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Abstract

Water Quality and Quantity in Intermittent and Continuous Piped Water Supplies in
Hubli-Dharwad, India

by

Emily Kumpel

Doctor of Philosophy in Engineering - Civil and Environmental Engineering

University of California, Berkeley

Professor Kara L. Nelson, Chair

In at least 45 low- and middle-income countries, piped water systems deliver water for
limited durations. Few data are available of the impact of intermittent water supply (IWS)
on the water quality and quantity delivered to households. This thesis examines the impact
of intermittently supplied piped water on the quality and quantity of water delivered to
residential taps in Hubli-Dharwad, India, when compared to continuous piped water supply.
A framework for understanding the pathways through which IWS can impact water quality
is first developed. The extent to which contamination occurs in Hubli-Dharwad is quantified
by comparing microbial water quality throughout the distribution system in an intermittent
system and a continuous system in the same city. The mechanisms affecting water quality
in the IWS network in Hubli-Dharwad are identified by measuring changes in water quality
over time using continuous measurements from pressure and physico-chemical sensors paired
with grab samples tested for indicator bacteria. In the final chapter, a new method of
measuring household water consumption in an IWS when supply durations are limited and
few metered data are available is developed. This thesis showed that the intermittent supply
was frequently subject to contamination in the distribution system and that households with
intermittent supply consumed limited quantities of water. While these results demonstrated
that converting to a continuous water supply can improve water quality when compared
to intermittent supply, this conversion may not be possible in the near future for resource-
constrained towns and cities. This thesis contributes to knowledge of the mechanisms causing
contamination and constricting water access in IWS systems, which can help improve systems
to ensure that people with piped water receive water that is reliable, safe, and sufficient.
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Chapter 1

Introduction

In 2010, over 4 billion people (60% of the world’s population) accessed water through a
piped supply on their premises or at public taps (WHO and UNICEF, 2012). This number
is increasing: from 1990 to 2010, the number of people in urban areas with piped water
increased from 1.8 billion people to 2.8 billion. In some regions of the world, access to
piped water increased at least twice as fast as access to any other type of improved source
(WHO and UNICEF, 2010). However, access to piped water is defined as access to a tap; this
definition does not measure whether the water at the tap is reliable, safe, or sufficient. While
improved water quality and increased water quantity from piped systems reduces waterborne
illnesses and improves livelihoods, deficiencies in infrastructure or operations could reduce
these benefits. The research presented in this thesis examines the impact of intermittent
supply - a deficiency in piped water distribution systems common in resource-constrained
settings - on the quality and quantity of water delivered to taps.

In many low- and middle-income countries, piped water systems deliver water for limited
durations. At least 45 countries deliver intermittent water supply (IWS), serving at least
375 million people (van den Berg and Danilenko, 2011). An estimated 250 million of these
people live in India, where no city has continuous supply (Desai et al., 2007; McKenzie and
Ray, 2009; India, 2011). Supply durations have been declining in many low-income countries
(Thompson et al., 2001; van den Berg and Danilenko, 2011). While the number of people
with access to piped water is increasing with urbanization and population growth, increasing
water scarcity, escalating demand, and rapid urbanization present challenges in meeting this
growing demand and may make IWS an even more common operational mode (McDonald
et al., 2011; Vairavamoorthy et al., 2008).

The social and economic costs borne by households and utilities of IWS compared to
continuous water supply have been well studied (Choe et al., 1996; Dasgupta and Dasgupta,
2004; Dutta et al., 2005; Zerah, 1998). However, few data are available on the impact of IWS
on the water quality and quantity delivered to households. The potential effect of IWS -
where pipes are unpressurized for periods of time - on water quality was recognized in the
literature as early as 1875, where a study linked typhoid cases to sewage backflow into an
intermittent piped water system (Carpenter, 1875). While continuous positive pressure in
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pipes is often considered the standard for providing safe water and adequate service, there
has been limited research on how to improve IWS systems even though they supply water to
hundreds of millions of people. Additionally, there are few data on how much water people
consume in an IWS when meters are not present and whether strategies to reduce water
losses should focus on the distribution system network or households.

In India, IWS is endemic and supply durations are limited: the average hours of supply
reported by households in 2005 was 4.8 hours (there is no data on the number of days
between delivery) (Desai et al., 2007; McKenzie and Ray, 2009). In India, the debate around
improving urban water supplies has focused on converting from IWS to continuous water
supply (known commonly as 24x7 in India). In addition to the benefits of increasing cost
recovery for the utility and reducing coping costs for households, this upgrade was anticipated
by policymakers to improve water quality (reducing waterborne diseases), increase water
availability to households, and reduce water loss and waste at households. However, to
date there has been only anecdotal evidence of whether any benefits have been achieved
and whether they were worth the costs (World Bank, 2004; Sangameswaran et al., 2008;
Seetharam and Bridges, 2005; Mitra, 2008).

In addition to questions of the benefits of 24x7 compared to IWS, it is not clear that a full
conversion to 24x7 is the only path to improving water quality and quantity in IWS systems;
there may be interim steps besides direct conversion to 24x7 that can improve the safety and
sufficiency of water delivered through intermittent systems. This thesis approaches these
questions from multiple angles and provides evidence quantifying the impact of IWS on
water quality and quantity that is necessary for identifying how to improve urban water
supplies in low- and middle-income countries.

There is also evidence that IWS results in negative health, social, and economic conse-
quences for households when compared to continuous piped water supply. The work pre-
sented in this dissertation was complimented by the work of two other graduate students,
Ayse Ercumen (Department of Public Health, UC Berkeley), who measured the impact of
the conversion from IWS to 24x7 on the incidence of waterborne illnesses among children
under five, and Zachary Burt (Energy and Resources Group, UC Berkeley), who compared
the costs and benefits to households of the conversion. Together, our results present the
first holistic picture of the conversion from intermittent to continuous supply, and through
it provide insight into the true costs of intermittent supply.

1.1 Location for research and rationale

Hubli-Dharwad, twin cities with a population of over 900,000 in Karnataka, India, were
selected as a research site. They presented a typical case of intermittent water supply in
India and were one of the first cities to pilot 24x7 supply (India, 2011; World Bank, 2010).
Average supply duration in Hubli-Dharwad was 4.0 hr, which is similar to the average of
many districts in India (4.8 hr), and its size of nearly one million is of a similar scale as more
than 400 cities in India (Desai et al., 2007; India, 2011).
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Bulk water was supplied to the distribution systems in Hubli-Dharwad from two surface
water sources treated at two water treatment plants. This treated water was delivered to
service reservoirs and then to consumers through distribution network pipes. Supply was
provided rotationally through valve operations to more than 800 small areas throughout the
cities. Consumers also commonly use supplementary water sources, including groundwater
from handpumps, electric borewells, tanker trucks, bottled water, and neighborhood-scale
piped groundwater systems. Wastewater infrastructure consisted of underground sewer net-
works (which cover 40% of Hubli’s area and 30% of Dharwad’s area), open drains, septic
tanks, and pit latrines (CSE, 2012). The distribution system is described in more detail in
Chapter Two.

Hubli-Dharwad was one of three cities in Karnataka selected for a pilot 24x7 water supply
as part of the the Karnataka Urban Water Sector Improvement Project (KUWASIP), funded
by a loan through the World Bank in partnership with state and local government. The goal
of KUWASIP was to implement 24x7 water supply in demonstration zones through private
sector participation (World Bank, 2004). A private contractor constructed the necessary
infrastructure in the demonstration zones and supplied 24x7 water to 10% of residents (70,000
people) starting in late 2007 in Hubli and in mid-2008 in Dharwad while the remainder of
the city received intermittent supply. Zones for pilot 24x7 supply were selected to contain
a socio-economic mix of the population and on the ability to hydraulically isolate network
sections (Sangameswaran et al., 2008; World Bank, 2010). The upgrade is discussed further
in Chapter Two.

While this site is an extreme example of intermittency (there are many forms of intermit-
tency, discussed in Chapter One), it is similar to that experienced by many cities in India.
Additionally, the impacts of converting from extreme intermittency to 24x7 quantifies the
maximum benefits that could be achieved by improving piped water delivery.

1.2 Research objectives

This thesis examines whether the water provided to residents is safe to drink (free from
microbial contamination) and of sufficient quantity for drinking, cooking, and basic hygiene
when it is delivered through piped distribution systems intermittently (WHO and UNICEF,
2006). The objectives are to:

• Compare microbial water quality between intermittent and continuous distribution
systems at service reservoirs, household taps, and in water consumed in households.

• Understand and find evidence of the mechanisms affecting microbial water quality in
intermittently supplied piped water distribution systems.

• Develop methods of measuring water consumption in unmetered households with in-
termittent supplies and use these estimates to understand water access and losses in
the distribution system.
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1.3 Overview of dissertation

Chapter One reviews the literature on microbial water quality in IWS, knowledge of hy-
draulics in IWS, and literature from continuous supplies to understand how IWS could
affect water quality throughout the stages of a supply cycle. This critical review suggest
that a host of complicated mechanisms can degrade water quality. Contamination likely
enters pipes between supply cycles and is flushed out when water is turned back on. How-
ever, the risk of contamination continues during supply due to low pressure and a host of
environmental and contextual issues that can allow backflow and intrusion into the pipe
network.

Though the review in Chapter One suggests contamination in IWS systems is likely,
there are few data available from these systems. Chapter Two quantifies the extent to
which contamination occurs in an intermittent supply in Hubli-Dharwad, India by comparing
microbial water quality in an intermittent system to a continuous system in the same city.
I present microbial water quality data from throughout the distribution system (service
reservoirs, household taps, and in household storage containers). Continuous supply provided
consistent water quality while IWS was highly variable in space and time. Additionally,
though continuous supply improved water quality overall at the tap, households continued
to store water. Household water storage led to contamination, impairing the quality of water
that people consumed.

Chapter Three follows from the evidence of contamination presented in intermittent sup-
plies in Chapter Two. In this chapter, I explore the mechanisms causing contamination in
IWS by measuring changes in water quality over time using new tools: pressure and physico-
chemical sensors that sample continuously paired with frequent grab samples tested for mi-
crobial water quality. These data are used to identify mechanisms that may have caused
contamination. Water was highly contaminated during flushing, when supplies were first
turned on; however, contamination reduced after flushing had finished. Persistent low pres-
sure, which could allow contamination through intrusion or backflow into the pipe network
also led to frequent contamination. During supply, periodic contamination was common,
though the mechanisms causing this contamination could not be separated. These methods
and results can inform monitoring of and research on water quality in IWS systems.

