water-related hazards. 

Ministerial Decla-
ration of the 
Hague on Water 
Security in the 
21st Century 
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Water security is the capacity of a population to safeguard 
sustainable access to adequate quantities and acceptable 
quality of water to sustain livelihoods, human well-being and 
socio-economic development; ensure protection against wa-
ter-borne pollution and water-related disasters; and preserve 
ecosystems in a climate of peace and political stability. 

UN-Water 

A global comparative assessment of urban water security revealed the complex issues 
in cities, based mainly on water availability challenges and water institutions (McDon-
ald et al., 2014; Floerke et al., 2018; Damkjaer and Taylor, 2017; Garrick and Hall, 
2014; Hoekstra et al., 2018). (Padowski et al. 2016) found that urban water security in 
108 cities in Africa and the United States was associated with a mixture of local hydro-
logical conditions of water availability and the capacity of institutions to provide, regu-
late and maintain water supply; 7% of the investigated cities were categorised as water 
insecure, due to their inability to secure the water supply and weak institutions. 

(Flörke et al. 2018) analysed 482 of the world’s largest cities regarding urban water 
security resulting from water competition between cities and agriculture induced by 
urbanization and climate change. Their findings indicated that more than 27% of cities, 
representing 233 million people, will have a water deficit, while another 19% of cities, 
which rely on surface water transfer, will face conflicts between the urban and agricul-
ture sectors. 

Many studies have emphasized the lack of water security assessment and application 
of water security measures at the local level (Cook 2013; Grey et al. 2013; Srinivasan 
et al. 2017). These should reflect the considerable variation in dynamics of water se-
curity at the local level, in order to address urban water challenges effectively and pro-
vide decision-makers with robust policy instruments and measures to achieve urban 
water security (Allan et al. 2018; Rouse 2013). Among the broad definitions and as-
sessment frameworks for water security, many well-established arrays of indicators 
have been applied at the city level to provide different perspectives on water security 
(Falkenmark et al. 1989).  

The most widely used indicators include: 

 Stand-alone indices, such as the water stress index and the water poverty index 
(Sullivan 2002; Lawrence et al. 2002; Jensen and Wu 2018). These were con-
ceived to be applied at all levels, including the city level, but they are not salient 
and narrow enough to capture the dynamics and multiple aspects of urban water 
security (Gassert et al. 2014; Komnenic et al. 2009). In addition, the thresholds 
used are often arbitrary and not based on scientific principles. 

 Composite indicators, such as the Asian Development Bank’s urban water se-
curity index (Asian Development Bank 2013, 2016), which forms part of its na-
tional water security rankings. This index uses averages of all urban areas, and 
is thus likely to be used by decision-makers at the urban level. A city-specific 
water index can be developed and applied by including the city blueprint frame-
work (CBF) to capture issues of urban water security (Phillis et al. 2017; van 
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Leeuwen et al. 2015; Siemens 2012; Arcadis 2015; Berg 2000), but its specific 
purpose is to measure the implementation of integrated water resources man-
agement (IWRM) in different cities, and to benchmark cities on their resilience 
in the social, economic, and environmental dimensions (Berg and Marques 
2011). 

 United Nations framework for water security 
As shown in Figure 1.2, UN-Water has adopted a holistic and interdisciplinary defini-
tion, capturing all perspectives and dimensions of drinking water and human well-be-
ing, ecosystem, climate change and water-related hazards, and socioeconomic as-
pects (DECS), and thus it should be the basis of national water security frameworks. 
Most national water strategies are built upon the IWRM principle as a process and as 
a good framework for achieving water security and linking water with society (Hussein 
2019). However, IWRM implementation has been criticized for failing to provide com-
prehensive solutions to the challenges, uncertainties, and complexities of water man-
agement (Phillis et al. 2017). 

 
Figure 1. 2. United Nations framework for water security (UNESCO and UNESCO i-
WSSM 2019) 
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Although the UN-Water definition was developed during the Millennium Develop-
ment Goals (MDGs), the SDGs set the bar even higher by shifting from access to basic 
water and sanitation services to safely managed water and sanitation. The differences 
between the MDGs and SDGs can be summarized in three main points: 

 Universal access: from calling for reducing the proportion of people without 
access to basic water and sanitation by half to achieving universal access 
to water and sanitation.  

 Comprehensive coverage: shifting from service delivery to considering the 
whole water cycle. 

 Sustainable coverage: from targeting basic access to providing safely 
managed access to water and sanitation.  

3.1 Drinking water and human well-being 

As the world becomes more and more urban, securing water for people remains an 
immense concern and the challenges are compounded at a steady pace. Access to 
safe, sufficient, affordable, and acceptable water and sanitation services is not only 
vital to human health and well-being, but is a prerequisite for the realization of hu-
man rights and therefore a legal obligation for water stakeholders.  

A comprehensive definition of urban water security for human well-being goes beyond 
single issues of availability and access. A major deficiency during development of the 
MDGs was the focus on silo solutions such as water delivery infrastructure. A looming 
water crisis is affecting many cities nowadays; already 1.2 billion people globally, or 
almost one-fifth of the world’s population, suffer from intermittent water supply, and 
500 million people are approaching this situation.  

Most waster supply systems were originally designed for a continuous supply mode 
and are now operated intermittently because of various causes as shown in figure 1.3. 
This mode of water supply creates inequities in access to water service, especially for 
people who live farthest from the water source, and carries public health risks associ-
ated with the ingress of contaminants from the surrounding ground through flaws in 
aged infrastructure, with high levels of water loss. 

The communities affected by IWS, are compelled to store water in storage tanks for 
periods without water supply.  On the contrary to continuous water supply, the water 
supply system is usually supply-driven not demand-driven, where households collect 
as much water as storage tanks can be filled. During supply times, households empty 
their tanks before water is next available through the municipal network, and they 
mostly remain their water taps open all the time to receive the water. Pressure can 
vary thus in time, with very low pressures at the beginning of pumping the water in the 
network as households receive and store water and increasing pressure later in the 
supply cycle as domestic tanks fill. 
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 Having diverse water and energy sources is usually considered imperative in urban 
water security, as it gives water-scarce cities the option to secure water without dis-
ruption if one source fails. Relying heavily on one traditional source, like surface and 
groundwater, or being heavily dependent on water from outside can leave a city vul-
nerable to disruptions or shocks due to increasing demand, climate change, and water-
related hazards. For example, high turbidity levels from flash floods can lower the effi-
ciency of water treatment plants or even shut down water supply systems. 

3.2 Ecosystems  

The ultimate challenge of sustainable water management is to find a proper balance 
between humans and the impact on the ecosystem. Therefore, since both humans and 
ecosystems are fully water dependent, urban water security offers an opportunity to 
take an integrated approach to securing human livelihoods and protecting ecosystems 
from pollution. For instance, wastewater effluents are present in a variety of water pol-
lution types that affect human health and ecosystems. If wastewater is discharged into 
the environment without proper treatment, it can contaminate water and harm ecosys-
tems. 

In the context of safeguarding urban water ecosystems, concepts such as low-impact 
development, water-sensitive urban design and sustainable urban drainage systems 
offer effective solutions that incorporate low-impact design, water conservation and 
recycling, water quality management and urban ecology. Exploring and amplifying the 
power of ecosystem-based solutions is a key priority for urban sustainability and resil-
ience. Sustaining and protecting ecosystems is critical to people’s well-being and live-
lihoods, such as through untapped resources from green roofs, rainwater harvesting 
and local water storage. All of these green solutions can flatten runoff peaks and in-
crease water supply. 

3.3 Climate change and water related hazards 

Climate change most substantially manifests in disruptions to the urban water cycle. 
Climate extremes such as floods and droughts are expected to increase due to global 
warming. Increased water-related hazards are attributed to factors such as increased 
flood frequency and magnitude, public health and inaccurate perception of risks. The 
challenge is to identify adaptation measures to strengthen the resilience of people and 
infrastructure in face of climate change. The urban water system plays an important 
role in climate change mitigation in terms of reducing greenhouse gas emissions from 
energy consumption, water and wastewater treatment, and discharge. 

Climate change and urban water security are primarily about adapting and making de-
velopment climate resilient. This requires improved knowledge of climate impacts, ef-
fective technologies and their application, and building local capacity for improved pre-
paredness and adaptation. 
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3.4 Socio-economic aspects  
Urban water security is a product of set of interactions between social, economic and 
environmental systems. In practice, urban water insecurity is more often caused by a 
gap between supply and demand, excessive use of water and the inappropriate allo-
cation of water resources, rather than by total availability. Addressing urban water se-
curity therefore requires better water management, stronger water governance and 
smarter financial investment.  

Particular attention must be paid to the actual and potential role of socio-economic 
factors and their impact on water demand and supply, which may hamper the system’s 
ability to meet people’s basic needs and achieve urban water security. These factors 
include energy consumption in the water and wastewater system, water and sanitation 
tariffs, affordability, budgets directed to water and wastewater services, cost recovery, 
illegal use and customer complaints. 

 Research aim and objectives  
Based on the information described above, this dissertation addresses the challenges 
of not having a comprehensive understanding of urban water security and operation-
alising its definition by developing a systematic framework as a tool to facilitate com-
munication between water stakeholders to reach tangible results.  

The dissertation builds on the knowledge that recent studies were unable to operation-
alize and measure urban water security holistically. The overall aim of the disserta-
tion is to develop an assessment framework to measure urban water security 
holistically in order to achieve the integrated urban water management.  It also 
aims to identify the weak and strong indicators for achieving urban water security in 
the study area. In addition, the integrated urban water security index (IUWSI) is devel-
oped for water managers and stakeholders to communicate the state of urban water 
security and enable policymakers to plan for measures, strategies and policies. 

Following systems thinking, an in-depth analysis of the interactions between the DECS 
dimensions can provide insights on potential synergies and trade-offs. These play a 
pivotal role in identifying effective entry points to address the complex challenges of 
achieving urban water security and assist us in seeing a new range of potential solu-
tions beyond the fragmented approach. However, a holistic solution needs a multidis-
ciplinary approach involving diverse methodologies, and steps need to be taken now 
to ensure that the vicious circle of urban water insecurity is not perpetuated. 

Several studies mentioned significant steps to take and characteristics to embrace in 
order to carry out a realistic and effective assessment that can be both meaningful and 
applicable for use in evidence-based policymaking. Three criteria are defined: First, 
the approach must be credible, meaning that it is scientifically reasonable, accurate 
and reliable and comes from understanding the characteristics of the study area 
(Lehtonen 2015; Jensen and Wu 2018). Secondly, the process must be legitimate and 
unbiased in order to gain the acceptance of the main stakeholders, which is why it 
should include a vast variety of perspectives at the definition and assessment stages 
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(Jensen and Wu 2018; Damkjaer and Taylor 2017b). Thirdly, the indicators must be 
salient and scientifically relevant to the needs of decision makers in order to influence 
policies and practices (Lehtonen 2015; Hegger et al. 2012; Cash et al. 2003). 

 Since urban water security is still not guided by one definition (Hoekstra et al. 2018), 
it is necessary to involve stakeholders in defining and assessing what it means. After 
formulating a context-based working definition, the system’s temporal and spatial 
boundaries must be specified and indicators for quantification and measurement must 
be developed, which will pile up into a single index (Damkjaer and Taylor 2017a; van 
Ginkel et al. 2018). Finally, the developed indicators are used to calculate the status of 
urban water security to be shared with policymakers and stakeholders. 

 The dissertation, with its limited scope, cannot uncover the whole spectrum of urban 
water security issues, but is an attempt to further reinforce the need for a context-based 
understanding in order to operationalize the concept in a meaningful way so that water 
managers and stakeholders can provide policy guidance and improve the operational 
management to achieve urban water security that will sustain livelihoods, human well-
being and socio-economic development as well as protect against water-borne pollu-
tion and water-related disasters and preserve ecosystems. 

The dissertation presents an integrated analysis that amalgamates diverse types of 
data in several methodologies to investigate urban water security within and across 
different spatial scales. The integration in the current research involves: 

 Multidisciplinary inclusion: The current research includes several disci-
plines to cover the DECS dimensions at the urban level, such as water 
resources management, energy, agriculture, climate, socio-economic and 
science–policy interaction. 

 Data integration: Different types of data beyond the water utility level of 
primary (obtained by field survey) and secondary (public-domain reports, 
research articles and ancillary data) origins are used. 

 Method integration: Multiple methods are involved, including process anal-
ysis, multicriteria analysis, GIS data analysis, International Water Associ-
ation(IWA) and American Water Works Association (AWWA) water audit, 
the burst and background estimates (BABE) method for quantifying leak-
age components, data validation, and field survey mission supplemented 
by financial and operational reports. 

The aim of the dissertation is supported by four main interconnected objectives that 
follow systematic steps to operationalize and measure urban water security as shown 
in Figure 1.4. To fulfil these objectives and bridge the knowledge gaps in recent stud-
ies, the assessment framework is examined in Madaba, Jordan which is considered 
one of the most water scarce areas in the world. The dissertation followed a cumulative 
approach, and the objectives were met by scientific publications with concrete meth-
odologies, which are presented in chapters 2 - 4. 
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 Conceptual framework and structure  

Addressing urban water security requires a multidisciplinary approach involving differ-
ent types of data and several methodologies to solve the complex challenges in cities. 
Therefore, this dissertation is an integrated analysis that amalgamates diverse types 
of data in different methodologies to investigate the issue. 

 In order to develop and validate a holistic assessment framework to measure urban 
water security, the dissertation adapted the systematic methodology of (Jensen and 
Wu 2018; Chee Tahir and Darton 2010), based on the process analysis method (PAM) 
of guiding indicator selection to quantify urban water security, which can be used as 
an underpinning of integrated urban water management. This approach can derive a 
holistic set of  indicators through systematic processes and has been applied by many 
studies related to complex sustainability issues (Wu et al. 2015; Etmannski and Darton 
2014; Chee Tahir and Darton 2010).  

Similar to the methodologies for deriving indicator sets, such as the driver–pressure–
state–impact–response (DPSIR) framework and system dynamics modelling (SDM), 
PAM is built upon analysing cause–effect relationships. Unlike DPSIR and SDM, PAM 

Figure 1. 4 Overview of the aim and interconnected objectives of the dissertation 
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focuses mainly on impact generators and the impact on the system to reflect the ob-
servable changes and challenges in urban water security. This helps to simplify the 
indicator set so that it can be easily obtained and managed by decision makers and 
users and applied it in different settings without addressing the casual relationships in 
DPSIR or quantifying the casual relationships between causes, impacts and conse-
quences in PAM (Jensen and Wu 2018). This approach provides a broad understand-
ing of the complexity and processes that comprise urban water security through urban 
water system assessment, intensive literature review, participation by water stakehold-
ers of public authorities and international organisations to consider their perspectives 
on making the DECS assessment framework robust and implementable, and a tailored 
measurement of specific issues embedded in the definition of urban water security. 

PAM sets up the assessment framework (Figure 1.5) based on the impact on the DECS 
dimensions. By reviewing the system, causes of water insecurity that impact the urban 
water system are identified as either internal impact generators (IIGs) and external 
impact generators (EIGs). IIGs represent activities within the system, such as popula-
tion growth and water infrastructure, governance and regulation, whilst EIGs refer to 
external factors, such as climate change, water dependency, conflicts and the influx of 
displaced people. Both IIGs and EIGs put great pressure on urban water security in 
terms of the DECS dimensions, institutional capacity and resilience. Impacts cause 
consequences for water stakeholders and the system, known as impact receivers 
(IRs). These consequences are defined by indicators and metrics.  

 
Figure 1. 5. Process analysis method (PAM) of selecting indicators to measure urban 

water security.  

The proposed framework was developed according to the needs and special charac-
teristics of urban water security, so as to evaluate its current and future state in a sci-
entifically sound way using a standard methodology to construct indicators based on 
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the definition of urban water security. The indicators were selected to depict the con-
sequences of the impacts on the receptors, known as external impact receivers (EIRs). 
The process of defining indicators to describe consequences is explained in Table 1.2, 
with an example from the dimension of drinking water and human well-being. 

Table 1. 2. Developing urban water security indicators by using PAM. IG: impact  
generator; IIG: internal impact generator; EIG: external impact generator.  

Dimension 
of drinking 
water and 
human well-
being 

IGs Impact Issues Indicators 

 
 
 
 
 
 
 
 
Water 
 quantity 

IIG: Population 
growth 

Availability 
of water re-
sources 

 Water scarcity and lack 
of water storage 

 Fresh water per 
capita  

IIG: Water sys-
tem and gov-
ernance 

Diversity of 
water 
sources 

 Limited water sources 
 Secure water and en-

ergy from other sources 
 Linear systems of use 

and dispose 

 Quantity of 
wastewater 
reused  

 Contribution of 
alternative wa-
ter sources 

 Contribution of 
alternative en-
ergy sources  

EIG: Climate 
change 

Consump-
tion 

Poor demand side man-
agement (wasteful 
and excessive con-
sumption of water) 

 Authorized wa-
ter consump-
tion  

 Reliability of 
water sys-
tem 

 High levels of non- reve-
nue water 

 Identifying weak areas 
within the system 

 System performance  
 Level of service  

 

 Non-revenue 
water  

 Infrastructure 
leakage index  

 Households 
with metered 
water con-
sumption 

 Energy effi-
ciency in the 
network  

 Commercial 
losses from 
non-revenue 
water  

The approach to operationalizing urban water security is based on six systematic 
steps, as shown in Figure 1.6: (1) Understanding how water is managed in a water-
scarce city. (2) Studying what urban water security means and what it may imply. (3) 
Proposing a working definition with water stakeholders. (4) Putting in place an urban 
water security framework based on a working definition that includes SDG 6 on water 
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and sanitation and the UN’s recognized human rights to water and sanitation. (5) In-
terpreting this framework for decision-makers. (6) Measuring the integrated urban wa-
ter security index. 

 
Figure 1. 6. Systematic approach to operationalizing and measuring urban water se-

curity 

The dissertation is structured in five chapters that address the formulated research 
objectives in Figure 1.4. Chapter 1 provides an overview of the focus problem and the 
state of the art regarding the assessment frameworks of water security; information 
about the aim and objectives of the research; and an overview of the dissertation: how 
it is subdivided, supporting publications by the researcher and how each research ob-
jective is covered in these publications. 

Chapter 2 is the conceptual baseline for a holistic understanding of urban water secu-
rity to develop a working definition and a systematic assessment framework including 
indicators of drinking water and human well-being, ecosystem, climate change and 
water-related hazards, and socio-economic (DECS) to achieve the goal of water secu-
rity. The proposed assessment framework is based on the United Nations Sustainable 

6. Measuring urban 
water security (assign 
weights, aggregation, 

analysis results of 
dimensions, indicators, 
and the whole system 
to inform decision-

makers) 1. Understanding the 
urban water system 

(identify 
stakeholders, water 
balance, assessment 

of water 
infrastructure)

2. Working definition 
(identify what water 

security means)

3. Proposing working 
definition to urban water 
security (gain stakeholder 

perspective, prioritize 
problems)

4. Setup boundary 
and quantification of 

the assessment 
framework (drinking 

water, ecosystem, 
climate change, and 

socio-economic)

5. Normalization 
and presentation of 

the results 
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Development Goal on water and sanitation and the human rights to water and sanita-
tion.   

Chapter 3 applies the assessment framework to a water scarce city, Madaba, Jordan, 
to assess water security using the integrated urban water security index (IUWSI). The 
index highlights the DECS indicators that are not well addressed and where there is 
high potential for improvement. Further, each indicator of urban water security in 
Madaba is questioned in terms of its priority and contribution to better urban water 
security. 

A detailed assessment of the urban water system is presented in chapter 4 which 
includes the water balance of the entire urban water system to understand what hap-
pens to water once it enters the network, using the correct performance indicators. The 
dissertation provides a structured analysis to determine the volume of leakage and its 
components. It also considers the reduction of physical losses as an important com-
ponent of water losses through the infrastructure, repair, economic, awareness and 
pressure (IREAP) framework as a way to systematically reduce non-revenue water 
and shift intermittent water supply into continuous supply to achieve urban water se-
curity. 

Chapter 5 provides a summary of the key findings, relevant policy implications of the 
findings, and future research outlook. In this last section, lessons learned and transfer-
ability are discussed. In addition to recommendations for policymakers, utility manag-
ers, researchers and water stakeholders, topics for future studies are suggested. 

 Case study: Madaba, Jordan 
Jordan is one of the top water-scarce countries in the world (Hadadin et al. 2010; Min-
istry of Water and Irrigation 2019). It is extremely vulnerable as it is facing great pres-
sures on water resources that include long-term drought, a high level of nonrevenue 
water, illegal use, transboundary water competition, and an influx of refugees (Yorke 
2016; Scott et al. 2003; Törnros and Menzel 2014). Drinking water is supplied on an 
intermittent basis (once or twice per week) in most cities, with a high level of non-
revenue water (NRW), which made up 48% of the system input in 2017 (Ministry of 
Water and Irrigation 2017, 2016; Aboelnga et al. 2018; Miyahuna 2018). An intermittent 
water supply leads to a vicious cycle of urban system degradation and water insecurity 
(Charalambous and Laspidou 2017; Coelho et al. 2003; Ilaya-Ayza et al. 2016).  

Jordan has been experiencing increasing demands due to population growth and an 
influx of displaced people, coupled with climate change, which significantly widens the 
gap between water supply and demand (Ministry of Water and Irrigation 2019; Al-
Kharabsheh and Ta'any 2005). By the year 2025, if the current trajectory remains in 
place, Jordan may face a serious, long-term water crisis, since the per capita water 
supply will drop from the current 145 m3/year to only 91 m3/year, reaching a water 
deficit of 630 × 106 m3/year (Yorke 2016; Ministry of Water and Irrigation 2016; El-
Naser 2009).  
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In Madaba, 98% of the people have access to the water service, but only 65% are 
connected to the wastewater network (Miyahuna 2018; Miyahuna Madaba 2016). Wa-
ter is distributed from the Madaba reservoir to eight main zones on a weekly schedule, 
with unequal supply hours due to the intermittent water supply (Aboelnga et al. 2018; 
Saidan et al. 2019; Miyahuna Madaba 2016). Consumers are therefore forced to rely 
on alternative sources such as storing water in large tanks or buying water directly from 
tanker trucks (private water vendors) to meet their needs and use for various coping 
strategies. However, these eight zones, for the most part, are lower than the Madaba 
reservoir and in theory could be served by gravity; the distribution system is inadequate 
to the point that friction losses are higher than the available  pressure head and there-
fore the system is assisted by pumping. 

The total length of the existing distribution network is 1000 km from the wells to the 
customers’ meters, with an average pressure of 0.6 MPa (60 m pressure head). Water 
is pumped from an altitude of 330 m a.s.l. to elevations of 750–800 m a.s.l., which 
requires huge amounts of energy. As shown in Figure 1.7, the Madaba governorate is 
supplied by 15 wells in Heedan and Wala, which pumps water via pumping stations in 
Wala and Libb to the main reservoir in Madaba (6000 m3) via a nominal diameter 
branch line (DN 600) off the main transmission line (DN 800) from Libb to Muntazah 
(Amman). The total production from the Heedan well field was 10.5 million m3  in 2018 
(Miyahuna 2018).  

The customers of Madaba directorate are either supplied by the Madaba reservoir via 
gravity (35%) or direct pumping (65%) from the pumping station. The existing distribu-
tion pipework in Madaba itself is 433 km in length plus an additional 187 km for the rest 
of the directorate, with pipe sizes ranging from DN 50 to DN 600 (Aboelnga et al. 2018; 
Saidan et al. 2019)
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Chapter 2: Urban Water Security: Definition and Assessment Framework 

Abstract 
 Achieving urban water security is a major challenge for many countries. While several stud-
ies have assessed water security at a regional level, many studies have also emphasized 
the lack of assessment of water security and application of measures to achieve it at the 
urban level. Recent studies that have focused on measuring urban water security are not 
holistic, and there is still no agreed-upon understanding of how to operationalize and identify 
an assessment framework to measure the current state and dynamics of water security. At 
present, there is also no clearly defined and widely endorsed definition of urban water se-
curity. To address this challenge, this research provides a systematic approach to better 
understand urban water security, with a working definition and an assessment framework to 
be applied in peri-urban and urban areas. The proposed working definition of urban water 
security is based on the United Nations (UN) sustainable development goal on water and 
sanitation and the human rights on water and sanitation. It captures issues of urban-level 
technical, environmental, and socio-economic indicators that emphasize credibility, legiti-
macy, and salience. The assessment framework depends on four main dimensions to 
achieve urban water security: Drinking water and human well-being, ecosystem, climate 
change and water-related hazards, and socio-economic factors (DECS). The framework fur-
ther enables the analysis of relationships and trade-off between urbanization and water se-
curity, as well as between DECS indicators. Applying this framework will help governments, 
policymakers, and water stakeholders to target scant resources more effectively and sus-
tainably. The study reveals that achieving urban water security requires a holistic and inte-
grated approach with collaborative stakeholders to provide a meaningful way to improve 
understanding and managing urban water security. 

 Introduction 

The world is becoming predominantly urban, dominated by human settlements and eco-
nomic activities. According to the 2018 revision of World Urbanization Prospects (United 
Nations 2018), more than half of the global population—4.2 billion people—lives in urban 
areas, and this number is projected to grow by 68% to 2.5 billion people by 2050. Urbaniza-
tion, urban water security, and economic growth move in tandem. However, for growth to be 
sustainable, the urban water security implications of rapid urbanization need to be at the 
center of the national and municipal development agenda (Maheshwari et al. 2016; Artioli et 
al. 2017; Scanlon et al. 2017). 

The concept of urban water security is a multi-faceted one and is interrelated with the 
broader frameworks and concepts of urban metabolism, ecological security, integrated ur-
ban water management, the web of water–energy–food securities, risk management, resili-
ent and adaptive water management, and water-sensitive cities (Maheshwari et al. 2016; 
Artioli et al. 2017; Scanlon et al. 2017; Aboelnga et al. 2018a; Brown et al. 2009). A clear 
understanding of the synergies and trade-offs between these frameworks will also provide 
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more clarity on what urban water security means and will help with systematically operation-
alizing the concept of water security, including at the urban level. 

Urban areas have been experiencing major transitions and are facing the pressures of 
increasing demands due to population and economic growth, coupled with the climate 
change extremes of floods and droughts (Sadoff 2015; Haddeland et al. 2013; Trinh 2017). 
These conditions pose threats to socio-economic development and human and water secu-
rity, such as inadequate water and sanitation services, failing storm water management, and 
water quality and ecosystem degradation (Wheater and Gober 2015; UNESCO and 
UNESCO i-WSSM 2019; Gheuens et al. 2019) . Eighty percent of GDP is produced in cit-
ies—so there are major economic repercussions (UNESCO World Water Assessment Pro-
gramme 2019). Thus, ensuring urban water security is an urgent challenge that may 
threaten humanity’s food, economic, ecological, and national security if not properly ad-
dressed (Jimenez Cisneros 2014; World Economic Forum 2020; Steffen et al. 2015; Mekon-
nen and Hoekstra 2016; Gerlak et al. 2018). Water security is one of the top priorities for 
policymakers and governments. 

Water security as a concept has received greater consideration over the past twenty 
years in a series of studies and debates, and has become a common currency among re-
searchers, development partners, and policy-makers focused on adding value to urban wa-
ter management (Staddon and Scott 2018; Vörösmarty et al. 2010). Most water security 
assessments have been undertaken at a regional and national level, which may not always 
be applicable at the local level. Understanding water security is a complex undertaking, with 
different definitions, interpretations, and assessments used across disciplines; conceiving it 
variously as national, political, technical, or human security (Pahl-Wostl 2007; Bakker 2012; 
Garfin et al. 2016; Halbe et al. 2013; van Beek and Arriëns 2014; Grey and Sadoff 2007). 
Water security is also typically a primary goal of water management, along with related con-
cepts such as integration, sustainability, adaptability, resiliency, and the water, energy, and 
food nexus (Biswas 2004; Cairns and Krzywoszynska 2016; Al-Saidi and Elagib 2017; 
Giordano and Shah 2014; Clement 2013). 

Recent studies have demonstrated the evolution of numerous definitions and assess-
ment frameworks for water security over the past decade (Allan et al. 2018). However, there 
is still no agreed-upon understanding of how to operationalize and identify an assessment 
framework to measure the current state and the dynamics of water security, including at the 
urban level. Moreover, there is no clear and widely endorsed definition of urban water secu-
rity (Clement 2013; Allan et al. 2018; Cook 2013; Nazif et al. 2013; Howlett and Cuenca 
2016; Damkjaer and Taylor 2017). Water security is framed in different ways; some frame-
works focus on risks, while others have adopted a broad understanding with a focus on the 
development of water resources to meet human needs (Clement 2013; Giordano 2016; Gar-
rick and Hall 2014). There is a significant similarity and overlap between the three widely-
used definitions of water security: Those of Global Water Partnership, World Bank (Grey 
and Sadoff), and UN-Water (Zeitoun et al. 2016; Hoekstra et al. 2018; Global Water Part-
nership 2000; UN Water 2013). 



Assessment Framework for Urban Water Security 
 
 

22                                                                Schriftenreihe WASSER • ABWASSER • UMWELT, Kassel 
 

UN-Water has adopted a holistic and interdisciplinary definition, capturing all perspec-
tives and dimensions, and thus it should be the basis of the national water security frame-
work. Most national water strategies are built upon the principle of integrated water re-
sources management (IWRM) as a process and as a good framework for achieving water 
security and linking water with society (Hussein 2019). However, IWRM implementation has 
been criticized for failing to provide comprehensive solutions to the challenges, uncertain-
ties, and complexity of water management (Phillis et al. 2017). 

Many studies have emphasized the lack of assessment of water security and application 
of water security measures at the local level (Cook 2013; Grey et al. 2013; Srinivasan et al. 
2017). These should reflect the considerable variation in dynamics of water security at the 
local level, in order to address urban water challenges effectively and provide decision-mak-
ers with robust policy instruments and measures to achieve urban water security (Allan et 
al. 2018; Rouse 2013). Among the broad definitions and assessment frameworks for water 
security, many well-established arrays of indicators have been applied at the city level to 
provide different perspectives on water security (Falkenmark et al. 1989). The most widely 
used indicators include: 

 Stand-alone indexes, such as the water stress index and the water poverty index (Sulli-
van 2002; Lawrence et al. 2002; Jensen and Wu 2018). These are conceived to be 
applied at all levels, including at the city level, but they are not salient and narrow enough 
to capture the dynamics and multiple aspects of urban water security (Gassert et al. 
2014; Komnenic et al. 2009). In addition, the thresholds used are often arbitrary and not 
based on scientific principles. 

 Composite indicators, such as Asian Development Bank’s urban water security index 
(Asian Development Bank 2013, 2016), which forms part of its national water security 
rankings, using averages of all urban areas, and is thus likely to be used by decision-
makers at the urban level. A city-specific water index can be developed and applied by 
including the city blueprint framework (CBF) to capture issues of urban water security 
(Phillis et al. 2017; van Leeuwen et al. 2015; Siemens 2012; Arcadis 2015; Berg 2000), 
but it seeks specifically to measure the implementation of integrated water resources 
management (IWRM) in different cities, and also to benchmark cities on their resilience 
at the social, economic, and environmental dimensions (Berg and Marques 2011). 

We note that that there is significant overlap, and sometimes even confusion, between 
the utility benchmarks, which measure operating and financial performance as part of the 
management and regulatory system; and water security indicators, which are broader in 
scope and linked to decision-makers rather than managerial targets. 

This paper aims to address the knowledge gap by providing a new working definition 
and assessment framework with different dimensions of urban water security. 

 Methodology to Develop the Assessment Framework for Urban Water Security 
The proposed framework has been developed according to the needs and special char-

acteristics of urban water security, so as to evaluate current and future state of water security 
in a scientifically sound way, using a standard methodology for constructing indicators based 
on the definition of urban water security. 
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The methodology for operationalizing urban water security is based on six systematic 
steps, as shown in Figure 2.1, starting with (1) understanding how water is managed in a 
water-scarce city; (2) what we mean by urban water security; (3) then proposing a working 
definition; (4) putting in place an urban water security framework based on a working defini-
tion that includes sustainable development goal on water and sanitation SDG6 and the 
United Nations (UN) human rights to water and sanitation; (5) interpreting this framework for 
decision-makers; and (6) measuring the index. 

 

 
Figure 2.1. The framework cycle to operationalize urban water security. 

2.1. Understanding the Urban Water System 

Many cities are at risk of running out of water, with water supply crises rated as one of the 
top global threats in terms of likelihood and impact, both on the quantity and quality of fresh-
water resources, as per the Global Risks report 2019 (World Economic Forum 2020). The 
typical mode of water supply in urban systems is designed to provide continuous safe, clean 
drinking water (Vairavamoorthy et al. 2007). Today, increased urbanization and climate 
change are putting a great pressure on water supply, and as a result, 1.2 billion people are 
receiving water less than 24 h a day under intermittent water supply systems, which are 
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running in downward spiral (simplified in Figure 2.2) (Charalambous and Laspidou 2017; 
Sashikumar 2003). 

Intermittent water supply can cause severe urban water insecurity, with water quality 
degradation and public health problems, increased leakage and accelerated wear and tear, 
illegal uses, lowered service quality, and ineffective demand management (LeChevallier et 
al. 2003; Choe et al. 1969; Coelho et al. 2003). 

 
Figure 2.2. The downward spiral of intermittent water supply IWS/Source (Charalambous 

and Laspidou 2017). NRW, non-revenue water. 