Chapter Four focuses on water quantity in IWS by developing a new method of measur-
ing household water consumption when supply is limited and metered data are not available
and using these new methods to estimate losses in the distribution system. Water consump-
tion is triangulated using metered data, measurements of storage capacity, and structured
observation of use while supply is on. The results suggest that households are consuming
small quantities of water, with many households consuming amounts below recommended
minimums, while most water losses likely occur in the distribution system network.

In the Conclusions, I discuss research contributions and future work.
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Chapter 2

Microbial water quality in
intermittent piped distribution
systems: A review of the literature

2.1 Introduction

Complex biological, physical, and chemical mechanisms can degrade water quality during
transmission from a source to consumer taps (Geldreich, 1996; Kirmeyer et al., 2001a;
Lechevallier et al., 2004; Payment et al., 1997). Millions of people in the developing world are
supplied by piped water that is at risk of microbiological contamination due deficiencies in
distribution systems (Onda et al., 2012; Lee and Schwab, 2005). While continuous positive
pressure in piped distribution systems is the commonly accepted standard for protecting
water from contamination (Ainsworth, 2004; AWWA, 2003), many low- and middle-income
countries practice intermittent water supply (IWS), in which piped water is supplied for lim-
ited durations (Figure 2.1) (van den Berg and Danilenko, 2011; WHO and UNICEF, 2000).
The hydraulics of operating a distribution system intermittently can influence the quality of
water available at consumer taps.

There is currently no framework for understanding the causal pathways through IWS
impacts water quality. While there is evidence that contamination occurs in IWS systems, it
is not known whether these events are predominantly the result of persistent or momentary
contamination (Lee and Schwab, 2005). A better understanding is needed for developing
strategies that protect water quality in IWS. This review draws on the limited available
data on water quality in IWS and the more extensive literature on water quality in con-
tinuous water supplies (CWS) which, combined with knowledge of hydraulics in IWS, can
provide insight into how IWS affects water quality. In addition, the typical context in which
IWS exists - low-income countries with under-resourced utilities and inadequate sanitation
infrastructure - is discussed because these factors can exacerbate mechanisms causing con-
tamination.
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Hours of Supply
< 10
10  - 15
15 - 20
20 - <24
24
not reported

Figure 2.1: Hours of supply provided by utilities reporting intermittent supply. Data source:
van den Berg and Danilenko (2011)

2.2 The practice of intermittent piped water supply

An estimated one-third of the population with piped water supply in Latin America and
Africa and more than half in Asia receive water intermittently (WHO and UNICEF 2000).
Though detailed data on the prevalence of IWS are scarce, over one billion people in the
world are reported to have piped water in countries where IWS is common (van den Berg
and Danilenko, 2011; WHO and UNICEF, 2012).

2.2.1 Description of intermittent water supplies

IWS encompasses a broad spectrum of practices with varying water delivery durations and
patterns. Several cities in the Middle East supply 10 to 12 hours daily during the dry season
and switch to 24 hour supply during the rainy season (Abu Amr and Yassin, 2008; Coelho
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et al., 2003; Korfali and Jurdi, 2007). In South Asia, two to four hours daily or weekly is more
common (McKenzie and Ray, 2005; Mohanty et al., 2002). The data that are available on
IWS practices report supply durations but often do not report the number of days between
supply cycles.

In larger distribution systems, intermittent delivery can be rotational, with water pro-
vided to hydraulically isolated parts of the network in sequence. In smaller systems, supply
may be provided to an entire coverage area at the same time. Within the same distribution
systems, the nature of intermittency experienced by different parts of the network can vary
in space and time, with supply durations changing depending on population sizes, pressures,
or pipe configurations (Sashikumar et al., 2003).

The reasons for providing water intermittently have not been systematically studied and
vary significantly between systems and contexts. Totsuka et al. (2004) proposed that IWS
is a method of rationing not only water quantity, but also of rationing economic, social,
and technical inputs (e.g. power supply, chemicals for water treatment, lack of meters to
control consumption). To our knowledge, no systems have been intentionally designed to
provide intermittent supply; instead, a common scenario is that systems initially provided
continuous supply but their ability to meet all demand throughout the system became limited
by excessive leakages and/or unchecked network expansion.

Access to piped water is increasing faster than access to any other type of improved water
source. At the same time, low-income countries are decreasing supply durations (Thomp-
son et al., 2001; van den Berg and Danilenko, 2011; WHO and UNICEF, 2012). IWS will
likely become more common as population growth, urbanization, and climate change are
expected to adversely affect the quantity of water available to cities (McDonald et al., 2011;
Vairavamoorthy et al., 2008).

2.2.2 Microbial water quality in intermittent water supplies

Water quality problems can be microbiological, chemical, physical, or aesthetic (Kirmeyer et
al., 2001b; Geldreich, 1996; Spencer, 2012; Clark and Grayman, 1998). This review focuses
on microbial contamination, which is the most common type of contaminantion causing
illness in developing countries (Gadgil, 1998). Microbiological contamination in distribution
systems is often characterized using bacterial indicator organisms (e.g. heterotrophic plate
count (HPC), total coliform, fecal coliform, and E. coli). However, indicator organisms do
not always behave the same as actual pathogens. Actual pathogens can exist in the absence
of indicator organisms if they are removed less efficiently by treatment processes, are more
resistant to disinfection, or originate from a non-fecal source. On the other hand, indicator
bacteria can potentially grow in the environment unlike enteric viruses and most protozoa;
therefore regrowth, discussed in Section 2.3.2, is only possible for bacterial pathogens and
free-living protozoa.

Chemical and physical parameters are discussed in this review when they could impact
the survival or growth of pathogens. In particular, a disinfectant residual is frequently
maintained in distribution systems to inactivate pathogens, and is therefore used as an
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Table 2.1: Mechanisms affecting water quality in intermittent piped water distribution sys-
tems

Operation Hydraulic ef-
fect

Mechanism Water quality result

Water off
Empty pipes

Low/negative pressure Backflow and intrusion

Pipes exposed to air Corrosion and leaching
No flow Stagnant water/biofilms Regrowth

Charge-up/down

Shear stress changes
Release of particulates

Water turned & biofilms from pipes
on and off Low pressure spikes Backflow and intrusion

High pressure spikes Pipe damage

Water on
High demand Low/negative pressure Backflow and intrusion

Pressure
Shear stress changes

Release of particulates

transients & biofilms from pipes

indicator of water quality. The effects of IWS on physical integrity of the distribution system
are also included in this review when they affect water quality.

Limited water quality data have been collected from IWS systems, though the evidence
that exists suggests that contamination has occurred in IWS distribution systems. Indica-
tor organisms have been detected at higher concentration at taps when they were at low
concentrations or undetectable at the source (Swerdlow et al., 1992; Raman et al., 1978;
Elala et al., 2011; Tokajian and Hashwa, 2004; Tokajian and Hashwa, 2003; Abu Amr and
Yassin, 2008; Yassin et al., 2006). Other studies did not detect chlorine residual at taps
when it had been expected based on the concentration at the treatment plant (Semenza
et al., 1998; Egorov et al., 2002). In epidemiological investigations of outbreaks, IWS has
been linked to amebiasis, typhoid, cholera, other diarrheal diseases, and infectious hepatitis
(Barwick et al., 2002; Mermin et al., 1999; Swerdlow et al., 1992; Carpenter, 1875; Raman
et al., 1978; Semenza et al., 1998). Momentary loss of pressure in continuous supplies and
other inadequacies in distribution systems have been linked to water-borne illnesses (Hunter
et al., 2005; Jakopanec et al., 2008; Nygard et al., 2007; Payment et al., 1997; Craun et al.,
2002; Craun et al., 2010). However, in all of these cases, while the distribution system was
considered the likely source of contamination, the mechanisms causing these contamination
events were not identified.

Strategies have been proposed for the design and operation of IWS that overcome some
problems, such as inequitable distribution and unreliable delivery timings (Vairavamoorthy
et al., 2007; Totsuka et al., 2004). However, no system has been built specifically for intermit-
tent operation and there is current insufficient understanding of the impact of intermittent
operation on water quality to recommend IWS as a mode of operation. This is review will
improve understanding of contamination mechanisms in the distribution system and identify
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knowledge gaps that need to be addressed so that strategies can be developed that minimize
microbial contamination in IWS systems.

In IWS, pipes are typically empty (or partially empty) between supply cycles, charge up
when water is turned on, are pressurized for the duration of supply (although low or negative
pressure may occur during supply), and drain when supply is turned off. This paper reviews
the hydraulics at each stage and their expected effects on the quality of water at consumer
taps. The important hydraulic features of IWS systems and their expected effects on water
quality are proposed in Table 2.1. These mechanisms are discussed in detail in the following
sections.

2.3 Mechanisms when the water supply is off

In CWS, water supply is turned off and pipes lose pressure only during infrequent activi-
ties such as maintenance (e.g. pipe installation and repair) and emergencies. In contrast,
the defining feature of IWS is regular loss of pressure. This section reviews potential ef-
fects on water quality that result from regular loss of pressure: backflow and intrusion into
pipes, bacterial regrowth in bulk supply, microorganism attachment and bacterial regrowth
in biofilms, particulate matter attachment to pipe walls, and corrosion. While water is not
supplied to consumers during this stage, the bulk water left in pipes between supply cycles
and the accumulated material on pipe walls can affect water quality at consumer taps when
supply is re-started.

2.3.1 Backflow and intrusion

After supply is turned off in an IWS, water left in pipes drains through infrastructure de-
ficiencies (e.g. cracks, breaks, leaky joints) and consumer taps or collects at dead ends,
closed valves, or low elevations, leaving pipes at low or less than atmospheric pressure while
they are empty or have stagnant water left in them between supply cycles. Contamination
can enter a distribution system if there is an adverse pressure gradient, a pathway, and a
source of contamination (LeChevallier et al., 2003; Lindley and Buchberger, 2002; Propato
and Uber, 2004; Vairavamoorthy et al., 2007).