The key to developing an assessment framework for urban water security is gaining a 
better understanding of the urban water system and the factors that influence its insecurity. 
So, the first step is necessarily a diagnostic approach to answer the following questions: 
How is water managed and operated, what are the constraints acting upon the infrastructure, 
and what strategies can be introduced to the infrastructure to achieve urban water security? 

This diagnostic has been elaborated in a recent papers (Aboelnga et al. 2018b; Saidan 
et al. 2019), which outlined conducting a water balance in the case of a water-scarce city 
(Madaba, Jordan): Measuring inflow and outflow and examining the causes of the high level 
of water losses in the distribution network, the vulnerabilities of the water system that cause 
insecurity, water-related risks, and emerging water-related issues, such as intermittent water 
supply in the context of changing climate and increasing demand. 

The study offered recommendations to reduce the physical losses as an important com-
ponent of water losses that affect urban water security through an infrastructure, repair, 
economic, awareness, and pressure (IREAP) framework as a way of systematically engag-
ing the non-revenue water (NRW) challenge in Jordan (Aboelnga et al. 2018b). 
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2.2. Working Definition of Urban Water Security 
The second step involves defining the term “urban water security”. The working defini-

tion sets up the criteria and benchmarks by which the system will be evaluated. It is clear: 
There is no widely recognized definition of urban water security. In terms of widely-refer-
enced definitions (Table 2.1), a recent review has identified 25 definitions of water security, 
of which only three relate to the urban level (Allan et al. 2018). 

Table 2.1. Common global water security definitions (Global Water Partnership 2000; Grey 
et al. 2013; UN Water 2013). 

Definition of Water Security References 

Water security, at any level—from the household to the global—
means that every person has access to enough safe water, at an 
affordable cost, to lead a clean, healthy, and productive life, while 
ensuring that the natural environment is protected and enhanced. 

Global Water 

Partnership  

Water security is the availability of an acceptable quantity and qual-
ity of water for health, livelihoods, ecosystems, and production, 
coupled with an acceptable level of water-related risks to people, 
environments, and economies. 

World Bank 

 

Water security is the capacity of a population to safeguard sustain-
able access to adequate quantities and acceptable quality of water 
for sustaining livelihoods, human well-being, and socio-economic 
development, for ensuring protection against water-borne pollution 
and water-related disasters, and for preserving ecosystems in a cli-
mate of peace and political stability. 

UN-Water  

 

2.3. The Proposed Working Definition of Urban Water Security 
To build a definition for urban water security, we have examined the existing definitions 

and found that the UN-Water definition has the merits of being holistic yet general. In order 
to be more useful, further analysis and specification is required.  

This study suggests changes in the UN-Water definition to derive perspectives from the 
sustainable development goal of clean water and sanitation “SDG6” and the UN human 
rights of water and sanitation in Resolution 64/292, which specifies different elements em-
bedded in urban water security (UNESCO and UNESCO i-WSSM 2019). We propose an 
urban water security definition which emphasizes the role of water stakeholders to define 
the elusive terminologies embedded in the definition, such as adequate and acceptable, as 
it will not be a one-size-fits-all proposition. 

Therefore, urban water security can be defined as “The dynamic capacity of water sys-
tems and stakeholders to safeguard sustainable and equitable access to water of adequate 
quantity and acceptable quality that is continuously, physically and legally, available at an 
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affordable cost for: sustaining livelihoods, human well-being, and socioeconomic develop-
ment, ensuring protection against waterborne pollution and water-related disasters, and for 
preserving ecosystems in a climate of peace and political stability”. 

The proposed definition makes several significant contributions and improvements to the 
UN-Water definition of water security and the existing water security definitions that might 
be applied to the urban context. The dynamic capacity of water system is meant to perform 
the dual role of providing continuous water services without water losses in the system while 
being resilient to climate extremes such as floods and droughts. The dynamic here means 
the capability of water stakeholders and water infrastructure to purposefully adapt to climate 
change and water related hazards while also including the concept of making decision under 
uncertainty. 

Besides, the definition incorporates aspects from the UN resolution 64/292 of human 
rights to water and sanitation such as the equitable access to water, continuity of water 
supply, physical and legal accessibility, and affordability of water services. 

 Urban Water Security Assessment Framework 

3.1. Setup the System Boundary and the Assessment Framework 

The study considers the entire urban water cycle in peri-urban and urban areas, including 
the social, economic, institutional, and environmental dimensions that affect the perfor-
mance of urban water systems. The urban water system includes main processes in the 
water cycle: Drinking water production, water treatment plants, drinking water storage and 
distribution, and wastewater collection, treatment, and discharge. 

The system boundary is determined by two factors: The spatial and temporal scales. The 
spatial scale refers to the physical size of the system. In the context of the present research, 
the urban area comprises the following features: The entire geographical area of a city, all 
its inhabitants, and all users of its water resources. The temporal scale is set enough to 
measure the dynamic status of urban water security. 

Based on the working definition of urban water security and the definition of the system 
boundary, the next step is the core of the assessment: Selection and categorization of a 
tailored set of indicators at the urban level. The index is based on a weighted aggregate 
score to assess water security in urban areas. Design of the framework includes: Scoping 
to identify issues and problems and to set priorities; examining risks and development of 
criteria; and a review of data availability. At the end of the design stage, the goal is to have 
developed sets of indicators to measure urban water security. 

It is crucial to understand the dynamics of water security and their associated holistic 
perspectives, which can provide the foundation of the assessment with robust indicators and 
variables to divide the urban water security into four main dimensions, as shown in Figure 
2.3. 
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Figure 2.3. The proposed urban water security assessment framework. 

3.1.1. Drinking Water and Human Well-being 

Availability and diversity of domestic water resources (e.g., desalination, water reuse, rain-
water harvesting) should be analyzed, considering accessibility, rationality, and efficiency of 
water and energy systems, as well as quality, adequacy and equity, and dependency on 
other sources (Table 2.2). 

Water availability is one of the common indicators for measuring water scarcity in terms of 
the water stress index (Falkenmark et al. 1989). Diversity of water resources is key to achiev-
ing urban water security, as it mitigates the risk of dependency on one water source by 
securing alternative sources and mitigations to meet the demand (e.g., desalination, 
wastewater reuse, water harvesting) (Jimenez Cisneros 2014). 

Urban Water Security 

 Framework 
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It is of paramount importance to improve the capacity of the system to safeguard sustainable 
and integrated water supply from different sources (Howard and Bartram 2003) . In addition, 
energy plays a great role in securing and driving water to households and operating 
wastewater treatment plants (Wakeel et al. 2016). Lack of energy supplies forces many cit-
ies with intermittent water supply to reduce energy supply time (Vairavamoorthy et al. 2007; 
Charalambous and Laspidou 2017). 

The UN human right to water specifies that the water supply must be sufficient and contin-
uous (UNESCO World Water Assessment Programme 2019). According to the World Health 
Organization (WHO), between 50 and 100 L of water per person per day are required to 
ensure that most basic requirements are met and that few health concerns arise (Howard 
and Bartram 2003; World Health Organization 2017). Water consumption is paramount to 
achieving water security when water is scarce, which requires consuming it in the most ra-
tional and sustainable way to reserve the water available (Arfanuzzaman and Atiq Rahman 
2017). 

The major objectives of the water system and infrastructure involve improving the capacity 
of water utilities to supply water to consumers (Waldron 2005). Infrastructure reliability re-
quires ensuring the right quantity at the required pressure and of adequate quality. In an 
unreliable system, shortages may result from failures of a system’s physical components 
(Vairavamoorthy et al. 2007; Charalambous and Laspidou 2017). We consider the indicators 
of non-revenue water and the energy efficiency of the network to measure the reliability of 
the system (Danilenko et al. 2014; Hamilton and McKenzie 2014). Non-revenue water 
(NRW) includes physical losses, commercial losses, and unbilled authorized consumption. 
Infrastructure leakage puts many cities in a vicious circle, and it can be measured using the 
infrastructure leakage index (ILI), which is the ratio between current annual real losses 
(CARL) and the unavoidable background leakage rate (UARL) (Aboelnga et al. 2018b; Wal-
dron 2005; Hamilton and Charalambous 2013). 

Water quality is a major component of urban water security (World Health Organization 
2017). Issues of water quality are more acute in intermittent water supply systems, due prin-
cipally to infiltration, regrowth within pipes, and the detachment of the bacterial biofilm fol-
lowing variations in pressure and velocity (LeChevallier et al. 2003; Choe et al. 1969). After 
water is supplied to the customers, when there is no flow in the network, people must store 
water in roof top tanks for several days to meet their demand, thereby providing more 
chances for microbial regrowth and degradation of the water quality (Tokajian and Hashwa 
2003). This ultimately results in incidents of opportunistic pathogens and negative effects on 
public health. In addition, the physical accessibility of safely managed water and sanitation 
services is key to achieving the human right to water and sanitation (UN Water 2013). 

Ensuring access to water and sanitation for all is a basic human right and is fundamental to 
achieve the sustainable development goal on safely managed water and sanitation services 
SDG6 (UNESCO and UNESCO i-WSSM 2019). For the purpose of this research, the indi-
cator of average supply time is used to measure the adequacy and equity in water supply 
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systems. Adequacy in this study means that the actual supply of water is sufficient to meet 
everybody’s needs, and this also includes the timing perspective. Equity implies that all peo-
ple within a district metered area receive fair distribution of the limited amount of water avail-
able during the few hours of supply (Ameyaw et al. 2013; Ilaya-Ayza et al. 2017). Adequacy 
and equity in water supply are one of the main challenges faced in water-scarce cities with 
intermittent water distribution systems, in which water wastage is at the highest pressure 
nodes and scarcity at the lowest pressure nodes (Charalambous and Laspidou 2017; Ham-
ilton and Charalambous 2013). Service intermittency poses a great threat to guaranteeing 
people’s access to limited water supply, and inabilities to meet the water demand equally 
negatively impact customers’ satisfaction, with high coping costs and inequitable water dis-
tribution (Charalambous and Liemberger 2017).  

Water dependency ratio—the risk of dependence on one source of water—can be measured 
by the percentage of the total renewable water resources originating outside the city (Food 
and Agriculture Organization of the United Nations 2003). It is a relevant indicator of the 
threats to urban water security—to measure the possibility of tensions, failures, and/or con-
flict over water use and sharing. Thus, a climate of peace and political stability is a manda-
tory factor for imported/transboundary water sources in order achieve urban water security 
(UN Water 2013). Water dependency in cities can be created by insufficient water and risks 
to public health within the boundaries of city or by dependency on upstream flows outside 
the city or country (Mancosu et al. 2015). 

Table 2.2. Indicators, and variables of drinking water and human well-being. 

Indicators Sub-Indicators Variables Units 

Water quantity 

Availability Total water resources)/Total population m3/ca-
pita/year 

Diversity 

Reused wastewater/production of 
wastewater % 

Contribution of alternative water 
sources % % 

Contribution of alternative energy 
sources % % 

Consumption (Authorized consumption )
/(Total population) 

L/ca-
pita/day 

Reliability 

Non-revenue water % 
Infrastructure Leakage Index = (Current 
Annual Real Losses CARL/ Unavoida-
ble Annual Real Losses UARL) 

 

Metered water (percentage of house-
holds whose water consumption is me-
tered) 

% 

Energy efficiency in the network % 
 

Commercial losses from non-revenue 
water % 
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Water quality 
standards 

Drinking water quality  Proportion of drinking water samples 
meeting WHO and local standards % 

Wastewater treatment 
plant 

Proportion of samples of wastewater 
treatment plant meeting WHO and lo-
cally applicable quality standard 

% 

Accessibility 

Proportion of popula-
tion using safely man-
aged drinking water 
services 

(No.of piped water supply users)/(Total 
population) × 100 % 

Proportion of popula-
tion using safely man-
aged sanitation ser-
vices SDG (6.2.1a) 

(No.of piped wastewater users)/(Total 
population) × 100 % 

Adequacy and 
equity 

Average supply time 
compliance with mini-
mum service standard 

Average number of hours/days hr/day 

Transbound-
ary/ 
imported water 
dependency 
ratio 

The percent of annual 
volumes abstracted 
from transbound-
ary/imported water 
bodies to total annual 
available water re-
sources 

 % 

3.1.2. Ecosystems 

The key to achieving urban water security is to have a balance between the exploitation of 
water resources and sustaining and protecting urban ecosystem services as “natural infra-
structure” that is critical to people’s well-being and livelihoods (e.g., pollution and contami-
nation, level of water stress, good ambient water quality, exploiting green roofs and green 
areas, effectiveness of the infrastructure) (Table 2.3) (Wheater and Gober 2015; Clement 
2013). 

State of pollution in terms of untreated wastewater is one of the major risks to ambient water 
quality, public health, and urban water security if it is not treated and discharged properly 
(Mara and Kramer 2006). Although wastewater presents a risk of pollution, it can also pro-
vide many opportunities if this untapped resource is treated as an additional source of water 
and is properly harnessed to mitigate water scarcity (Jimenez Cisneros 2014; Howard and 
Bartram 2003; Rodríguez et al. 2015). 

The indicator bodies of water with good ambient water SDG target 6.3.2 aims to improve 
water quality by reducing pollution, eliminating dumping, and minimizing the release of haz-
ardous chemicals and materials (UNESCO World Water Assessment Programme 2019; 
Vörösmarty et al. 2010). Surface water and groundwater quality can be compared to ambient 
water quality standards, for both chemical and biological pollutants (Allan et al. 2018a). The 
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change in extent of water-related ecosystem is also a relevant indicator to urban water se-
curity, which measures the quantity of water contained in various water-related ecosystems 
(Dickens 2017). 

Green roofing is another often untapped resource for urban agriculture, which can boost 
water security by maximizing the benefits of water from rainwater harvesting (Phillis et al. 
2017; Siemens 2012). Green surface is one of the crucial features of a productive green 
infrastructure for humans’ well-being, sustainability, and health ecosystem (Cornejo et al. 
2014). As a drainage factor, it can intercept water from the canopy and stem areas and 
enhance infiltration into the soil and root systems (van Leeuwen et al. 2015; Arcadis 2015). 

Green areas include all types of urban green spaces that can contribute to the livability, 
sustainability, and resilience of cities, thus achieving urban water security (van Leeuwen et 
al. 2015). The storm water network and sewage system are critical to the resilience of the 
urban water system (Phillis et al. 2017; Koop and van Leeuwen 2015). If they fail to accom-
modate the full load and to work properly, it can cause infrastructure failures and serious 
social and economic losses (Phillis et al. 2017). Sewer blockage can represent one of the 
main threats to the effectiveness of the sewage system, as the system should achieve the 
goal of discharging water efficiently (Danilenko et al. 2014). 

Table 2.3. Indicators and variables of ecosystem. 

Indicators Variables Units 
State of pollution Percentage of safely treated 

wastewater flows (SDG6.3.1b) % 

Bodies of water with 
good ambient water 
quality 

Proportion of samples of water sources 
(surface water or ground water) meet-
ing WHO and locally applicable quality 
standards 

% 

Change in the ex-
tent of water-re-
lated ecosystems 
over time (SDG 
6.6.1):  

Change in quantity of water contained 
within these ecosystems 

(% 
change/year).  

Green roofing Surface area of green roofing in relation 
to total roof surface area % 

Green surfaces 
(drainage factor) 

Green surface area in relation to total 
surface area % 

Effectiveness of 
storm network and 
wastewater net-
work 

Sewer system blockages No. blocka-
ges/km/year 

3.1.3. Climate Change and Water-Related Hazards 

Climate change, which may be exacerbated by water infrastructure, has an impact on 
water-related risks, including flood risk and health-related risks (Haddeland et al. 2013; van 
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Leeuwen et al. 2015; Trinh 2017). As shown in (Table 2.4), the dimension of climate change 
and water-related hazards can be measured by the following indicators: public health, fre-
quency of floods, No. of droughts, flood prone areas, precipitation and temperature. 
The urban water system contributes to climate change in terms of greenhouse gas emis-
sions from energy consumption, water and wastewater treatment, and discharge (Wakeel 
et al. 2016; Smith et al. 2015). 
Public health is one of the core components of urban water security in shaping the city’s 
metabolism. Water-borne diseases represent a huge risk to public health. Many incidents of 
water-borne diseases can lead to urban water insecurity (Assefa et al. 2018). 
Urban flooding may be caused by heavy and/or prolonged rainfall which exceeds the capac-
ity of the drainage system (Assefa et al. 2018; Asian Development Bank 2016). Flooding 
and droughts are natural hazards, with great economic and social impacts on cities (Dama-
nia 2020; Trinh 2017). The growing threat of urban flooding has been a critical test of cities’ 
resilience in the face of climate change (Damania 2020; Asian Development Bank 2013). 
Flood-prone areas need protection and proactive measures to mitigate the risks (Cornejo et 
al. 2014). 

Table 2.4. Indicators and variables of climate change and water related hazards. 

Indicators Variables Units 
Greenhouse Gas (GHG) emis-
sions emitted from the system  

Tons 
CO2eq/year/inha-
bit 

Public health (water-borne dis-
eases) 

Number of potable water contami-
nation incidents (diarrhea) 

number/year per 
100,000 people 

Frequency of floods Number of floods over three years number/years 
No. of droughts  number/year 

Flood-prone areas Surface area of flood-prone area 
in regard to total surface area % 

Average annual precipitation  mm/year 
Average annual temperature  Celsius degree 

Climate change and water security challenges are primarily about adaptation and mak-
ing development climate resilient. This requires the improvement of our knowledge of cli-
mate impacts and effective technologies and their application and building local capacity for 
improved preparedness and adaptation. 

3.1.4. Socio-Economic Development 

Particular attention must be paid to the actual and potential role of social and economic 
factors and their impacts on water demand and supply, which may hamper the system’s 
ability to meet people’s basic needs and to achieve urban water security (Jimenez Cisneros 
2014; Steffen et al. 2015; Mekonnen and Hoekstra 2016; Gerlak et al. 2018). These factors 
include energy consumption in the water and wastewater system, water and sanitation tar-
iffs, affordability, budget directed to water and wastewater services, cost recovery, illegal 
uses, and customers’ complaints (Table 2.5) (Wakeel et al. 2016; Rodríguez et al. 2015). 
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Water supply systems are heavily dependent on energy to deliver water at an optimal 
pressure to reach households. Energy consumption is related to many factors, such as to-
pography of the area; distance from source to tap; and type, capacity, and efficiency of pump 
stations (Wakeel et al. 2016). 

Water tariff should be a good indicator by which to evaluate the economic value of 
scarce water; thus, targeted tariffs and smart subsidies would contribute to achieving urban 
water security. In many cities, water is highly subsidized by the government. Thus, the water 
tariff is too low to cover the operation and maintenance costs and it discourages efficient 
use of water (Danilenko 2014; Jensen and Wu 2018). 

Cost recovery is a robust performance indicator of a well-managed water utility. It is 
essential to ensure long-term sustainability of water services (Danilenko et al. 2014). Sound 
water management also requires that users consider both the financial costs of supplying 
services and the costs that their use of water imposes on others (externalities, as well as 
“opportunity costs”—which represent the true costs) (Danilenko et al. 2014). Water tariff and 
the high level of non-revenue water are key components of cost recovery in many water-
scarce cities. Illegal uses represent one of the major socio-economic threats to urban water 
security, which can erode the equality of water distribution and cause huge human and eco-
nomic losses (Waldron 2005; Howard and Bartram 2003; Mara and Kramer 2006). 

Water service fees to cover financial costs and ensure minimum water security are es-
sential for two reasons. First, they provide the user with information on the cost of providing 
the service, thereby inducing more considerate use than if the service were free and encour-
aging conservation. Second, revenues from tariffs provide financing for water resources pro-
tection, infrastructure maintenance, and ensuring equitable and reliable service delivery 
(Koop and van Leeuwen 2015; van Leeuwen et al. 2015). 

Affordability is a key factor especially for vulnerable people who cannot afford to pay for 
water (Sullivan 2002; Vörösmarty et al. 2010; Lawrence et al. 2002; Jensen and Wu 2018). 
This indicator can give an approximate measure of the affordability, but it does not include 
the high coping costs of intermittent water supply (Coelho et al. 2003; Choe et al. 1969; 
Aboelnga et al. 2018b). 

The national budget for water and sanitation is crucial to placing water security as a top 
priority (van Beek and Arriëns 2014; Grey and Sadoff 2007). Thus, maximizing public financ-
ing is essential, but it is not enough to bridge the financial gaps. Commercial financing from 
the private sector is also needed to achieve urban water security (Steffen et al. 2015; Me-
konnen and Hoekstra 2016). 

Customer satisfaction is a key indicator of urban water security, as it means that the 
utility is capable of operating and managing the water system in a manner that satisfies the 
water demand. In an intermittent water supply system, complaints about leakage and lack 
of water are among the main issues that put pressure on water utility governance (Char-
alambous and Liemberger 2017). 

The below Tables 2.6–2.9 present the urban water security index scores on a scale from 
1 to 5 for each variable, where 1 represents poor water security and 5 represents excellent 
water security. 
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Table 2.5. Socio-economic indicators and variables. 

Indicators Variables Units 
Water energy con-

sumption 
Average energy consumption in 
cubic meter urban water supply. kW h/m3 

Wastewater energy 
consumption 

Average energy consumption in 
cubic meter wastewater treatment kW h/m3 

Water tariffs Water tariff per 15 m3 $/m3 
Sanitation tariffs Wastewater tariff per 15 m3 $/m3 

Affordability 

Financial Water, sanitation and hy-
giene (WASH) expenditure as per-

centage of household income 
% 

Water and Wastewater Ser-
vices (WWS) Charges as percent-
age of average household income 

% 

Percentage of na-
tional budget directed 

to WWS % 
 % 

Operation and 
maintenance cost re-

covery 

Operating expenditure/operating 
revenue % 

No. of illegal uses  
num-

ber/year/10,000 
subscribers 

No. of total complaints 
(leakage, no water, 

blockage) 
 

num-
ber/year/10,000 

subscribers 

In sum, these perspectives signal the direction of change required to improve water 
security. A more water-secure city can be achieved by improving the four dimensions and 
their indicators. 

3.2. Normalization and Interpretation of the Results 
Normalization is a key step of the decision-making process to convert the results of each 

component in different units into a common scale and comparable units. Normalization and 
presentation of the results of the indicators should be aggregated in order to reflect the sta-
tus and aspirational values of each indicator, since they have different units, so that that 
indicators are dimensionless in a range from 1 to 5. This process will allow us to better 
understand the bottlenecks, identify future intervention strategies, and facilitate communi-
cation between different water stakeholders. 

The establishment of ranges and scores for each indicator of achieving urban water 
security is aspirational and hangs on the dynamic capacity of the water system and stake-
holders to achieve the ambitious UN sustainable development goals on water and sanitation 
(SDG6). 
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Table 2.6. Thresholds of drinking water and human well-being. 

Variable 1 2 3 4 5 References 

Fresh water per 
capita <500 500–

800 
800–
1000 

1000–
1700 >1700 

(Jensen and 
Wu 2018; 
Falkenmark et 
al. 1989) 

Reused 
wastewater/pro-
duction of 
wastewater 

<10 10–30 30–50 50–70 >70 (Mara and Kra-
mer 2006) 

Contribution of 
alternative water 
sources % 

<5 5–15 15–30 30–60 >60 Authors 

Contribution of 
alternative en-
ergy sources % 

<5 5–15 15–30 30–60 >60 Authors 

Authorized con-
sumption per 
person per day 

 21–50 51–90 91–100  
(World Health 
Organization 
2017) 

Non-revenue 
water  25–20 20–15 15–10 10–0 (Waldron 

2005) 

Infrastructure 
leakage index = 
CARL/UARL 

 3–2.5 2.5–2.0 2.0–1.5  

(Hamilton and 
McKenzie 
2014; Waldron 
2005) 

Metered water 
(percentage of 
households 
whose water 
consumption is 
metered) 

0–60 61–70 71–80 81–90 91–100 
(Hamilton and 
McKenzie 
2014) 

Energy effi-
ciency in the net-
work 

<40 40–50 50–60 60–80 >80 Authors 

Commercial 
losses from non-
revenue water 

 25–20 20–15 15–10 10–0 

 
(Hamilton and 
McKenzie 
2014) 
 
 
 

Proportion of 
drinking water 
samples meet-
ing WHO and lo-
cal standards 
 

0–60 61–70 71–80 81–90 91–100 
(World Health 
Organization 
2017) 
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Variable 1 2 3 4 5 References 
Proportion of 
samples of 
wastewater 
treatment plant 
meeting WHO 
and locally appli-
cable quality 
standards 

0–60 61–70 71–80 81–90 91–100 
(World Health 
Organization 
2017) 

Proportion of 
population using 
safely managed 
drinking water 
services (SDG 
6.1) 

0–60 61–70 71–80 81–90 91–100 (Assefa et al. 
2018) 

Proportion of 
population using 
safely managed 
sanitation ser-
vices (SDG 
6.2.1a): 

0–60 61–70 71–80 81–90 91–100 (Assefa et al. 
2018) 

Average supply 
time compliance 
with minimum 
service standard 

<8 8–16 17–20 21–23 24 

(Charalam-
bous and 
Liemberger 
2017) 

Percentage of 
annual volumes 
extracted from 
transbound-
ary/imported 
water to total an-
nual available 
water resources 

>60 60–40 40–20 20–10 <10 Authors 
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Table 2.7. Thresholds of ecosystem. 

Variable 1 2 3 4 5 References 
Percentage of 
safely treated 
wastewater flows 
(SDG6.3.1b) 

0–60 61–70 71–80 81–90 91–
100 

(Rodríguez 
et al. 2015) 

Proportion of sam-
ples of water 
sources (surface 
water or ground 
water) meeting 
WHO and locally 
applicable quality 
standards 

0–60 60–70 70–80 80–90 90–
100 

(Mara and 
Kramer 
2006) 

Change in quantity 
of water contained 
within these eco-
systems per year 

>60 60–40 40–20 20–10 <10 (Dickens 
2017) 

Surface area of 
green roofing in re-
lation to total roof 
surface area 

<5 5–15 15–30 30–60 >60 Authors 

Green surface area 
in relation to total 
surface area 

<5 5–15 15–30 30–60 >60 Authors 

Sewer system blo-
ckages (no. blocka-
ges/km/year) 

>300 200–300 100–200 50–100 <50 (Danilenko 
et al. 2014) 

Table 2.8. Thresholds of climate change and water-related hazards. 

Variable 1 2 3 4 5 Refer-
ences 

Greenhouse 
Gas (GHG) 
emissions emit-
ted from the sys-
tem 

>3.5 3.5–2.5 2.5–1.5 1.5–0.5 <0.5 (Smith et 
al. 2015) 

Number of pota-
ble water con-
tamination inci-
dents (diarrhea) 

 800–
500 500–100 100–30  (Assefa et 

al. 2018) 
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Variable 1 2 3 4 5 References 

Surface area of 
flood-prone area 
in relation to to-
tal surface area 

>20 20–15 15–10 10–5 <5 Authors 

Average annual 
precipitation <100 100–

300 300–500 500–700 >700 Authors 

Average annual 
temperature >40 35–40 30–35 25–30 <25 Authors 

Table 2.9. Thresholds of socio-economic. 

Variable 1 2 3 4 5 References 
Per unit energy con-
sumption for urban 
water supply 

>4.5 4.5–3.5 3.5–2.5 2.5–1.5 1.5 (Wakeel et al. 
2016) 

Average energy con-
sumption in cubic 
meter wastewater 
treatment 

>1 1–0.75 0.75–0.5 0.5–25 <0.25 (Wakeel et al. 
2016) 

Water tariff per 15 m3 <0.5 0.5–
0.75 0.75–1 1–1.5 >1.5 (Danilenko et al. 

2014) 

Wastewater tariff per 
15 m3 <0.5 0.5–

0.75 0.75–1 1–1.5 >1.5 (Danilenko et al. 
2014) 

Total annual operat-
ing revenues per 
population served/ 
gross national in-
come (GNI) per cap-
ita; expressed in per-
centage 

>1 0.8–1.0 0.8–0.6 0.6-0.4 <0.4 (Danilenko et al. 
2014) 

Percentage of na-
tional budget directed 
to WWS % 

<1 1–5 5–10 10–20 >20 Authors 

Operation and 
maintenance cost re-
covery 

0–
60 60–70 70–80 80–90 90–

100 
(Danilenko et al. 
2014) 

No. of illegal uses >30
0 

200–
300 100–200 50–100 <50 Authors 

No. of total com-
plaints (leakage, no 
water, blockage) 

>30
0 

200–
300 100–200 50–100 <50 Authors 
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The resulting scores on the urban water index can be interpreted and identified to meas-
ure the level of urban water security, as in the below Table 2.10. (Assefa et al. 2018).  

Table 2.10. Grades of urban water security. 

Grading Urban 
Water Security  

Level of 
Security  Interpretation 

<1.5 Poor 
Urban water security is poor at meeting the basic needs 
of the people. Lack of water governance and manage-
ment is a major concern in all dimensions. 

1.5–2.5  Fair 
Policies and measures are not enough to achieve urban 
water security, with major concerns in almost all dimen-
sions. 

2.5–3.5 Reasonable 
Urban water security is satisfactory to meet the basic 
needs, with gaps in some dimensions that affect the re-
silience and sustainability of the system. 

3.5–4.5 Good  
Sound policies and management exist for achieving ur-
ban water security for most of the dimensions, but some 
improvements are still needed. 

>4.5 Excellent 
Well-managed and water-secure city that is capable of 
meeting demands and resilient to future shocks and risks. 
The index shows high level of security for all dimensions. 

3.3. Measuring Urban Water Security 
For composite indices, weighting and aggregation are familiar challenges due to their 

sensitivity and subjectivity. It should be recognized that assigning explicit weightings, by 
definition, represents only one viewpoint. Thus, water stakeholders should define the 
weighting system to be appropriate in the local context. 

The output of the urban water security index is calculated by aggregating the values of 
the variables. In most studies, equal weights are assigned to all dimensions, indicators, and 
variables to simplify the measurement. This implies that all components are equally im-
portant. However, in order to reflect the local conditions and challenges of developing coun-
tries,  weights in proportion to significance can be used. 

The formulas are simplified when the weights are normalized such that they sum up to 
1, i.e.: 

= 1  

 
The integrated urban water security index IUWSI can be calculated by multiplying the 

weights and the score values of the indicators. The result can be interpreted in terms of level 
of water security, which ranges from <1.5 to >4.5; the bigger the index value is, the better 
the urban water security situation will be. 
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I WSI = , A
  

IUWSI refers to the integrated urban water security index value of a certain city; W refers 
to the weight of the indicators A of the IUWSI. 

 Conclusions 
Framing the challenge of urban water security goes beyond single-issue indicators such 

as water quantity, water quality, or access to water sanitation. Rather, we must think holis-
tically about the four dimensions of DECS—drinking water and human beings, ecosystem, 
climate change and water-related hazards, and socio-economic—in order to arrive at con-
crete solutions that can shift the vicious cycle of water insecurity into a virtuous cycle of 
sustainable and secure cities. 

The dominant threats to urban water security vary geographically and over time. Urban 
water security is not a stagnant goal; it is a dynamic process affected by changing climate, 
political structures, economic growth, and resource degradation. The proposed working def-
inition of urban water security encompasses the challenges of urban and peri-urban areas 
in achieving the goal of secure water for all by underlining the principles of UN human rights 
and sustainable development goals of safely managed water and sanitation. Urban water 
security is defined as the dynamic capacity of the water system and water stakeholders to 
safeguard sustainable and equitable access to adequate quantities of an acceptable quality 
of water that is continuously physically and legally available to meet water demand at an 
affordable cost; in order to sustain livelihoods, human well-being, and socio-economic de-
velopment, to ensure protection against water-borne pollution and water-related disasters, 
and to preserve ecosystems in a climate of peace and political stability. 

This study develops a novel urban water security assessment framework. The intercon-
nections and implications of each indicator in the DECS framework prove that we cannot 
achieve urban water security via water quantity and quality alone but must also change the 
way we look at the quantity of water—from relying on a sole source of fresh water, to a 
diversity of water resources—and preserving the urban water in climate of peace and polit-
ical stability. Developing the urban water security indexes is a complex undertaking, given 
weighting and aggregation issues, but it is essential to be able to quantify the impacts. How-
ever, there is a need for indexes which define some components as more important, and 
therefore, more research is required to define the relative weight of these indexes. 

Despite clear evidence of dwindling water resources and increasing water demands in 
water-scarce cities, many cities continue to count on conventional solutions based on the 
assumption of plentiful water resources and on silo-oriented solutions to increase the quan-
tity of water resources, neglecting other dimensions and indicators. 

Effective management of drinking water in terms of availability, accessibility, water qual-
ity, and adequacy of urban water systems is critical in order to sustain inclusive and inte-
grated urban water systems. Diversity of water resources is critical to achieving urban water 
security and hedging against the risks associated with water resource exhaustion or con-
tamination, such as high-water turbidity in wells during flashfloods and reliance on imported 
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water from outside the city. Reliance on external water supplies poses risks, including com-
petition over water during times of drought and the threat of illegal water uses. Integrated 
urban water management is essential in order to increase the resilience of urban water sys-
tems to external climate extremes. This can be achieved by turning risks into opportunities 
and diversifying the water resources, for instance, through wastewater reuse, desalination, 
rainwater harvesting, and replenishing groundwater. 

This study can help water stakeholders and policymakers target scant resources more 
effectively and sustainably. The developed framework is also generally applicable and can 
be applied to urban and potentially peri-urban areas in any part of the world. It is suggested 
to carry out assessment and monitoring programs on a regular basis to measure progress, 
and also to benchmark urban water security in cities and to develop an environment of com-
petition among cities and utilities to improve the DECS dimensions. 

We emphasize that urban water security is a complex and cross-cutting challenge that 
needs to be addressed holistically in order to achieve SDG 6. It is not only rooted in a single 
indicator such as the availability of freshwater resources to meet the increasing demands, 
but also in the dynamics of the DECS framework, including poor water governance, institu-
tional fragmentation, and ineffective water policies. Thus, we acknowledge the following lim-
itations: 

 Stakeholder engagement is key to designing and applying the DECS framework to 
achieve mutual understanding among water stakeholders of the terms, scores, and 
weights of each indicator to inform decision making about the state of urban water 
security and the actions needed for its improvement. 

 In order to adequately incorporate the dynamics of urban water security, there is a 
need for water stakeholder participation, data considerations, trade-off analyses 
among the various components of DECS framework, governance tools, and incorpo-
rating climate risks and resilience. 

 The assessment framework needs to go through sensitivity analysis and validation 
stages, applying it to real-life case studies representing different scales. 
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Chapter 3: Assessing Water Security in Water-Scarce Cities: Applying the 
Integrated Urban Water Security Index (IUWSI) in Madaba, Jordan 

Abstract 
Water security is a major concern for water-scarce cities that face dynamic water challenges 
due to limited water supply, climate change and increasing water demand. Framing urban 
water security is challenging due to the complexity and uncertainties of the definitions and 
assessment frameworks concerning urban water security. Several studies have assessed 
water security by granting priority indicators equal weight without considering or adapting to 
the local conditions. This study develops a new urban water security assessment framework 
with application to the water-scarce city of Madaba, Jordan. The study applies the new as-
sessment framework on the study area and measures urban water security using the inte-
grated urban water security index (IUWSI) and the analytic hierarchy process (AHP) as a 
decision management tool to prioritise and distinguish indicators that affect the four dimen-
sions of urban water security: drinking water, ecosystems, climate change and water-related 
hazards, and socioeconomic aspects (DECS). The integrated urban water security index 
(IUWSI) highlights the state of water security and intervention strategies in Madaba. The 
study reveals that urban water security in Madaba is satisfactory to meet basic needs, with 
shortcomings in some aspects of the DECS. However, Madaba faces poor security in terms 
of managing climate- and water-related risks. The IUWSI framework assists with a rational 
and evidence-based decision-making process, which is important for enhancing water re-
sources management in water-scarce cities. 

 Introduction 

Water security is widely recognised by policy makers and academics as a global risk and 
policy challenge that transcends national security, endangers the health and livelihoods of 
vulnerable communities, and matters to global security (World Economic Forum 2020; Cook 
and Bakker 2012; Wheater and Gober 2015; Steffen et al. 2015). Since water security is a 
multifaceted challenge, the concept of water security is viewed from diverse perspectives 
that cannot be easily reconciled (Srinivasan et al. 2017; Lankford et al. 2013). It can gener-
ally be seen as the umbrella goal of water resources management toward sustainable de-
velopment thinking with the focus on meeting water demand for societal and ecological 
needs (Bolognesi et al. 2018; Gerlak et al. 2018; Hoekstra et al. 2018). The concept has 
emerged from the need to balance people’s needs with conserving water resources, and is 
reflected explicitly in the United Nations’ Sustainable Development Goal related to water 
and sanitation (SDG6) (UNESCO and UNESCO i-WSSM 2019). 
The world is rapidly urbanizing; villages become towns and towns become cities. The urban 
population has risen dramatically from 751 million (1950) to 4.2 billion (2018) (United Nations 
2018a, 2018b). This trend is expected to continue, such that, by 2050, two-thirds of the 
world’s population will live in cities, and by 2030, there will be 43 densely populated cities 
with over 10 million dwellers (United Nations 2018b). With more than 80% of global gross 
domestic product (GDP) generated in cities, urbanization can play a crucial role in spurring 
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progress towards Sustainable Development Goals 6 and 11 as nations strive to build inclu-
sive, safe, resilient, and sustainable cities (Grübler and Fisk 2013; Nilsson et al. 2016; Zhang 
et al. 2019; Horne et al. 2018). 
The intersection of water security and urbanization poses many issues, ranging from high 
population density and water crises to climate risks and natural disasters (Srinivasan et al. 
2017; Hoekstra et al. 2018; Roth et al. 2019; Hassan Rashid et al. 2018; Sadoff 2015). Rapid 
urbanization has exceeded the capacity of governments to meet the water demand, which 
has led to many water challenges, such as a lack of access to safely managed water and 
sanitation, intermittency of water supply, water quality degradation, failing flood manage-
ment, and environmental degradation (Chang et al. 2015; Clifford Holmes et al. 2014; Chen 
et al. 2015; da Costa Silva 2014; Vairavamoorthy et al. 2007). In recent years, many cities 
have faced serious water shortages, such as Delhi and Chennai (India), Cape Town (South 
Africa), Mexico City (Mexico), and Santiago (Chile), and many cities are likely to run out of 
water in the future (Rajendran 2008; Shepherd 2019; Liu et al. 2018; Burls et al. 2019).  

Water security is a multifaced challenge that hangs on a plethora of socioeconomic, 
public health, governance, anthropogenic, natural risk, infrastructure, and institutional di-
mensions that are hard to align and manage (Grey and Sadoff 2007; Grey et al. 2013; 
Aboelnga et al. 2019; Halbe et al. 2013). The discourse on urban water security in recent 
years has involved many studies, at different levels, on definitions and assessment frame-
works with indicators of water security (Steffen et al. 2015; Hoekstra et al. 2018; Allan et al. 
2018; Jensen and Wu 2018; Shrestha et al. 2018; Garfin et al. 2016; van Leeuwen 2013). 
Most of these assessments are poorly integrated with the needs of policy makers and there 
is thus a clear scalar mismatch (Bolognesi and Kluser 2017; van den Brandeler et al. 2019; 
Bakker 2012). The concept was studied and used in widely diverging ways; the Oxford 
school argues approaching water security with a risk perspective is more pragmatic (Grey 
et al. 2013; Garrick and Hall 2014; Damania 2020), while others emphasize the role of adap-
tive capacity and inclusive governance mechanisms to ensure water security goes with sus-
tainability (Zeitoun et al. 2016; Norman et al. 2013). Others stress the need to develop earth 
observations to increase reliability, comparability and reproducibility (Bolognesi et al. 2018; 
Gain et al. 2016; Vörösmarty et al. 2010). UN-Water looked at water security in its distinct 
aspects and addressed four dimensions, namely drinking water and human well-being, eco-
system, climate change and water related hazards, and socio-economic aspects (DECS 
framework) (UN Water 2013; UNESCO and UNESCO i-WSSM 2019). However, the major 
challenges of such all-encompassing studies are the complexity of operationalising the con-
cept of water security holistically and captured it in one metric or in a robust policy action 
(Lankford et al. 2013). 

Our recent study (Aboelnga et al. 2019) thoroughly investigated the holistic view of ur-
ban water security and proposed a new working definition and assessment framework, 
based on the sustainable development goal related to water and sanitation SDG6 (UNESCO 
and UNESCO i-WSSM 2019) and the UN human rights to water and sanitation resolution 
64/292 (United Nations Human Rights Council 2010; Hall et al. 2014). According to the au-
thors, urban water security should be defined as “The dynamic capacity of water systems 
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and stakeholders to safeguard sustainable and equitable access to water of adequate quan-
tity and acceptable quality that is continuously, physically and legally, available at an afford-
able cost for: sustaining livelihoods, human well-being, and socio-economic development, 
ensuring protection against waterborne pollution and water-related disasters, and for pre-
serving ecosystems in a climate of peace and political stability” (Aboelnga et al. 2019). 

This study takes a systematic approach to address the above challenges by assessing 
water security in its DECS assessment framework and capture it in one single metric, namely 
the integrated urban water security index (IUWSI). We applied this approach in Madaba, 
Jordan to represent water scarce city with complex challenges, that could characterize the 
water challenges of many cities around the world. Jordan’s water security is a fundamental 
challenge to the country’s stability (Schyns et al. 2015). Jordan is one of the top water-scarce 
countries in the world (Hadadin et al. 2010; Ministry of Water and Irrigation 2019). It is ex-
tremely vulnerable as it is facing great pressures on water resources that include long-term 
drought, a high level of nonrevenue water, illegal use, transboundary water competition, and 
an influx of refugees (Yorke 2016; Scott et al. 2003; Törnros and Menzel 2014). Drinking 
water is supplied on an intermittent basis—once or twice per week—in most cities, with a 
high level of nonrevenue water (48%) in 2017 (Ministry of Water and Irrigation 2017, 2016c; 
Aboelnga et al. 2018; Miyahuna 2018). Intermittency of water supply leads to a vicious cycle 
of urban system degradation and water insecurity (Charalambous and Laspidou 2017; Coe-
lho et al. 2003; Ilaya-Ayza et al. 2016).  

Jordan has been experiencing increasing demands due to population growth and an 
influx of displaced people, coupled with climate change, which significantly widens the gap 
between water supply and demand (Ministry of Water and Irrigation 2019; Al-Kharabsheh 
and Ta'any 2005). By the year 2025, if the current trajectory remains in place, Jordan may 
face a serious, long-term water crisis, since the per capita water supply will drop from the 
current 145 m3/year to only 91 m3/year, reaching a water deficit of 630 × 106 m3/year (Yorke 
2016; Ministry of Water and Irrigation 2016c; El-Naser 2009).  

The main objectives of this study are to (1) apply the new DECS framework and IUWSI 
in Madaba, Jordan, by assessing and normalizing the indicators toward the levels of urban 
water security; (2) put in place a mechanism for the prioritization of urban water security 
according to the DECS dimensions and indicators, by considering the local conditions; and 
(3) measure the integrated urban water security index to identify the gaps and threats to the 
DECS dimensions and indicators that are to be used as a decision-support tool for better 
formulation of water security plans. 

  Methods 

2.1. Study Area 
The working definition and assessment framework were applied in a water-scarce city 
(Madaba, Jordan) in order to assess the existing urban water security status and guide de-
cision makers toward appropriate intervention strategies. Madaba lies in the middle of Jor-
dan and is situated 35 km southwest of Amman. The governorate of Madaba is divided into 
the Madaba directorate and the Dhiban directorate. It spans an area of 1000 km2 and had a 
population of 200,000 in 2018 (Miyahuna 2018; Department of Statistics 2016).  
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Ninety-eight percent of people in Madaba have access to the water service, but only 
65% are connected to the wastewater network (Miyahuna 2018; Miyahuna Madaba 2016). 
Water is distributed from the Madaba reservoir to eight main zones on a weekly schedule, 
with inequality of supply hours due to the intermittent water supply (Aboelnga et al. 2018; 
Saidan et al. 2019; Miyahuna Madaba 2016). Consumers are therefore forced to rely on 
alternative water sources such as storing water in large tanks and buying water directly from 
tanker truckers—private water vendors—to meet their water demands and to use for various 
coping strategies. However, these eight zones are for the most part lower than the Madaba 
reservoir and in theory can be served by gravity; the distribution system is inadequate to the 
point that friction losses are higher than the available head and therefore the system is as-
sisted by pumping. 

The total length of the existing distribution network is 1000 km from the wells to the 
customers’ meters, with an average pressure of 0,6 MPa (60 meter of head). Water is 
pumped from an altitude of 330 m a.s.l. to elevations of 750–800 m a.s.l., which requires 
huge amounts of energy. As shown in Figure 3.1, the Madaba governorate is supplied by 
15 wells in Heedan and Wala, which are pumped via the pumping stations in Walah and 
Libb to the main reservoir in Madaba (6000 m3) via a nominal diameter (DN 600) branch line 
off the main transmission line (DN 800) from Libb to Muntazah (Amman). The total produc-
tion from the Heedan well field in 2018 was 10.5 million m3 (Miyahuna 2018). The customers 
of Madaba Directorate are either supplied by the Madaba Reservoir via gravity supply (35%) 
or by direct pumping (65%) from the Madaba Pumping Station. The existing distribution 
pipework in Madaba itself is 433 km in length plus an additional 187 km for the rest of the 
directorate, with pipe sizes ranging from DN 50 up to DN 600 (Aboelnga et al. 2018; Saidan 
et al. 2019). 
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Figure 3.1. The elevation and water system of Madaba, Jordan. 

2.2. Assessment Framework and Normalization 
The methodology of the paper is based on (Aboelnga et al. 2019) assessment frame-

work of urban water security as a means of understanding the following four dimensions: 
drinking water, the ecosystem, climate change and water-related hazards, and socioeco-
nomic aspects—called the DECS framework. The methodology can be summarised as fol-
lows: 

1. Measure the indicators of the DECS framework in Madaba, Jordan. 
2. Normalization and representation of the results. 
3. Assigning weights, aggregation of results, and measuring the IUWSI. 

Tables 3.1–3.4 represent the indicators on a common scale—since they have different 
units—from 1 to 5, where 1 is poor and 5 is excellent. The thresholds of the indicators are 
relevant to be applied in any city and based on detailed literature reviews in the domain of 
water security (Aboelnga et al. 2019). 
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The indicators have been chosen based on relativeness, measurability, transparency, 
and data availability. In this study, all the data required to assess the urban water security 
in Madaba were secondary data obtained from recent publications assessing the urban wa-
ter supply and greenhouse gases GHG emissions (Aboelnga et al. 2018; Saidan et al. 2019), 
as well as from national reports from bodies such as the Ministry of Water and Irrigation in 
Jordan, the Ministry of Health, and Madaba’s Water and Wastewater Utility (Ministry of Wa-
ter and Irrigation 2017, 2016c, 2016b, 2016a; Miyahuna Madaba 2016; Ministry of Health 
2016).  

Table 3.1. Indicators, variables, and representation of the variables’ scores in relation to the 
1–5 scale of drinking water and human well-being (Aboelnga et al. 2019). 

Indicators Variables Units 1 2 3 4 5 
Water 
availability 

Fresh water per ca-
pita 

m3/ca-
pita/year 

<50
0 

500–
800 

800–
1000 

1000–
1700 >1700 

Diversity of 
water and 
energy 
sources 

Reused 
wastewater/pro-
duction of 
wastewater 

% <10 10–
30 30–50 50–70 >70 

Contribution of al-
ternative water 
sources, % 

% <5 5–15 15–30 30–60 >60 

Contribution of al-
ternative energy 
sources, % 

% <5 5–15 15–30 30–60 >60 

Consump-
tion 

Billed authorized 
consumption per 
person per day 

L/capita/ 
day  21–

50 51–90 91–100 

 
 

 
 
 

Reliability 

Non-revenue water %  25–20 20–15 15–10 10–0 
Infrastructure 
leakage index    3–2.5 2.5–2.0 2.0–1.5  

Metered water 
(percentage of 
households whose 
water consumption 
is metered) 

% 0–
60 61–70 71–80 81–90 91–

100 

Energy efficiency in 
the network % <40 40–50 50–60 60–80 >80 

Commercial losses 
from non-revenue 
water 

%  25–20 20–15 15–10 10–0 

Water qua-
lity 

Proportion of drink-
ing water samples 
meeting WHO and 
local standards 

% 0–
60 61–70 71–80 81–90 91–

100 
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Proportion of sam-
ples of wastewater 
treatment plant 
meeting the world 
health organisation 
WHO and locally 
applicable quality 
standards 

% 0–
60 

61–
70 71–80 81–90 91–100 

Accessibi-
lity 

Proportion of popu-
lation using safely 
managed drinking 
water services  

% 0–
60 

61–
70 71–80 81–90 91–100 

Proportion of popu-
lation using safely 
managed sanita-
tion services  

% 0–
60 

61–
70 71–80 81–90 91–100 

Adequacy 
and Equity 

Average supply 
time compliance 
with minimum ser-
vice standard 

hr./day <8 8–16 17–20 21–23 24 

Water bo-
dies’ De-
pendency 
Ratio 

Percentage of im-
ported water from 
transboundary/sys-
tem input volume 

% >60 60–
40 40–20 20–10 <10 

Table 3.2. Indicators, variables, and representation of the variables’ scores in relation to the 
1–5 scale of ecosystems (Aboelnga et al. 2019). 

Indicators Variables Units 1 2 3 4 5 

State of pol-
lution 

Percentage of 
safely treated 
wastewater flows 
(SDG6.3.1b) 

% 0–60 61–70 71–
80 81–90 91–

100 

Proportion 
of Bodies of 
Water with 
Good Ambi-
ent Water 
Quality 
(SDG6.3.2) 

Proportion of sam-
ples of water 
sources (surface 
water or ground 
water) meeting 
WHO and locally 
applicable quality 
standards 

% 0–60 60–70 70–
80 80–90 90–

100 

Change in 
the Extent of 
Water-Re-
lated Eco-
systems 
over Time 
(SDG 6.6.1) 

Change in quantity 
of water contained 
within these eco-
systems per year 

(% 
change/y
ear) 

>60 60–40 40–
20 20–10 <10 
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Green roo-
fing 

Surface area of 
green roofing in re-
lation to total roof 
surface area 

% <5 5–15 15–
30 30–60 >60 

Green 
surfaces 

Green surface area 
in relation to total 
surface area 

% <5 5–15 15–
30 30–60 >60 

Effective-
ness of 
storm net-
work and 
wastewater 

Sewer system blo-
ckages (no. blocka-
ges/km/year) 

No. blo-
cka-
ges/km/y
ear 

>300 200–300 
100
–
200 

50–
100 <50 

Table 3.3. Indicators, variables, and representation of the variables’ scores in relation to the 
1–5 scale of climate change and water-related hazards (Aboelnga et al. 
2019).  

Indicators Variables Units 1 2 3 4 5 

GHG emis-
sions 

Greenhouse gas 
(GHG) emis-
sions emitted 
from the system 

kg CO2/m3 >3.5 3.5–
2.5 

2.5–
1.5 

1.5–
0.5 <0.5 

Public 
health (wa-
ter borne 
diseases) 

Number of pota-
ble water con-
tamination inci-
dents (diar-
rhoea) 

number/year 
per 100,000 
people 00 

800–
500 

500–
100 

100–
30 

 
 
 

 
 
 
 
 
 

Frequency 
of floods 

Number of deaths 
due to flood over 
three years 

number/year 
per 100,000 
people 0 

800–
500 

500–
100 

100–
30  

Frequency 
of droughts No. of droughts       

Flood-prone 
areas 

Surface area of 
flood-prone area 
in relation to to-
tal surface area 

% >20 20–
15 

15–
10 10–5 <5 

Precipitation Average annual 
precipitation mm/year <10

0 
100–
300 

300–
500 

500–
700 

>70
0 

Tempera-
ture 

Average annual 
temperature 

Celsius 
degree >40 35–

40 
30–
35 

25–
30 <25 
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Table 3.4. Indicators, variables, and representation of the variables’ scores in relation to the 
1–5 scale of socioeconomic aspects (Aboelnga et al. 2019). 

Indicators Variables Units 1 2 3 4 5 
Water en-
ergy con-
sumption 
per author-
ized con-
sumption 

Per unit energy 
consumption for 
urban water sup-
ply 

kWh/m3 >4.5 4.5–
3.5 

3.5–
2.5 2.5–1.5 1.5 

Wastewa-
ter energy 
consump-
tion 

Average energy 
consumption in 
cubic meter 
wastewater treat-
ment 

kWh/m3 >1 1–
0.75 

0.75–
0.5 0.5–25 <0.2

5 

Water ta-
riffs 

Water tariff per 15 
m3 $/m3 <0.5 0.5–

0.75 
0.75–
1 1–1.5 >1.5 

Sanitation 
tariffs 

Wastewater tariff 
per 15 m3 $/m3 <0.5 0.5–

0.75 
0.75–
1 1–1.5 >1.5 

Affordabi-
lity 

Total annual op-
erating revenue 
per population 
served/gross na-
tional income 
(GNI) per capita; 
expressed as a 
percentage 

% >1 0.8–
1.0 

0.8–
0.6 0.6-0.4 <0.4 

National 
budget di-
rected to 
water 

Percentage of na-
tional budget di-
rected to water 
and sanitation 
services 

% <1 1–5 5–10 10–20 >20 

Cost 
recovery 

Operation and 
maintenance cost 
recovery 

% 0–
60 60–70 70–

80 80–90 

 
 
90–
100 
 
 

Illegal uses No. of illegal uses 
num-
ber/year/10,000 
subscribers 

>300 200–
300 

100–
200 50–100 <50 

Complaints 

No. of total com-
plaints (leakage, 
no water, block-
age) 

num-
ber/year/10,000 
subscribers 

>300 200–
300 

100–
200 50–100 <50 
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2.3. Weighing the Indicators and Measuring Urban Water Security 
The analytical hierarchy process (AHP) is the most common multicriteria method devel-

oped by Saaty as a decision-making tool for prioritizing indicators of different units of meas-
urement and allows for some small inconsistencies in judgments (Salomon et al. 2016; 
Stypka et al. 2016; Saaty 1987). AHP is widely used in many environmental studies, such 
as urban sustainability, environmental impact assessment, environmental hazards, environ-
mental quality indexing, environmental vulnerability assessment, energy resources alloca-
tion, and water sources security (Ramanathan 2001; Sólnes 2003; Anh et al. 2014; Banerjee 
et al. 2018; Sahoo et al. 2016). 

The free Excel worksheet of an AHP developed by Goepel was used as supporting tool 
for decision-making in Madaba, Jordan, to define the relative importance of each indicator 
of the DECS framework (Goepel 2013, 2018). Pairwise comparisons were used to determine 
the weight of each indicator. The assessment was performed by the authors who are experts 
in the field—including the former minister of water resources in Jordan—and know well the 
water system in the study area. The results of the pair-wise comparisons were arranged in 
a matrix as shown below. 

Despite its broad applicability, the AHP method suffers from a disadvantage: it requires 
a lot of comparisons for decision-making, especially if there are many indicators like the 
dimension of drinking water (Leal 2020). This condition takes time to apply them to many 
water stakeholders. We note the importance of the participatory approach of different stake-
holders to define the relative importance of the indicators. However, we shared the results 
of the model with subject matter experts in the study area and found that the weights of the 
indicators were relatively acceptable.  

The AHP decomposes the complexity of urban water security in the form of a hierarchy, 
descending from an urban water security index to the four dimensions of the DECS frame-
work, including the associated indicators with their relative weights. The model makes use 
of a pairwise comparison to subjectively compare one indicator with another using the ex-
pertise and knowledge of the decision makers as a guide. It compares the urban water se-
curity dimensions and its indicators with different units (pairwise comparisons): first within 
each level of the DECS dimensions, and then between the levels, to identify the importance 
of each indicator from the decision makers’ perspective, using the scale from 1 to 9 given in 
Table 3.5 (Saaty 2000, 2001). 
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Table 3.5. Scale of relative importance according to (Saaty 2000, 2001) 

Scale of  
Im-
portance 

Evaluation Mean-
ing Explanation 

1 Equal importance Two indicators share equal importance to the objective 

3 Moderate im-
portance  

Experience and judgment slightly prefer one indicator 
over another 

5 Strong importance Experience and judgment strongly prefer one indicator 
over another 

7 
Very strong or 
demonstrated  
importance 

An indicator is preferred very strongly over another; its 
dominance is demonstrated in practice 

9 Extreme im-
portance 

The evidence preferring one indicator over another is of 
the highest possible order of importance 

2,4,6,8  Intermediate values 

In order to obtain the priorities of the indicators, the matrices (A1, A2, … An) reflect the 
interaction among a set of n elements by using pairwise comparison for each indicator with 
the other indicators in the same dimension. The judgement of each indicator (Ai, Aj) is char-
acterized here as “aij”. Since aii = 1 for all values of i, the diagonal of the matrix equals 1. 

…
  

The weights of each indicator are represented as (w1, w2, …, wn); the relative importance 
of the indicator over the others is represented as wi/wj. The AHP decision tool compares the 
relative weight of each indicator in a set with respect to the overarching goal. The output of 
the pairwise comparison is presented in a matrix form as follows: 

A = …   

Then problem turns into a general process for calculating the largest eigenvalue corre-
sponding to the eigenvector to assess the Consistency Index (CI), where A is the matrix, x 
is the eigenvector, and  is the eigenvalue. When we divide the CI by the random con-
sistency number, the final value of consistency ratio (CR) is recommended to be less than 
0.10 to be consistent, and if it is more than 0.10, the matrix should be adjusted by reas-
sessing the relative importance [71]: 

A =    
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CI =
1

  

2.4. Building the AHP Model of Madaba, Jordan 
After we assess and make pairwise comparisons to priorities the indicators by evaluating 

two indicators or dimensions at a time in terms of relative importance, the model generates 
a weight for each indicator and a normalized comparison matrix is created as shown in fig-
ures 3.2-3.6. The results of the matrix include the eigenvalue ( ) and the consistency ratio 
(CR) to verify the consistence of decision-making process. 

 
Figure 3.2. Matrix of drinking water and human well-being,  = 11.288, CR = 9.6%. 

 
Figure 3.3. Matrix of ecosystem,  = 6.479, CR = 9%. 
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Figure 3.4. Matrix of climate change and water related hazards, = 7.1%. 

 
Figure 3.5. Matrix of socio-economic aspects,  
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Figure 3.6. Matrix of urban water security,  = 4.248, CR = 5%. 

After we get the weights of each indicator from the AHP model, the integrated urban 
water security index IUWSI can be calculated by multiplying the weights and the score val-
ues of the indicators. The result can be interpreted as shown in Table 3.6 in terms of level 
of water security, which ranges from <1.5 to >4.5; the bigger the index value is, the better 
the urban water security situation will be. 

I WSI = , A
  

IUWSI refers to the integrated urban water security index value of a certain city; W refers 
to the weight of the indicators A of the IUWSI. 
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Table 3.6. Interpretation of the integrated urban water security index scores (Aboelnga et 
al. 2019). 

Grading Urban 
Water Security Level of Security  Explanation 

<1.5 Poor 

Urban water security is poor at meeting the basic 
needs of the people. Lack of water governance 
and management is a major concern in all dimen-
sions. 

1.5–2.5 Fair 
Policies and measures are not enough to achieve 
urban water security, with major concerns in al-
most all dimensions. 

2.5–3.5 Reasonable 

Urban water security is satisfactory to meet the 
basic needs, with gaps in some dimensions that 
affect the resilience and sustainability of the sys-
tem. 

3.5–4.5 Good 
Sound policies and management exist for achiev-
ing urban water security for most of the dimen-
sions, but some improvements are still needed. 

>4.5 Excellent 

A well-managed and water-secure city that is ca-
pable of meeting demands and resilient to future 
shocks and risks. The index shows a high level of 
security for all dimensions. 

 

 Results and Discussion 
The DECS dimensions were assessed using their related indicators, in which each indi-

cator is quantified and normalized to assess the level of water security. After that, weights 
were assigned for the indicators based on the results from the AHP, prioritised to reflect the 
significance and impact of each indicator in the study area.  

3.1. Drinking Water and Human Well-Being 
This dimension was assessed (Table 3.7) in terms of securing an adequate and sus-

tainable quantity of water of an acceptable quality, which is physically, legally, and continu-
ously available to meet the water demand. 

The overall IUWSI for the dimension of drinking water and human well-being is 2.6 
 (a satisfactory level). However, there are major gaps and serious concerns in Madaba—
based on the score results and weights of the indicators—related to the availability of water 
resources and the diversity and reliability of the infrastructure. The fresh water available 
from the Heedan and Wala wells in Madaba is 135 m3/capita/day in 2016, of which irrigated 
agriculture constituted 6.6 million m3, industries 1 million m3, and municipalities 9.0 million 
m3. According to the water-stress index, the available fresh water is 135 m3/capita/day, 
which puts Madaba at the level of absolute water scarcity (less than 500 m3/capita/day). 
Wastewater reuse is an untapped resource in Madaba, in that less than 30% of the treated 
wastewater is being effectively reused for restricted agriculture. The excess water is being 
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discharged onto the land and wasted. This amount would relieve and secure treated 
wastewater for agricultural uses. 

Table 3.7. Values, scores, and relative weights of the drinking of water and human well-
being indicators. 

Indicator Variable Unit Value in 
2016 

Scor
e Weight (%) 

Water 
availability Fresh water per capita m3/ca-

pita/year 135 1 23.4 

Diversity of 
water and 
energy 
sources 

Reused wastewater/production of 
wastewater % 30 1 

9.2 Contribution of alternative water 
sources % % 6.06 2 

Contribution of alternative energy 
sources % % 0 1 

Consump-
tion 

Billed authorized consumption per 
person per day 

L/ca-
pita/day 78.89 3 2.8 

Reliability 

Non-revenue water % 40.7 1 

6.9 

Infrastructure Leakage Index = 
CARL/UARL % 3.12 2 

Metered water (percentage of 
households whose water con-
sumption is metered) 

% 91.02 5 

Energy efficiency in the network % 72.24 4 
Commercial losses from  
non-revenue water % 40% 1 

Water quality 
standards 

Proportion of drinking water sam-
ples meeting WHO and local 
standards 

% 80 3 

30.9 Proportion of samples of 
wastewater treatment plant meet-
ing WHO and locally applicable 
quality standard 

% 80 3 

Accessibility 

Proportion of Population using 
safely managed drinking water 
services 

% 98 5 4.5 

Proportion of population using 
safely managed sanitation ser-
vices (SDG 6.2.1 a) 

% 65 2 4.7 

Adequacy 
and equity Average number of supply h/day h/day 7 2 3 

Water de-
pendency ra-
tio 

The percentage of annual vol-
umes imported water to total an-
nual available water resources 

% 6.06 5 12.6 

Madaba has not secured alternative water resources to safeguard the drinking water 
supply for households. Action in this area is fundamental to achieve a high level of urban 
water security. Water and energy are dependent upon each other, so their deficit is coupled 
in Madaba, with major effects on the urban system and people’s lives. The contribution of 
alternative energy sources, such as renewable energies to Madaba’s water system, is vital 
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to decrease GHG emissions and shifting the intermittent water supply into a continuous 
supply. Thus, diversification of both water and energy resources is essential to achieve ur-
ban water security. 

The reliability of the water infrastructure is measured in terms of nonrevenue water 
(NRW) in Madaba, which is a great challenge on the road to achieving urban water security. 
About 40% of the supplied water is being lost due to physical losses (the infrastructure leak-
age index was 3.12 in 2016), and commercial losses make up 40% of the total nonrevenue 
water. Metering is also a component of commercial losses; 91.02% of households in 
Madaba are connected to meters, but mechanical meters, illegal uses, and billing inefficien-
cies are still a major cause of commercial losses. Energy efficiency programs in Madaba are 
being improved, especially in pump stations, with an average of 72.24% of the total energy 
consumed in the grid. Moreover, adequacy and equity in Madaba are a major concern in 
that people receive water only once or twice per week, for an average of 7 h daily. 

On the other hand, Madaba has a good water security level in terms of water quality, 
accessibility, and water dependency: 1715 water samples from drinking water were tested 
and found to be of high grade, complying with the water quality standards. The same was 
true for wastewater and industrial water (132 samples from the wastewater treatment plant 
and 22 samples from the industrial factory). However, water quality is still a serious issue in 
that turbidity is high in the winter season and the utility is obliged to stop pumping water from 
the wells and import water from the capital, Amman. 

The physical accessibility of water and sanitation services is a key to achieving the basic 
human right to water and salination. According to SDG 6.1.1, 98% of Madaba’s population 
(31,192 subscribers) have access to safely managed drinking water services, while 65% of 
the population (15,462 subscribers) use safely managed sanitation services (SDG 6.2.1 a) 
and are connected to the wastewater network. 

Madaba imports 332,000 m3 of water from Amman during the winter due to heavy rains 
because water turbidity is high and risks to public health are a major concern. Thus, water 
pumping from the wells is halted as a precautionary measure. 

IUWSI Drinking Water and Human beings =

 . . ( ) . . ( ) . ( ) . .
. . . . . . . . . . . . .

2.60  
 

3.2. Ecosystems 
The ecosystem is at a reasonable level (2.52) of water security, as computed from the 

related indicators (Table 3.8), with major gaps in two indicators: pollution and the effective-
ness of the wastewater and storms networks. Sanitation infrastructure is still a significant 
gap; only about 67% of wastewater is being treated in Madaba’s wastewater treatment plant. 
Although wastewater represents a risk in this case, it provides many opportunities if this 
untapped resource is properly utilised for urban agriculture and recharging ground water. In 
Madaba, blockage complaints (3250 in 2016) are an indicator of the inefficiency of the storm 
and wastewater infrastructure. It is crucial to strengthen the resilience of the infrastructure 
for ecosystem and water security. 
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Table 3.8. Values, scores, and relative weights of the ecosystem indicators. 

Indicator Variable Unit Value 
in 2016 Score Weight 

(%) 

State of pol-
lution 

Percentage of safely 
treated wastewater flows 
SDG6.3.1 b 

% 67.37 2 32 

Bodies of 
water with 
good ambi-
ent water 
quality 

Proportion of samples of water 
sources (surface water or 
groundwater) meeting WHO 
and locally applicable quality 
standards 

% 90 4 27.7 

Indicator Variable Unit Value 
in 2016    Score Weight 

(%) 
Change in 
the extent of 
water-re-
lated eco-
systems 
over time 
(SDG6.6.1) 

 (% 
change/year) 5 5 9.2 

Green areas 
Green surface area in re-
lation to total surface 
area 

% 0.001 1 5.6 

Green roo-
fing 

Surface area of green 
roofing in relation to total 
roof surface area 

% 3 1 2.8 

Effective-
ness of 
storm net-
work and 
wastewater 
network 

Sewer system blocka-
ges (No. blocka-
ges/km/year) 

No. blocka-
ges/km/year 3529 1 22.9 

The proportion of bodies of water with good ambient water quality is at a good level. 
Samples from the groundwater from Wala and Heedan wells were tested and confirmed to 
meet the WHO and locally applicable quality standards 90% of the time, while the water 
quality was found to be deteriorated due to water turbidity in the winter. 