Contamination can enter distribution systems as backflow, defined as cross-connections
that are plumbed connections between potable water and a non-potable source (e.g. chemical
mixing tanks, storage tanks, sinks or bath tubs, or cooling towers), or as intrusion, defined as
infrastructure deficiencies that connect potable water to the surrounding environment (e.g.
air-vent vaults, pipeline cracks or breakages, leaking joints, or repairs and maintenance).
Backflow can contain contaminants dangerous to human health (pathogens, metals, chemi-
cals, etc) or organic material and other compounds that reduce chlorine residual. Intruded
water can contain contaminants from sanitary, storm, and combined sewers, septic tanks, la-
trine pits, and water or soil surrounding pipelines (Besner et al., 2011; EPA, 2003; Kirmeyer
et al., 2001a; LeChevallier et al., 2003; Lindley and Buchberger, 2002; AWWA, 2003). Both
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backflow and intrusion are widely recognized as important potential mechanisms of contam-
ination in CWS systems if proper conditions are not maintained to prevent them (EPA,
2002b; EPA, 2003; Craun et al., 2002; Craun et al., 2010; Besner et al., 2011).

Intrusion into an IWS distribution system when supply is off has not been studied directly;
however, it is similar to pipe repairs in CWS, where evidence of intrusion when supply to
pipes was off has been linked to episodes of waterborne illnesses and impaired water quality.
Elevated gastrointestinal illnesses have reported after main break events (Nygard et al., 2007)
and decreased chlorine residual and high turbidity at consumer taps and hydrants have been
measured immediately after maintenance on pipes (Besner et al., 2008). A similar effect
would be expected in IWS when supply is off.

Simulations in CWS networks have estimated that intrusion could enter in large vol-
umes during momentary low pressure (Kirmeyer et al., 2001a; Boyd et al., 2004; Ebacher
et al., 2012; Greyvenstein and Zyl, 2007). Kirmeyer et al. (2001a) estimated that 0.01-660
gallons (0.04-2500 L), or 1%-5% of bulk volume in pipes, can enter as intrusion during low
pressure transients, with the range dependent on distribution system water pressure, con-
taminant source pressure, event duration, and orifice size. Another simulation by Ebacher
et al. (2012) estimated a smaller range of 10-360 L, with the pressure of the contaminant
source the most important factor affecting intrusion volume. Alternatively, in a model of
the risk from intrusion to consumer health, Teunis et al. (2010) and Yang et al. (2011) found
that the duration of low pressure and number of intrusion pathways posed a higher risk
than other factors (orifice size, disinfectant residual, or pathogen concentrations outside of
pipes), because longer durations of intrusion led to higher volumes of contaminants and lower
dilution factors, while more pathways would expose more consumers.

In IWS with limited supply durations, the pipes are atmospheric pressure for long periods
of time (on the order of hours or days), during which large volumes of backflow and intrusion
could enter the distribution system between supply cycles. This is likely a important mech-
anism of contamination in IWS, particularly in supplies with short durations (and therefore
long periods at atmospheric pressure) and poor infrastructure (resulting in many intrusion
pathways). Section 2.6 reviews infrastructure deficiencies and contexts that can exacerbate
the effects of backflow and intrusion. Contamination that enters when the supply is off can
attach to pipe walls or regrow in bulk water, though it may be flushed out when supply is
re-started (see Section 2.4).

2.3.2 Regrowth in bulk water

Bacterial growth can be fostered by long residence times that result in decay of disinfectant
residuals, elevated temperatures, and stagnation. Regrowth in distribution systems can occur
in finished water storage, bulk water in pipes, and biofilms; studies of regrowth throughout
an entire distribution system do not usually distinguish between these locations of regrowth.

Bacteria can regrow in finished water storage facilities, with growth positively correlated
with residence time. Residence times in finished water storage depend on design, capacity,
and operations that determine mixing and stratification (Mays, 2000; EPA, 2005; Rossman
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and Grayman, 1999; Grayman et al., 2004; Boulos et al., 1996; DOH, 2009). Operations and
capacities of IWS service reservoirs can differ from those in CWS. In some IWS systems,
reservoirs are drained entirely after each cycle, resulting in low water age as each cycle
receives fresh water. Other IWS systems provide water to the entire distribution system
every few days or once a week, leaving water stagnant between supply cycles. Guidelines
for turnover in storage facilities to minimize regrowth and other water quality impairments
associated with high water age are on the order of three to five days, which is shorter than
most IWS supply cycles (EPA, 2005). Therefore, the importance of regrowth in finished
water storage in IWS will depend on the supply regime.

Bacteria can also regrow in the bulk water in pipes when it stagnates (LeChevallier et
al., 1996; Kerneis et al., 1995). Several studies of regrowth in reservoirs and in water in
pipes in CWS found a positive correlation between concentrations of bacteria and distance
from the treatment plant (Power and Nagy, 1999; Cordoba et al., 2010; LeChevallier et al.,
1996). Water samples collected from household plumbing after overnight stagnation had
significantly higher bacterial cell and HPC counts than water in main pipes (Prevost et al.,
1997; Lautenschlager et al., 2010). This positive correlation between stagnation and high
concentrations of bacteria would be expected in water left in pipes between supply cycles
in IWS networks, potentially exacerbated by backflow and intrusion that could introduce
additional bacterial contamination.

2.3.3 Biofilm regrowth and formation and particulate matter
attachment

Biofilms and particulate matter can attach to pipe walls during stagnation. Microorganisms,
including pathogens, can attach to biofilms, which provide protection from chlorine as well
as an environment for bacteria to regrow. Microorganisms can then be released from biofilms
into the bulk water through erosion (slowly) or sloughing (suddenly) (EPA, 2002a; Percival
and Walker, 1999). Similarly, particles and sediments that accumulate on pipe walls can
harbor pathogens and chemical contaminants, with their release affecting consumer health
and water aesthetics (Boxall and Saul, 2005; Vreeburg and Boxall, 2007; Lehtola et al., 2004;
Zacheus et al., 2001). Biofilms and particulate matter on pipe walls behave similarly (biofilms
are often considered a component of particulate matter) and have similar effects on water
quality.

Biofilms are composed of microorganisms and organic and inorganic matter enmeshed
in matrix of extracellular polymeric substances (EPS). They form through deposition and
attachment to the interior of pipe walls and fittings with different morphologies and com-
positions depending on their surrounding environmental and hydraulic conditions. Biofilms
that developed in stagnant water in pipes were found to have more bacterial cells (Manuel
et al., 2007) and detach readily when exposed to a change in shear stress (Douterelo et al.,
2013) than biofilms that developed in flowing water. While chlorine is frequently used to
reduce biofilm growth (Hallam et al., 2001; Codony et al., 2005), the disinfectant residual
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will likely decay in stagnant water when supply is off in an IWS.
Biofilm morphology would likely be affected by intermittent wetting and drying in IWS,

though this phenomenon has not been studied in drinking water distribution systems. A
study in IWS pipes found that the scale on the inner walls of a PVC pipe were gelatinous when
water was flowing but had a dry texture during first flush, suggesting that the morphology of
layers on the interior of pipe walls changed when the supply was off (Cerrato, 2005). While
an IWS system with frequent supply likely develops biofilms similar to those in CWS, an
infrequent supply could have biofilms and layers of scale dry out completely or have multiple
layers (water-saturated biofilms at the pipe bottom and unsaturated at the top). Their
differing morphologies would be expected to influence water quality when water is turned
on through erosion and sloughing (Section 2.4 and 2.5), though this has not been studied.

Particulate matter, which consists of minerals, organic matter, and microbial biomass,
originates from many sources, including source water, water treatment plant processes, ero-
sion of pipes and fittings, biological activity and biofilms, corrosion, intrusion, and backflow
(Barbeau et al., 2005; Gauthier et al., 1999; Boxall and Saul, 2005). These particles tend
to accumulate on pipe walls when and where flow is low in CWS, such as at night and in
dead ends or oversized pipes, which are similar to conditions that exist when supply is off
in an IWS. Like biofilms, these layers form with enough strength and bonding to withstand
normally experienced hydraulic conditions; therefore, those developed in stagnant water are
adjusted to quiescent conditions and may be easily released when shear stresses change as
flow is re-started (Boxall and Saul, 2005; Husband et al., 2008).

It is likely that when supply is off in an IWS, microorganisms and particulate matter
that entered as backflow and intrusion attach to pipe walls, with these layers and biofilms
developing similar to what occurs in CWS under stagnant conditions. However, these layers
may be flushed out when supply starts again in IWS (Section 2.4).

2.3.4 Corrosion and leaching

Corrosion in distribution system pipes can affect water quality by creating orifices for in-
trusion, providing sites for biofilm attachment, and reducing chlorine residual (Volk et al.,
2000). Corrosion rates depend on many factors, including pipe material, flow velocity, and
physico-chemical composition of water (e.g. pH, alkalinity, dissolved oxygen, total dissolved
solids, temperature) (Volk et al., 2000). Biofilms can cause microbially-induced corrosion
(MIC) (Volk et al., 2000; Annuk and Moran, 2010). Water with high dissolved oxygen is
corrosive, which can lead to release of iron, pipe tuburculation, and pitting (Sarin et al.,
2004; AWWA, 2011). Additionally, several studies have found that more iron is released to
bulk water when it is stagnant than when it is flowing (Sarin et al., 2004; Nawrocki et al.,
2010; Hayes, 2012). In IWS, the inside of pipe walls may be exposed to atmospheric oxygen
which may lead to high rates of corrosion. Chemicals from pipe materials, such as vinyl
chloride in PVC pipes, can leach into water during stagnation (Walter et al., 2011); water
left in pipes when supply is off may then be contaminated with leachate.
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2.4 Mechanisms when water is turned on and off

When water is first supplied to an area by opening a valve or turning on a pump, it rushes
into the empty pipe network. Charge-up in a single pipe in IWS is similar to restarting
a pipe section after a repair or replacement in a CWS; in a whole network, the process is
similar to storm surges or valve operations in normally unpressurized sewer pipes. When
supply is turned off, water left in the pipes drains or collects at low-lying points or dead
ends. Similarly, charge-down for a single pipe resembles turning off a supply in CWS for
pipe repairs; for a network, it resembles the return of a sewer pipe from surge conditions to
open channel flow. The charge-down process can result in sudden change of pressure that
can affect layers on pipe walls (Section 2.4.2) and result in very low pressure during draining;
the effect of low pressure on water quality is described in Section 2.5.