However, there are major concerns about the low impact of indicators related to green 
roofing. In Madaba, green roofing has not been deployed since roof tanks take up a consid-
erable area of the roof and local technologies are not in place. Madaba’s green spaces are 
minimal; it may be described as a city in the desert. Madaba is at risk of urban water inse-
curity due to the ecosystem aspect. 
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IUWSI Ecosystem

=  
0.32 2 + 0.277 4 + 0.092 5 + 0.056 1 + 0.028 1 + 0.229 1

0.32 + 0.277 + 0.092 + 0.056 + 0.028 + 0.229
= 2.52 

 

3.3. Climate Change and Water-Related Hazards 
The results for climate change and water-related hazards show poor water security (1.6) 

in most of the related indicators, as summarized in Table 3.9. 

Table 3.9. Values, scores, and relative weights of the climate change and water-related 
hazards indicators. 

Indicator Variable Unit Value Sco
re 

Weight 
(%) 

Greenhous 
Gas (GHG) 

GHG emissions from urban 
water supply and 
wastewater 

kg CO2/m3 6.07 1 3.6 

Public 
health (wa-
ter-borne 
diseases) 

Number of potable water 
contamination incidents (di-
arrhoea) 

Num-
ber/year per 
100,000 pe-
ople 

1728 1 56.2 

No. of 
floods 

Number of deaths due to 
floods over three years 

Num-
ber/three 
years per 
190,000 
people 

13 3 12.7 

No. of 
droughts Drought index  

No 
re-
cords 

  

Flood-
prone 
areas 

Surface area of the flood-
prone area versus total sur-
face area 

% 0.29 1 8 

Precipita-
tion 

Average annual precipita-
tion mm/year 245 2 11.6 

Tempera-
ture 

Average annual tempera-
ture 

degrees 
Celsius 28 4 7.8 

Madaba is a heavily industrial city whose total GHG emissions for the entire water and 
wastewater system are 6.07 kg CO2/m3 (3.4 kg CO2/m3 from water supply + 2.67 kg CO2/m3 
from wastewater) due to the high energy consumption from the pump stations, a high level 
of non-revenue water, and the energy consumed by the Madaba wastewater treatment plant 
(WWTP). 

According to the Ministry of Health [59], Madaba has a record 3475 cases of diarrhoea; 
this may be correlated with the intermittent water supply, which can lead to significant risks 
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to public health due to the potential suction of nonportable water by negative pressure, bio-
film detachment, and microbial regrowth, especially when static conditions occur. Roof tanks 
often increase bacterial regrowth. 

Urban flooding is caused by heavy and/or prolonged rainfall that exceeds the capacity 
of the drainage system. Flooding and drought are natural hazards with a great economic 
and social impact on cities. The growing threat of urban flooding has revealed the poor state 
of the city’ resilience to climate change. Madaba has experienced unprecedent flooding in 
2018, which led to a death of 13 people. The flood prone areas are in Zarqa Main, a valley 
area of 270 km2 that represents 0.29% of the total area of Madaba. 

IUWSI Climate Change and Water related Hazards

=  
0.036 1 + 0.562 1 + 0.127 3 + 0.08 1 + 0.116 2 + 0.078 4

0.036 + 0.562 + 0.127 + 0.08 + 0.116 + 0.078
= 1.6  

 

3.4. Socioeconomic Aspects 

The socioeconomic results of each indicator are in Table 3.10, with major gaps in the fol-
lowing crucial indicators: budget directed to water and sanitation, illegal uses, and custom-
ers’ complaints. In Jordan, only 1.05% of the total budget of the government is directed to 
the water sector. Maximizing the budget directed to the water sector is indispensable to 
achieve urban water security. In Madaba, illegal uses are a great concern; 396 cases were 
reported in 2016. Customer satisfaction is a key factor to achieve urban water security; a 
state in which the utility is capable of operating and managing the water system so as to 
satisfy the water demand. In Madaba’s intermittent water supply system, complaints about 
leakage and no water are one of the main issues that put pressure on the performance of 
the water utility. 

Table 3.10. Values, scores, and relative weights of the socioeconomic indicators. 

Indicator Variable Unit Value Score Weight 

Water energy 
consumption 

Per unit energy con-
sumption for urban wa-
ter supply 

kWh/m3 4.98 1 3.2 

Wastewater 
energy con-
sumption 

Average energy con-
sumption in cubic me-
ter wastewater treat-
ment 

kWh/m3 1.31 1 2.5 

Water tariff Water tariff per 15 m3 $/m3 0.78 3 8.3 
Wastewater ta-
riff 

wastewater tariff per 
15 m3 $/m3 0.15 1 4.3 

Affordability 

Total annual operating 
revenues per popula-
tion served/national 
GNI per capita; ex-
pressed in percentage. 

% 0.58 3 

 
 
 
7.7 
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Indicator Variable Unit 
Value 
in 
2016 

Score Weight 
(%) 

Operation and 
maintenance 
cost recovery 

Operating expendi-
ture/operating revenue % 78 3 10.8 

Illegal uses No. of illegal uses 

Num-
ber/year/10
,000 sub-
scribers 

116 3 22 

Customer’s 
complaints 

No. of total complaints 
(leakage, no water, 
blockage) 

Num-
ber/year/10
,000 sub-
scribers 

1961 1 15.3 

The topography of Madaba and pumping water far from the Heedan and Wala wells play 
a major role in increasing the per unit energy consumption to 4.98 Kwh/m3, coupled with the 
intermittency of water—water is highly pressurized for a short supply time to meet the de-
mand, which causes negative impacts in terms of increasing the greenhouse gas emissions 
as well as on the infrastructure in terms of leakage and high energy consumption. 
Wastewater treatment and discharge consumes 30% of the total energy in the water cycle. 
In Madaba, 1.31 kwh/m3 is the average consumption, mainly due to overconsumption by the 
aerators. However, the Madaba WWTP has the potential to produce biogas; wastewater is 
still an untapped resource to achieve water and energy security for WWTPs in Jordan. 

In Madaba, water is highly subsidized by the government. Thus, the water tariff per 15 
m3 is USD0.78, which is very low, to cover the operation and maintenance costs. Part of the 
water tariff (USD0.15 per 15 m3) contributes directly to wastewater, which is not enough for 
cost recovery and bridging the infrastructure gap as only 65% of Madaba’s population is 
connected to the wastewater network. 

The total annual operating revenue per population served divided by the national GNI 
per capita is 0.58%, an indicator of the affordability of water and sanitation services in 
Madaba. The indicator can give an approximate measure of the affordability, but it cannot 
reveal the high costs of coping with the intermittent water supply in Madaba. The water tariff 
and the high level of nonrevenue water are key components of cost recovery in Madaba; 
the operating revenue can only cover 78% of operating expenditure. 

IUWSI Socio economic =
 . . . . . . . . .

. . . . . . . . .
=

2.237  
 

The overall water security is presented in Figure 3.7 by the score value and the relative 
importance of each indicator. The IUWSI diagram is used to graphically represent the results 
of indicators and its weights with graded colours—ordered by the relative importance of each 
indicator—in order to facilitate the visualization of the state of urban water security and the 
needed intervention strategies in Madaba, Jordan. 



Assessment Framework for Urban Water Security 
 
 

Schriftenreihe WASSER • ABWASSER • UMWELT, Kassel  63 
   

The level of water security in Madaba is represented below by the cumulative single 
index IUWSI. 

IUWSI =  
0.662 2.6 + 0.171 2.52 + 0.102 1.6 + 0.064 2.237

0.662 + 0.171 + 0.102 + 0.064
= 2.5 (    ) 

 

 
Figure 3.7. The integrated urban water security index (score value: solid red circles) and 

the relative importance (percentage values) of each indicator in Madaba, 
Jordan. The colour (hue and tint) ramp denotes the relative weight for each 
indicator. The water security scale begins at 0 and increases, moving to-
ward the outside edge of 5, which represents the high level of water security. 
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 Conclusions 
It is clear that there are a plethora of issues that can help explain the current urban water 
security figures in Madaba. This study develops a systematic approach to study the dynam-
ics of urban water security using the IUWSI in the water-scarce city of Madaba, Jordan. The 
overall IUWSI in Madaba shows a satisfactory level—that is, it can meet basic demands but 
has inefficient water governance due to centralized decision-making and focuses on just 
one dimension of urban water security—drinking water. The degree of water security in 
Madaba in the dimensions of drinking water and the ecosystem is satisfactory, but with weak 
major indicators: water availability, diversity, reliability, pollution, and effectiveness of water 
and storm networks. 
The socioeconomic and climate change dimensions are fair and poor, respectively, with 
major concerns about the related indicators of the budget directed at illegal water uses, 
customer complaints, public health, and floods. Addressing all the aforementioned indicators 
would strengthen the capacity of the system and allow water stakeholders to achieve urban 
water security. 
Despite clear evidence of dwindling water resources and increasing water demands, 
Madaba continues to count on conventional (non-renewable) solutions to groundwater and 
silo-oriented solutions to meet the basic needs of drinking water, neglecting crucial dimen-
sions and indicators of the DECS framework. In Madaba, urban water management is linear 
and discounted from the entire water cycle; water is mainly abstracted from the Heedan and 
Wala wells with limited thought given to sustainability constrains, the vulnerability of the 
ecosystem, fragmented socioeconomic development, or wastewater and stormwater man-
agement. 

Accordingly, the study makes the following key policy recommendations about urban 
water security in Madaba based on the results of the indicators in terms of high relative 
weights with low scores: 

 The urban water security index provides the water stakeholders with a clear 
understanding of the challenges and what is needed for achieving water secu-
rity in Madaba. 

 Diversity of water resources in Madaba is a major concern, and vital to in-
crease the availability of water resources and achieve the overall urban water 
security. Wastewater reuse and nonrevenue water are untapped resources in 
Madaba and would have a great positive impact on the reliability of the system. 

 The dangers of high-water turbidity in Madaba’s wells during flash floods—
which are increasing as a result of climate change—made the system depend-
ent on external sources and imported water from the capital, Amman. Climate 
resilience measures are necessary to mitigate climate extremes in the future. 

 Intermittent water supply in Madaba poses risks to water quality and water 
services in terms of adequacy and equity. 

 Access to safely managed sanitation is crucial to improving water security and 
reducing pollution in Madaba. 
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 Green roofing and urban agriculture should receive a lot of attention to improve 
the ecosystem dimension. 

 Adaptative management and IWRM based on public participation and 
knowledge exchange can increase the adaptivity capacity in the face of climate 
change and water-related hazards, which are critical to the resilience of people 
and infrastructure and to achieve water security. 

 Energy consumption in Madaba’s water supply is high due to the topography 
and energy losses. Investing in energy efficiency programs and renewable en-
ergies is a good measure to reduce greenhouse gas emissions. 

 The budget being directed to water and sanitation services is essential to 
achieve water security; adjusting water and wastewater tariffs is needed to 
maximize domestic finances for achieving water security. 

 Illegal uses pose threats to the DECS framework; strict measures and tech-
nologies are needed to detect theft and crack down on it. 

The IUWSI provides a holistic framework to operationalize the concept, identify different 
types of insecurity, highlight gaps in indicators, weight indicators based on their importance, 
and recognize the complex causal processes that lead to a certain level of urban water 
security. 

We argue that urban water security could be relevant as a tool for reforming water poli-
cies in many countries that face substantial challenges in managing water resources effec-
tively. This broader approach can be used to assess the extent to which water policies are 
aligned with the key objectives and the required resources. The findings are symptomatic of 
Jordan and the Middle East region in which rapid urbanization coupled with climate extremes 
are key factors placing pressure on the limited water resources. As a result, water supply is 
intermittent, water quality is deteriorated, there is inequality of water supply and great com-
petition for access to water, and a continuing need to pursue strong reform agenda. 

The findings highlight the dangers faced if we continue with a business-as-usual ap-
proach. It is crucial to shift from silo solutions to more integrated ones to ensure urban water 
security. A clear action is needed for countries running in a vicious cycle of water insecurity 
due to interment water supply. We recommend that policy makers take decisive action to-
ward the weak indicators with high impact and to shift intermittent water supply into 24 × 7 
provisioning, to ensure sustainable water management and get back the virtuous cycle of 
water security. 

We argue that this novel approach would help policy makers and water stakeholders to 
target their scant resources toward achieving urban water security. While some policy 
measures, such as increasing access to sanitation, water-use efficiency, cracking down il-
legal uses, and increasing the budget directed to water sector, have positive implications for 
achieving urban water security, other measures, such as reusing wastewater for agriculture, 
diversity of water and energy sources, inter-basin transfers of water to deal with water short-
age, and reducing greenhouse gases emission to deal with climate risks, may increase the 
trade-offs and nexus challenges. For example, treated wastewater use in agriculture as an 
untapped resource may be positive for water conservation, although you increase the risk 
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to groundwater quality and polluting the farmland with chemical residual of wastewater treat-
ments. These trade-offs are strongest in water-scarce countries with limited resources and 
capacities, where many people lack access to safely managed water and sanitation as in 
Jordan and the Middle East region. Policy makers have to make choices among intervention 
measures using this tool, which focus prominently on the weak indicators with high impact. 
Managing the trade-offs in dynamic water security is a daunting task and significant chal-
lenges remain. 

The existing literature on water security assessments is too narrow to apply an equal 
weight to all the indicators of water security, which often does not represent the reality on 
the ground and underestimate the necessary interventions at the local scale. The results of 
the study are dependent on the local context that can be different from other cases. The 
study highlights the importance of the weights as a tool in planning pathways toward water 
security and underscore the most important indicators with high impact to invest first. This 
will result in maximizing synergies and minimizing trade-offs among indicators. The result of 
the Figure 3.7 is a good representation of the required interventions to achieve urban water 
security in terms of defining the weak indicators with high relative weights. 

This study is an initial attempt to develop AHP models for evaluating the relative im-
portance of the DECS indicators by comparing a set of indicators and weights for urban 
water security. The AHP model should be refined and views from different stakeholders 
must be collected, considered and balanced according to the differences that may arise. 
Since water security is a dynamic process affected by increasing demands, changing cli-
mate, political structures, economic growth, and resources, the relative importance of indi-
cators should also be seen as an iterative process based on feedbacks.  

The study can be implemented and scaled to many parts of the world and this would 
help to create a platform for comparative analysis and benchmarking cities toward achieving 
urban water security. Therefore, water stakeholders, public authorities, and regulators can 
learn the best practices from each other, to continuously improve the integrated manage-
ment of water resources and services. 
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Chapter 4: Component analysis for optimal leakage management in 
Madaba, Jordan 

Abstract   
Non-revenue water (NRW) is a major challenge for urban water security in Jordan. For many 
water utilities, quantifying leakage is a difficult task especially in intermittent supply system. 
This study aims to provide a structured analysis to determine the volume of leakage and its 
components in the Governorate of Madaba’s water distribution network. The study also of-
fers recommendations to reduce the physical losses as an important component of wa-
ter losses through an infrastructure, repair, economic, awareness and pressure (IREAP) 
framework as a way of systematically engaging the NRW challenge in Jordan. The real loss 
sub-components were analysed using Burst and Background Estimates (BABE),and field 
records of the failures in the network. The potential impact of interventions to reduce losses 
were measured for efficiency/efficacy by analysing pressure management, chronic leakage 
detection surveys and response time minimization. The findings showed that NRW for 
Madaba amounted to 3.5 million m3 in 2014, corresponding to a loss of 2.8 million USD to 
the utility, of which 1.7 million USD is the cost of real losses (physical losses in a water 
distribution system). The reported failures in Madaba accounted for 37.2% of the total vol-
ume of real losses which can be improved by enhancing response polices and asset man-
agement, while the background leakage and unreported failures constituted 26.6% and 
36.20%, respectively, which, as this study indicates, could be reduced by pressure manage-
ment and active leakage control. While it is recommended that water utilities in Jordan adopt 
all the strategies, utilities are advised to implement them on holistic framework including 
overall asset management, data governance, operations, and financial allocations.    

 Introduction  

Non-revenue water (NRW) is considered an important and omnipresent topic for urban water 
security with emerging challenges due to water scarcity and climate change (Brears 2017).  
From an economic point of view, it is essential to preserve this resource by reducing water 
losses. NRW not only represents an economic loss for water utilities, but also represents a 
wasted process for treating, pumping and distributing water to the end user, which has at 
the end an adverse impact on the safety of drinking water (Colombo and Karney 2005).  

NRW is a major economic loss because it means that the monetary investment of treating 
water is also lost when the water does not reach subscribers. The same is valid for the 
energy that is, for example, invested in pressurizing water supplies to deliver through a con-
nected to a network (Kanakoudis et.al 2013).  It was estimated that the cost of water losses 
globally amounted to a total of US $14 billion annually (Kingdom et al. 2006). By identifying 
the causes of NRW and addressing all NRW components, water and energy resources can 
be saved while investments and expenses are reduced. In the end, the necessary changes 
need to be addressed critically by utility managers of all related fields: from finance and 
administration to production and customer service (Farley et al. 2008). 
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Environmental scarcity, which is defined as the declining availability of renewable natural 
resources, is affected by climate variations which challenge the general availability of water. 
Environmental scarcity can be caused by the degradation renewable resources by natural 
processes and/or by an uneven distribution of resources leading to a deficit which can be 
exacerbated by population growth for example (Homrt-Dixon, T. 1999).  In Jordan, both fac-
tors are at play. Consequently, the value of water increases, and it thereby gets harder to 
comply with the human rights to access to clean water for a growing population (Assaf, et 
al., 2004; United Nations, 2015).  

Located in a semi-arid to arid region wherein the annual rainfall of less than 200 mm over 
92% of the land, Jordan’s annual renewable resources of less than 100m3/capita, far below 
the global threshold of severe water scarcity of 500m3/capita. The country is ranked fourth 
among the world’s most water-scarce countries (Saidan et al, 2015). Rapid population 
growth, climate change (Al-Weshah et al 2016), and massive influx of refugees, caused by 
the numerous and severe conflicts in the neighboring countries, were major stressors to 
Jordan’s water share per capita and international ranking (Al-Hamamre et al 2017). 

Population and economic growth are putting pressure on water utilities (Thompson et al. 
2001). Water utilities in Jordan have been struggling to cope with the increasing deficits – 
meeting water demand with renewable supplies, which is exacerbated by the persistently 
high levels of NRW (Jordan’s Water Strategy 2008-2022, 2008) 

Because of water shortage, water supply is distributed through intermittent supply schemes 
wherein households receive water only once or twice days a week.  Households are obliged 
to invest in roof storage tanks with 2–4 m3 capacity and to purchase extra water from private 
vendors in order to meet their demand. The water utilities are confined to a kind of perma-
nent crisis management, which prevents them from meeting customers' satisfaction and 
from developing and apply a structured NRW management strategy (Rosenberg et al. 2008).  

Moreover, intermittent water supply poses a great challenge to quantify and manage the 
leakage in distribution network (Charalambous ; Laspidou 2017). Despite many measures, 
NRW throughout Jordan has not be reduced significantly, still reaching 40-60% of the sys-
tem input for most of the governorates, especially Madaba where NRW accounted for 60% 
of water supplies in 2013, corresponding to a loss of about 6 million m3 (MWI 2013; Miyahuna 
Madaba, 2014).   

Water utilities in Jordan have been facing many challenges for quantifying real (physical 
water losses in a distribution system) and apparent (non-physical losses that might be at-
tributed to inaccuracies in metering, billing and repairs) losses due to the complexity of the 
network where supply is intermittent and Minimum Night flows Measurements cannot be 
conducted (MWI 2013; 2014). The study applies a component analysis to provide a struc-
tured assessment of the water loss components in the entire water supply system from the 
source to the end consumer. 

A high level of NRW is an indicator of the water utility operational deficiency (Kingdom 2006).  
The water utility in Madaba has been struggling to recover the operational and maintenance 
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costs due to high levels of non-revenue water whether from physical losses through leakage 
in pipes or the apparent losses (Miyahuna annual report 2014). However, using NRW per-
centage is misleading and not meaningful for assessing the performance of leakage man-
agement (Liemberger R. 2002). 

The study aims to identify the root causes of leakage in Madaba intermittent water supply 
and to provide pragmatic interventions to reduce the real losses, which contributes to the 
level of NRW. 

 Methods 

2.1 Study Area 

Madaba Governorate lies in the middle of Jordan and is situated 35 km southwest of Am-
man. It shares border with Amman, Balqa and Karak governorates. It has an area of about 
1,000 km2 and a population of 178,000 inhabitants (DOS 2016). The location map of the 
study area is shown in Figure 4.1.  

 
Figure 4.1. Study area: Madaba city. 

Madaba Governorate is divided into two directorates: Madaba directorate being 498 km2 
and Deeban directorate being 543 km2. The length of the water supply distribution system 
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is 1,000 km from the source at Heedan wells to the customers meter, with an average pres-
sure of 6 bars in the distribution network. According the pressure measurement campaign, 
which was carried out to identify high pressure areas in Madaba town, the average pressure 
was about 6 bars in most of the network. While the highest pressure was 20 bars in northern 
part of Madaba town the lowest average pressure was 4.5 bars in the refugee camp area. 
Figure 4.2 shows a schematic of the water supply system in Madaba, Jordan. 

 
Figure 4.2. Schematic of water supply system in Madaba, Jordan 

Residential water subscribers represent 93% of total subscribers and consumed 88% of 
water sold with an average sales price of one cubic meter 0.575 JOD (0.81 USD). The num-
bers of Madaba subscribers are rising by about 5.5% each year. In 2016, Madaba direc-
torate has 25,335 water subscribers while Deeban has 5,857 water subscribers. Water con-
sumption for both directorates amounted to about 5.0 million m3 per year. The highest den-
sity of subscribers is in Madaba town with approximately 12,998 subscribers. Heedan wells 
represent the main sources for water supply of Madaba governorate with a capacity of 2100 
m3/hr. About 9 million m3 every year was supplied to the whole governorate through main 
transmission lines of Wala – Libb pumping stations. 

2.2 Component analysis of water loss  

The International Water Association (IWA) approach for water balance summarizes the com-
ponents and provides accountability of system components’ input and output. However, the 
reliability of the assessment of water balance accounting as a top-down approach depends 
heavily on the accuracy of the data. The disadvantages of calculating water loss in this way 
are as follows; (Farley and Trow 2003)  
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 Water balance does not provide a clear indication of the real losses and how they are 
affected by the utility’s strategy.  

 The annual water balance does not provide an early warning framework to unreported 
leakage. 

  There are often systematic errors in bulk metering. 

Due to these reasons, a bottom-up approach can be used to estimate the water loss com-
ponents through an analysis of real losses (Burst And Background Estimates) or minimum 
night flow measurements (AL-Washali et.al 2016). 

Lambert proposed in 1994 a concept for Real Losses Component Analysis which is known 
as Breaks and Background Estimates (BABE) that helps water utilities quantify the real 
losses systematically based on the significant occurrence of leakage in the network where 
each leak is being affected by certain flow rate and time (Lambert 1994).  

BABE was developed in order to:  

 develop a software model to estimate the real losses components based on logical 
assumptions.  

  be widely accepted. 
 be applicable for any water utility regardless of the conditions of the water network 

(Fanner et.al 2007). 

 However, the IWA water loss task force splits the real losses into three main categories in 
regard to the water system parts whereas Lambert also divided the type of leakage into 
three main components: 

 Reported leaks which are characterized by high flow rates and a short run time.  
 Unreported leaks, which are characterized by a moderate flow rate, run time counts 

on the schema control of the water utility. 
 Background leakage, which is characterized by a low flow rate, long run time, mostly 

found at water distribution fittings and joints. 

All the components can be found in all parts of a water system such as transmission pipes, 
house connections and reservoirs.  Estimating the annual losses of each component de-
pends on many parameters that affect the leakage rate such as the operating pressure in 
the system as shown in Table 4.1 (Thornton et al 2008). 
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Table 4.1.  The main factors of estimation the real losses (Thornton et al 2008) 

 
The BABE concept has been improved in the recent years internationally for water loss 
management. It has combined with another model in terms of pressure reduction which is 
called Fixed and Variable Area Discharge paths (FAVAD) (Lambert and Taylor 2010). The 
component analysis model can be used in different stages of the assessment, either in plan-
ning or operation and control phases. Therefore, this management tool will assist utility man-
agers for leakage control programs on an economic basis and improve their performance 
management (Fanner et.al 2007). 

The approach has shown that leaks can be divided into two main components; one direct 
(Bursts) that is given serious consideration due to its significant impact and the other is 
hidden (Background) leakage, which is too small and unavoidable to be observed (McKenzie 
and Lambert 2002; Farley et al. 2008).  

The Madaba water utility maintains a database of its water distribution network for providing 
information about their assets, such as pipes, valves and materials which correspond to 
geographical locations. Due to the significant number of leaks in the Madaba network, GIS 
is utilized in order to record customers’ complaints and leak events. A number of 5642 com-
plains were recorded due to leakage in 2016 with average repair time of 6 hours. There are 
many advantages of using a maintenance database to develop NRW strategies such as 
network optimization, leakage hotspot areas for investment and reducing water loss. 

The total volume of leakage is calculated based by aggregating the number of leaks that 
has been recorded into the volume of leakage based on flow rates and running times as per 
the below equation with consideration of calibration factor of the model which is called infra-
structure condition factor (ICF) based on the age of the network (Fanner and Thornton 
2005). 
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Volume of leakage= Number of leaks * Leak flow rate * Leak duration 

The Madaba water utility usually takes urgent action in response to leakage, especially in 
trunk mains where the pressure is high. The repair usually takes a short time, leading to a 
halt the amount of water loss (Mathis et al. 2008). On the other hand, unreported breaks are 
characterized by a lower flow rate than reported breaks, but higher than background leak-
age. It cannot be reduced or detected until the water utility has put an intervention policy for 
active leakage control (ALC), as the pipes have been leaking for long time with low flow 
rates (McKenzie and Lambert 2002). 

The economic solutions are based on the IWA approach to manage and control real losses 
with four components: (1) speed and quality of repairs; (2) pressure management; (3) active 
leakage control; and (4) pipeline replacement. The model defines the economic level of 
leakage based on the Unavoidable Annual Real Losses (UARL) (background leakage) and 
the total leakage volume, which equates to the level where the cost of a new repair exceeds 
the payback. 

 Results and Discussion 
The Component Analysis Model was designed by Water Research Foundation (WRF) pro-
ject to provide water utilities with a software tool to undertake a leakage component analysis 
and to identify the economic options for real loss reduction through improved speed and 
quality of leak repair, proactive leak detection and pressure management (WaterRF 4372: 
Real Loss Component Analysis: A Tool for Economic Water Loss Control). 

This model has been used to evaluate options for implementing efficient and sustainable 
leakage control programs. The model results should only be seen as a preliminary point for 
the proactive management of real losses. The preliminary real loss control strategy needs 
to be refined as more results become available (Sturm et al. 2014). 

The component analysis is structured to reflect the real losses components and the strategic 
options for NRW sustainable management of the Madaba water supply system in 2014 and 
2016. Based on the data provided to the model and the summary results of system compo-
nents as shown Table 4.2, the real losses calculated by water audit constituted 2.0 million 
m3 while water balance is presented in the Table 4.3.  
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Table 4.2. Summary of Real Losses Component Analysis  

System Component 

Back-
ground 
Leakage ML 
(thousand 
cubic me-
ters) 

Reported 
Failures ML 
(thousand 
cubic me-
ters) 

Unreported 
Failures ML 
(thousand 
cubic me-
ters) 

Total ML 
(thousand 
cubic meters) 

Reservoirs - - - - 

Mains and Appurtenances 199.98 47.93 - 247.91 

Service Connections 336.04 700.77 - 1,036.82 

Total Annual Real Loss 536.02 748.71 - 1,284.73 

Real Losses as Calculated by Water Audit 2,014.37 
Hidden Losses/Unreported Leakage Currently Running Undetected 729.64 
 

The results revealed that reported failures accounted for 37.20% while background leakage 
constituted 26.6% which indicate the condition and shortcomings of infrastructure while the 
remainder was hidden and or unreported leakage. The model has estimated the hidden 
losses in infrastructure which could not be detected or reported in the system based on the 
model assumptions. 
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Table 4.3.  Madaba water balance according to IWA approach and BABE concept. 

    
Billed Water 
Exported      

Revenue 
Water 

    331.869 m3     
331.869 
m3 

   

  

Billed Autho-
rized Con-
sumption 

Billed Metered 
Consumption (wa-
ter exported is re-
moved) 

Revenue 
Water 

     5.443.003 m3   
 

  
Authorized 
Consump-
tion 

5.476.976 
m3 

Billed Unmetered 
Consumption 

5.476.97
6 m3 

       33.973 m3   

  6.183.801 
m3 Unbilled Au-

thorized 
Consump-
tion 

Unbilled Metered 
Consumption Non-Re-

venue 
Water 
(NRW) 

Madaba’s 
Well 
Water 

  
  11.733 m3 

9.155.340 
m3       706.825 m3 Unbilled Unme-

tered Consumption   

       695.102 m3   

 System In-
put 

Water 
Supplied     

Unauthorized Con-
sumption 

3.590.91
7 m3 

 9.399.762 
m3    

Apparent 
Losses 32.936 m3   

   9.067.893 
m3   869.722 m3 Customer Metering 

Inaccuracies   

       823.179 m3   

       
Systematic Data 
Handling Errors   

   Water Los-
ses   13.608 m3   

Water Im-
ported   2.844.092 

m3 

  

Background and 
Reported Leakage 
on Transmission 
and/or Distribution 
Mains 

  

     Real Losses 247.910 m3   

244.000 m3  

 

  

2.014.370 
m3 

Background and 
Reported Leakage 
on Service Connec-
tions 

  

       1.036.820 m3   

   
    

Total unreported 
/hidden Leakage on 
the network 

  

       729.640 m3   
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ICF is a key parameter that evaluates the condition of infrastructure. According to the model, 
ICF ranges from 1 to 2.50 based on the age of distribution. The age of Madaba’s infrastruc-
ture is less than 50 years old which was assumed to equal 1. However, ICF has to be meas-
ured precisely by conducting field tests, taking into account different age factors, material 
and average pressure. ICF was calculated to reveal the amount of leakage as shown in 
table 4.4 by dividing the actual background leakage by unavoidable background leakage. 
Measuring unavoidable background leakage is still a complex and limited process as it can-
not be detected by the current tools utilized in assessments. Moreover, the recommended 
values of background rates are based on the “good” condition of the distribution system. The 
average rate of rise of unreported leakage is a paramount parameter in order to carry out 
an intervention strategy. This variable can be misleading if it is just based on assumptions 
and not on actual field measurements that evaluate the condition of infrastructure. For 
Madaba’s system, the rate of rise of unreported leakage is being estimated to 3.0 m3/km of 
mains/day in a year based on water balances in successive years. 

Although the utility has applied many techniques to detect and resolve leaks in the network, 
the component analysis revealed numerous reported failures in Madaba’s distribution net-
work, representing 37.2% of the total real losses, while background leakage and unreported 
failures constitute 26.6% and 36.20%, respectively. Operating the network under high pres-
sure in intermittent supply produces large losses in the network. 

About 97% of failures were reported in service connections which account for 366 
leaks/1000 service connections/year. While the frequency of failures on the main lines con-
stituted 48 leaks/100kilometers/year. The design of service connections, their installation 
and the quality of repairs and materials are low, contributing to the recorded frequency of 
failures.  

3.1. Infrastructure failure frequency analysis 

Based on the reported failure in the network, the results were below the failure frequency in 
system components and provided a benchmark for Miyahuna in order to compare the oper-
ational management in system with different utilities. Moreover, the model provided an 
alarming indicator for the average failures in the system and the minimum failures that could 
be occurred in distribution system against the optimized water supply network. 
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Table 4.4.  Failure frequency in Mains 

Total Number of Mains Failures Reported for Water Audit: Jordan Water 
Company -Miyahuna, Madaba, Jordan, 2014 415 

Total Length of Mains (km) 859.0 
Failure Frequency Jordan Water Company -Miyahuna (number/100 km/yr) 48.3 
Average Failure Frequency in North America Based on Literature Review - 
WaterRF 4372 (number/100 km/yr) 15.5 

Failure Frequency for Optimized Distribution Systems (Friedman 2010) 
(number/100 km/yr) 9.3 

The frequency of water main bursts is significant as shown in Table 4.4 in which represent 
48.3 leaks/100km/yr. due to aging infrastructure and the high-speed flows in the mains which 
increase the friction losses.  

3.2. Repairing service connections 

Service connections as shown in Table 4.5 represent the main challenge for Madaba water 
utility, which constitute a considerable amount of losses in the network. Reducing the failures 
in the network depends on replacing the deteriorated connections and repairing the system 
in a way that guarantees the reliability of the tertiary network. 

Table 4.5. Failure frequency in service connections 

Total Number of Service Connection Failures Reported for 
Water Audit: Jordan Water Company -Miyahuna, Madaba, 
Jordan  

7 639 

Total Number of Service Connections (service connections) 
 20 869 

Service Connection Failure Frequency (number/ 
1,000 service connections/yr.) 366.0 

AWWA Unavoidable Annual Real Losses (UARL) Compo-
nent of Reported Service Line Failures (number/ 
1,000 service connections/yr.) 

3.75 

Ratio of Failure Frequency to UARL Break Frequency 97.6 
According to the water balance of Madaba, the total inflow of Madaba and Deeban direc-
torates is sourced from Heedan and wall wells, distributing about 9.2 million m3 while the 
total billed consumption amounts to 5.8 million m3. NRW for Madaba Governorate is 38.2 % 
which constitutes about 3.5 million m3. With a unit cost of 0.57 Jordanian Dinar (JOD), this 
amount corresponded to about 2.0 million JOD in losses in 2014. It is assumed that 70% of 
NRW is real losses and 30 % accounts for apparent losses. 

The Infrastructure Leakage Index ILI performance indicator considers, in addition to the net-
work length, the number of customers and the average operating pressure in the network, 
making it therefore more meaningful. 

The formula for calculation of the ILI is: 
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ILI = CARL / UARL 

While CARL can be measured and/ or estimated the UARL is calculated with following 
formula: 

UARL (l/d) = (18xLm+0.8xNc+25xLp) x P 

with 

 Lm = length of mains in km 
 Nc = number of service connections 
 Lp = total length of private pipe, property line to customer meter in km 
 P = average pressure in m 
 DC = density of connections/km mains 

NRW constitutes 39.6 % of the system input. The ILI for Madaba’s system is 2.7 which 
describes the technical performance of leakage, but it does not consider the economic as-
pect. In order to achieve the minimum leakage that can save water and be cost effective, 
adequate investment and resources needs to be considered. 

ILI is influenced by many factors that affect its value, such as the connection density 
of the network, access to roads and the areas for locating and repairing and aging infra-
structure (Farley, 2003)  

3.3. Awareness -Location- Repair time options 

The model provided a pragmatic solution as shown below in Table 4.6 to reduce the running 
time of leaks in Madaba distribution network by optimizing not only the repair time but also 
considering the total time of awareness, location and repair times. The model revealed the 
impact of proactive leakage control in plugging chronic leakage to increase the revenue and 
lowering the volume of water losses. 

The option estimated the potential saving that could be stemmed from effective leakage 
control and lowering the existing leakage rate for each system component.  

Table 4.6. Optimizing the running leakage in Madaba network 

Failures on Mains Reported Units 
Total Number of Failures on Mains  415  
Average location and repair duration 1.0 days 
Total Volume lost (stemming from location and 
repair duration) 38.3 (ML) 

Total Cost of Volume lost (stemming from loca-
tion and repair duration) $                       18,209  

What IF Location and Repair Duration is Re-
duced to 0.3 days 

Percent Reduction 70%  
Potential Related Savings in Leakage Volume 26.8 (ML) 
Potential Related Savings in Leakage Volume 
Cost $                       12,746  
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Service Line Failures Reported Units 
Total Number of Failures on Service Connec-
tions  7,639  

Average location and repair duration 1.5 days 
Total Volume lost (stemming from location and 
repair duration) 525.6 (ML) 

Total Cost of Volume lost (stemming from loca-
tion and repair duration) $                     249,572  

What IF Location and Repair Duration is Re-
duced to 0.5 days 

Percent Reduction 67%  
Potential Related Savings in Leakage Volume 350.4 (ML) 
Potential Related Savings in Leakage Volume 
Cost $                     166,381 

 

Total Potential Savings if Location and Repair 
Duration is Reduced as Simulated in the Above 
Sections (ML= thousand cubic meters) 

377.2 
 
(ML) 

Total Potential Cost Savings if Location and Re-
pair Duration is Reduced as Simulated in the 
Above Sections $/year 

 $                     179,127  
Per Year 

The leak run time plays a role in leakage reduction so that it is recommended to minimize 
the duration as simulated in the model from 1 day to 0.3 days in mains and from 1.5 days to 
1 day  in service connection could achieve a potential saving of 179,127 $/year.  

Reducing the location and repair time depends on customer support to report the leakage 
quickly and proactive leakage control to detect and repair the leaks in the network at efficient 
time. Failures on the mains usually have a big impact on infrastructure due to high flow rates 
which require a quick response on the part of the utility to plug the leakage while failures on 
service connections produce low leakage rate which could be invisible or neglected by pub-
lic. Detecting the leakage and raising awareness of reporting leakage are paramount steps 
in saving the precious water.  

3.4. Economic Intervention  
The model revealed an economic option as shown in Table 4.7 for implementing proactive 
leakage control that is based on the budget capacity of Miyahuna Madaba. According to the 
model inputs, the user could only define two parameters of the cost of conducting the sur-
veys and the estimated rate of unreported failures in the network. The model estimated the 
frequency of surveys per year and the required budget that should be invested for cost re-
covery. 

The volume of real losses cannot be explained by recorded data since the amount of unre-
ported leakage depends on active leak control and actual UARL could be less than its em-
pirical value. The ILI equals to 2.69 for the entire system while Current Annual Physical 
Losses CARL is more than twice the Unavoidable Annual Real Losses UARL.  Therefore, it 
is recommended that leak detection be intensified to identify all the unreported leaks. 
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Table 4.7. Economic intervention of reducing the real losses in the network. 

The economic intervention of reducing the real losses in the network is recommended to 
optimize the surveillance system through district meter areas (DMA) for monitoring hydrau-
lically instead of isolating the network and conducting a detailed investigation in order to 
define the root causes of leakage in the network. The model does not provide the detailed 
expenses in calculating customer retail unit cost and variable production cost. It is important 
to determine the actual retail unit cost of water without including the sewer costs in order to 
compare between different systems. It is recommended to develop the data validity scores 
by enhancing the metering system in the network in order to implement a reliable economic 
strategy for water loss reduction. 

3.5. Pressure Management  

The model provided a robust option whereby pressure management has a direct impact on 
reducing the leakage rate without repairing a single leak in the network. The model could 
give Miyahuna alternative scenarios as shown below in Table 4.8 in implementing cost ef-
fective pressure modulation in the system. The costs are being made based on pervious 
NRW projects in Jordan. 

Network pressure is a paramount parameter in the assessment of real losses. The pressure 
on the model is measured by calculating the average zone pressure (AZP) for the entire 
system that can be used as preliminary step in order to reflect the impact on reducing the 
leakage (for measuring the leakage flow rates).  

 Variable Cost of Real Losses Value Unit Cost 
CV Variable Production cost (applied to Real Losses): 0.47 $/m3 
  474.85 $/ML 
CI Cost of comprehensive leak detection survey (ex-

cluding leak repair cost) 
100.00 $/km 

RR Average Rate of Rise of Unreported Leakage 3.00 m3/km of mains/day 
in a year 

  2.58 ML/day in a year 
 CI/CV 210.6 m3/km 
EIF Economic Intervention Frequency [0.789 * 

(CI/CV)/RR] ^0.5 
7.4 months 

 Economic Intervention Frequency - Average Leak 
Run Time 

113.2 days 

 Economic Percentage of System to be Surveyed 
per Year 

161 % 

ABI Average Annual Budget for Intervention (Proactive 
Leak Detection) 

138,50
8 

$/year 

EU
RL 

Economic Unreported Real Losses 291,68
8 

m3/year 

 Economic Infrastructure Leakage Index (ILI) 2.1  
PRL Potentially Recoverable Leakage (CARL-CRL-

EURL-TBL-UL) 
438.0 ML/year 
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Table 4.8. Pressure management impact on real losses 

  Existing Pressure Management Policy 
  

Current Average System Pressure 60.0 meters (head) 
Total Annual Real Losses 2,014.4 ML/Yr. 
Value of Real Losses 956,524  $/year  
Enter % of rigid pipes and service con-
nections in system 52%   
ILI 2.7   

  Alternative Pressure Management Policy 
  

Assumed Reduction in Average System 
Pressure 10.0 meters (head) 
Assumed % Reduction in Average Sys-
tem Pressure 17%   
Real Loss Volume Saved Through Alter-
native Pressure Management Policy 335.7 ML/Yr. 
Value of Real Loss Volume Saved 
Through Alternative Pressure Manage-
ment Policy 

159,421 
$/Year 

Enter Estimated Cost of Implementing 
Alternative Pressure Management Pol-
icy 

                                           
1,000,000  $ 

Simple Payback Period for Implement-
ing Alternative Pressure Management 
Policy 

6.3 
Years 

Pressure management could be an efficient approach to reduce the leakage in Madaba as 
it was reported that the network has been operating under high pressure. Therefore, the 
relation between pressure and leakage has to be measured under the existing conditions of 
the Madaba distribution network for each DMA to see whether shifting the DMAs from pres-
sure system to gravity under intermittent water supply and /or shifting from intermittent sys-
tem to continuous supply. Therefore, comprehensive pressure measurements are required 
to achieve sustainable leakage management. 

 Conclusions 
The design of water loss reduction programs should study the main drivers of NRW in inter-
mittent water supply systems to provide utilities with a clear understanding of what can be 
done within the DMAs to achieve urban water security. Proactive leak detection has to be 
undertaken as a preliminary step every 7 months, according to the model with respect to the 
economic intervention frequency but it can varies depending on the condition of the network 
and the natural rate of rise of the leakage. The schedule of the survey must be updated and 
refined after determining the actual rate of rise of unreported failures in the distribution net-
work. Quantifying the real losses in the network is key for intervention strategies by applying 
the Component Analysis of real losses into Madaba water distribution system. Establishing 
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proactive leak detection programs is necessary in order to identify the hidden failures and 
unreported leakage in the water system. It is paramount in the short term for the water utility 
to identify the data gaps by calibrating customer meters and bulk meters in order to reduce 
uncertainty and improve the billing system. Shifting into holistic NRW management is the 
main challenge for Jordan water utilities, which require political will, backstopping from the 
upper management in addition to customer support and engagement in reporting issues. 

Based on the model analysis and study findings the following can be concluded:  

1. Supplying water quantities in an intermittent water supply system without proper as-
set management contributes to the high level of water losses, deterioration of the 
network, and leads the utility into a feedback loop of decreased service delivery and 
little to no progress made in addressing NRW. 

2. Effective leakage reduction needs effective data management with reliable infor-
mation for the implementation of a long-term water loss reduction programs. 

3. Sub- standard work is a common issue, contributing to the high level of leakage and 
producing unnecessary leakage and decreasing the lifetime of assets. Sub-standard 
installation and repairs, especially in tertiary networks, is associated with different 
factors such as lack of qualified staff, lack of incentives, and absence of written stand-
ards, poor inspection and lack of repair materials.  

4. Percentage of NRW in Madaba as a performance indicator (about 40 % of system 
input) is misleading and inconsistent to assess the water losses in the intermittent 
water supply. It could be used as a financial indicator, but not as an operational indi-
cator. Moreover, this indicator cannot be used to compare the performance among 
water utilities since each network has its characteristics and conditions that influence 
the level of non-revenue water. Furthermore, the indicator cannot differentiate be-
tween physical and commercial losses, nor quantifying the leakage and the associ-
ated costs.  

5. A break-even analysis has been used in water utilities as the most common 
accounting method in order to define the point at which operation and maintenance 
costs equal the revenue. Performing such standard method turns out to be misleading 
in NRW management for two reasons:  

 It overrides a key parameter of the opportunity cost in utilizing the water, which 
is lost to be sold or substituted the sinking cash that had been applied to operate and 
treat the water. The opportunity cost could be interpreted in three ways, the first is the 
opportunity cost of prohibiting sales to customers who would pay for drinking water. The 
second is the opportunity cost of environmental scarcity due to the high demand that 
leads to rising the operation cost for dispensable supply. The third is the opportunity cost 
of the price paid or high demand by the next generations due to population growth. 
 It encourages the water utilities to identify NRW only as water for which they cannot 

receive any revenues straightway because of the physical losses and commercial losses. 
This kind of approach may turn out water to be excluded from NRW calculations as au-
thorized consumptions to save time and work. Consequently, the opportunity costs have 
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to be internalized in water loss calculations that could assist utility managers and regu-
lators to keep an eye on secure a sustainable water supply in order to get the full reve-
nue. 

 Study limitations 

The present study has the following limitations: 

1. Pressure in the network is a paramount parameter in the assessment of real 
losses. The pressure on the model is measured by calculating the average 
zone pressure (AZP) for the entire system that can be misleading for measur-
ing the leakage flow rates. 

2. Distance and reactive communication with customers have led to an increase 
in the awareness time of leakage and poor localization of complains of leaks 
in GIS. Moreover, the lack of leak records of flow rates and pressure is not 
adequately documented. 

3. The volume of real losses cannot be explained by recorded data since the 
amount of unreported leakage depends on active leak control and actual 
UARL could be less than its empirical value. The ILI equals to 2.69 for the 
entire system while CARL is more than twice the UARL. Therefore, it is rec-
ommended to consider the supply time for intermittent system and to intensify 
the leakage detection in the distribution network to detect all the unreported 
leaks. 

4. Infrastructure condition factor (ICF) is a key parameter that connected to the 
condition of infrastructure (age, material, average pressure, etc.) and it must 
be measured precisely by conducting field tests. ICF is calculated through di-
viding the actual background leakage by unavoidable background leakage. 
Measuring unavoidable background leakage is still a complex and limited pro-
cess since it cannot be detected by the current detection devices. Moreover, 
the recommended values of background rates are based on a good condition 
of the distribution system. 

5. The average rate in the rise of unreported leakage is a paramount parameter 
in order to carry out intervention strategy and it turns out to be misleading if 
we count on assumptions and it is not based on actual field measurements 
that evaluate the infrastructure condition. 

6. The model does not provide the detailed expenses in calculating customer 
retail unit cost and variable production cost. It is important to determine the 
actual retail unit cost of water without including the sewer costs in order to 
compare between different systems. 
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Chapter 5: Conclusion, summary of findings and outlook 

 Conclusion  

Many assessment frameworks have been developed with a fragmented approach to define 
and measure the current state and dynamics of urban water security, oversimplifying the 
complexity of water challenges and often narrowing it down to certain water issues. In addi-
tion, most studies assessed water security by assigning priority indicators equal weight with-
out adapting to local conditions. 

This dissertation was conducted to define and measure urban water security holistically in 
the four dimensions of DECS: drinking water and human well-being, ecosystem, climate 
change and water-related hazards, and socio-economic aspects. It captures issues of ur-
ban-level technical, environmental, risk and socio-economic indicators in one single metric, 
the integrated urban water security index (IUWSI), which emphasizes credibility, legitimacy 
and salience. 

The dissertation used a systematic and comprehensive methodology to establish a quanti-
tative and integrated urban water security approach including six steps: 

(i) Understanding the urban water system (identify stakeholders, water balance, 
assessment of water infrastructure); 

(ii) Working definition (identify what water security means); 
(iii) Proposing working definition to urban water security (gain stakeholder perspec-

tive, prioritize problems); 
(iv) Setup boundary and quantification of the assessment framework (drinking wa-

ter, ecosystem, climate change, and socio-economic); 
(v) Normalization and presentation of the results; 
(vi) Measuring urban water security (assign weights, aggregation, analysis results 

of dimensions, indicators, and the whole system to inform decision-makers).   

The overall aim of the dissertation was to develop an assessment framework to measure 
urban water security holistically in order to achieve the integrated urban water management. 

 Four objectives were formulated to pursue this aim. Each objective was explored and dis-
cussed. The assessment framework was piloted and validated in Madaba, Jordan, a water-
scarce city. The objectives of the dissertation were achieved in chapters 2-4 and presented 
as follows:  

Objective 1: Developing a working definition and an assessment framework to measure ur-
ban water security. 

The dissertation addressed the knowledge gap of operationalising the concept of urban wa-
ter security by providing a systematic approach, with a working definition and an assessment 
framework to be applied in peri-urban and urban areas.  

The proposed definition makes a significant contribution to and improves the UN-Water def-
inition and existing definitions of water security that might be applied to the urban context. 
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The definition incorporates aspects of UN resolution 64/292 on the human right to water and 
sanitation, such as equitable access to water, continuity of water supply, physical and legal 
accessibility, and affordability of water services. 

This dissertation provides a systematic approach to measuring urban water security under 
the four dimensions of DECS in order to arrive at concrete solutions that can shift the vicious 
cycle of water insecurity. The IUWSI is useful to address the interconnections and implica-
tions of each indicator in the DECS framework.  

The findings give a full picture of our understanding of urban water security and reveal that 
cities cannot achieve water security via silo solutions that look at only one dimension such 
as infrastructure delivery while neglecting other factors such as resilience of water services. 
For instance, many cities are connected to water networks but receive water on an intermit-
tent basis.  

Objective 2: Understanding and assessing an urban water system by conducting water bal-
ance and measuring key performance indicators. 

In order to understand the operation of an intermittent water supply, water balance compo-
nents were investigated in Madaba, Jordan to understand what happens to the water once 
it enters the network, using the correct performance indicators.  

The dissertation focuses mainly on non-revenue water (NRW) components, which cover the 
entire water supply system from the water source (Heedan and Wala wells) to customers’ 
meters. The dissertation provides a structured analysis to quantify the components of real 
losses in Madaba’s water distribution network. The real loss sub-components were analysed 
using burst and background estimates (BABE), while considering the field records of failures 
in the network.  

The findings revealed that NRW for Madaba, Jordan amounted to 3.5 million m3 per year, 
corresponding to a loss of USD 2.8 million for the utility, of which USD 1.7 million is the cost 
of physical losses for the water distribution system. 

Objective 3: Measuring urban water security by using the integrated urban water security 
index (IUWSI) in Madaba, Jordan. 

The dissertation studies the measurement and quantification of urban water security using 
the IUWSI in Madaba, and analyses and weighs indicators determined by the analytic hier-
archy process (AHP), a multi-criteria decision-making method. The IUWSI is a robust tool to  

i. Operationalize the concept of urban water security; 
ii. Identify different types of insecurity; 
iii. Highlight gaps in indicators; 
iv. Determine weight indicators based on their importance;  
v. Recognize the complex causal processes that lead to a certain level of urban 

water security.  

The IUWSI was used to measure the state of water security and define intervention strate-
gies in Madaba to achieve water security holistically. The main findings comprise the values 
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of indicators and their weights, which can have a great impact on improving urban water 
security.   

Objective 4: Transition from a water-scarce to a water-secure city (using strategies to reduce 
water losses and increase the resilience of infrastructure). 

The dissertation focuses on strategies to reduce water losses as a prerequisite to secure an 
efficient, reliable and safe water supply. The high levels of NRW indicate a poorly managed 
water utility that lacks the governance, accountability and technical and managerial skills 
necessary to provide reliable service to customers.  

The dissertation provides feasible intervention strategies in terms of physical application and 
financial requirements to tackle the NRW challenge in Jordan and many countries around 
the world around using the IREAP framework:  

 Infrastructure failure frequency analysis; 
 Repair of service connections;  
 Economic interventions; 
 Awareness, locations and repair time;  
 Pressure management. 

 The IREAP framework provides a basis on which to improve the operational and financial 
performance across the water supply system, increase climate resilience, expand and im-
prove water services, and reduce water and energy losses in the water network.  

Regarding the aim of the dissertation, it can be stated that the assessment framework of 
urban water security can be a foundation for planning, financing, implementing and monitor-
ing urban water security activities. Applying this holistic framework collaboratively with water 
stakeholders provides a meaningful way to advance the understanding of the state and in-
terconnections of urban water security for policymakers, utility managers and water stake-
holders and target limited water resources more effectively and sustainably. 

Accordingly, the results of this dissertation are significant in terms of their theoretical and 
practical contribution to the existing body of research knowledge. The first major practical 
contribution of the present research is that it provides a new definition of and assessment 
framework for urban water security in its DECS dimensions with quantitative indicators. In 
this sense, the dissertation provides a thorough understanding of and insights on the con-
cept in terms of what it stands for and how to measure it by using the IUWSI, following the 
six systematic steps of assessing urban water security holistically.  

A second important implication of the dissertation derives from the findings with the IUWSI 
in Madaba, Jordan, as a robust diagnostic tool for highlighting the shortcomings and inter-
vention strategies in the urban water system, taking into consideration the relative im-
portance of urban water security indicators. Applying this holistic index will help water stake-
holders to target limited resources more effectively and sustainably. The IUWSI can also be 
used by utility managers and regulators to benchmark and track performance on urban water 
security across water utilities and cities.  
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A third implication stems from the reframing of leakage management in intermittent water 
supply systems around the intervention strategies of the IREAP framework to reduce the 
high levels of non-revenue water. The findings argue for a paradigm shift in water policy for 
a gradual transition, using the IREAP framework, from the vicious cycle of intermittent water 
supply systems to a continuous water supply to achieve urban water security. I claim that 
cities under intermittent water supply will go a long way towards achieving urban water se-
curity and SDG 6 on safely managed water and sanitation for all. 

Finally, the significance of the study dissertation can be summarised as follows:  

 Firstly, the assessment framework encourages clarity and common understand-
ing of the urban water security concept, around which substantial ambiguity ex-
ists.  

 Secondly, it helps to foster discussions and debate on scales and thresholds 
among water stakeholders to evaluate the presence, absence and degree of 
urban water security in more holistic way. 

 Thirdly, it helps to assess the extent to which the concept is really being 
achieved on the ground in different cities. 

 Fourthly, it provides a robust framework for decision-making that can help struc-
ture the complexity of urban water security challenges and identify intervention 
strategies to achieve the goal. 

 Finally, it provides a robust tool to help align strategic decisions on urban water 
security with the global agendas of the Sustainable Development Goals (UN 
2030 agenda), climate change (Paris Agreement), disaster risk reduction (Sen-
dai Framework), and sustainable cities and human settlements (New Urban 
Agenda). 

Many cities around the world, like Madaba, are already facing considerable water chal-
lenges, where rapid urbanization coupled with climate extremes are key factors exerting 
pressure on limited water resources. I argue that this novel approach could help policy mak-
ers and water stakeholders to achieve urban water security.  
Despite not having a one-size-fits-all solution to current water security challenges, there are 
many significant and interlinked issues that need to be adapted to local conditions and avail-
able coping capacity whenever addressing urban water security. Solving these challenges 
requires continuous adaptation of water systems and behaviours. It is like solving a Rubik’s 
cube, i.e., a shift on one face (challenge) can boost or slow the progress of another. How-
ever, strategies and actions must shift all faces, since the relentless pressure of increasing 
demand and climate change is expected to increase at a rate greater than the adaptive 
capacity of governments.  

 Summary of findings 
The IUWSI highlighted the state of water security in Madaba, Jordan and identified the 
means of implementation to move towards achieving urban water security based on the 
priorities for Madaba. The drinking water and human wellbeing dimension was the most 
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important priority, receiving a weight of 66.22%, followed by ecosystem (17.15%), socioec-
onomic aspects (10.18%), and climate change and water-related hazards (6.45%) dimen-
sions. The IUWSI indicated that the urban water security in Madaba is reasonable with a 
score of 2.5/5 and can meet the minimum requirements in several dimensions, but nonethe-
less, it has many loopholes to cover. Gaps are clear in the climate change and water-related 
hazards, and socioeconomic dimensions with scores of 1.6/5 and 2.237/5 respectively. Ad-
ditionally, specific shortcomings are found in indicators such as water availability, reliability, 
diversity, and public health. 

Considering the DECS dimensions, the ecosystem needs attention by preventing pollution 
sources from wastewater discharge. Additionally, the socio-economic dimension has a wide 
room for improvement specifically in terms of customer satisfaction and illegal uses where 
water should be available for everyone but with consideration to its value and service costs. 
This requires a more equitable tariff system to allow the low-income population to benefit 
from reduced costs at low consumption rates.  

Further, the drinking water and human wellbeing dimension has the greatest weight of all, 
indicating that a slight improvement in one of its indicators will reflect clearly on the overall 
security index. Hence, the augmentation of new water quantity is immediately needed and 
preferred to be from diversifying water and energy sources, which do not affect other indi-
cators negatively. However, another struggling aspect is the reliability of water supply, which 
requires improvements in the distribution network in terms of operation, monitoring, mainte-
nance, and development to reduce physical and commercial water losses and maintain the 
NRW at feasible levels. The reliability of the system must be improved before additional 
water resources are introduced to the network, otherwise, more than 39 % of drinking water 
will be lost due to the high levels of non-revenue water and recovering the investment costs 
will be challenging.  

Many indicators are interrelated within different dimensions such as water and wastewater 
quality, adequacy and equity, state of pollution, quality of water bodies, and public health. 
An intermittent water system with poor wastewater treatment becomes more vulnerable to 
contamination affecting public health. Other linkages are between water availability, reliabil-
ity, customer complaints, affordability, water and wastewater tariffs, and operations and 
maintenance cost recovery. A more performing system with sufficient water quantity will 
improve the revenues without the need to increase tariffs to unaffordable levels and would 
help meet the needs of the customers reducing their complaints. These interlinkages prove 
that solutions should target the four dimensions rather than individual ones to create syner-
gies rather than improving one aspect and impairing another. 

The IUWSI provided a holistic framework to operationalize the water security concept 
into cities, identified different types of insecurity; highlighted gaps in indicators, weighted 
indicators based on their importance, and recognized the complex causal processes that 
lead to a certain level of urban water security. 
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The IUWSI could be relevant as a tool for reforming water policies in many cities that 
face substantial challenges in managing water resources effectively. This broader approach 
can be used to assess the extent to which water policies are aligned with the key objectives 
and the required resources. The findings of Madaba, Jordan are symptomatic of the chal-
lenges in the Middle East region and many cities worldwide with interment water supplies, 
in which rapid urbanization coupled with climate extremes are key factors placing pressure 
on the limited water resources. As a result, shifting from intermittent water supplies into 
continuous water supplies should be a key priority to achieve water security to mitigate the 
risks, in which water quality is deteriorated, there is inequality of water supply and great 
competition for access to water. 

 Outlook  
The findings of the dissertation show great potential to be applied in other cities and coun-
tries. This dissertation lays the groundwork for broad implementation to assess urban water 
security. However, it is recommended to test and validate the assessment framework from 
the experience of many cities around the world to further improve the indicator values and 
thresholds, reflecting the dynamics of water security and the targets of cities to achieve a 
paradigm shift in urban water management. 

It is essential to follow the systematic steps to measure urban water security and adapt the 
relative importance of indicators to the national context with the engagement of stakehold-
ers. Many cities around the world are undertaking actions to transition towards achieving 
urban water security, but the pathways may result in completely different barriers and prior-
ities of the indicators among cities and countries. Therefore, it is essential to define the pri-
orities of urban water security in study areas which are highly connected with the physical 
and socio-economic settings. 

This dissertation deals with complex challenges in operationalizing and assessing the water 
security concept, and therefore there are open questions regarding tools and concrete ac-
tions which have not been explored but are worth looking into in the future, such as the 
following: 

 Conducting a comprehensive stakeholder analysis to define the priorities of each city.  
 Gaining a better understanding of the stakeholders’ role and capacity to achieve ur-

ban water security based on the attributes of power, interest, knowledge, attitude, 
legitimacy, capacity, and existing and desired degree of involvement. 

 Carrying out a comprehensive urban water accounting to account for both drinking 
water and agriculture and combining engineering and hydrological methods for better 
allocation of water resources. 

 Exploring the transition from an intermittent water supply to continuous 24/7 supply, 
as this is crucial to achieve urban water security. Innovative solutions and methodol-
ogies are needed to shift the vicious cycle of water insecurity to a virtuous cycle.  
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 Assessing the importance of water governance to enable cities to manage their water 
resources efficiently and achieve urban water security by building institutional capac-
ity and exploring innovative financing options to push for greater integration across 
sectors. 

 Assessing the impact of digital technology and smart water management on water 
security, including data collection systems (sensors and instrumentation), data stor-
age systems, local and cloud-based computing systems, and data visualisation envi-
ronments. These elements are all interconnected through software and networks, 
which improve data utilisation and ultimately allow us to better manage urban water 
security. 
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Abstract: Achieving urban water security is a major challenge for many countries. While several
studies have assessed water security at a regional level, many studies have also emphasized the
lack of assessment of water security and application of measures to achieve it at the urban level.
Recent studies that have focused on measuring urban water security are not holistic, and there is still
no agreed-upon understanding of how to operationalize and identify an assessment framework to
measure the current state and dynamics of water security. At present, there is also no clearly defined
and widely endorsed definition of urban water security. To address this challenge, this study provides
a systematic approach to better understand urban water security, with a working definition and an
assessment framework to be applied in peri-urban and urban areas. The proposed working definition
of urban water security is based on the United Nations (UN) sustainable development goal on water
and sanitation and the human rights on water and sanitation. It captures issues of urban-level
technical, environmental, and socio-economic indicators that emphasize credibility, legitimacy, and
salience. The assessment framework depends on four main dimensions to achieve urban water
security: Drinking water and human beings, ecosystem, climate change and water-related hazards,
and socio-economic factors (DECS). The framework further enables the analysis of relationships and
trade-off between urbanization and water security, as well as between DECS indicators. Applying this
framework will help governments, policy-makers, and water stakeholders to target scant resources
more effectively and sustainably. The study reveals that achieving urban water security requires a
holistic and integrated approach with collaborative stakeholders to provide a meaningful way to
improve understanding and managing urban water security.

Keywords: urban water security; drinking water; sanitation; ecosystem; socio-economic; climate
change; water-scarce cities

1. Introduction

The world is becoming predominantly urban, dominated by human settlements and economic
activities. According to the 2018 revision of World Urbanization Prospects [1], more than half of the
global population—4.2 billion people—lives in urban areas, and this number is projected to grow by
68% to 2.5 billion people by 2050. Urbanization, urban water security, and economic growth move
in tandem. However, for growth to be sustainable, the urban water security implications of rapid
urbanization need to be at the center of the national and municipal development agenda [2–4].
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The concept of urban water security is a multi-faceted one and is interrelated with the broader
frameworks and concepts of urban metabolism, ecological security, integrated urban water management,
the web of water–energy–food securities, risk management, resilient and adaptive water management,
and water-sensitive cities [2–6]. A clear understanding of the synergies and trade-offs between these
frameworks will also provide more clarity on what urban water security means and will help with
systematically operationalizing the concept of water security, including at the urban level.

Urban areas have been experiencing major transitions and are facing the pressures of increasing
demands due to population and economic growth, coupled with the climate change extremes of floods
and droughts [7,8]. These conditions pose threats to socio-economic development and human and water
security, such as inadequate water and sanitation services, failing storm water management, and water
quality and ecosystem degradation [9–11]. Eighty percent of GDP is produced in cities—so there are
major economic repercussions [10]. Thus, ensuring urban water security is an urgent challenge that may
threaten humanity’s food, economic, ecological, and national security if not properly addressed [12–17].
Water security is one of the top priorities for policy-makers and governments.

Water security as a concept has received greater consideration over the past twenty years in a
series of studies and debates, and has become a common currency among researchers, development
partners, and policy-makers focused on adding value to urban water management [18,19]. Most water
security assessments have been undertaken at a regional and national level, which may not always be
applicable at the local level. Understanding water security is a complex undertaking, with different
definitions, interpretations, and assessments used across disciplines; conceiving it variously as national,
political, technical, or human security [20–25]. Water security is also typically a primary goal of water
management, along with related concepts such as integration, sustainability, adaptability, resiliency,
and the water, energy, and food nexus [26–30].

Recent studies have demonstrated the evolution of numerous definitions and assessment
frameworks for water security over the past decade [31]. However, there is still no agreed-upon
understanding of how to operationalize and identify an assessment framework to measure the current
state and the dynamics of water security, including at the urban level. Moreover, there is no clear
and widely endorsed definition of urban water security [30–35]. Water security is framed in different
ways; some frameworks focus on risks, while others have adopted a broad understanding with a
focus on the development of water resources to meet human needs [30,36,37]. There is a significant
similarity and overlap between the three widely-used definitions of water security: Those of Global
Water Partnership, World Bank (Grey and Sadoff), and UN-Water [38–41].

UN-Water has adopted a holistic and interdisciplinary definition, capturing all perspectives and
dimensions, and thus it should be the basis of the national water security framework. Most national
water strategies are built upon the principle of integrated water resources management (IWRM) as a
process and as a good framework for achieving water security and linking water with society [42].
However, IWRM implementation has been criticized for failing to provide comprehensive solutions to
the challenges, uncertainties, and complexity of water management [43].

Many studies have emphasized the lack of assessment of water security and application of water
security measures at the local level [44–46]. These should reflect the considerable variation in dynamics
of water security at the local level, in order to address urban water challenges effectively and provide
decision-makers with robust policy instruments and measures to achieve urban water security [31,47].
Among the broad definitions and assessment frameworks for water security, many well-established
arrays of indicators have been applied at the city level to provide different perspectives on water
security [48]. The most widely used indicators include:

• Stand-alone indexes, such as the water stress index and the water poverty index [49–51]. These are
conceived to be applied at all levels, including at the city level, but they are not salient and narrow
enough to capture the dynamics and multiple aspects of urban water security [52–54]. In addition,
the thresholds used are often arbitrary and not based on scientific principles.
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• Composite indicators, such as Asian Development Bank’s urban water security index [55,56],
which forms part of its national water security rankings, using averages of all urban areas, and is
thus likely to be used by decision-makers at the urban level. A city-specific water index can be
developed and applied [43,57–60] by including the city blueprint framework (CBF) to capture
issues of urban water security, but it seeks specifically to measure the implementation of integrated
water resources management (IWRM) in different cities, and also to benchmark cities on their
resilience at the social, economic, and environmental dimensions [60–63].

We note that that there is significant overlap, and sometimes even confusion, between the
utility benchmarks, which measure operating and financial performance as part of the management
and regulatory system; and water security indicators, which are broader in scope and linked to
decision-makers rather than managerial targets.

This paper aims to address the knowledge gap by providing a new working definition and
assessment framework with different dimensions of urban water security.

2. Methodology to Develop the Assessment Framework for Urban Water Security

The proposed framework has been developed according to the needs and special characteristics
of urban water security, so as to evaluate current and future state of water security in a scientifically
sound way, using a standard methodology for constructing indicators based on the definition of urban
water security.