This section reviews the hydraulics of charge-up and charge-down and their expected
effect on water quality through velocity changes and air pockets that affect particulate matter
and biofilms on pipe walls (the development of these were described previously in 2.3.3). The
effect of these hydraulics on physical integrity of the distribution system is also reviewed.
Backflow and intrusion can occur when pressure is low during charge-up as described in
Section 2.3 and 2.5.

2.4.1 Charge-up and charge-down

Mathematical, numerical, and empirical models of pipe charge-up and charge-down have
shown that air plays a complex role in pipe pressure dynamics (Benjamin, 1967; Wang
et al., 2003; Zhang and Vairavamoorthy, 2006; Wilkinson, 1982; Vasconcelos and Wright,
2008). Air intrudes into a pipe during flow start-up until there is enough pressure to expel
it (Vasconcelos and Wright, 2008). Air pockets can persist after pipes are filled, allowing
open channel flow underneath or forming localized air cavities at boundaries (e.g. dead-
end, high elevations), reducing pressure though excessive friction losses and reduced pipe
capacity. These air pockets can also block flow completely or cause pipe bursts (Wang et
al., 2003; Vasconcelos and Wright, 2008; Batish, 2003; Zhang and Vairavamoorthy, 2006).
Additionally, air can scour pipe walls as it is expelled (discussed in the next section).

A study of friction loss in IWS measured a 27% increase in the Hazen-Williams C value
as pipes progressed from empty to full; the authors hypothesized this change was the result
of air being expelled from pipes during filling (Sashikumar et al., 2003; Batish, 2003). If all
consumers located near the inflow to the network draw water at the same time, it will reduce
overall pressure and networks will fill gradually (De Marchis et al., 2010). In an IWS that
fills a large network area (most models are for a single pipe), pressure head may be too low
to expel air during charge-up.
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2.4.2 Particulate matter release and biofilm sloughing

Particulate matter on pipe walls may have been left from the previous supply cycle or
accumulated from intrusion, backflow, or water left in pipes when supply is off. Biofilms are
often considered a constituent of particulate matter that behaves similarly; the studies of
particulate matter referenced here do not distinguish between the two.

Since layers of particulates and sediments on pipe walls develop to withstand normally
experienced shear stresses, a change in shear stress, often triggered by a hydraulic event
such as an increase in flow or a change in pressure, can causes their release (Boxall and Saul,
2005; Husband et al., 2008; Husband and Boxall, 2011; Husband and Boxall, 2010). Similarly,
biofilm cohesiveness and detachment is affected by normally experienced hydraulics (Derlon
et al., 2008). Biofilms that developed under steady state flow (as when water supply is off, see
Section 2.3) have been found to detach readily when exposed to change shear stress through
sloughing (release of large particles from only part of the surface) or erosion (from shear
stress and affecting the whole surface) (Douterelo et al., 2013). Sudden increases in flow rate
have been found to cause an immediate increase in suspended bacteria (Lehtola et al., 2006)
and rapidly flowing water has been found to erode corrosion deposits (Volk et al., 2000).

Utilities often flush water at high velocities (1.8 m/s) through distribution system pipes
to remove sediments, scale, and biofilms from pipe interiors (Chadderton et al., 1993; An-
toun et al., 1999). In household plumbing, a few minutes of flushing has been shown to
decrease the elevated concentrations of bacteria that had developed after overnight stag-
nation (Lautenschlager et al., 2010; Prevost et al., 1997). Scouring with air is also used to
remove particulates from pipe walls (Ainsworth, 2004).

When flow re-starts in an IWS, pipe charge-up may emulate utility flushing, as shear
stress increases as pipes transition from empty to pressurized and air is expelled. This
phenomenon is a unique feature in IWS with both positive and negative implications for
water quality that would depend on the nature of IWS (supply duration, frequency, and
pressure). Therefore, particulate matter and microbes that accumulated in pipes when
supply was off are likely flushed out at the beginning of each supply cycle. While several
studies in CWS found that flushing led to only short-term gains to water quality due to
quick re-accumulation (Barbeau et al., 2005; Lehtola et al., 2004; Zacheus et al., 2001), in
IWS, given that flushing occurs at the beginning of each supply cycle, the improvement in
water quality from flushing would likely persist throughout a supply cycle.

However, several factors may limit the effectiveness of this process. Pressures may be too
low to provide a sufficient velocity for flushing (see Section 2.5) and parts of the distribution
system may not be subject to the same variations in shear stress (e.g. high elevations, end of
pipes). The effect can also vary with pipe material: a study in IWS found that less manganese
was released from iron pipes than PVC pipes during the first flush because manganese had
been incorporated into tubercles in iron pipes (Cerrato et al., 2006). Additionally, in CWS,
utilities notify consumers to avoid using water from their taps during flushing; however, given
the the limited duration of water in IWS, consumers likely collect and store flush water that
contains elevated levels of contamination.
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This flushing behavior has been observed in IWS systems, with higher concentrations
of indicator bacteria and turbidity detected during flushing than during the supply cycle
(Kelkar et al., 2002). Similarly, Cerrato et al. (2006) found that iron and manganese was
released when water was first on in an IWS, but that little release occurred later in the
supply cycle.

Therefore, contamination that occurred from regrowth, backflow, and intrusion when
supply was off may be flushed out at the beginning of each supply cycle during charge-up.
However, the effectiveness of charge-up in removing this contamination may be limited by
other features of IWS (e.g. low pressure). Flushing may not occur in systems with less
intermittency and better pipe integrity.

2.4.3 Physical integrity

Pressurizing and depressurizing can cause wear and tear on pipes and fittings, which can
affect water quality by creating pathways for intrusion to enter the distribution system.
Christodoulou and Agathokleous (2012) found that pipe leak rates increased after switching
from continuous to intermittent operation in a distribution system. In addition to regular
wear and tear, Misra and Malhotra (2012) note that in a supply-driven IWS, the pressure
drop created between beginning and end of pipe due to demand by all consumers at the
same time may cause inconsistent wear and tear on pipes that can lead to bursts, though
this effect has not been studied.

2.5 Mechanisms when water supply is on

When water supply is on, IWS distribution systems may behave similarly to CWS and
therefore be subject to the same mechanisms affecting water quality. However, the likelihood
of contamination entering the system, a significant risk in all distribution systems, may be
exacerbated in some IWS due to persistent and transient low pressure.

Backflow and intrusion can occur when the distribution system is at negative pressure
(backsiphonage) or when the distribution system has positive pressure but the contaminant
source is at a higher pressure (backpressure). The minimum pressure in pipes necessary
for preventing backflow depends on the pressure of the contaminant source. Guidelines for
pressure are not based on preventing intrusion; minimum pressures and justifications from
several countries are given in Table 2.2.

This section reviews the causes of persistent and transient low and negative pressure
unique to IWS, the likelihood, source, and fate of intrusion and backflow, the potential for
regrowth, and continued biofilm and particulate matter releases during supply.
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Table 2.2: National pressure guidelines.

Min. pressure Country Reason
20 psi (14m) USA Fire fighting
28 psi (20m) South Africa Prevent consumer complaints
10/17/24 psi (7/12/17m) for 1, 2, and 3 stories India To reach the top of buildings

Sources: USA: AWWA (2003); National Fire Protection Association (2007); South Africa: Jacobs, Strijdom, et al.
(2009); India: Batish (2003)

2.5.1 Persistent low and negative pressure

Persistent low pressure in distribution systems is caused by high demand (e.g. leakages,
consumers drawing water), system expansion (e.g. new service connections), reduced pipe
capacity (e.g. closed valves, corrosion, soft deposits, biofilms, trapped air, friction losses,
etc), or changes in elevation or boundary pressures (e.g. reservoir levels, pump capacity)
(AWWA, 2003). Though data are scarce, cities with IWS around the world have reported
chronically low pressure (Lee and Schwab, 2005; Rahman et al., 1997; Mermin et al., 1999;
Eshcol et al., 2009; Tokajian and Hashwa, 2003; Tokajian and Hashwa, 2004).

High consumer demand is likely a significant cause of reduced pressure in IWS systems.
In CWS, consumers draw the amount of water they demand at the time they need it. In
contrast, in IWS, consumers collect and store water when supply is on to meet their demand
through supply off-hours. If the supply cycle is short, all consumers may draw their entire
water demand within a limited duration, reducing distribution system pressure (Batish,
2003; Ingeduld et al., 2006; Sashikumar et al., 2003); these systems can become supply-
driven, where households collect as much water as is available at their tap (Vairavamoorthy
et al., 2007). Pressure can vary in time time as well, with very low pressures at the beginning
of supply as consumers collect and store water and increasing pressure later in the supply
cycle as household storage tanks fill (Al-Ghamdi and Gutub, 2002; Sashikumar et al., 2003;
De Marchis et al., 2010).

Trapped air and corrosion, both common in IWS (discussed in Section 2.3 and 2.4), can
reduce pressure by reducing pipe capacity. Other factors contributing to low pressure that
are frequent where IWS is common, though not features of IWS, are discussed in Section
2.6.

While high demand reduces pressure, it also has a potential advantage for water quality:
low water age can reduce microbial regrowth in the bulk water supply (discussed in Section
2.3).
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2.5.2 Pressure transients

A pressure transient, also known as a water hammer, is a sudden increase in pressure followed
by oscillations until pressure returns to a steady state. Transients in distribution systems are
caused by rapid changes in flow rate. They adversely affect water quality by causing momen-
tary low or negative pressure that can allow intrusion or backflow, and they change shear
at pipe walls that can cause release of accumulated material (see Section 2.4). Additionally,
transients can cause physical damage and pipe wear from high pressures, local vacuums,
cavitation, and hydraulic vibrations and resonance (Boulos et al., 2005). Pressure transients
in CWS are most often caused by sudden pump shutdowns, as well as by sudden changes in
boundary pressure and demand (e.g. valve closures, pipe leaks, flushing, fire-fighting, high
consumer demand, filling storage tanks) (Besner et al., 2011; Besner et al., 2010; Gullick
et al., 2004; Gullick et al., 2005; Hooper et al., 2006).

While IWS systems are subject to the same transients as CWS, several of these events
- valve and pump operations to turn supply on and off, air intrusion, and use of consumer
pumps - occur routinely in IWS and would be expected to lead to frequent transients.
However, the high demand from consumers and leaks can dissipate the energy in pressure
waves through frictional losses and by allowing the exchange of energy with the environment
(Karney and Filion, 2003). This energy dissipation may dampen the effect of transients in
IWS, though this has not been studied.