The methodology for operationalizing urban water security is based on six systematic steps,
as shown in Figure 1, starting with (1) understanding how water is managed in a water-scarce city;
(2) what we mean by urban water security; (3) then proposing a working definition; (4) putting in
place an urban water security framework based on a working definition that includes sustainable
development goal on water and sanitation SDG6 and the United Nations (UN) human rights to water
and sanitation; (5) interpreting this framework for decision-makers; and (6) measuring the index.

 

Methodological 
framework for assessing

urban water security

1. Understanding the urban water 
system (identify stakeholders, water 

balance, assessment of water 
infrastructure)

2. Working definition (identify 
what water security means)

3. Proposing working 
definition to urban water 
security (gain stakeholder 

perspective, prioritize 
problems)4. Setup boundary and 

quantification of the 
assessment framework 

(drinking water, ecosystem, 
climate change, and socio-

economic)

5. Normalization and 
presentation of the results 

6. Measuring urban water 
security (assign weights, 

aggregation, analysis 
results of dimensions, 

indicators, and the whole 
system to inform 
decision-makers)

Figure 1. The framework cycle to operationalize urban water security.

2.1. Understanding the Urban Water System

Many cities are at risk of running out of water, with water supply crises rated as one of the
top global threats in terms of likelihood and impact, both on the quantity and quality of freshwater
resources, as per the Global Risks report 2019 [64]. The typical mode of water supply in urban systems
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is designed to provide continuous safe, clean drinking water [65]. Today, increased urbanization and
climate change are putting a great pressure on water supply, and as a result, 1.2 billion people are
receiving water less than 24 h a day under intermittent water supply systems, which are running in
downward spiral (simplified in Figure 2) [66–68].

Intermittent water supply can cause severe urban water insecurity, with water quality degradation
and public health problems, increased leakage and accelerated wear and tear, illegal uses, lowered
service quality, and ineffective demand management [69–71].

Figure 2. The downward spiral of intermittent water supply IWS/Source [65]. NRW, non-revenue water.

The key to developing an assessment framework for urban water security is gaining a better
understanding of the urban water system and the factors that influence its insecurity. So, the first
step is necessarily a diagnostic approach to answer the following questions: How is water managed
and operated, what are the constraints acting upon the infrastructure, and what strategies can be
introduced to the infrastructure to achieve urban water security?

This diagnostic has been elaborated in a recent papers [71,72], which outlined conducting a
water balance in the case of a water-scarce city (Madaba, Jordan): Measuring inflow and outflow and
examining the causes of the high level of water losses in the distribution network, the vulnerabilities of
the water system that cause insecurity, water-related risks, and emerging water-related issues, such as
intermittent water supply in the context of changing climate and increasing demand.

The study offered recommendations to reduce the physical losses as an important component of
water losses that affect urban water security through an infrastructure, repair, economic, awareness,
and pressure (IREAP) framework as a way of systematically engaging the non-revenue water (NRW)
challenge in Jordan [71].

2.2. Working Definition of Urban Water Security

The second step involves defining the term “urban water security”. The working definition sets
up the criteria and benchmarks by which the system will be evaluated. It is clear: There is no widely
recognized definition of urban water security [31]. In terms of widely-referenced definitions (Table 1),
a recent review has identified 25 definitions of water security, of which only three relate to the urban
level [73].
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Table 1. Common global water security definitions.

Definition of Water Security References

Water security, at any level—from the household to the global—means that every
person has access to enough safe water, at an affordable cost, to lead a clean,
healthy, and productive life, while ensuring that the natural environment is

protected and enhanced.

Global Water
Partnership [40]

Water security is the availability of an acceptable quantity and quality of water for
health, livelihoods, ecosystems, and production, coupled with an acceptable level

of water-related risks to people, environments, and economies.

World Bank
Grey and Sadoff [25]

Water security is the capacity of a population to safeguard sustainable access to
adequate quantities and acceptable quality of water for sustaining livelihoods,
human well-being, and socio-economic development, for ensuring protection
against water-borne pollution and water-related disasters, and for preserving

ecosystems in a climate of peace and political stability.

UN-Water [41]

2.3. The Proposed Working Definition of Urban Water Security

To build a definition for urban water security, we have examined the existing definitions and found
that the UN-Water definition has the merits of being holistic yet general. In order to be more useful,
further analysis and specification is required. As shown in Figure 3, the UN water security is based of
broad framework of different dimensions and cross sectors to achieve sustainable water management.

Figure 3. United Nations framework of water security [74].

This study suggests changes in the UN-Water definition to derive perspectives from the sustainable
development goal of clean water and sanitation “SDG6” and the UN human rights of water and
sanitation in Resolution 64/292, which specifies different elements embedded in urban water security [74].
We propose an urban water security definition which emphasizes the role of water stakeholders to
define the elusive terminologies embedded in the definition, such as adequate and acceptable, as it
will not be a one-size-fits-all proposition.

Therefore, urban water security can be defined as the dynamic capacity of the water system and
water stakeholders to safeguard sustainable and equitable access to adequate quantities and acceptable
quality of water that is continuously, physically, and legally available at an affordable cost for sustaining
livelihoods, human well-being, and socio-economic development, for ensuring protection against
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water-borne pollution and water-related disasters, and for preserving ecosystems in a climate of peace
and political stability.

3. Urban Water Security Assessment Framework

3.1. Setup the System Boundary and the Assessment Framework

The study considers the entire urban water cycle in peri-urban and urban areas, including the
social, economic, institutional, and environmental dimensions that affect the performance of urban
water systems. The urban water system includes main processes in the water cycle: Drinking water
production, water treatment plants, drinking water storage and distribution, and wastewater collection,
treatment, and discharge.

The system boundary is determined by two factors: The spatial and temporal scales. The spatial
scale refers to the physical size of the system. In the context of the present research, the urban area
comprises the following features: The entire geographical area of a city, all its inhabitants, and all
users of its water resources. The temporal scale is set enough to measure the dynamic status of urban
water security.

Based on the working definition of urban water security and the definition of the system boundary,
the next step is the core of the assessment: Selection and categorization of a tailored set of indicators at
the urban level. The index is based on a weighted aggregate score to assess water security in urban
areas. Design of the framework includes: Scoping to identify issues and problems and to set priorities;
examining risks and development of criteria; and a review of data availability. At the end of the design
stage, the goal is to have developed sets of indicators to measure urban water security.

It is crucial to understand the dynamics of water security and their associated holistic perspectives,
which can provide the foundation of the assessment with robust indicators and variables to divide the
urban water security into four main dimensions, as shown in Figure 4.

 

Urban Water Security 

 Framework 

 

Figure 4. Urban water security assessment framework.
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3.1.1. Drinking Water and Human Well-being

Availability and diversity of domestic water resources (e.g., desalination, water reuse, rainwater
harvesting) should be analyzed, considering accessibility, rationality, and efficiency of water and
energy systems, as well as quality, adequacy and equity, and dependency on other sources (Table 2).

Table 2. Dimensions, indicators, and variables of drinking water and human well-being.

Dimensions Indicators Variables Units

Water quantity

Availability
(Total water resources)/

(Total population) m3/capita/year

Diversity

Reused wastewater/production of
wastewater %

Contribution of alternative water
sources % %

Contribution of alternative energy
sources % %

Consumption
(Authorized consumption )/

(Total population) L/capita/day

Reliability

Non-revenue water %

Infrastructure Leakage Index =
(Current Annual Real Losses CARL/

Unavoidable Annual Real Losses
UARL)

Metered water (percentage of
households whose water
consumption is metered)

%

Energy efficiency in the network %

Commercial losses from
non-revenue water %

Water quality standards

Wastewater treatment plant
Proportion of drinking water

samples meeting WHO and local
standards

%

Drinking water quality
Proportion of samples of wastewater
treatment plant meeting WHO and
locally applicable quality standard

%

Accessibility

Proportion of population using
safely managed drinking water

services

(No. of piped water supply users)/
(Total population) × 100 %

Proportion of population using
safely managed sanitation services

SDG (6.2.1a)

(No. of piped wastewater users)/
(Total population) × 100 %

Adequacy and equity Average supply time compliance
with minimum service standard Average number of hours/days h/day

Transboundary/imported
water dependency ratio

The percent of annual volumes
abstracted from

transboundary/imported water
bodies to total annual available

water resources

%

Water availability is one of the common indicators for measuring water scarcity in terms of the
water stress index [75,76]. Diversity of water resources is key to achieving urban water security, as it
mitigates the risk of dependency on one water source by securing alternative sources and mitigations
to meet the demand (e.g., desalination, wastewater reuse, water harvesting) [77].

It is of paramount importance to improve the capacity of the system to safeguard sustainable and
integrated water supply from different sources [10]. In addition, energy plays a great role in securing
and driving water to households and operating wastewater treatment plants [78]. Lack of energy
supplies forces many cities with intermittent water supply to reduce energy supply time [64,65].
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The UN human right to water specifies that the water supply must be sufficient and continuous [10].
According to the World Health Organization (WHO), between 50 and 100 L of water per person per
day are required to ensure that most basic requirements are met and that few health concerns arise [79].
Water consumption is paramount to achieving water security when water is scarce, which requires
consuming it in the most rational and sustainable way to reserve the water available [80].

The major objectives of the water system and infrastructure involve improving the capacity of
water utilities to supply water to consumers [81]. Infrastructure reliability requires ensuring the
right quantity at the required pressure and of adequate quality. In an unreliable system, shortages
may result from failures of a system’s physical components [64,65]. We consider the indicators
of non-revenue water and the energy efficiency of the network to measure the reliability of the
system [62,81]. Non-revenue water (NRW) includes physical losses, commercial losses, and unbilled
authorized consumption. Infrastructure leakage puts many cities in a vicious circle, and it can be
measured using the infrastructure leakage index (ILI), which is the ratio between current annual real
losses (CARL) and the unavoidable background leakage rate (UARL) [71,79,82].

Water quality is a major component of urban water security [83]. Issues of water quality are
more acute in intermittent water systems, due principally to infiltration, regrowth within pipes,
and the detachment of the bacterial biofilm following variations in pressure and velocity [68,69,83].
After water is supplied to the customers, when there is no flow in the network, people must store
water in roof top tanks for several days to meet their demand, thereby providing more chances for
microbial regrowth and degradation of the water quality [64,65]. This ultimately results in incidents of
opportunistic pathogens and negative effects on public health. In addition, the physical accessibility
of safely managed water and sanitation services is key to achieving the human right to water and
sanitation [40,41].

Ensuring access to water and sanitation for all is a basic human right and is fundamental to
achieve the sustainable development goal on safely managed water and sanitation services SDG6 [74].
For the purpose of this research, the indicator of average supply time is used to measure the adequacy
and equity in water supply systems. Adequacy in this study means that the actual supply of water is
sufficient to meet everybody’s needs, and this also includes the timing perspective. Equity implies
that all people within a district metered area receive fair distribution of the limited amount of water
available during the few hours of supply [64,65]. Adequacy and equity in water supply are one of the
main challenges faced in water-scarce cities with intermittent water distribution systems, in which
water wastage is at the highest pressure nodes and scarcity at the lowest pressure nodes [64,69,83].
Service intermittency poses a great threat to guaranteeing people’s access to limited water supply, and
inabilities to meet the water demand equally negatively impact customers’ satisfaction, with high
coping costs and inequitable water distribution. [65,68].

Dependency ratio—the risk of dependence on one source of water—can be measured by the
percentage of the total renewable water resources originating outside the city [84]. It is a relevant
indicator of the threats to urban water security—to measure the possibility of tensions, failures, and/or
conflict over water use and sharing. Thus, a climate of peace and political stability is a mandatory
factor for imported/transboundary water sources in order achieve urban water security [41]. Water
dependency in cities can be created by insufficient water and risks to public health within the boundaries
of city or by dependency on upstream flows outside the city or country [85].

3.1.2. Ecosystems

The key to achieving urban water security is to have a balance between the exploitation of water
resources and sustaining and protecting urban ecosystem services as “natural infrastructure” that is
critical to people’s well-being and livelihoods (e.g., pollution and contamination, level of water stress,
good ambient water quality, exploiting green roofs and green areas, effectiveness of the infrastructure)
(Table 3) [9,16,30].
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Table 3. Dimensions, indicators, and variables of ecosystem.

Dimensions Indicators Units

State of pollution Percentage of safely treated
wastewater flows (SDG6.3.1b) %

Bodies of water with good
ambient water quality

Proportion of samples of water
sources (surface water or ground
water) meeting WHO and locally

applicable quality standards

%

Change in the extent of
water-related ecosystems over

time (SDG 6.6.1):

Change in quantity of water
contained within these ecosystems (% change/year).

Green roofing Surface area of green roofing in
relation to total roof surface area %

Green surfaces (drainage factor) Green surface area in relation to
total surface area %

Effectiveness of storm network
and wastewater network Sewer system blockages No. blockages/km/year

State of pollution in terms of untreated wastewater is one of the major risks to ambient water
quality, public health, and urban water security if it is not treated and discharged properly [82].
Although wastewater presents a risk of pollution, it can also provide many opportunities if this
untapped resource is treated as an additional source of water and is properly harnessed to mitigate
water scarcity [76,77,86].

The indicator bodies of water with good ambient water SDG target 6.3.2 aims to improve water
quality by reducing pollution, eliminating dumping, and minimizing the release of hazardous chemicals
and materials [10,19]. Surface water and groundwater quality can be compared to ambient water
quality standards, for both chemical and biological pollutants [31]. The change in extent of water-related
ecosystem is also a relevant indicator to urban water security, which measures the quantity of water
contained in various water-related ecosystems [87].

Green roofing is another often untapped resource for urban agriculture, which can boost water
security by maximizing the benefits of water from rainwater harvesting [43,58]. Green surface is one of
the crucial features of a productive green infrastructure for humans’ well-being, sustainability, and
health ecosystem [88,89]. As a drainage factor, it can intercept water from the canopy and stem areas
and enhance infiltration into the soil and root systems [56–59,90].

Green areas include all types of urban green spaces that can contribute to the livability, sustainability,
and resilience of cities, thus achieving urban water security [56]. The storm water network and sewage
system are critical to the resilience of the urban water system [43,90]. If they fail to accommodate the
full load and to work properly, it can cause infrastructure failures and serious social and economic
losses [43,61]. Sewer blockage can represent one of the main threats to the effectiveness of the sewage
system, as the system should achieve the goal of discharging water efficiently [78].

3.1.3. Climate Change and Water-Related Hazards

Climate change, which may be exacerbated by water infrastructure, has an impact on water-related
risks, including flood risk and health-related risks [8,57]. As shown in (Table 4), the dimension of
climate change and water-related hazards can be measured by the following indicators; public health,
frequency of floods, No. of droughts, flood prone areas, precipitation and temperature.



Resources 2019, 8, 178 10 of 19

Table 4. Dimensions, indicators, and variables of climate change and water related hazards.

Dimensions Indicators Units

Greenhouse Gas (GHG) emissions
emitted from the system Tons CO2equ/year/inhabit

Public health (water-borne
diseases)

Number of potable water
contamination incidents (diarrhea) number/year per 100,000 people

Frequency of floods Number of floods over three years number/years

No. of droughts number/year

Flood-prone areas Surface area of flood-prone area in
regard to total surface area %

Average annual precipitation mm/year

Average annual temperature Celsius degree

The urban water system contributes to climate change in terms of greenhouse gas emissions from
energy consumption, water and wastewater treatment, and discharge [78,91].

Public health is one of the core components of urban water security in shaping the city’s metabolism.
Water-borne diseases represent a huge risk to public health. Many incidents of water-borne diseases is
an indicator of urban water insecurity [92].

Urban flooding may be caused by heavy and/or prolonged rainfall which exceeds the capacity
of the drainage system [92,93]. Flooding and droughts are natural hazards, with great economic and
social impacts on cities [94]. The growing threat of urban flooding has been a critical test of cities’
resilience in the face of climate change [94]. Flood-prone areas need protection and proactive measures
to mitigate the risks [89,91].

Climate change and water security challenges are primarily about adaptation and making
development climate-resilient. This requires the improvement of our knowledge of climate impacts
and effective technologies and their application and building local capacity for improved preparedness
and adaptation.

3.1.4. Socio-Economic Development

Particular attention must be paid to the actual and potential role of social and economic factors and
their impacts on water demand and supply, which may hamper the system’s ability to meet people’s
basic needs and to achieve urban water security [12–17]. These factors include energy consumption in
the water and wastewater system, water and sanitation tariffs, affordability, budget directed to water
and wastewater services, cost recovery, illegal uses, and customers’ complaints (Table 5) [78,88].

Water supply systems are heavily dependent on energy to deliver water at an optimal pressure to
reach households. Energy consumption is related to many factors, such as topography of the area;
distance from source to tap; and type, capacity, and efficiency of pump stations [78].

Water tariff should be a good indicator by which to evaluate the economic value of scarce water;
thus, targeted tariffs and smart subsidies would contribute to achieving urban water security. In many
cities, water is highly subsidized by the government. Thus, the water tariff is too low to cover the
operation and maintenance costs and it discourages efficient use of water [62].

Cost recovery is a robust performance indicator of a well-managed water utility. It is essential
to ensure long-term sustainability of water services [62]. Sound water management also requires
that users consider both the financial costs of supplying services and the costs that their use of water
imposes on others (externalities, as well as “opportunity costs”—which represent the true costs) [62].
Water tariff and the high level of non-revenue water are key components of cost recovery in many
water-scarce cities. Illegal uses represent one of the major socio-economic threats to urban water
security, which can erode the equality of water distribution and cause huge human and economic
losses [79,81,82].
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Water service fees to cover financial costs and ensure minimum water security are essential for
two reasons. First, they provide the user with information on the cost of providing the service, thereby
inducing more considerate use than if the service were free and encouraging conservation. Second,
revenues from tariffs provide financing for water resources protection, infrastructure maintenance,
and ensuring equitable and reliable service delivery [56–59,90].

Affordability is a key factor especially for vulnerable people who cannot afford to pay for
water [49–51]. This indicator can give an approximate measure of the affordability, but it does not
include the high coping costs of intermittent water supply [69–71].

The national budget for water and sanitation is crucial to placing water security as a top
priority [24,25]. Thus, maximizing public financing is essential, but it is not enough to bridge the
financial gaps. Commercial financing from the private sector is also needed to achieve urban water
security [13–15].

Customer satisfaction is a key indicator of urban water security, as it means that the utility is
capable of operating and managing the water system in a manner that satisfies the water demand.
In an intermittent water supply system, complaints about leakage and lack of water are among the
main issues that put pressure on water utility governance [78].

Table 5. Socio-economic dimensions, indicators, and variables.

Dimensions Indicators Units

Water energy consumption Average energy consumption in
cubic meter urban water supply. kW h/m3

Wastewater energy consumption Average energy consumption in
cubic meter wastewater treatment kW h/m3

Water tariffs Water tariff per 15 m3 $/m3

Sanitation tariffs Wastewater tariff per 15 m3 $/m3

Affordability

Financial Water, sanitation and
hygiene (WASH) expenditure as
percentage of household income

%

Water and Wastewater Services
(WWS) Charges as percentage of
average household income

%

Percentage of national budget
directed to WWS % %

Operation and maintenance cost
recovery

Operating expenditure/operating
revenue %

No. of illegal uses number/year/10,000 subscribers

No. of total complaints (leakage,
no water, blockage) number/year/10,000 subscribers

In sum, these perspectives signal the direction of change required to improve water security.
A more water-secure city can be achieved by improving the four dimensions and their indicators.

3.2. Normalization and Interpreretaion of the Results

Normalization is a key step of the decision-making process to covert the results of each component
in different units into a common scale and comparable units. Normalization and presentation of the
results of the indicators should be aggregated in order to reflect the status and aspirational values of
each indicator, since they have different units, so that that indicators are dimensionless in a range from
1 to 5. This process will allow us to better understand the bottlenecks, identify future intervention
strategies, and facilitate communication between different water stakeholders.

The establishment of ranges and scores for each indicator of achieving urban water security is
aspirational and hangs on the dynamic capacity of the water system and stakeholders to achieve the
ambitious UN sustainable development goals on water and sanitation (SDG6).



Resources 2019, 8, 178 12 of 19

The below Tables 6–9 present the urban water security index scores on a scale from 1 to 5 for each
variable, where 1 represents poor water security and 5 represents excellent water security.

Table 6. Thresholds of drinking water and human well-being.

Variable 1 2 3 4 5 References

Fresh water per capita <500 500–800 800–1000 1000–1700 >1700 [51,75]

Reused wastewater/production of
wastewater <10 10–30 30–50 50–70 >70 [77]

Contribution of alternative water sources % <5 5–15 15–30 30–60 >60 Authors

Contribution of alternative energy sources % <5 5–15 15–30 30–60 >60 Authors

Authorized consumption per person per day ≤20 21–50 51–90 91–100 ≥101 [81]

Non-revenue water ≥25 25–20 20–15 15–10 10–0 [79]

Infrastructure leakage index = CARL/UARL ≥3 3–2.5 2.5–2.0 2.0–1.5 ≤1.5 [79,82]

Metered water (percentage of households
whose water consumption is metered) 0–60 61–70 71–80 81–90 91–100 [79]

Energy efficiency in the network <40 40–50 50–60 60–80 >80 Authors

Commercial losses from non-revenue water ≥25 25–20 20–15 15–10 10–0 [79]

Proportion of drinking water samples
meeting WHO and local standards 0–60 61–70 71–80 81–90 91–100 [82]

Proportion of samples of wastewater
treatment plant meeting WHO and locally

applicable quality standards
0–60 61–70 71–80 81–90 91–100 [93]

Proportion of population using safely
managed drinking water services (SDG 6.1) 0–60 61–70 71–80 81–90 91–100 [92]

Proportion of population using safely
managed sanitation services (SDG 6.2.1a): 0–60 61–70 71–80 81–90 91–100 [92]

Average supply time compliance with
minimum service standard <8 8–16 17–20 21–23 24 [79]

Percentage of annual volumes extracted
from transboundary/imported water to total

annual available water resources
>60 60–40 40–20 20–10 <10 Authors

Table 7. Thresholds of ecosystem.

Variable 1 2 3 4 5 References

Percentage of safely treated wastewater flows
(SDG6.3.1b) 0–60 61–70 71–80 81–90 91–100 [86]

Proportion of samples of water sources (surface
water or ground water) meeting WHO and locally

applicable quality standards
0–60 60–70 70–80 80–90 90–100 [82]

Change in quantity of water contained within
these ecosystems per year >60 60–40 40–20 20–10 <10 [87]

Surface area of green roofing in relation to total
roof surface area <5 5–15 15–30 30–60 >60 Authors

Green surface area in relation to total surface area <5 5–15 15–30 30–60 >60 Authors

Sewer system blockages (no. blockages/km/year) >300 200–300 100–200 50–100 <50 [62]
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Table 8. Thresholds of climate change and water-related hazards.

Variable 1 2 3 4 5 References

Greenhouse Gas (GHG) emissions emitted from
the system >3.5 3.5–2.5 2.5–1.5 1.5–0.5 <0.5 [91]

Number of potable water contamination incidents
(diarrhea) ≥1000 800–500 500–100 100–30 ≤30 [92]

Number of deaths due to flood over 3 years ≥1000 800–500 500–100 100–30 ≤30 Authors

No. of droughts

Surface area of flood-prone area in relation to total
surface area >20 20–15 15–10 10–5 <5 Authors

Average annual precipitation <100 100–300 300–500 500–700 >700 Authors

Average annual temperature >40 35–40 30–35 25–30 <25 Authors

Table 9. Thresholds of socio-economic.

Variable 1 2 3 4 5 References

Per unit energy consumption for urban water
supply >4.5 4.5–3.5 3.5–2.5 2.5–1.5 1.5 [78]

Average energy consumption in cubic meter
wastewater treatment >1 1–0.75 0.75–0.5 0.5–25 <0.25 [78]

Water tariff per 15 m3 <0.5 0.5–0.75 0.75–1 1–1.5 >1.5 [62]

Wastewater tariff per 15 m3 <0.5 0.5–0.75 0.75–1 1–1.5 >1.5 [62]

Total annual operating revenues per population
served/ gross national income (GNI) per capita;

expressed in percentage
>1 0.8–1.0 0.8–0.6 0.6-0.4 <0.4 [62]

Percentage of national budget directed to WWS % <1 1–5 5–10 10–20 >20 Authors

Operation and maintenance cost recovery 0–60 60–70 70–80 80–90 90–100 [62]

No. of illegal uses >300 200–300 100–200 50–100 <50 Authors

No. of total complaints (leakage, no water,
blockage) >300 200–300 100–200 50–100 <50 Authors

The resulting scores on the urban water index can be interpreted and identified to measure the
level of urban water security, as in the below Table 10 [92].

Table 10. Grades of urban water security.

Grading Urban Water Security Level of Security

<1.5 Poor
Urban water security is poor at meeting the basic

needs of the people. Lack of water governance and
management is a major concern in all dimensions.

1.5–2.5 Fair
Policies and measures are not enough to achieve

urban water security, with major concerns in almost
all dimensions.

2.5–3.5 Reasonable
Urban water security is satisfactory to meet the basic
needs, with gaps in some dimensions that affect the

resilience and sustainability of the system.

3.5–4.5 Good
Sound policies and management exist for achieving
urban water security for most of the dimensions, but

some improvements are still needed.

>4.5 Excellent

Well-managed and water-secure city that is capable
of meeting demands and resilient to future shocks

and risks. The index shows high level of security for
all dimensions.
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3.3. Measuring the Urban Water Index

For composite indices, weighting and aggregation are familiar challenges due to their sensitivity
and subjectivity. It should be recognized that assigning explicit weightings, by definition, represents
only one viewpoint. Thus, water stakeholders should define the weighting system to be appropriate in
the local context.

The output of the urban water security index is calculated by aggregating the values of the
variables. In the study, equal weights are assigned to all dimensions, indicators, and variables.
This implies that all components are equally important. However, if there is a case where one of the
indicators is more important than the other, weights in proportion to significance can be used.

The formulas are simplified when the weights are normalized such that they sum up to 1, i.e.,

n∑

i=1

wi = 1

For such normalized weights, the weighted mean is then:

x =
n∑

i=1

w.
i
xi

Note that one can always normalize the weights by making the following transformation on the
original weights:

wi =
wi∑

j=1 wj

Using the normalized weight yields the same results as when using the original weights:

x =
n∑

i=1

wixi =

∑n
i=1 wixi∑n

i=1 wi

4. Conclusions

Framing the challenge of urban water security goes beyond single-issue indicators such as water
quantity, water quality, or access to water sanitation. Rather, we must think holistically about the four
dimensions of DECS—drinking water and human beings, ecosystem, climate change and water-related
hazards, and socio-economic—in order to arrive at concrete solutions that can shift the vicious cycle of
water insecurity into a virtuous cycle of sustainable and secure cities.

The dominant threats to urban water security vary geographically and over time. Urban water
security is not a stagnant goal; it is a dynamic process affected by changing climate, political structures,
economic growth, and resource degradation. The proposed working definition of urban water security
encompasses the challenges of urban and peri-urban areas in achieving the goal of secure water for
all by underlining the principles of UN human rights and sustainable development goals of safely
managed water and sanitation. Urban water security is defined as the dynamic capacity of the water
system and water stakeholders to safeguard sustainable and equitable access to adequate quantities
of an acceptable quality of water that is continuously physically and legally available to meet water
demand at an affordable cost; in order to sustain livelihoods, human well-being, and socio-economic
development, to ensure protection against water-borne pollution and water-related disasters, and to
preserve ecosystems in a climate of peace and political stability.

This study develops a novel urban water security assessment framework The interconnections
and implications of each indicator in the DECS framework prove that we cannot achieve urban water
security via water quantity and quality alone, but must also change the way we look at the quantity of
water—from relying on a sole source of fresh water, to a diversity of water resources—and preserving
the urban water in climate of peace and political stability. Developing the urban water security indexes
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is a complex undertaking, given weighting and aggregation issues, but it is essential to be able to
quantify the impacts. However, there is a need for indexes which define some components as more
important, and therefore, more researches are required to define the relative weight of these indexes.

Despite clear evidence of dwindling water resources and increasing water demands in water-scarce
cities, many cities continue to count on conventional solutions based on the assumption of plentiful
water resources and on silo-oriented solutions to increase the quantity of water resources, neglecting
other dimensions and indicators.

Effective management of drinking water in terms of availability, accessibility, water quality,
and adequacy of urban water systems is critical in order to sustain inclusive and integrated urban
water systems. Diversity of water resources is critical to achieving urban water security and hedging
against the risks associated with water resource exhaustion or contamination, such as high-water
turbidity in wells during flashfloods and reliance on imported water from outside the city. Reliance on
external water supplies poses risks, including competition over water during times of drought and
the threat of illegal water uses. Integrated urban water management is essential in order to increase
the resilience of urban water systems to external climate extremes. This can be achieved by turning
risks into opportunities and diversifying the water resources; for instance, through wastewater reuse,
desalination, rainwater harvesting, and replenishing groundwater.

This study can help water stakeholders and policy-makers target scant resources more effectively
and sustainably. The developed framework is also generally applicable and can be applied to urban
and potentially peri-urban areas in any part of the world. It is suggested to carry out assessment and
monitoring programs on a regular basis to measure progress, and also to benchmark urban water
security in cities and to develop an environment of competition among cities and utilities to improve
the DECS dimensions.

We emphasize that urban water security is a complex and cross-cutting challenge that needs to be
addressed holistically in order to achieve SDG 6. It is not only rooted in a single indicator such as the
availability of fresh water resources to meet the increasing demands, but also in the dynamics of the
DECS framework, including poor water governance, institutional fragmentation, and ineffective water
policies. Thus, we acknowledge the following limitations:

• Stakeholder engagement is key to designing and applying the DECS framework to achieve mutual
understanding among water stakeholders of the terms, scores, and weights of each indicator
to inform decision making about the state of urban water security and the actions needed for
its improvement.

• In order to adequately incorporate the dynamics of urban water security, there is a need for water
stakeholder participation, data considerations, trade-off analyses among the various components
of DECS framework, governance tools, and incorporating climate risks and resilience.

• The assessment framework needs to go through sensitivity analysis and validation stages, applying
it to real-life case studies representing different scales.
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Abstract: Water security is a major concern for water-scarce cities that face dynamic water challenges
due to limited water supply, climate change and increasing water demand. Framing urban water
security is challenging due to the complexity and uncertainties of the definitions and assessment
frameworks concerning urban water security. Several studies have assessed water security by granting
priority indicators equal weight without considering or adapting to the local conditions. This study
develops a new urban water security assessment framework with application to the water-scarce city
of Madaba, Jordan. The study applies the new assessment framework on the study area and measures
urban water security using the integrated urban water security index (IUWSI) and the analytic
hierarchy process (AHP) as a decision management tool to prioritise and distinguish indicators that
affect the four dimensions of urban water security: drinking water, ecosystems, climate change and
water-related hazards, and socioeconomic aspects (DECS). The integrated urban water security index
(IUWSI) highlights the state of water security and intervention strategies in Madaba. The study
reveals that urban water security in Madaba is satisfactory to meet basic needs, with shortcomings in
some aspects of the DECS. However, Madaba faces poor security in terms of managing climate- and
water-related risks. The IUWSI framework assists with a rational and evidence-based decision-making
process, which is important for enhancing water resources management in water-scarce cities.

Keywords: urban water security; water-scarce cities; efficient water management; analytic hierarchy
process

1. Introduction

Water security is widely recognised by policy makers and academics as a global risk and policy
challenge that transcends national security, endangers the health and livelihoods of vulnerable
communities, and matters to global security [1–4]. Since water security is a multifaceted challenge,
the concept of water security is viewed from diverse perspectives that cannot be easily reconciled [5,6].
It can generally be seen as the umbrella goal of water resources management toward sustainable
development thinking with the focus on meeting water demand for societal and ecological needs [7–9].
The concept has emerged from the need to balance people’s needs with conserving water resources,
and is reflected explicitly in the United Nations’ Sustainable Development Goal related to water and
sanitation (SDG6) [10].
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The world is rapidly urbanizing; villages become towns and towns become cities. The urban
population has risen dramatically from 751 million (1950) to 4.2 billion (2018) [11,12]. This trend is
expected to continue, such that, by 2050, two-thirds of the world’s population will live in cities, and by
2030, there will be 43 densely populated cities with over 10 million dwellers [12]. With more than 80%
of global gross domestic product (GDP) generated in cities, urbanization can play a crucial role in
spurring progress towards Sustainable Development Goals 6 and 11 as nations strive to build inclusive,
safe, resilient, and sustainable cities [13–16].

The intersection of water security and urbanization poses many issues, ranging from high
population density and water crises to climate risks and natural disasters [5,9,17–19]. Rapid urbanization
has exceeded the capacity of governments to meet the water demand, which has led to many water
challenges, such as a lack of access to safely managed water and sanitation, intermittency of water
supply, water quality degradation, failing flood management, and environmental degradation [20–24].
In recent years, many cities have faced serious water shortages, such as Delhi and Chennai (India),
Cape Town (South Africa), Mexico City (Mexico), and Santiago (Chile), and many cities are likely to
run out of water in the future [25–28].

Water security is a multifaced challenge that hangs on a plethora of socioeconomic, public health,
governance, anthropogenic, natural risk, infrastructure, and institutional dimensions that are hard
to align and manage [29–32]. The discourse on urban water security in recent years has involved
many studies, at different levels, on definitions and assessment frameworks with indicators of water
security [4,9,29,33–39]. Most of these assessments are poorly integrated with the needs of policy
makers and there is thus a clear scalar mismatch [40,41]. The concept was studied and used in widely
diverging ways; the Oxford school argues approaching water security with a risk perspective is more
pragmatic [30,42,43], while others emphasize the role of adaptive capacity and inclusive governance
mechanisms to ensure water security goes with sustainability [44,45]. Others stress the need to develop
earth observations to increase reliability, comparability and reproducibility [7,46,47]. UN-Water looked
at water security in its distinct aspects and addressed four dimensions, namely drinking water and
human well-being, ecosystem, climate change and water related hazards, and socio-economic aspects
(DECS framework) [10]. However, the major challenges of such all-encompassing studies are the
complexity of operationalising the concept of water security holistically and captured it in one metric
or in a robust policy action [6].

Our recent study [31] thoroughly investigated the holistic view of urban water security and
proposed a new working definition and assessment framework, based on the sustainable development
goal related to water and sanitation SDG6 [10] and the UN human rights to water and sanitation
resolution 64/292 [48,49]. According to the authors, urban water security should be defined as
“The dynamic capacity of water systems and stakeholders to safeguard sustainable and equitable
access to water of adequate quantity and acceptable quality that is continuously, physically and legally,
available at an affordable cost for: sustaining livelihoods, human well-being, and socio-economic
development, ensuring protection against waterborne pollution and water-related disasters, and for
preserving ecosystems in a climate of peace and political stability” [31].

This study takes a novel approach to address the above challenges by assessing water security
in its DECS assessment framework and capture it in one single metric, namely the integrated urban
water security index (IUWSI). We applied this approach in Madaba, Jordan to represent water scarce
city with complex challenges, that could characterize the water challenges of many cities around the
world. Jordan’s water security is a fundamental challenge to the country’s stability [50]. Jordan is one
of the top water-scarce countries in the world [51,52]. It is extremely vulnerable as it is facing great
pressures on water resources that include long-term drought, a high level of nonrevenue water, illegal
use, transboundary water competition, and an influx of refugees [53–55]. Drinking water is supplied
on an intermittent basis—once or twice per week—in most cities, with a high level of nonrevenue
water (48%) in 2017 [56–59]. Intermittency of water supply leads to a vicious cycle of urban system
degradation and water insecurity [60–62].
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Jordan has been experiencing increasing demands due to population growth and an influx of
displaced people, coupled with climate change, which significantly widens the gap between water
supply and demand [52,63]. By the year 2025, if the current trajectory remains in place, Jordan may
face a serious, long-term water crisis, since the per capita water supply will drop from the current
145 m3/year to only 91 m3/year, reaching a water deficit of 630 × 106 m3/year [53,57,64].

The main objectives of this study are to (1) apply the new DECS framework and IUWSI in Madaba,
Jordan, by assessing and normalizing the indicators toward the levels of urban water security; (2) put
in place a mechanism for the prioritization of urban water security according to the DECS dimensions
and indicators, by considering the local conditions; and (3) measure the integrated urban water security
index to identify the gaps and threats to the DECS dimensions and indicators that are to be used as a
decision-support tool for better formulation of water security plans.

2. Methods

2.1. Study Area

The working definition and assessment framework were applied in a water-scarce city (Madaba,
Jordan) in order to assess the existing urban water security status and guide decision makers toward
appropriate intervention strategies. Madaba lies in the middle of Jordan and is situated 35 km
southwest of Amman. The governorate of Madaba is divided into the Madaba directorate and the
Dhiban directorate. It spans an area of 1000 km2 and had a population of 200,000 in 2018 [59,65].

Ninety-eight percent of people in Madaba have access to the water service, but only 65% are
connected to the wastewater network [59]. Water is distributed from the Madaba reservoir to eight
main zones on a weekly schedule, with inequality of supply hours due to the intermittent water
supply [58,66,67]. Consumers are therefore forced to rely on alternative water sources such as storing
water in large tanks and buying water directly from tanker truckers—private water vendors—to meet
their water demands and to use for various coping strategies. However, these eight zones are for the
most part lower than the Madaba reservoir and in theory can be served by gravity; the distribution
system is inadequate to the point that friction losses are higher than the available head and therefore
the system is assisted by pumping.

The total length of the existing distribution network is 1000 km from the wells to the customers’
meters, with an average pressure of 0,6 MPa. Water is pumped from an altitude of 330 m a.s.l.
to elevations of 750–800 m a.s.l., which requires huge amounts of energy. As shown in Figure 1,
the Madaba governorate is supplied by 15 wells in Heedan and Wala, which are pumped via the
pumping stations in Walah and Libb to the main reservoir in Madaba (6000 m3) via a nominal diameter
(DN 600) branch line off the main transmission line (DN 800) from Libb to Muntazah (Amman).
The total production from the Heedan well field in 2018 was 10.5 million m3 [36]. The customers of
Madaba Directorate are either supplied by the Madaba Reservoir via gravity supply (35%) or by direct
pumping (65%) from the Madaba Pumping Station. The existing distribution pipework in Madaba
itself is 433 km in length plus an additional 187 km for the rest of the directorate, with pipe sizes
ranging from DN 50 up to DN 600 [58,66].
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Figure 1. The elevation and water system of Madaba, Jordan.

2.2. Assessment Framework and Normalization

The methodology of the paper is based on Aboelnga et al. [31] assessment framework of urban water
security as a means of understanding the following four dimensions: drinking water, the ecosystem,
climate change and water-related hazards, and socioeconomic aspects—called the DECS framework.
The methodology can be summarised as follows:
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1. Measure the indicators of the DECS framework in Madaba, Jordan.
2. Normalization and representation of the results.
3. Assigning weights, aggregation of results, and measuring the IUWSI.

Tables 1–4 represent the indicators on a common scale—since they have different units—from 1 to
5, where 1 is poor and 5 is excellent. The thresholds of the indicators are relevant to be applied in any
city and based on detailed literature reviews in the domain of water security [31].

The indicators have been chosen based on relativeness, measurability, transparency, and data
availability. In this study, all the data required to assess the urban water security in Madaba were
secondary data obtained from recent publications assessing the urban water supply and greenhouse
gases GHG emissions [58,66], as well as from national reports from bodies such as the Ministry
of Water and Irrigation in Jordan, the Ministry of Health, and Madaba’s Water and Wastewater
Utility [56,57,67–70].

Table 1. Indicators, variables, and representation of the variables’ scores in relation to the 1–5 scale of
drinking water and human well-being [31].

Indicators Variables Units 1 2 3 4 5

Water
availability Fresh water per capita m3/capita/year <500 500–800 800–1000 1000–1700 >1700

Diversity of
water and

energy sources

Reused wastewater/production of
wastewater % <10 10–30 30–50 50–70 >70

Contribution of alternative water
sources, % % <5 5–15 15–30 30–60 >60

Contribution of alternative energy
sources, % % <5 5–15 15–30 30–60 >60

Consumption Billed authorized consumption per
person per day L/capita/day ≤20 21–50 51–90 91–100 ≥101

Reliability

Nonrevenue water % ≥25 25–20 20–15 15–10 10–0

Infrastructure leakage index ≥3 3–2.5 2.5–2.0 2.0–1.5 ≤1.5

Metered water (percentage of
households whose water consumption

is metered)
% 0–60 61–70 71–80 81–90 91–100

Energy efficiency in the network % <40 40–50 50–60 60–80 >80

Commercial losses from non-revenue
water % ≥25 25–20 20–15 15–10 10–0

Water quality

Proportion of drinking water samples
meeting WHO and local standards % 0–60 61–70 71–80 81–90 91–100

Proportion of samples of wastewater
treatment plant meeting the world

health organisation WHO and locally
applicable quality standards

% 0–60 61–70 71–80 81–90 91–100

Accessibility

Proportion of population using safely
managed drinking water services % 0–60 61–70 71–80 81–90 91–100

Proportion of population using safely
managed sanitation services % 0–60 61–70 71–80 81–90 91–100

Adequacy and
Equity

Average supply time compliance with
minimum service standard hr./day <8 8–16 17–20 21–23 24

Water bodies’
Dependency

Ratio

Percentage of imported water from
transboundary/system input volume % >60 60–40 40–20 20–10 <10
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Table 2. Indicators, variables, and representation of the variables’ scores in relation to the 1–5 scale of
ecosystems [31].

Indicators Variables Units 1 2 3 4 5

State of pollution Percentage of safely treated
wastewater flows (SDG6.3.1b) % 0–60 61–70 71–80 81–90 91–100

Proportion of Bodies
of Water with Good

Ambient Water
Quality (SDG6.3.2)

Proportion of samples of water sources
(surface water or ground water)

meeting WHO and locally applicable
quality standards

% 0–60 60–70 70–80 80–90 90–100

Change in the Extent
of Water-Related

Ecosystems over Time
(SDG 6.6.1)

Change in quantity of water contained
within these ecosystems per year (% change/year) >60 60–40 40–20 20–10 <10

Green roofing Surface area of green roofing in
relation to total roof surface area % <5 5–15 15–30 30–60 >60

Green surfaces Green surface area in relation to total
surface area % <5 5–15 15–30 30–60 >60

Effectiveness of storm
network and
wastewater

Sewer system blockages (no.
blockages/km/year)

No.
blockages/km/year >300 200–300 100–200 50–100 <50

Table 3. Indicators, variables, and representation of the variables’ scores in relation to the 1–5 scale of
climate change and water-related hazards [31].

Indicators Variables Units 1 2 3 4 5

GHG emissions Greenhouse gas (GHG) emissions
emitted from the system kg CO2/m3 >3.5 3.5–2.5 2.5–1.5 1.5–0.5 <0.5

Public health
(water borne

diseases)

Number of potable water
contamination incidents (diarrhoea)

number/year per
100,000 people ≥1000 800–500 500–100 100–30 ≤30

Frequency of
floods

Number of deaths due to flood over
three years

number/year per
100,000 people ≥1000 800–500 500–100 100–30 ≤30

Frequency of
droughts No. of droughts

Flood-prone areas Surface area of flood-prone area in
relation to total surface area % >20 20–15 15–10 10–5 <5

Precipitation Average annual precipitation mm/year <100 100–300 300–500 500–700 >700

Temperature Average annual temperature Celsius degree >40 35–40 30–35 25–30 <25

Table 4. Indicators, variables, and representation of the variables’ scores in relation to the 1–5 scale of
socioeconomic aspects [31].

Indicators Variables Units 1 2 3 4 5

Water energy
consumption per

authorized
consumption

Per unit energy consumption for
urban water supply kWh/m3 >4.5 4.5–3.5 3.5–2.5 2.5–1.5 1.5

Wastewater energy
consumption

Average energy consumption in cubic
meter wastewater treatment kWh/m3 >1 1–0.75 0.75–0.5 0.5–25 <0.25

Water tariffs Water tariff per 15 m3 $/m3 <0.5 0.5–0.75 0.75–1 1–1.5 >1.5

Sanitation tariffs Wastewater tariff per 15 m3 $/m3 <0.5 0.5–0.75 0.75–1 1–1.5 >1.5

Affordability

Total annual operating revenue per
population served/gross national

income (GNI) per capita; expressed as
a percentage

% >1 0.8–1.0 0.8–0.6 0.6-0.4 <0.4

National budget
directed to water

Percentage of national budget directed
to water and sanitation services % <1 1–5 5–10 10–20 >20

Cost recovery Operation and maintenance cost
recovery % 0–60 60–70 70–80 80–90 90–100

Illegal uses No. of illegal uses number/year/10,000
subscribers >300 200–300 100–200 50–100 <50

Complaints No. of total complaints (leakage, no
water, blockage)

number/year/10,000
subscribers >300 200–300 100–200 50–100 <50
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2.3. Weighing the Indicators and Measuring Urban Water Security

The analytical hierarchy process (AHP) is the most common multicriteria method developed by
Saaty as a decision-making tool for prioritizing indicators of different units of measurement and allows
for some small inconsistencies in judgments [71–73]. AHP is widely used in many environmental
studies, such as urban sustainability, environmental impact assessment, environmental hazards,
environmental quality indexing, environmental vulnerability assessment, energy resources allocation,
and water sources security [74–78].

The free Excel worksheet of an AHP developed by Goepel was used as supporting tool for
decision-making in Madaba, Jordan, to define the relative importance of each indicator of the DECS
framework [79,80]. Pairwise comparisons were used to determine the weight of each indicator.
The assessment was performed by the authors who are experts in the field—including the former
minister of water resources in Jordan—and know well the water system in the study area. The results
of the pair-wise comparisons were arranged in a matrix as shown below.

Despite its broad applicability, the AHP method suffers from a disadvantage: it requires a lot
of comparisons for decision-making, especially if there are many indicators like the dimension of
drinking water [81]. This condition takes time to apply them to many water stakeholders. We note the
importance of the participatory approach of different stakeholders to define the relative importance of
the indicators. However, we shared the results of the model with subject matter experts in the study
area and found that the weights of the indicators were relatively acceptable.

The AHP decomposes the complexity of urban water security in the form of a hierarchy, descending
from an urban water security index to the four dimensions of the DECS framework, including the
associated indicators with their relative weights. The model makes use of a pairwise comparison to
subjectively compare one indicator with another using the expertise and knowledge of the decision
makers as a guide. It compares the urban water security dimensions and its indicators with different
units (pairwise comparisons): first within each level of the DECS dimensions, and then between the
levels, to identify the importance of each indicator from the decision makers’ perspective, using the
scale from 1 to 9 given in Table 5 [82,83].

Table 5. Scale of relative importance (according to Saaty [82,83]).

Scale of
Importance

Evaluation Meaning Explanation

1 Equal importance Two indicators share equal importance to the
objective

3 Moderate importance Experience and judgment slightly prefer one
indicator over another

5 Strong importance Experience and judgment strongly prefer one
indicator over another

7 Very strong or demonstrated
importance

An indicator is preferred very strongly over another;
its dominance is demonstrated in practice

9 Extreme importance The evidence preferring one indicator over another is
of the highest possible order of importance

2,4,6,8 Intermediate values

In order to obtain the priorities of the indicators, the matrices (A1, A2, . . . An) reflect the interaction
among a set of n elements by using pairwise comparison for each indicator with the other indicators
in the same dimension. The judgement of each indicator (Ai, Aj) is characterized here as “aij”. Since
aii = 1 for all values of i, the diagonal of the matrix equals 1.
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⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

a11 a12 · · · a1n
a21 a22 . . . a2n

...
...

. . .
...

an1 an2 · · · ann

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

The weights of each indicator are represented as (w1, w2, . . . , wn); the relative importance of the
indicator over the others is represented as wi/wj. The AHP decision tool compares the relative weight
of each indicator in a set with respect to the overarching goal. The output of the pairwise comparison
is presented in a matrix form as follows:

A =

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

w1
w1

w1
w2

· · · w1
wn

w2
w1

w2
w2

. . . w2
wn

...
...

. . .
...

wn
w1

wn
w2

· · · wn
wn

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

Then problem turns into a general process for calculating the largest eigenvalue corresponding
to the eigenvector to assess the Consistency Index (CI), where A is the matrix, x is the eigenvector,
and λ is the eigenvalue. When we divide the CI by the random consistency number, the final value of
consistency ratio (CR) is recommended to be less than 0.10 to be consistent, and if it is more than 0.10,
the matrix should be adjusted by reassessing the relative importance [71]:

Ax = λx

CI =
λmax − n

n− 1

Building the AHP Model of Madaba, Jordan

After we assess and make pairwise comparisons to priorities the indicators by evaluating two
indicators or dimensions at a time in terms of relative importance, the model generates a weight for
each indicator and a normalized comparison matrix is created as shown in Figures 2–6. The results
of the matrix include the eigenvalue (λ) and the consistency ratio (CR) to verify the consistence of
decision-making process.

Figure 2. Matrix of drinking water and human well-being, λ = 11.288, CR = 9.6%.
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Figure 3. Matrix of ecosystem, λ = 6.479, CR = 9%.

Figure 4. Matrix of climate change and water related hazards, λ = 6.446, CR = 7.1%.



Water 2020, 12, 1299 10 of 22

Figure 5. Matrix of socio-economic aspects, λ = 9.955, CR = 8.2%.

Figure 6. Matrix of urban water security, λ = 4.248, CR = 5%.

After we get the weights of each indicator from the AHP model, the integrated urban water
security index IUWSI can be calculated by multiplying the weights and the score values of the indicators.
The result can be interpreted as shown in Table 6 in terms of level of water security, which ranges from
<1.5 to >4.5; the bigger the index value is, the better the urban water security situation will be.

I∪WSI =
n∑

i·=1

wi,xA
wi

IUWSI refers to the integrated urban water security index value of a certain city; W refers to the
weight of the indicators A of the IUWSI.
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Table 6. Interpretation of the integrated urban water security index scores [44].

Grading Urban Water
Security

Level of Security Explanation

<1.5 Poor
Urban water security is poor at meeting the basic needs of the
people. Lack of water governance and management is a major
concern in all dimensions.

1.5–2.5 Fair Policies and measures are not enough to achieve urban water
security, with major concerns in almost all dimensions.

2.5–3.5 Reasonable
Urban water security is satisfactory to meet the basic needs,
with gaps in some dimensions that affect the resilience and
sustainability of the system.

3.5–4.5 Good
Sound policies and management exist for achieving urban
water security for most of the dimensions, but some
improvements are still needed.

>4.5 Excellent
A well-managed and water-secure city that is capable of
meeting demands and resilient to future shocks and risks.
The index shows a high level of security for all dimensions.

3. Results and Discussion

The DECS dimensions were assessed using their related indicators, in which each indicator is
quantified and normalized to assess the level of water security. After that, weights were assigned for
the indicators based on the results from the AHP, prioritised to reflect the significance and impact of
each indicator in the study area.

3.1. Drinking Water and Human Well-Being

This dimension was assessed (Table 7) in terms of securing an adequate and sustainable quantity
of water of an acceptable quality, which is physically, legally, and continuously available to meet the
water demand.

The overall IUWSI for the dimension of drinking water and human well-being is 2.6 (a satisfactory
level). However, there are major gaps and serious concerns in Madaba—based on the score results
and weights of the indicators—related to the availability of water resources and the diversity and
reliability of the infrastructure. The fresh water available from the Heedan and Wala wells in Madaba
is 135 m3/capita/day in 2016, of which irrigated agriculture constituted 6.6 million m3, industries
1 million m3, and municipalities 9.0 million m3. According to the water-stress index, the available
fresh water is 135 m3/capita/day, which puts Madaba at the level of absolute water scarcity (less than
500 m3/capita/day). Wastewater reuse is an untapped resource in Madaba, in that less than 30% of
the treated wastewater is being effectively reused for restricted agriculture. The excess water is being
discharged onto the land and wasted. This amount would relieve and secure treated wastewater for
agricultural uses.

Madaba has not secured alternative water resources to safeguard the drinking water supply for
households. Action in this area is fundamental to achieve a high level of urban water security. Water
and energy are dependent upon each other, so their deficit is coupled in Madaba, with major effects on
the urban system and people’s lives. The contribution of alternative energy sources, such as renewable
energies to Madaba’s water system, is vital to decrease GHG emissions and shifting the intermittent
water supply into a continuous supply. Thus, diversification of both water and energy resources is
essential to achieve urban water security.
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Table 7. Values, scores, and relative weights of the drinking of water and human well-being indicators.

Variable Unit
Value in

2016
Score Weight (%)

Water
availability Fresh water per capita m3/capita/year 135 1 23.4

Diversity of
water and

energy sources

Reused wastewater/production of
wastewater % 30 1

9.2Contribution of alternative water sources % % 6.06 2

Contribution of alternative energy sources % % 0 1

Consumption Billed authorized consumption per person
per day L/capita/day 78.89 3 2.8

Reliability

Nonrevenue water % 40.7 1

6.9

Infrastructure Leakage Index = CARL/UARL % 3.12 2

Metered water (percentage of households
whose water consumption is metered) % 91.02 5

Energy efficiency in the network % 72.24 4

Commercial losses from nonrevenue water % 40% 1

Water quality
standards

Proportion of drinking water samples
meeting WHO and local standards % 80 3

30.9Proportion of samples of wastewater
treatment plant meeting WHO and locally

applicable quality standard
% 80 3

Accessibility

Proportion of Population using safely
managed drinking water services % 98 5 4.5

Proportion of population using safely
managed sanitation services (SDG 6.2.1 a) % 65 2 4.7

Adequacy and
equity Average number of supply h/day h/day 7 2 3

Water
dependency

ratio

The percentage of annual volumes imported
water to total annual available water

resources
% 6.06 5 12.6

The reliability of the water infrastructure is measured in terms of nonrevenue water (NRW) in
Madaba, which is a great challenge on the road to achieving urban water security. About 40% of the
supplied water is being lost due to physical losses (the infrastructure leakage index was 3.12 in 2016),
and commercial losses make up 40% of the total nonrevenue water. Metering is also a component of
commercial losses; 91.02% of households in Madaba are connected to meters, but mechanical meters,
illegal uses, and billing inefficiencies are still a major cause of commercial losses. Energy efficiency
programs in Madaba are being improved, especially in pump stations, with an average of 72.24% of
the total energy consumed in the grid. Moreover, adequacy and equity in Madaba are a major concern
in that people receive water only once or twice per week, for an average of 7 h daily.

On the other hand, Madaba has a good water security level in terms of water quality, accessibility,
and water dependency: 1715 water samples from drinking water were tested and found to be of high
grade, complying with the water quality standards. The same was true for wastewater and industrial
water (132 samples from the wastewater treatment plant and 22 samples from the industrial factory).
However, water quality is still a serious issue in that turbidity is high in the winter season and the
utility is obliged to stop pumping water from the wells and import water from the capital, Amman.

The physical accessibility of water and sanitation services is a key to achieving the basic human
right to water and salination. According to SDG 6.1.1, 98% of Madaba’s population (31,192 subscribers)
have access to safely managed drinking water services, while 65% of the population (15,462 subscribers)
use safely managed sanitation services (SDG 6.2.1 a) and are connected to the wastewater network.
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Madaba imports 332,000 m3 of water from Amman during the winter due to heavy rains because
water turbidity is high and risks to public health are a major concern. Thus, water pumping from the
wells is halted as a precautionary measure.

UWSI′ Drinking Water and Human− beings =

∑ 0.234x1 + 0.092x(1 + 2 + 1) + 0.028x3 + 0.069x(1 + 2 + 5 + 4 + 1) + 0.309x(3 + 3) + 0.045x5 + 0.047x2 + 0.03x2 + 0.126x5
0.234 + 0.092 + 0.092 + 0.092 + 0.028 + 0.069 + 0.069 + 0.069 + 0.069 + 0.069 + 0.309 + 0.309 + 0.045 + 0.047 + 0.03 + 0.126

= 2.60

3.2. Ecosystems

The ecosystem is at a reasonable level (2.52) of water security, as computed from the related
indicators (Table 8), with major gaps in two indicators: pollution and the effectiveness of the wastewater
and storms networks. Sanitation infrastructure is still a significant gap; only about 67% of wastewater
is being treated in Madaba’s wastewater treatment plant. Although wastewater represents a risk in this
case, it provides many opportunities if this untapped resource is properly utilised for urban agriculture
and recharging ground water. In Madaba, blockage complaints (3250 in 2016) are an indicator of the
inefficiency of the storm and wastewater infrastructure. It is crucial to strengthen the resilience of the
infrastructure for ecosystem and water security.

Table 8. Values, scores, and relative weights of the ecosystem indicators.

Indicator Variable Unit Value in 2016 Score Weight (%)

State of pollution Percentage of safely treated
wastewater flows SDG6.3.1 b % 67.37 2 32

Bodies of water with
good ambient water

quality

Proportion of samples of water
sources (surface water or

groundwater) meeting WHO and
locally applicable quality

standards

% 90 4 27.7

Change in the extent
of water-related

ecosystems over time
(SDG6.6.1)

(%change/year) 5 5 9.2

Green areas Green surface area in relation to
total surface area % 0.001 1 5.6

Green roofing Surface area of green roofing in
relation to total roof surface area % 3 1 2.8

Effectiveness of
storm network and

wastewater network

Sewer system blockages
(No. blockages/km/year)

No. blockages/
km/year 3529 1 22.9

The proportion of bodies of water with good ambient water quality is at a good level. Samples
from the groundwater from Wala and Heedan wells were tested and confirmed to meet the WHO
and locally applicable quality standards 90% of the time, while the water quality was found to be
deteriorated due to water turbidity in the winter.

However, there are major concerns about the low impact of indicators related to green roofing.
In Madaba, green roofing has not been deployed since roof tanks take up a considerable area of the
roof and local technologies are not in place. Madaba’s green spaces are minimal; it may be described
as a city in the desert. Madaba is at risk of urban water insecurity due to the ecosystem aspect.

UWSI′ Ecosystem =
∑ 0.32x2 + 0.277x4 + 0.092x5 + 0.056x1 + 0.028x1 + 0.229x1

0.32 + 0.277 + 0.092 + 0.056 + 0.028 + 0.229
= 2.52

3.3. Climate Change and Water-Related Hazards

The results for climate change and water-related hazards show poor water security (1.6) in most
of the related indicators, as summarized in Table 9.
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Table 9. Values, scores, and relative weights of the climate change and water-related hazards indicators.

Indicator Variable Unit Value Score Weight (%)

Greenhous Gas
(GHG)

GHG emissions from urban water
supply and wastewater kg CO2/m3 6.07 1 3.6

Public health
(water-borne

diseases)

Number of potable water
contamination incidents

(diarrhoea)

Number/year
per 100,000

people
1728 1 56.2

No. of floods Number of deaths due to floods
over three years

Number/three
years per

190,000 people
13 3 12.7

No. of droughts Drought index No
records

Flood-prone areas Surface area of the flood-prone
area versus total surface area % 0.29 1 8

Precipitation Average annual precipitation mm/year 245 2 11.6

Temperature Average annual temperature degrees Celsius 28 4 7.8

Madaba is a heavily industrial city whose total GHG emissions for the entire water and wastewater
system are 6.07 kg CO2/m3 (3.4 kg CO2/m3 from water supply + 2.67 kg CO2/m3 from wastewater) due
to the high energy consumption from the pump stations, a high level of nonrevenue water, and the
energy consumed by the Madaba wastewater treatment plant (WWTP).

According to the Ministry of Health [59], Madaba has a record 3475 cases of diarrhoea; this may be
correlated with the intermittent water supply, which can lead to significant risks to public health due
to the potential suction of nonportable water by negative pressure, biofilm detachment, and microbial
regrowth, especially when static conditions occur. Roof tanks often increase bacterial regrowth.

Urban flooding is caused by heavy and/or prolonged rainfall that exceeds the capacity of the
drainage system. Flooding and drought are natural hazards with a great economic and social impact on
cities. The growing threat of urban flooding has revealed the poor state of the city’ resilience to climate
change. Madaba has experienced unprecedent flooding in 2018, which led to a death of 13 people.
The flood prone areas are in Zarqa Main, a valley area of 270 km2 that represents 0.29% of the total area
of Madaba.

UWSI′ Climate Change and Water related Hazards =
∑ 0.036x1 + 0.562x1 + 0.127x3 + 0.08x1 + 0.116x2 + 0.078x4

0.036 + 0.562 + 0.127 + 0.08 + 0.116 + 0.078
= 1.6

3.4. Socioeconomic Aspects

The socioeconomic results of each indicator are in Table 10, with major gaps in the following
crucial indicators: budget directed to water and sanitation, illegal uses, and customers’ complaints.
In Jordan, only 1.05% of the total budget of the government is directed to the water sector. Maximizing
the budget directed to the water sector is indispensable to achieve urban water security. In Madaba,
illegal uses are a great concern; 396 cases were reported in 2016. Customer satisfaction is a key factor
to achieve urban water security; a state in which the utility is capable of operating and managing
the water system so as to satisfy the water demand. In Madaba’s intermittent water supply system,
complaints about leakage and no water are one of the main issues that put pressure on the performance
of the water utility.
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Table 10. Values, scores, and relative weights of the socioeconomic indicators.

Indicator Variable Unit Value Score Weight

Water energy
consumption

Per unit energy consumption for urban
water supply kWh/m3 4.98 1 3.2

Wastewater energy
consumption

Average energy consumption in cubic
meter wastewater treatment kWh/m3 1.31 1 2.5

Water tariff Water tariff per 15 m3 $/m3 0.78 3 8.3

Wastewater tariff wastewater tariff per 15 m3 $/m3 0.15 1 4.3

Affordability
Total annual operating revenues per
population served/national GNI per

capita; expressed in percentage.
% 0.58 3 7.7

Budget directed to water
and wastewater services

(WWS)

Percentage of national budget directed
to WWS % 1.05 2 26

Operation and
maintenance cost

recovery

Operating expenditure/operating
revenue % 78 3 10.8

Illegal uses No. of illegal uses Number/year/10,000
subscribers 116 3 22

Customer’s complaints No. of total complaints (leakage, no
water, blockage)

Number/year/10,000
subscribers 1961 1 15.3

The topography of Madaba and pumping water far from the Heedan and Wala wells play a major
role in increasing the per unit energy consumption to 4.98 Kwh/m3, coupled with the intermittency of
water—water is highly pressurized for a short supply time to meet the demand, which causes negative
impacts in terms of increasing the greenhouse gas emissions as well as on the infrastructure in terms of
leakage and high energy consumption. Wastewater treatment and discharge consumes 30% of the
total energy in the water cycle. In Madaba, 1.31 kwh/m3 is the average consumption, mainly due to
overconsumption by the aerators. However, the Madaba WWTP has the potential to produce biogas;
wastewater is still an untapped resource to achieve water and energy security for WWTPs in Jordan.

In Madaba, water is highly subsidized by the government. Thus, the water tariff per 15 m3 is
USD 0.78, which is very low, to cover the operation and maintenance costs. Part of the water tariff
(USD 0.15 per 15 m3) contributes directly to wastewater, which is not enough for cost recovery
and bridging the infrastructure gap as only 65% of Madaba’s population is connected to the
wastewater network.

The total annual operating revenue per population served divided by the national GNI per capita
is 0.58%, an indicator of the affordability of water and sanitation services in Madaba. The indicator
can give an approximate measure of the affordability, but it cannot reveal the high costs of coping
with the intermittent water supply in Madaba. The water tariff and the high level of nonrevenue
water are key components of cost recovery in Madaba; the operating revenue can only cover 78% of
operating expenditure.

UWSI′ Socio economic =
∑ 0.032x1 + 0.025x1 + 0.083x3 + 0.043x1 + 0.077x3 + 0.026x2 + 0.108x3 + 0.22x3 + 0.153x1

0.032 + 0.025 + 0.083 + 0.043 + 0.077 + 0.026 + 0.108 + 0.22 + 0.153
= 2.237

The overall water security is presented in Figure 7 by the score value and the relative importance
of each indicator. The IUWSI diagram is used to graphically represent the results of indicators and
its weights with graded colours—ordered by the relative importance of each indicator—in order to
facilitate the visualization of the state of urban water security and the needed intervention strategies in
Madaba, Jordan.

The level of water security in Madaba is represented below by the cumulative single index IUWSI.

IUWSI =
∑ 0.662x2.6 + 0.171x2.52 + 0.102x1.6 + 0.064x2.237

0.662 + 0.171 + 0.102 + 0.064
= 2.5 (Reasonable Urban Water Security)
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Figure 7. The integrated urban water security index (score value: solid red circles) and the relative
importance (percentage values) of each indicator in Madaba, Jordan. The colour (hue and tint) ramp
denotes the relative weight for each indicator. The water security scale begins at 0 and increases,
moving toward the outside edge of 5, which represents the high level of water security.

4. Conclusions

It is clear that there are a plethora of issues that can help explain the current urban water security
figures in Madaba. This study develops a systematic approach to study the dynamics of urban water
security using the IUWSI in the water-scarce city of Madaba, Jordan. The overall IUWSI in Madaba
shows a satisfactory level—that is, it can meet basic demands but has inefficient water governance due
to centralized decision-making and focuses on just one dimension of urban water security—drinking
water. The degree of water security in Madaba in the dimensions of drinking water and the ecosystem
is satisfactory, but with weak major indicators: water availability, diversity, reliability, pollution,
and effectiveness of water and storm networks.

The socioeconomic and climate change dimensions are fair and poor, respectively, with major
concerns about the related indicators of the budget directed at illegal water uses, customer complaints,
public health, and floods. Addressing all the aforementioned indicators would strengthen the capacity
of the system and allow water stakeholders to achieve urban water security.

Despite clear evidence of dwindling water resources and increasing water demands, Madaba
continues to count on conventional (non-renewable) solutions to groundwater and silo-oriented
solutions to meet the basic needs of drinking water, neglecting crucial dimensions and indicators of
the DECS framework. In Madaba, urban water management is linear and discounted from the entire
water cycle; water is mainly abstracted from the Heedan and Wala wells with limited thought given to
sustainability constrains, the vulnerability of the ecosystem, fragmented socioeconomic development,
or wastewater and stormwater management.
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Accordingly, the study makes the following key policy recommendations about urban water
security in Madaba based on the results of the indicators in terms of high relative weights with
low scores:

• The urban water security index provides the water stakeholders with a clear understanding of the
challenges and what is needed for achieving water security in Madaba.

• Diversity of water resources in Madaba is a major concern, and vital to increase the availability
of water resources and achieve urban water security. Wastewater reuse and nonrevenue water
are untapped resources in Madaba, and would have a great positive impact on the reliability of
the system.

• The dangers of high-water turbidity in Madaba’s wells during flash floods—which are increasing
as a result of climate change—made the system dependent on external sources and imported
water from the capital, Amman. Climate resilience measures are necessary to mitigate climate
extremes in the future.

• Intermittent water supply in Madaba poses risks to water quality and water services in terms of
adequacy and equity.

• Access to safely managed sanitation is crucial to improving water security and reducing pollution
in Madaba.

• Green roofing and urban agriculture should receive a lot of attention to improve the
ecosystem dimension.