2.5.3 Backflow and intrusion

Backflow and intrusion can occur during low and negative pressure events (discussed previ-
ously); because such events are a rare and transient occurrence. They are difficult to em-
pirically detect in CWS. However, several studies have detected possible intrusion (Cartier
et al., 2009; Lambertini et al., 2012), and assessed likely intrusion by measuring fecal indi-
cators and pathogens in soil and water exterior to the distribution system (Besner et al.,
2009; Karim et al., 2003). Systems with IWS may have more contaminant sources exterior
to infrastructure due to poor environmental conditions (Section 2.6). The effect of contam-
inant sources was illustrated by a GIS-based risk model of intrusion into IWS developed by
Vairavamoorthy et al. (2007) that predicted the risk due to cracked sewer pipes, open drains
and canals, surface water bodies, and other sources frequently found in the same places as
IWS.

Indicator bacteria and pathogens that enter the distribution system can potentially be
inactivated by a disinfectant residual. However, batch-reactor tests of indicator organisms
and pathogen inactivation found that higher volumes of contaminants (5% sewage intru-
sion) required long contact times (Snead et al., 1980; Payment, 1999). Organic matter, often
present in intrusion, further decreases the concentration of residual disinfectant (Betanzo et
al., 2008). In a review of laboratory-, pilot-, and full-scale studies on the fate of microorgan-
isms that enter the distribution system, Besner et al. (2008) concluded that while chlorine
residual could inactivate intruded bacteria, it may not be sufficient to inactivate viruses and
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protozoa that require longer contact times. Several studies have detected amoebic intesti-
nal parasites (Basualdo et al., 2000) and viruses (He et al., 2009) in distribution systems
in the absence of indicator bacteria, suggesting that intrusion had potentially occurred. In
IWS, persistent low pressure may allow large volumes of intrusion into pipes while high wa-
ter velocity reduces contact time, decreasing the effectiveness of disinfectant residual in the
distribution system.

2.5.4 Regrowth, biofilm sloughing, and particulate matter release

Regrowth of bacteria in bulk water is often a concern in CWS (see Section 2.3). However,
given that IWS is used to limit supply durations, high water age would be unlikely in bulk
supply in pipes when supply is on; therefore, regrowth during supply is likely only an issue
in IWS with long durations.

Biofilms and particulate matter, discussed previously in Section 2.4, can be removed from
pipe walls while supply is on. In particular, IWS with shorter supply durations are often not
at steady state due to high demands and regular exposure to valve and pump operations.
Biofilms exposed regularly to changes in shear stress are young, thinner, and more porous,
and therefore more resistant to removal (Rochex et al., 2008; Paul et al., 2012; Manuel et
al., 2007; Douterelo et al., 2013). Biofilms exposed to changes in water composition (e.g.
chlorination or a wastewater cross-connection that end abruptly), they released more cells
or pathogenic organisms (Codony et al., 2005; Gibbs et al., 2003). Both of these conditions
may occur in IWS given the unsteady hydraulics and likelihood of backflow and intrusion.
Additionally, a biofilm sloughing event, affecting the entire biofilm surface, can lead to
development of unstable biofilms that are then subject to random sloughing (Telgmann et
al., 2004), an effect that could continue throughout the supply cycle.

2.6 Distribution system, environmental, and

household features

Water distribution systems in low- and middle-income countries often have a host of deficien-
cies in their design, operation, and maintenance that amplify the effect of intermittency on
water quality (Lee and Schwab, 2005; McIntosh, 2003; Banerjee and Morella, 2011; Gadgil,
1998). Table 2.3 presents a review of literature that describe intermittent supplies and re-
ported co-existing problems.

Excessive leaks are reported widely in IWS distribution systems, which can reduce pres-
sure in the network and provide pathways for intrusion. Though data on physical water
losses are scarce, non-revenue water in developing country cities is estimated to be 35% with
physical losses (e.g. leaks) accounting for 60% of these losses (Kingdom et al., 2006). Leak-
age rates in literature describing intermittent supplies have been estimated at around 30%
in Makkah, Saudia Arabia and Hyderabad, India and 40% in Karachi, Pakistan (Al-Ghamdi
and Gutub, 2002; Mohanty et al., 2002; Rahman et al., 1997). This is high compared to
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industrialized countries, where average physical losses have been estimated at 12% (King-
dom et al., 2006). The average unaccounted-for water in the three studied wards was more
than 50% of water input to the distribution system. Low pressure has been reportedly
caused by undersized pipes from incorrect design or unchecked expansion to new consumers
(Al-Ghamdi and Gutub, 2002).

Consumers cope with non-continuous water through a variety of strategies that have
consequences for water quality upstream in the distribution system through increased cross-
connections and intrusion pathways (Zerah, 1998; Choe et al., 1996; Dasgupta and Dasgupta,
2004; Rosenberg et al., 2008; Kudat et al., 1993). Households often use suction pumps (to
draw more water from the distribution system or lift it to a roof tank) which can cause
persistent negative pressure, surges, and cavitation. This practice has been reported anec-
dotally, though there are no data on its prevalence or effects (Batish, 2003; McIntosh, 2003).
Additionally, poor quality fittings at household premises and illegal connections can increase
friction losses by introducing bends and turbulent flow and intrusion pathways. Cross-
connections are especially common in IWS due to consumers storing water to cope with
the limited duration and unreliability of water delivery. Overhead and underground tanks,
which can hold lower-quality water from a previous supply cycle or a different source, are
often plumbed directly to the distribution system or have inlet pipes that become submerged
(Zerah, 1998; Choe et al., 1996; Dasgupta and Dasgupta, 2004; Rosenberg et al., 2008; Kudat
et al., 1993). Water from different sources (e.g. groundwater) is sometimes provided through
the same distribution network that supplies treated water. This can create a cross-connection
with water of poor quality, change rates of chlorine residual decay, and/or destabilize pipe
deposits and biofilms (e.g. release iron by changing pH, alkalinity, sulphate, chloride, or
oxygen concentrations) (Ainsworth, 2004; Hayes, 2012). Use of poor quality materials, com-
mon in resource-constrained utilities, can lead to faster decay of infrastructure, while illegal
connections can damage pipe integrity, creating more pathways for intrusion.

Storing water in homes is a ubiquitous practice in IWS (Swerdlow et al., 1992; Eshcol
et al., 2009; Andey and Kelkar, 2009; Rahman et al., 1997; Tokajian and Hashwa, 2003;
Tokajian and Hashwa, 2004; Coelho et al., 2003; Al-Ghamdi and Gutub, 2002). Previous
research has established that water stored in households is subject to recontamination and
regrowth, and that water quality deteriorates between tap and household storage containers
(Wright et al., 2004; Levy et al., 2008; Eshcol et al., 2009; Jagals et al., 1999; Elala et al.,
2011).

Environmental contamination outside of pipes is a source of intrusion. Many of the
same places where IWS is common lack a formal piped sewage network, with wastewater
instead flowing in storm drains or seeping into the ground external to drinking water pipes
(Abu Amr and Yassin, 2008). Sewage pipes have been reported to be under high pressure
while drinking water pipes are at low pressure, while septic tanks or pit latrines are often
inadequately maintained or located close to pipes (Rahman et al., 1997; Mohanty et al.,
2002; Coelho et al., 2003; Raman et al., 1978). Drinking water pipes have been reportedly
laid within drainage ditches, storm drains, and on the top of the ground where floods are
common (Mermin et al., 1999). Several studies of IWS reported frequent flooding with sewage
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Table 2.3: Features frequently co-located with IWS which amplify effects on water quality

Design, operations, and maintenance

High leakage rate/water loss Abu Amr and Yassin (2008); Al-Ghamdi and
Gutub (2002); Kjellen (2006); Korfali and Ju-
rdi (2007); Mohanty et al. (2002); Rahman et
al. (1997)

Undersized pipes Al-Ghamdi and Gutub (2002)

Aged infrastructure Abu Amr and Yassin (2008)

Use of poor-quality fittings Kjellen (2006)

Frequent pipe bursts Kjellen (2006); Tokajian and Hashwa (2003);
Tokajian and Hashwa (2004)

Low disinfectant residual Abu Amr and Yassin (2008); Coelho et al.
(2003); Mermin et al. (1999); Mohanty et al.
(2002); Raman et al. (1978); Swerdlow et al.
(1992); Tokajian and Hashwa (2003); Tokajian
and Hashwa (2004)

Environmental and other infrastructure systems

Limited sewerage system Abu Amr and Yassin (2008)

Sewage flooding and ground infiltration Mohanty et al. (2002); Swerdlow et al. (1992)

Inadequate solid waste disposal Rahman et al. (1997)

Sewage pipes, septic tanks, and soak-
aways close to drinking water pipes

Coelho et al. (2003); Mohanty et al. (2002);
Raman et al. (1978); Rahman et al. (1997)

Potable water pipes within storm drains Mermin et al. (1999)

Sewer lines at high capacity/pressure or
broken to loosen blockages

Rahman et al. (1997)

Frequent cross-connections Korfali and Jurdi (2007)

Household coping behaviors

Household suction pumps Kjellen (2006); Mermin et al. (1999); Misra
and Malhotra (2012); Rahman et al. (1997)

Breaking/tapping pipes to access water Kjellen (2006); Swerdlow et al. (1992)

Source switching Al-Ghamdi and Gutub (2002); Andey and
Kelkar (2009); Korfali and Jurdi (2007); Rah-
man et al. (1997)

Storing water in containers (overhead and
underground tanks, small containers)

Al-Ghamdi and Gutub (2002); Coelho et al.
(2003); Eshcol et al. (2009); Rahman et al.
(1997); Swerdlow et al. (1992); Tokajian and
Hashwa (2004)
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(Mohanty et al., 2002; Swerdlow et al., 1992).
Additionally, deficiencies in other infrastructure systems (e.g. energy, transportation)

can exacerbate the ability to provide treated water (e.g. electricity to operate a treatment
plant or pump station, transportation for equipment, supply chains for chemicals), though
these have not been studied. Many distribution systems report low levels of disinfectant
residual, either from insufficient addition at treatment plants or lack of booster stations or
supply of the required chemicals.

2.7 Conclusions

While the literature on water quality in IWS is sparse, knowledge of intermittent supply
hydraulics and the literature on continuous water supplies can be used to provide insight
into the mechanisms affecting water quality in intermittent systems.

Contamination likely enters pipes through intrusion and backflow when supply is off,
where intruded particulate matter and microorganisms can then adhere to pipe walls and
regrow in biofilms. When water supply starts again, the resulting rapid change in shear
stress at pipe walls can readily detach these accumulated layers of particulates and biofilms.
As pipes fill when supply is started, air is expelled, likely scouring pipe walls. These effects
at the pipe wall, as well as the rapid change in velocity caused by start-up flow, results in
flushing at the beginning of each supply cycle that can remove contamination that intruded
when supply was off.

While flushing at the beginning of each supply cycle can improve water quality throughout
the remainder of the cycle, there are several limitations. There may not be enough shear
stress at pipe walls to remove intruded contamination when pipes fill slowly or to only a low
steady-state pressure, both likely in IWS systems. While air scouring as it is expelled during
charge-up can help remove accumulated layers, air that is trapped may damage pipes or
reduce pressure. Changing operations (e.g. operating valves slowly) and infrastructure (e.g.
air release valves) can help release trapped air to both maximum the efficacy of flushing
and reduce the risk of pipe damage, though there has been little research in this area.
Additionally, this flush water is highly contaminated; measures that protect consumers from
using flush water could help mitigate health risks.

Low pressure during supply is likely the most important mechanism affecting water qual-
ity, as it can allow contamination through backflow or intrusion. When supply is on, IWS
are likely to have persistent low or negative pressure. Managing pressure in IWS systems is
challenging due to spatio-temporal variation during a supply cycle and within a network, par-
ticularly when very limited supply durations create supply-driven hydraulics. While current
guidelines for minimum pressures are often not based on preventing backflow and intrusion,
research to identify minimum required pressure and strategies to improve pressure manage-
ment in IWS could help reduce the risk of contamination. Additionally, this risk could be
mitigated by controlling contaminant sources, intrusion pathways, and cross-connections.
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Other mechanisms that affect water quality in distribution systems during supply - pres-
sure transients, release of biofilms and particulate matter from pipe walls, and microbial
regrowth - may not be as important in IWS as they are in CWS. While pressure transients
in IWS may occur with each supply operation, it is possible they may not propagate far,
particularly in supply-driven systems, though this has not been studied. The risk of partic-
ulate matter release or biofilm sloughing during supply is potentially reduced by flushing at
the beginning of each supply cycle. IWS with short supply durations will minimize the time
for regrowth during supply.

The context in which IWS occurs - distribution system infrastructure, the surrounding
environment, and household connections and storage - can amplify the mechanisms affecting
water quality in IWS. Poor quality infrastructure with numerous contamination pathways
and environments with wastewater and sewage have been frequently reported in the places
with IWS. Strategies consumers use to cope with limited supply durations likely interact
with the distribution system by creating cross-connections with storage infrastructure and
negative pressure in the distribution system by attaching pumps to taps.

While there are some potential advantages to water quality in IWS, including the self-
cleaning effect of flushing and low water age, there is not enough evidence to recommend
IWS based on available data. Given that IWS is used throughout the world, there is a need
for research to identify the importance of mechanisms affecting water quality and under-
standing differing risks within and between systems with varying operations and contexts.
In particular, understanding of the effects on water quality of different intermittent supply
regimes (e.g. longer durations less frequently, vs. frequent, short supply cycles) on water
quality could provide insight into operational strategies that could lead to improvements in
water quality.
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Chapter 3

Comparing microbial water quality in
an intermittent and continuous piped
water supply

3.1 Introduction

Several cities in India have implemented pilot projects or developed proposals to switch
from intermittent to continuous supply (World Bank, 2010; World Bank, 2003; McIntosh
and Yiguez, 1997). Though improved water quality is often mentioned as a benefit of up-
grading an IWS to a continuous supply, only one study has compared water quality be-
tween intermittent and continuous modes of operation, and its conclusions were limited by
a small sample size (Andey and Kelkar, 2007). Because the costs of upgrading to continu-
ous supply may be significant, it is important to provide quantitative evidence of whether
the expected water quality benefits are actually achieved to aid decision-makers in identify-
ing cost-effective strategies to upgrade intermittent supplies. This chapter compares water
quality at reservoirs, taps, and in drinking water in homes in intermittent and continuously
operated distribution systems in the same cities in India. The results are useful for un-
derstanding the benefits of upgrading an intermittent to a continuous supply and can help
inform investments to increase access to safe water through piped distribution systems.

3.2 Background

3.2.1 Study site

Hubli and Dharwad are twin cities with a combined population of over 900,000 in northern
Karnataka, India (India, 2011). The bulk water supplies and distribution networks are man-
aged by the Karnataka Urban Water Supply and Drainage Board (KUWS&DB) (Fig. 3.1).
Surface water is drawn from two sources: the Renukasagar Reservoir, fed by the Malaprabha
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River and located 65 km northeast of Dharwad, and the rain-fed Neersagar lake located 20 km
southwest of Hubli. The Amminbhavi and Kanvihonnapur water treatment plants (WTP)
treat the water using aeration, coagulation and flocculation with alum, clarification, rapid
sand filtration, and chlorination with Cl2 gas. Treated water intended for drinking and do-
mestic purposes is delivered via transmission/feeder mains (pumping or gravity) to service
reservoirs and then to consumers through the distribution network pipes. Pipes are primarily
cast iron mains and PVC service lines, with newer service lines made from HDPE. Additional
chlorine is added sporadically at service reservoirs. During the time of the study, intervals
between consecutive water supply cycles ranged from one to eight days, with a median of
five days. Consumers also commonly supplemented their water supply with groundwater
from handpumps, electric borewells, tanker trucks, and neighborhood-scale piped ground-
water systems. Wastewater infrastructure consisted of a combination of underground sewer
networks (which cover 40% of Hubli’s area and 30% of Dharwad’s area), open drains, septic
tanks, and pit latrines (Wilbur Smith Associates Private Limited, 2009).

3.2.2 Demonstration 24x7 Supply

The Karnataka Urban Water Sector Improvement Project (KUWASIP) has provided approx-
imately 81,000 consumers with continuous water supply (“24x7” supply) through a demon-
stration project in Hubli and Dharwad since 2007 and 2008, respectively (World Bank,
2010; World Bank, 2004). Four wards in each of Hubli and Dharwad have 24x7 supply
while the remaining 59 wards continue to receive water intermittently. Wards were selected
by KUWASIP for 24x7 supply based on criteria of a socio-economically diverse popula-
tion and the ability to hydraulically isolate the ward’s network from the rest of the system
(Sangameswaran et al., 2008).

The KUWS&DB provided bulk water from the Amminbhavi WTP to two reservoirs
dedicated to supplying the 24x7 demonstration wards, one each in Hubli and Dharwad
(Fig. 3.1). In the 24x7 areas, a private contractor operated and maintained the distribution
networks that pipe water from the outlets of the service reservoirs to customers’ property
lines; all of the pipes in these networks were replaced before launching 24x7 supply, with
higher quality service line materials (high density polyethylene (HDPE)) and meters than
those that existed in the intermittently supply network (World Bank, 2010). The results from
a sanitary survey conducted along with our water sampling confirmed that infrastructure
improvements in house service connections had accompanied the transition to 24x7 supply.
Among households with IWS, 80% had taps located above ground and 34% had taps located
indoors, while among households with 24x7 households, 99% of taps were above ground
level and 43% were indoors. Only infrastructure relating to the water supply pipe network
was improved as part of the 24x7 demonstration project; no changes were made to existing
wastewater or drainage systems. In the household survey conducted as part of this study,
91% of households in 24x7 areas (n=1794) and 92% in IWS areas (n=1666) reported using
private latrines and 6% in 24x7 and 4% in IWS areas reported using public latrines.



CHAPTER 3. COMPARING MICROBIAL WATER QUALITY IN AN
INTERMITTENT AND CONTINUOUS PIPED WATER SUPPLY 25

Amminbhavi 
WTP and 
Pumping
Station

N.R. Betta
Reservoir (Both)

Saraswatpur,  
Rajathgiri, 
and U.B. Hill 
Reservoirs 
(IWS)

Saundatti 
Jackwell

Neersagar
Reservoir

Dhumvad
Pumping
Station

Kanvihonnapur
WTP

Renukasagar 
Reservoir

Hubli

Dharwad

HDMC,Krishnapur, 
Old Hubli, Gabbur, and 
Ayodhyanagar
Reservoirs (IWS)

In
di

an
 O

ce
an

Bangalore

Hubli
Dharwad

Madermaddi
Reservoir 
(24x7)

N.R. Betta
Reservoir 
(24x7)

Figure 3.1: Hubli-Dharwad distribution system layout

3.2.3 Comparison of intermittent and 24x7 supply

Leaks in distribution network pipes and poor quality materials and fittings in consumer
service connections can allow contamination to enter a distribution system as intrusion when
pipes are at low pressure. In the 24x7 network in 2011, an estimated 7-20% of the input
water supply is lost through leaks, a rate similar to industrialized countries where these
losses average 12% (Kingdom et al., 2006). Water loss estimates in the IWS network were
not available, but non-revenue water in Indian cities averages 44% (World Bank, 2010) and
60% of water losses in developing countries are estimated to be physical losses (Kingdom et
al., 2006). Based on the best available data, it appears that low pressure was more prevalent
in the IWS network than the 24x7 network, with pressures reported to be between 0-5 m
(0-7 psi) in the IWS network and 22-40 m (31-57 psi) in the 24x7 network (World Bank,
2010). Pressures in IWS service lines measured in the course of this research ranged from -4
psi to 36 psi (Chapter 4).

The case of Hubli-Dharwad provides an opportunity to compare water quality between
24x7 and intermittent operation of water distribution systems given the same bulk water
input, environment, and socio-economic context. However, since the 24x7 demonstration
project also included use of dedicated reservoirs and extensive pipe replacements, it was not
possible to isolate the effect of changing only modes of operation. Instead, the comparison
presented in this paper is between IWS with the existing network and 24x7 supply that
includes pipe and house service connection replacement and leak management. Current
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projects and proposals to convert from intermittent to 24x7 water supply in India include
similar infrastructure improvements (World Bank, 2003).