• Adaptative management and IWRM based on public participation and knowledge exchange can
increase the adaptivity capacity in the face of climate change and water-related hazards, and are
critical to the resilience of people and infrastructure and to achieve water security.

• Energy consumption in Madaba’s water supply is high due to the topography and energy losses.
Investing in energy efficiency programs and renewable energies is a good measure to reduce
greenhouse gas emissions.

• The budget being directed to water and sanitation services is essential to achieve water security;
adjusting water and wastewater tariffs is needed to maximize domestic finances for achieving
water security.

• Illegal uses pose threats to the DECS framework; strict measures and technologies are needed to
detect theft and crack down on it.

The IUWSI provides a holistic framework to operationalize the concept, identify different types of
insecurity, highlight gaps in indicators, weight indicators based on their importance, and recognize the
complex causal processes that lead to a certain level of urban water security.

We argue that urban water security could be relevant as a tool for reforming water policies in
many countries that face substantial challenges in managing water resources effectively. This broader
approach can be used to assess the extent to which water policies are aligned with the key objectives
and the required resources. The findings are symptomatic of Jordan and the Middle East region
in which rapid urbanization coupled with climate extremes are key factors placing pressure on the
limited water resources. As a result, water supply is intermittent, water quality is deteriorated, there is
inequality of water supply and great competition for access to water, and a continuing need to pursue
strong reform agenda.

The findings highlight the dangers faced if we continue with a business-as-usual approach. It is
crucial to shift from silo solutions to more integrated ones to ensure urban water security. A clear
action is needed for countries running in a vicious cycle of water insecurity due to interment water
supply. We recommend that policy makers take decisive action toward the weak indicators with high
impact and to shift intermittent water supply into 24 × 7 provisioning, to ensure sustainable water
management and get back the virtuous cycle of water security.

We argue that this novel approach would help policy makers and water stakeholders to target their
scant resources toward achieving urban water security. While some policy measures, such as increasing
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access to sanitation, water-use efficiency, cracking down illegal uses, and increasing the budget directed
to water sector, have positive implications for achieving urban water security, other measures, such as
reusing wastewater for agriculture, diversity of water and energy sources, inter-basin transfers of
water to deal with water shortage, and reducing greenhouse gases emission to deal with climate risks,
may increase the trade-offs and nexus challenges. For example, treated wastewater use in agriculture
as an untapped resource may be positive for water conservation, although you increase the risk to
groundwater quality and polluting the farmland with chemical residual of wastewater treatments.
These trade-offs are strongest in water-scarce countries with limited resources and capacities, where
many people lack access to safely managed water and sanitation as in Jordan and the Middle East
region. Policy makers have to make choices among intervention measures using this tool, which focus
prominently on the weak indicators with high impact. Managing the trade-offs in dynamic water
security is a daunting task and significant challenges remain.

The existing literature on water security assessments is too narrow to apply an equal weight
to all the indicators of water security, which often does not represent the reality on the ground and
underestimate the necessary interventions at the local scale. The results of the study are dependent on
the local context that can be different from other cases. The study highlights the importance of the
weights as a tool in planning pathways toward water security and underscore the most important
indicators with high impact to invest first. This will result in maximizing synergies and minimizing
trade-offs among indicators. The result of the Figure 7 is a good representation of the required
interventions to achieve urban water security in terms of defining the weak indicators with high
relative weights.

This study is an initial attempt to develop AHP models for evaluating the relative importance of
the DECS indicators by comparing a set of indicators and weights for urban water security. The AHP
model should be refined and views from different stakeholders must be collected, considered and
balanced according to the differences that may arise. Since water security is a dynamic process
affected by increasing demands, changing climate, political structures, economic growth, and resources,
the relative importance of indicators should also be seen as an iterative process based on feedbacks.

The study can be implemented and scaled to many parts of the world and this would help to
create a platform for comparative analysis and benchmarking cities toward achieving urban water
security. Therefore, water stakeholders, public authorities, and regulators can learn the best practices
from each other, to continuously improve the integrated management of water resources and services.
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ABSTRACT

Non-revenue water (NRW) is a major challenge for urban water security in Jordan. Quantifying

leakage and pinpointing the location of leaks are difficult tasks in intermittent supply systems. This

study aims to provide a structured analysis to determine the volume of leakage and its components

in Madaba’s water distribution network. The study also offers recommendations to reduce the

physical losses as an important component of water losses through an infrastructure, repair,

economic, awareness and pressure (IREAP) framework as a way of systematically engaging the NRW

challenge in Jordan. The real loss sub-components were analysed using Burst and Background

Estimates (BABE), and field records of the failures in the network. The potential impact of

interventions to reduce losses were measured for efficiency/efficacy by analysing pressure

management, chronic leakage detection surveys and response time minimization. The findings

showed that Madaba’s NRW amounted to 3.5 million m3 in 2014, corresponding to a loss of 2.8

million USD to the utility, of which 1.7 million USD is the cost of real losses. The reported failures in

Madaba accounted for 37.2% of the total volume of real losses which can be improved by enhancing

response polices and asset management, while the unreported failures constituted 26.6 and 36.20%,

respectively, which could be reduced by pressure management and active leakage control.
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INTRODUCTION

Non-revenue water (NRW) is considered an important and

omnipresent topic for urban water security with emerging

challenges due to water scarcity and climate change

(Brears ). From an economic point of view, it is essential

to preserve this resource by reducing water losses. NRW not

only represents an economic loss for water utilities, it also

represents a wasted process for treating, pumping and

distributing water to the end user, which results in an

adverse impact on the safety of drinking water (Colombo

& Karney ).

NRW is a major economic loss because it means that

the monetary investment of treating water is also lost

when the water does not reach subscribers. The same is

valid for the energy that is, for example, invested in pressur-

izing water supplies to deliver water to the connected

subscribers through the network (Kanakoudis & Muham-

metoglu ).

It was estimated that the cost of water losses worldwide

total US$14 billion annually (Kingdom et al. ). By iden-

tifying the causes of NRW and addressing all NRW

components these highly valuable resources (water and

energy) can be saved while investments and expenses are

reduced. Ultimately, the necessary changes need to be

addressed critically by utility managers of all related fields:

from finance and administration to production and custo-

mer service (Farley ).
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Environmental scarcity, which is defined as the declin-

ing availability of renewable natural resources, is affected

by climate variations which challenge the general avail-

ability of water. Environmental scarcity can be caused by

the degradation renewable resources by natural processes

and/or by an uneven distribution of resources leading to a

deficit which can be exacerbated by population growth for

example (Homrt-Dixon ). In Jordan, both factors are

at play.

Located in a semi-arid to arid region with an annual

rainfall of less than 200 mm over 92% of the land, Jordan’s

annual renewable resources of less than 100 m3/capita are

far below the global threshold of severe water scarcity of

500 m3/capita. The country was ranked fourth among the

world’s most water-scarce countries in 2015 (Saidan et al.

), and currently it is ranked second in the world in

water scarcity (Al-Awad et al. ; Saidan et al. ).

Rapid population growth, climate change (Al-Weshah

et al. ), and a massive influx of refugees, caused by the

numerous and severe conflicts in the neighboring countries,

were major stressors to Jordan’s water share per capita and

international ranking (Al-Hamamre et al. ; Saidan et al.

a, b; Alrabie & Saidan ; Hindiyeh et al. ).

Population and economic growth are putting pressure

on water utilities (Thompson et al. ). Water utilities in

Jordan have been struggling to cope with the increasing def-

icits – meeting water demand with renewable supplies –

which is exacerbated by the persistently high levels of

NRW (Jordan’s Water Strategy ).

Because of water shortage, water supply is distributed

through intermittent supply schemes wherein households

receive water only once or twice a week. Households are

obliged to invest in roof storage tanks with 2–4 m3 capacity

and to purchase extra water from private vendors in order to

meet their demand. The water utilities are confined to a kind

of permanent crisis management, which prevents them from

meeting customers’ satisfaction and from developing and

applying a structured NRW management strategy (Rosen-

berg et al. ).

Moreover, intermittent water supply poses a great chal-

lenge to quantify and manage leakages in the distribution

network (Charalambous & Laspidou ). Despite many

measures, NRW throughout Jordan has not been reduced

significantly, still reaching 40–60% of the system input

volume for most of the governorates, especially Madaba

where 60% was accounted for as NRW in water supplies

in 2013, corresponding to a loss of about 6 million m3

(MWI a, b, c; Miyahuna Madaba ).

Water utilities in Jordan have been facing many chal-

lenges for quantifying real (physical water losses in a

distribution system) and apparent (non-physical losses that

might be attributed to inaccuracies in metering, billing and

repairs) losses due to the complexity of the network where

supply is intermittent and minimum night flows measure-

ments cannot be conducted (MWI a, b, c,

). The study applies a component analysis to provide a

structured assessment of the water loss components in the

entire water supply system from the source to the end

consumer.

A high level of NRW is an indicator of the water utility

operational deficiency (Kingdom et al. ). The water uti-

lity in Madaba has been struggling to recover the operational

and maintenance costs due to high levels of NRW, whether

from physical losses through leakage in pipes or the appar-

ent losses (Miyahuna Annual Report ). However, using

the NRW indicator as a percentage is misleading and not

meaningful for assessing the performance of leakage man-

agement (Liemberger ).

The objective of the present study is to identify the root

causes of leakage in Madaba’s intermittent water supply and

to provide pragmatic interventions to reduce the real losses,

which contributes to the level of NRW.

METHODS

Study area

Madaba Governorate lies in the middle of Jordan and is situ-

ated 35 km southwest of Amman. It has an area of about

1,000 km2 and a population of 178,000 inhabitants (DOS

). The locationmap of the study area is shown in Figure 1.

Madaba Governorate is divided into two directorates:

Madaba directorate being 498 km2 and Deeban directo-

rate being 543 km2. The length of the water supply

distribution system is 1,000 km from the source at

Heedan wells to the customers meter, with an average

pressure of 6 bars in the distribution network. According
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to the pressure measurement campaign, which was car-

ried out to identify high pressure areas in Madaba town,

the average pressure was about 6 bars in most of the net-

work. While the highest pressure was 20 bars in the

northern part of Madaba town, the lowest average

pressure was 4.5 bars in the refugee camp area. Figure 2

shows a schematic of the water supply system in

Madaba, Jordan.

Residential water subscribers represent 93% of the total

subscribers and they consumed 88% of water sold with an

average sales price of 0.575 JOD per 1 m3 (0.81 USD). The

numbers of Madaba subscribers are rising by about 5.5%

each year. In 2016, Madaba directorate had 25,335 water

subscribers while Deeban had 5857. Water consumption

for both directorates amounted to about 5.0 million m3 per

year. The highest density of subscribers is in Madaba town

with approximately 12,998 subscribers. As shown in

Figure 2, Heedan wells represent the main sources for

water supply of Madaba Governorate with a capacity of

2,100 m3/hr. About 9 million m3 every year was supplied

to the whole governorate through the main transmission

lines of Wala–Libb pumping stations.

Component analysis of water loss

The International Water Approach (IWA) water balance

summarizes the components and provides accountability

of system components’ input and output. However, the

reliability of the assessment of water balance accounting

as a top-down approach depends heavily on the accuracy

of the data. The disadvantages of calculating water loss in

this way are as follows (Farley & Trow ):

• the water balance does not provide a clear indication of the

real losses and how they are affected by the utility’s strategy;

• the annual water balance does not provide an early warn-

ing framework to unreported leakage;

• there are often systematic errors in bulk metering.

Due to these reasons, a bottom-up approach can be

used to estimate the water loss components through an

Figure 1 | Study area: Madaba city.
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analysis of real losses (burst and background estimates) or

minimum night flow measurements (Al-Washali et al. ).

Lambert () proposed a concept for Real Losses Com-

ponent Analysis, which is known as Breaks and Background

Estimates (BABE), that helps water utilities quantify the real

losses systematically based on the significant occurrence of

leakage in the network where each leak is being affected by

certain flowrates and time (Lambert ).

BABE was developed in order to estimate the real losses

components based on logical assumptions, and is applicable

for any water utility regardless of the conditions of the water

network (Fanner et al. ).

However, the IWA water loss task force splits the real

losses into three main categories with regards to the water

system parts, whereas Lambert also divided the type of leak-

age into three main components:

1. reported leaks which are characterized by high flowrates

and a short run time;

2. unreported leaks, which are characterized by a moderate

flowrate, run time counts on the schema control of the

water utility;

3. background leakage, which is characterized by a low

flowrate, long run time, mostly found at water distri-

bution fittings and joints.

All the components can be found in all parts of a water

system, such as transmission pipes, house connections and

reservoirs. Estimating the annual losses of each component

depends on many parameters that affect the leakage rate,

such as the operating pressure in the system as shown in

Table 1 (Thornton et al. ).

The BABE concept has been improved internationally

in recent years for water loss management. It has combined

with another model in terms of pressure reduction which is

called Fixed and Variable Area Discharge paths (FAVAD)

(Lambert & Taylor ). The component analysis model

can be used in different stages of the assessment, either in

planning or operation and control phases. Therefore, this

management tool will assist utility managers for leakage

control programs on an economic basis and improve their

performance management (Fanner et al. ).

The approach has shown that leaks can be divided into

two main components; one ‘direct’ (bursts) that is given

Figure 2 | Schematic of water supply system in Madaba, Jordan.
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serious consideration due to its significant impact and the

other is ‘hidden’ (background) leakage, which is too small

and unavoidable to be observed (McKenzie & Lambert

; Farley ).

The Madaba water utility maintains a water distribution

network database (i.e. assets, such as pipes, valves and

materials) which corresponds to geographical locations.

Due to the significant number of leaks in the Madaba net-

work, a geographic information system (GIS) is utilized in

order to record customers’ complaints and leak events. A

number of 5,642 leakage complaints were recorded in

2016 with an average repair time of 6 hours. There are

many advantages of using a maintenance database to

develop NRW strategies such as network optimization, leak-

age hotspot areas for investment and reducing water loss.

The total volume of leakage is calculated based on

aggregating the number of leaks that have been recorded

into the volume of leakage based on flowrates and running

times, as shown in the equation below. The infrastructure

condition factor (ICF) is considered in the model as a cali-

bration factor based on the age of the network (Fanner &

Thornton ):

Volume of leakage

¼ Number of leaks � Leak flowrate � Leak duration

The Madaba water utility usually takes urgent action in

response to leakage, especially in trunk mains where the

pressure is high. The repair usually takes a short time, conse-

quently, this leads to a minimized loss of water (Mathis et al.

). On the other hand, unreported breaks are characterized

bya lowerflowrate than reported breaks, but higher than back-

ground leakage. It cannot be reduced or detected until the

water utility has put in place an intervention policy for active

leakage control (ALC) (McKenzie & Lambert ).

The economic solutions are based on the IWA approach

to manage and control real losses with four components:

(1) speed and quality of repairs; (2) pressure management;

(3) ALC; and (4) pipeline replacement. The model defines

the economic level of leakage based on the Unavoidable

Annual Real Losses (UARL) (background leakage) and the

total leakage volume.

RESULTS AND DISCUSSION

The Component Analysis Model was designed by a Water

Research Foundation (WRF) project to provide water

utilities with a software tool to undertake a leakage com-

ponent analysis and to identify the economic options for

real loss reduction through improved speed and quality of

leak repair, proactive leak detection and pressure manage-

ment (WaterRF 4372: Real Loss Component Analysis: A

Tool for Economic Water Loss Control).

This model has been used to evaluate options for imple-

menting efficient and sustainable leakage control programs.

Table 1 | Real losses estimation in a water system: main influencing components (Thornton et al. 2008)

Component of infrastructure Background (undetectable) losses Reported breaks Unreported breaks

Mains Length Number/year Number/year
Pressure Pressure Pressure
Min. loss rate/kma Average flowratea Average flowratea

Average duration Average duration

Service reservoirs Leakage through structure Reported overflows: flowrates,
duration

Unreported overflows: flowrates,
duration

Service connections,
main to edge of street

Number Number/year Number/year
Pressure Pressure Pressure
Min loss rate/conn.a Average flowratea Average flowratea

Average duration Average duration

Service connections after
edge of street

Length Number/year Number/year
Pressure Pressure Pressure
Min. loss rate/kma Average flowratea Average flowratea

Average duration Average duration

aAt standard pressure.
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The model results should only be seen as a preliminary point

for the proactive management of real losses. The prelimi-

nary real loss control strategy needs to be refined as more

results become available.

The component analysis is structured to reflect the real

losses components and the strategic options for NRW sus-

tainable management of the Madaba water supply system

in 2014. Based on the data provided to the model and the

summary results of system components as shown in

Table 2, the real losses calculated by water audit constituted

2.0 million m3 and the water balance is presented in Table 3.

The results revealed that reported failures accounted for

37.2% while background leakage constituted 26.6%, which

indicates the condition and shortcomings of the infrastruc-

ture, while the remainder was hidden and/or unreported

leakage. The model has estimated the hidden losses in infra-

structure which could not be detected or reported in the

system based on the model assumptions.

According to the model, ICF ranges from 1 to 2.50 based

on the age of distribution which is less than 50 years old. In

the present study the ICF value is assumed to be 1 for

Madaba. However, ICF has to be measured precisely by con-

ducting field tests, taking into account different age factors,

material and average pressure. ICF was calculated to reveal

the amount of leakage by dividing the actual background

leakage by unavoidable background leakage. Measuring

unavoidable background leakage is difficult as it cannot be

detected by the current tools utilized in assessments. More-

over, the recommended values of background rates are

based on the ‘good’ condition of the distribution system.

The average rate of rise of unreported leakage is a para-

mount parameter in order to carry out an intervention

strategy. This variable can be misleading if it is not based

on actual field measurements that evaluate the condition

of the infrastructure. For Madaba’s system, the rate of rise

of unreported leakage is estimated to be 3.0 m3/km of

mains/day in a year based on water balances in successive

years.

Although the utility has applied many techniques to

detect and resolve leaks in the network, the component

analysis revealed numerous reported failures in Madaba’s

distribution network, representing 37.2% of the total real

losses, while background leakage and unreported failures

constitute 26.6 and 36.20%, respectively. However, operat-

ing the network under high pressure in intermittent supply

produces large losses in the network.

About 97% of failures were reported in service connec-

tions which account for 366 leaks/1,000 service

connections/year, while the frequency of failures on the

main lines constituted 48 leaks/100 km/year. The design

of service connections, installation, and the quality of

repairs and materials are low, which have contributed to

the recorded frequency of failures.

Infrastructure failure frequency analysis

Based on the reported failure in the network, the results

were below the failure frequency in system components

and can be considered as a baseline for Miyahuna in order

to relatively compare their operational management in the

system in future. Moreover, the model provided an alarming

indicator for the average failures in the system and the mini-

mum failures that could occur in the distribution system

against the optimized water supply network.

The frequency of water main bursts are significant, as

shown in Table 4, and represent 48.3 leaks/100 km/year

Table 2 | Summary real losses component analysis

System component Background leakage (ML) Reported failures (ML) Unreported failures (ML) Total (ML)

Reservoirs – – – –

Mains and appurtenances 199.98 47.93 – 247.91

Service connections 336.04 700.77 – 1,036.82

Total annual real loss 536.02 748.71 – 1,284.73

Real losses as calculated by water audit 2,014.37

Hidden losses/unreported leakage currently running undetected 729.64
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due to the aging infrastructure and high speed flows in the

mains which increase the friction losses.

Repairing service connections

Service connections as shown in Table 5 represent the main

challenge for Madaba water utility, and they constitute a

considerable number of losses in the network. Reducing

the failures in the network depends on replacing the deterio-

rated connections and repairing the system in a way that

guarantees the reliability of the tertiary network.

Table 3 | Madaba water balance according to IWA approach and BABE concept

Madaba’s Well
Water
9,155.340 m3

System Input
Water
9,399.762 m3

Billed Water Export
331.869 m3

Revenue Water
331.869 m3

Water Supply
9,067.893 m3

Authorized
Consumption
6,183.801 m3

Billed Authorized
Consumption
5,476.976 m3

Billed Metered
Consumption (water
exported is removed)
5,443.003 m3 Revenue Water

5,476.976 m3

Billed Unmetered
Consumption
33.973 m3

Unbilled
Authorized
Consumption
706.825

Unbilled Metered
Consumption
11.733 m3

Non-Revenue
Water (NRW)
3,550.110 m3

Unbilled Unmetered
Consumption
695.102 m3

Water Losses
2,844.092 m3

Apparent Losses
869.722 m3

Unauthorized
Consumption
32.936 m3

Customer Metering
Inaccuracies
823.179 m3

Systematic Data
Handling Errors
13.608 m3

Imported Water
244 m3

Real Losses
2,014.370 m3

Background and
Reported Leakage on
Transmission and/or
Distribution Mains
247.91 m3

Background and
Reported Leakage on
Service Connections
1,036.82 m3

Total unreported/
hidden Leakage on
the network
729.64 m3

Table 4 | Failure frequency in mains

Total number of mains failures reported for water audit:
Jordan Water Company – Miyahuna, Madaba, Jordan,
2014

415

Total length of mains (km) 859.0

Failure frequency Jordan Water Company – Miyahuna
(number/100 km/yr)

48.3

Average failure frequency in North America based on
literature review – WaterRF 4,372 (number/100 km/yr)

15.5

Failure frequency for optimized distribution systems
(number/100 km/yr) (Friedman & Le Mieux )

9.3
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According to the water balance of Madaba, the total

inflow of Madaba and Deeban directorates is sourced from

Heedan and wall wells, distributing about 9.2 million m3

while the total billed consumption amounts to 5.8 million

m3. The NRW for Madaba Governorate is 38.2% which con-

stitutes about 3.5 million m3. With a unit cost of 0.57

Jordanian Dinar (JOD), this amount corresponded to about

2.0 million JOD in losses in 2014. It is assumed that 70% of

NRW are real losses and 30% accounts for apparent losses.

The Infrastructure Leakage Index ILI performance indi-

cator considers, in addition to the network length, the

number of customers and the average operating pressure

in the network. This in fact helps in representing the

actual system in the water utilities in Madaba.

The formula for calculation of the ILI is:

ILI ¼CARL
UARL

While Current Annual Physical Losses (CARL) can be

measured and/or estimated, the UARL is calculated with

the following formula:

UARL l=dð Þ¼ (18 × Lmþ 0:8 ×Ncþ 25 × Lp) × P

where Lm¼ length of mains in km, Nc¼ number of service

connections, Lp¼ total length of private pipe, property line

to customer meter in km, P¼ average pressure in m, and

DC¼ density of connections/km mains.

NRW constitutes 39.6% of the system input. The ILI for

Madaba’s system is 2.7 which describes the technical per-

formance of leakage, but it does not consider the

economic aspect. In order to achieve the minimum leakage

that can save water and be cost effective, adequate invest-

ment and resources need to be taken into account.

ILI is influenced by many factors that affect its value,

such as the connection density of the network, access to

roads and the areas for locating and repairing and aging

infrastructure (Farley ).

Other model’s options: awareness, locations and repair

time options

The model provided a pragmatic solution, as shown in

Table 6, to reduce the running time of leaks in Madaba’s dis-

tribution network by optimizing the repair time and

considering the total time of awareness, locations, and

Table 5 | Failure frequency in service connections

Total number of service connection failures reported for
water audit: Jordan Water Company – Miyahuna,
Madaba, Jordan, 2014

7,639

Total number of service connections
(service connections)

20,869

Service connection failure frequency (number/1,000
service connections/yr)

366.0

AWWA Unavoidable Annual Real Losses (UARL)
component of reported service line failures (number/
1,000 service connections/yr)

3.75

Ratio of failure frequency to UARL break frequency 97.6

Table 6 | Optimizing the running leakage in Madaba network

Failures on mains Reported

Total number of failures on mains in 2014 415

Average location and repair duration 1.0

Total volume lost (stemming from location and repair
duration)

38.3

Total cost of volume lost (stemming from location and
repair duration)

$18,209

What IF location and repair duration is reduced to 0.3

Percent reduction 70%

Potential related savings in leakage volume 26.8

Potential related savings in leakage volume cost $12,746

Service line failures Reported

Total number of failures on service connections in
2014

7,639

Average location and repair duration 1.5

Total volume lost (stemming from location and repair
duration)

525.6

Total cost of volume lost (stemming from location and
repair duration)

$249,572

What IF location and repair duration is reduced to 0.5

Percent reduction 67%

Potential related savings in leakage volume 350.4

Potential related savings in leakage volume cost $166,381

Total potential savings if location and repair duration is
reduced as simulated in the above sections (ML)

377.2

Total potential cost savings if location and repair
duration is reduced as simulated in the above
sections $/year

$179,127
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repair times. The model revealed that the proactive leakage

control in plugging chronic leakage can lead to an increase

in revenue and lowering of water losses.

The leak run time plays a role in leakage reduction. For

instance, around 179,127 $/year can be potentially saved as

simulated by the study model when the leaking time is

reduced from 1 day to 0.3 in mains, and from 1.5 days to

1 in service connection.

Reducing the location and repair time depends on custo-

mer support to report the leakage quickly and proactive

leakage control to detect and repair the leaks in the network

in an efficient time. Failures on the mains usually have a large

impact on infrastructure due to high flowrates which require

a quick response on the part of the utility to plug the leakage

while failures on service connections produce low leakage

rates which could be invisible or ignored by the public.

Detecting the leakage and raising awareness of reporting

leakage are paramount steps in saving the precious water.

Economic intervention

The model revealed an economic option, as shown in

Table 7, for implementing proactive leakage control that is

based on the budget capacity of Miyahuna Madaba. Accord-

ing to the model inputs, the user could only define two

parameters of the cost of conducting the surveys and the

estimated rate of unreported failures in the network. The

model estimated the frequency of surveys per year and the

required budget that should be invested for cost recovery.

The volume of real losses cannot be explained by

recorded data since the amount of unreported leakage

depends on active leak control and the actual UARL could

be less than its empirical value. The ILI equals 2.69 for

the entire system while CARL is more than twice the

UARL. Therefore, it is recommended that leak detection

be intensified to identify the unreported leaks.

The economic intervention of reducing the real losses in

the network is recommended to optimize the surveillance

system through districtmeter areas (DMA) for hydraulicmoni-

toring instead of isolating the network and conducting a

detailed investigation in order to define the root causes of a

network’s leakage (see Table 7). The model does not provide

detailed expenses in calculating the customer retail unit cost

and variable production cost. It is important to determine

the actual retail unit cost of water without including the

sewer costs in order to compare between different systems. It

is recommended to develop the data validity scores by enhan-

cing themetering system in the network in order to implement

a reliable economic strategy for water loss reduction.

Pressure management

The model provided a robust option whereby pressure man-

agement has a direct impact on reducing the leakage rate

without repairing a single leak in the network. The model

Table 7 | Economic intervention of reducing the real losses in the network

Variable cost of real losses Value Unit cost

CV Variable production cost (applied to real losses) 0.47 $/m3

474.85 $/ML

CI Cost of comprehensive leak detection survey (excluding leak repair cost) 100.00 $/km

RR Average rate of rise of unreported leakage 3.00 m3/km of mains/day in a year
2.58 ML/day in a year

CI/CV 210.6 m3/km

EIF Economic intervention frequency [0.789 * (CI/CV)/RR] ^0.5 7.4 months
Economic intervention frequency – average leak run time 113.2 days
Economic percentage of system to be surveyed per year 161 %

ABI Average annual budget for intervention (proactive leak detection) 138,508 $/year

EUL Economic unreported real losses 291,688 m3/year
Economic Infrastructure Leakage Index (ILI) 2.1

PRL Potentially recoverable leakage (CARL-CRL-EUL-TBL-UL) 438.0 ML/year
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could give Miyahuna alternative scenarios, as shown in

Table 8, for implementing cost-effective pressure modulation

in the system. The costs are calculated based on previous

NRW projects in Jordan.

Network pressure is a paramount parameter in the

assessment of real losses. The pressure on the model is

measured by calculating the average zone pressure (AZP)

for the entire system that can be used as a preliminary step

in order to reflect the impact on reducing the leakage (for

measuring the leakage flowrates).

Pressure management could be an efficient approach to

reduce the leakage in Madaba as it was reported that the net-

work has been operating under high pressure. Therefore, the

relation between pressure and leakage has to be measured

under the existing conditions of the Madaba distribution net-

work for each DMA to investigate both effects of shifting the

DMAs from a pressure system to a gravity under intermittent

water supply, as well as shifting from an intermittent system

to a continuous supply. Therefore, comprehensive pressure

measurements are required to achieve sustainable leakage

management.

Study limitations

The present study has the following limitations:

1. The network pressure is a paramount parameter in the

assessment of real losses. The pressure in the model is

measured by calculating the AZP for the entire system

that can bemisleading for measuring the leakage flowrates.

2. Distance and reactive communication with customers

has led to an increase in the awareness time of leakage

and poor localization of complaints of leaks in GIS.

Moreover, the lack of leak records of flowrates and

pressure is not adequately documented.

3. The volume of real losses cannot be explained by

recorded data since the amount of unreported leakage

depends on active leak control and actual UARL which

could be less than its empirical value. The ILI equals

2.69 for the entire system while CARL is more than

twice the UARL. Therefore, it is recommended to inten-

sify the leakage detection in the distribution network to

detect all the unreported leaks.

4. ICF is calculated through dividing the actual background

leakage by unavoidable background leakage. Measuring

unavoidable background leakage is difficult since it

cannot be detected by the current detection devices. More-

over, the recommended values of ICF are estimated based

on the age and conditions of the distribution system.

5. The average rate in the rise of unreported leakage is a

paramount parameter in order to carry out intervention

strategy and it can be misleading if it is not based on

actual field measurements.

6. The model does not provide detailed expenses in calculat-

ing the customer retail unit cost and variable production

Table 8 | Pressure management impact on real losses

Existing pressure management policy

Current average system pressure 60.0 meters (head)

Total annual real losses 2,014.4 ML/year

Value of real losses 956,524 $/year

Enter % of rigid pipes and service connections in system 52%

ILI 2.7

Alternative pressure management policy

Assumed reduction in average system pressure 10.0 meters (head)

Assumed % reduction in average system pressure 17%

Real loss volume saved through alternative pressure management policy 335.7 ML/year

Value of real loss volume saved through alternative pressure management policy 159,421 $/year

Enter estimated cost of implementing alternative pressure management policy 1,000,000 $

Simple payback period for implementing alternative pressure management policy 6.3 Years

393 H. Aboelnga et al. | Component analysis for optimal water loss reduction in Jordan Journal of Water Supply: Research and Technology—AQUA | 67.4 | 2018



cost. It is important to determine the actual retail unit

cost of water without including the sewer costs in order

to compare between different systems.

CONCLUSIONS

The design of water loss reduction programs should study

the main drivers of NRW in intermittent water systems to

provide utilities with a clear understanding of what can be

done within the DMAs to achieve urban water security.

Proactive leak detection has to be undertaken as a prelimi-

nary step every seven months according to the study

model, taking into account the intervention frequency viabi-

lity, but it can vary depending on the condition of the

network and the natural rate of rise of the leakage. The sche-

dule of the survey has to be updated and refined after

determining the actual rate of rise of unreported failures in

the distribution network. Quantifying the real losses in the

network is key for intervention strategies by applying the

Component Analysis of real losses into the Madaba water

distribution system. Establishing proactive leak detection

programs is necessary in order to identify hidden failures

and unreported leakage in the water system. In the short

term, it is paramount for the water utility to identify the

data gaps by calibrating customer meters and bulk meters

in order to reduce uncertainty and improve the billing

system. Shifting into holistic NRW management is the

main challenge for Jordan water utilities, which can be

achieved through political will and support, backstopping

from the upper management in addition to customer sup-

port and engagement in leak reporting.

Based on the model analysis and study findings, the fol-

lowing can be concluded:

1. Supplying water quantities in an intermittent system with-

out proper asset management contributes to the high level

of losses, deterioration of the network, and leads the utility

into a feedback loop of decreased service delivery and

little to no progress made in addressing NRW.

2. Effective leakage reduction needs effective data manage-

ment with reliable information for the implementation of

a long-term water loss reduction program.

3. Sub-standard work is a common issue, contributing to

the high level of leakage and producing unnecessary

leakage and decreasing the lifetime of assets. Sub-stan-

dard installation and repairs, especially in tertiary

networks, is associated with different factors such as

lack of qualified staff, lack of incentives, and absence

of written standards, poor inspection and lack of

repair materials.

4. The percentage of NRW in Madaba as a performance

indicator (about 40% of system input) is misleading and

inconsistent to assess the water losses in the intermittent

water supply. It could be used as a financial indicator, but

not as an operational indicator. Moreover, this indicator

cannot be used to compare the performance among

water utilities since each network has characteristics

and conditions that influence the level of NRW. Further-

more, the indicator cannot differentiate between physical

and commercial losses, or quantify the leakage and

associated costs.

5. A break-even analysis has been used in water utilities as

the most common accounting method in order to

define the point at which operation and maintenance

costs equal the revenue. Performing such standard

methods turns out to be misleading in NRWmanagement

for two reasons:

1. It may override the value of the opportunity cost in uti-

lizing the water. The opportunity cost could be

interpreted in three ways, the first is the opportunity

cost of prohibiting sales to customers who would pay

for drinking water. The second is the opportunity

cost of environmental scarcity due to the high

demand that leads to rising the operation cost for dis-

pensable supply. The third is the opportunity cost of

the price paid or high demand by the next generations

due to population growth.

2. It encourages the water utilities to identify NRW only

as water for which they cannot receive any revenues

straightaway because of the physical losses and com-

mercial losses. This kind of approach may result in

water being excluded from NRW calculations as

authorized consumptions to save time and work.

Consequently, the opportunity costs have to be inter-

nalized in water loss calculations.
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