3.3 Materials and Methods

Samples were collected from reservoirs, household taps, and drinking water provided by
households (points of consumption) and tested for total coliform, E. coli, and physico-
chemical parameters. Household storage container characteristics and information about
the tap surroundings that could affect water quality were also collected and used in analy-
ses.

3.3.1 Sample collection

Water samples were collected in parallel with a study of the effect of 24x7 water supply on
child health and household economics that enrolled 3919 households (enrollment procedures
and results reported elsewhere). For the survey, the eight wards with 24x7 water supply
were matched with eight wards with intermittent supply that had similar demographic and
infrastructure characteristics (including frequency of garbage collection and percent of house-
holds with latrines and water taps) in 2006, which was before implementation of 24x7 supply
(CMDR, 2006). Using genetic matching (GM) the four wards in each of Hubli and Dharwad
with 24x7 supply were matched with five wards in Hubli and three in Dharwad with IWS
(Fig. 4.1) (Sekhon and Grieve, 2008). Water samples were collected between November 9,
2010 and November 17, 2011 in three repeated rounds of data collection.

Distribution system sampling. A total of 624 samples in 24x7 wards and 602 samples
from IWS wards were collected from taps used by households. Ideally, sampling locations
would have been randomly selected from an entire ward to ensure balance between sampling
locations in IWS and 24x7. However, this was not possible since in IWS wards, water delivery
was unpredictable and only small sub-sections of the ward receive water at the same time.
Therefore, 8-12 samples were collected during a visit to a ward from the areas where water
was on at the time of sampling. The team conducted 3-4 visits to each ward per round to
collect at least 25 samples per ward per round. Since the nature of IWS dictated the sampling
strategy, the same procedure was emulated in 24x7 wards to achieve a balanced sample. In
24x7 wards, water samples taken on the same day were collected within the boundaries of
clusters, which were subdivisions of wards drawn by the study team, to emulate IWS water
supply areas.

Ideally, water samples would have been collected from households enrolled in the study to
coordinate data collection; however, samples in the first round were taken before households
were enrolled in this study. Therefore, during the first round, sampling locations were
selected by walking along the streets of the area receiving supply and selecting the third
structure on the left side of each street in the bounded area. During the second and third data
collection rounds, samples were, where possible, collected using a similar walking pattern but
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Figure 3.2: Total coliform concentrations at each consumer tap sampling point in Hubli and
Dharwad

selecting the first household enrolled in the health and economics study that could be located.
In these rounds, 366 (98.9%) of the samples from 24x7 household taps and 225 (64.8%) from
IWS household taps were from households enrolled in the health and economics study. Fewer
samples were taken from enrolled households with IWS because it was difficult to locate
specific households within the short water supply durations. If an enrolled household could
not be located or refused to participate, a non-enrolled household was selected using the first
round procedure.

Taps were flushed for at least one min. before sampling and sterilized by spraying a
chlorine solution. GPS coordinates were recorded and a short sanitary survey administered
for each tap sample. The sanitary survey included: tap location (indoors/outdoors and
at/below ground level), whether the pipe was exposed before the tap, and presence of an
open drain less than five meters from the tap (Fig. 3.3).

Service reservoirs. Where possible, one sample was collected from service reservoirs that
supplied water to a tap sampling area. More samples were collected at the 24x7 reservoirs
than IWS reservoirs. Two reservoirs supplied all 24x7 wards, both of which were accessible for
sampling, while seven reservoirs and transmission lines supplied the IWS wards in the study.
Not all supplying reservoirs could be accessed (locked, unsafe ladder) and, in a few cases,
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Figure 3.3: Photos of consumer taps used for sampling showing taps above ground level
(A-D) and at ground level (E). Taps located below ground level could be in an open drain
(D; a hose is attached to the tap) or in tanks dug into the ground (F; a hose attached to the
submerged tap.)

the study team could not verify the origin of the water supplying sample neighborhoods. A
limited number of samples were collected from the water treatment plants (WTPs), which
were difficult to access and located at remote locations compared to study wards.

Point-of-consumption sampling. Enumerators collected water samples from households
when they administered the health and economics survey by asking respondents for a glass
of water as they would have given to their child. This glass of water was poured into
sample bottles. While this sampling method does not distinguish whether contamination
observed at point-of-consumption originated from the tap, storage, or from the glass itself,
it does represent the quality of water consumed by children in the households. Of the 611
samples collected, 68% were from stored water containers with no treatment, 21% from
stored water that had been treated, and 11% were directly from taps. Enumerators also
recorded characteristics of the storage containers and the method used to extract water. 135
of the second and third round tap (n=728) and point-of-consumption (n=366) water samples
were collected from the same household (19% of tap and 37% of point-of-consumption water
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samples).

3.3.2 Sample analysis

Water samples for enumeration of bacteria were collected in sterile 100 mL bottles with
sodium thiosulfate to neutralize residual chlorine. Samples were transported on ice to the
laboratory for processing within 8 h. Samples were tested for total coliform and E. coli by the
most probable number (MPN) method using Colilert Quanti-tray 2000 (IDEXX Laboratories
Inc., Westbrook, ME, USA). Samples were incubated at 35◦C and counted after 24-28 hours.
Samples for physico-chemical analysis were collected in clean 100 mL bottles and tested
for turbidity (Hach Portable Turbidimeter 2100Q) and conductivity (HANNA Instruments
pH/conductivity/TDS tester or Extech ExStik II pH/conductivity meter) within 8 h. of
sampling. Free and total chlorine were tested on-site using a DPD method (Hach Colorimeter
II). Duplicates were taken for every 15 samples and field and lab blanks for every 10.

3.3.3 Data Analysis

Microbial detection limits had a lower bound of <1 MPN/100 mL and an upper bound
of >2419.6 MPN/100 mL. One half was substituted for values below the lower detection
limit and 2420 MPN/100 mL was substituted for samples above the upper detection limit.
Statistical tests using indicator bacteria data were performed on their rank values to account
for censoring at lower and upper limits. Log transformations for total coliform and E. coli
used a value of log10(x+1). Untransformed data were used for turbidity, free and combined
chlorine, and conductivity. Tests for significance were performed using permutation tests,
since this method does not require assumptions about the distribution of the data. To
control for correlations among measurements taken within the same ward, permutations were
restricted by ward (Anderson and Braak, 2003). Two-way analyses of variance (ANOVA)
tests for continuous data and χ2 for binary data were performed within the permutation
framework. Graphing and data analysis were carried out using R (R Core Team, 2012) and
the permute package (Simpson, 2012). Values were considered significant at p<0.05 level.

3.4 Results and Discussion

3.4.1 Comparing 24x7 and intermittent supply at taps

Water provided to the continuous (24x7) and intermittent (IWS) distribution networks was
of similar quality, based on a comparison of water quality at the reservoirs (see Section
3.4.6). Thus, differences in water quality at taps can be attributed to the distribution
system. Results from water samples collected at consumer taps and tested for physico-
chemical parameters and indicator bacteria are presented in Table 3.1 and Fig. 3.5.
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The geometric mean of turbidity in all samples collected from consumer taps was 4.9 NTU
(range 0.95-113.00 NTU). More than half of the samples in both IWS and 24x7 supplies
were above the Indian Drinking Water Standards aesthetic guideline of < 5 NTU (Fig.
3.5b), though most samples (99.2% in 24x7 and 91.7% in IWS) were below the maximum
permissible limit of < 10 NTU (BIS, 2004). There was no significant difference in the percent
of samples meeting the standard in IWS compared to 24x7 (χ2, p>0.05) (Table 3.1). There
were more high and low turbidity outliers among IWS samples (Fig. 3.5a), but there was
no significant difference between 24x7 and IWS tap sample means (ANOVA, p>0.05) (Table
3.1).

Free chlorine in all tap samples ranged from <0.02-2.20 mg/L with an arithmetic mean
concentration of 0.28 mg/L. A significantly higher proportion of samples from 24x7 taps
met the minimum standard concentration of 0.20 mg/L (BIS, 2004) compared to samples
from IWS taps (χ2, p<0.01) (Table 3.1). While the median free chlorine concentration was
higher in 24x7 than IWS taps (0.27 mg/L compared to 0.13 mg/L), this difference was not
significant (ANOVA, p>0.05) (Table 3.1). This result is likely influenced by high value
outliers in IWS taps (Fig. 3.5a); 18.8% of IWS samples were above 0.5 mg/L free chlorine
while only 5.0% of 24x7 samples were above this value (Fig. 3.5b). This suggests that there
was uneven or irregular dosing at IWS service reservoirs. Mean combined chlorine in all tap
samples was 0.14 mg/L (range 0-1.26 mg/L), and there were no significant differences in
combined chlorine at 24x7 and IWS taps (ANOVA, p>0.5) (Table 3.1).
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Figure 3.4: Comparison of all water quality parameters between 24x7 and IWS throughout
the distribution system: water treatment plants (WTPs), service reservoirs, consumer taps,
and point-of-consumption (PoC). 3.4(a) Box and whisker plots show the median, lower and
upper quartiles, and outliers. 3.4(b) Percentage of samples in risk levels based on WHO
guidelines.

Fig. 3.5b shows the percent of samples grouped by World Health Organization guidelines
for risk posed by E. coli (WHO, 1997); here they are also applied to total coliform. Overall,
indicator bacteria were detected more frequently and in higher concentrations in IWS tap
samples compared to 24x7 tap samples. A significantly higher proportion of samples were
positive for total coliform in IWS (64.9%) than 24x7 (17.7%) (χ2, p<0.01). Concentrations
of total coliform were higher at IWS taps (ANOVA, p<0.01) (Fig. 3.5a). 15.9% of samples
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Figure 3.5: Comparison of water quality parameters in 24x7 and IWS at taps. (a) Box and
whisker plots show the median, lower and upper quartiles, and outliers. (b) Percentage of
samples in different risk categories. DL: Detection limit

from IWS were at or above the detection limit of 2419.6 MPN/100 mL, compared to 0.7%
in 24x7. Significantly more samples were positive for E. coli in IWS samples than in 24x7
samples (χ2, < 0.01). 1.2% of samples from IWS were at or above the detection limit for
E. coli of 2419.6 MPN/100 mL, while the maximum concentration in 24x7 samples was 3.1
MPN/100 mL.

Indian Drinking Water Standards for piped water supplies recommend that no more than
5% of samples should contain coliform organisms and no sample should have a concentration
greater than 10 CFU/100 mL (BIS, 2004). 8.4% of 24x7 samples and 53.1% of IWS samples
had concentrations of total coliform greater than 10 MPN/100 mL. The standards also
recommend that E. coli should not be present in any samples; 99.3% of samples from 24x7
taps met the standard for E. coli compared to 68.3% of samples from IWS taps.

Water quality parameters in IWS samples were variable, with large ranges and frequent
outliers (Fig. 3.5a). More frequent detection of indicator bacteria in the IWS network
than in the 24x7 networks suggest that contamination occurred in the IWS distribution
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system. This contamination could be from backflow (e.g. intrusion from the environment or
backsiphonage from cross-connections) into pipe networks when supply is off or during low-
pressure events when the supply is on (Karim et al., 2003; Besner et al., 2011), resuspension
or scouring of particulate matter harboring bacteria from pipe walls (Lehtola et al., 2004;
Zacheus et al., 2001), or release from biofilms (van der Wende et al., 1989; Telgmann et al.,
2004). These results are consistent with Andey and Kelkar (2007), which found more samples
positive for fecal indicator bacteria in IWS and CWS, though this study was limited by a
small sample size. The presence of total coliform in 24x7 tap water suggests there are still
factors compromising the 24x7 distribution system, including high turbidity and low free
chlorine residual, as well as interruptions to supply (discussed in Section 3.4.3.1).

3.4.2 Seasonal changes

Hubli-Dharwad receives rainfall seasonally, with a dry season from January-May (comprising
of winter from January-February and summer from March-May) and a rainy season from
June-December. Historically, 65% of annual rainfall accumulates during the southwest mon-
soon from June to September and the remaining during the northeast monsoon from October
to December (CGWB, 2008).

Unique conditions during both dry and rainy seasons can potentially adversely affect
water quality. At the end of the dry season, water levels in the raw water reservoirs were
low and sediments may have been drawn in with the bulk water. During the wet season,
runoff likely introduced sediments into source water from the watershed. Ambient temper-
atures are at their highest during the end of the dry season (Fig. 3.6). High temperatures
have been shown to be positively related to bacteria concentrations and inversely related
to free chlorine concentrations (Francisque et al., 2009; LeChevallier et al., 1996). However,
throughout the rainy season or when rain occurs in any season, soil surrounding pipes can
become saturated and drains and sewers can overflow, providing backpressure that can force
intrusion of contaminants into pipes.

Monthly precipitation and mean daily ambient temperatures are presented in Fig. 3.6
along with daily means of turbidity and free chlorine and daily medians of indicator bacteria.
Temperature in tap samples ranged from 23-29◦C during round 1 of data collection (Nov
2010 - Feb 2011) and from 28-30◦C during round 2 (Mar - Jun 2011).

Among service reservoirs, there was higher turbidity during the rainy season than in
the dry season (ANOVA, p<0.05), and after rain occurred in the 24 hours before sampling
in any season (ANOVA, p<0.01) (data not shown). No other water quality parameter was
significantly different during the rainy season compared to the dry season in service reservoirs.

Higher turbidity and lower free chlorine concentrations in samples from both 24x7 and
IWS taps occurred during the rainy season (ANOVA, p<0.01) (Fig. 3.6). Lower concentra-
tions of free chlorine during the rainy season were likely due to higher chlorine demand from
organic matter in source water.

In 24x7 wards, there was an increase in total coliform concentration at the start of
the rainy season in June (Fig. 3.6), though there was no significant difference in total
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Figure 3.6: Water quality parameters over time in tap samples. Shaded rectangles denote the
rainy season. The top line presents repeated plots of total monthly rainfall and a smoothed
fitted cubic line of daily ambient temperature. Daily means are plotted for turbidity and
free chlorine and daily medians plotted for total coliform and E. coli. Each ward is plotted
with a different symbol.

coliform concentration between the dry and rainy seasons. Samples taken from 24x7 taps
after rain had occurred in the previous 24 hours had lower free chlorine concentration and
higher turbidity (ANOVA, p<0.01), as well as higher total coliform concentration (ANOVA,
p<0.05).

In IWS wards, concentrations of indicator bacteria were lower during the winter months
and increased in April, which was also when the first rains began, the ambient temperature
was highest and the water levels in the sources were at their lowest (Fig. 3.6). Concentrations
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of total coliform and E. coli were significantly higher in the rainy seasons (ANOVA, p<0.01).
Free chlorine was significantly lower and total coliform and E. coli concentrations were higher
when rain occurred within 24 hours of sampling at IWS taps (ANOVA, p<0.01); differences
in turbidity were not significant.

Overall, the seasonal analysis suggests that source water quality declined slightly (indi-
cated by higher turbidity) during the rainy season, resulting in lower chlorine residuals. In
24x7, the sampling frequency was not high enough to identify whether the total coliform af-
ter rainfall events came from service reservoirs or the distribution network. In IWS, greater
concentrations of indicator bacteria in every season, which increased on average in both the
rainy season as well as after specific rainfall events, provide strong evidence that intrusion
occurred in the distribution system.

3.4.3 Variability between wards
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Figure 3.7: Percent (%) of samples positive for total coliform and percent of samples with
≥ 0.2 mg/L free chlorine in each ward

Each ward has different operations, infrastructure, and environments that could affect
water quality; therefore, it is useful to compare water quality between wards. The spatial dis-
tribution of total coliform concentrations in tap samples shows this heterogeneity (Fig. 4.1).
These data suggest that water quality in both IWS and 24x7 wards was highly dependent
on local factors.

Ward 10, which had the highest percentage of samples positive for total coliform among
24x7 wards (Fig. 3.7), is adjacent to ward 11 (Fig. 4.1), which had the lowest percent of
positive samples (Fig. 3.7). Given that source water quality and water distribution system
infrastructure should be similar in 24x7 wards, the differences were likely due to the local
environment or operational factors in wards 10 and 11.
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A similar percentage of samples were positive for total coliform with similar concentra-
tions in IWS wards 14 and 25 as in 24x7 ward 10, illustrating that IWS can potentially
provide water with similar levels of indicator bacteria as 24x7 (similar trends were observed
with E. coli ; data not shown) (Fig. 3.7). Differences in the percent of samples with > 0.2
mg/L free chlorine could not explain the total coliform results, except that the IWS wards
where total coliform was detected more frequently also had persistent low or non-detectable
chlorine (Fig. 3.7).

However, it is important to note that IWS samples were collected after supply had been
turned on for at least a few minutes. Therefore, the water quality data presented here do
not capture the lower water quality observed during the initial flushing period (see Chapter
4). Elevated concentrations of indicator bacteria during flushing in IWS can have important
implications for the quality of water available to consumers.

Potential factors that could have been different between wards include environmental
conditions that provide sources of contamination, and operations such as outages or changes
in upstream supply pressure that cause low pressure. Also, high water age (where water
stagnates as it is left in pipes for long periods of time), which would vary by ward, can
result in regrowth of bacteria and loss of chlorine residual. The following section discusses
interruptions in 24x7, and a more detailed investigation of contamination mechanisms in
IWS is reported in a separate manuscript.

3.4.3.1 Interruptions to continuous supply

Supply in the 24x7 distribution network was occasionally interrupted during the sampling
period. In the health and economic survey, households reported the frequency and duration
of interruptions they experienced in the last month. 51% of these households with 24x7
supply reported at least one outage during the study period. 9% of these outages lasted for
less than 1 hour, 42% for 1-6 hours, 45% for 6-24 hours, and the remaining 4% for more than
24 hours. These interruptions varied from a single household to street or ward-level outages
(likely caused by repairs or insufficient water in the reservoir).

During the first round of data collection, all wards except 8 and 11 reportedly experienced
at least one interruption, while in subsequent rounds, interruptions were reported in every
ward. It is possible that some of the observed contamination in 24x7 taps resulted from
supply interruptions, but since households did not report dates of supply outages, it cannot
be confirmed.

3.4.4 Variability within wards

The distribution of E. coli in each ward varied by sampling day (Fig. 3.8). Five of the eight
24x7 wards had no samples positive for E. coli.

All IWS wards were subject to similar supply durations and frequencies, though they
resulted in a wide range of water quality parameter values. IWS wards that had fewer
samples positive for total coliform (wards 25, 14, Fig. 3.7) had samples positive for E.
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coli occur on only a few sampling days and at lower concentrations than other wards (Fig.
3.8). Wards 16 and 38 had one day with most or all samples positive for E. coli, suggesting
contamination from environmental or operational changes on a particular day.
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Figure 3.8: CDFs of E. coli for each ward by day, with wards in the same order as in Fig.
3.7. Colors represent different rounds of data collection.

Wards 38 and 18 had a similar percentage of samples positive for total coliform (Fig.
3.7), however Fig. 3.8 reveals different patterns of contamination. Half of sampling days in
both wards had at least one positive sample, however, in ward 38, contamination occurred
in different clusters and on different days while in ward 18, several clusters repeatedly had
positive samples over multiple sampling days. This suggests that contamination in ward 38
may have been due to environmental or operational changes in a particular location on a
particular day, while ward 18 may have been subject to chronic problems in sections of the
distribution network.

In wards 57 and 58, E. coli were detected on every sampling day, with similar frequencies
and concentrations observed in every cluster and round. This pattern suggests chronic prob-
lems with the distribution network infrastructure, environmental conditions, or operations
in these wards.

A sanitary survey of each house service connection was conducted to collect data on
factors hypothesized to contribute to localized intrusion before the tap. A Kruskal-Wallis
test was performed for each sanitary survey factor within each ward. The association between
each sanitary survey factor and total coliform concentration was inconsistent across wards
(Table 3.2), suggesting that the sanitary survey was not informative about water quality at
taps. It appears that underground infrastructure, such as pipe condition, and operational
features, such as pressures and flow rates, play a more important role in determining water
quality at the taps than the factors assessed in the sanitary survey.
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3.4.5 Chlorine residual and indicator bacteria

In both 24x7 and IWS tap samples, indicator bacteria were detected less frequently and at
lower concentrations when there was higher chlorine residual (Fig. 3.9). Three of the four
samples positive for E. coli at 24x7 taps occurred when chlorine was below the recommended
guideline of < 0.2 mg/L. The detection of indicator bacteria when free chlorine was still
present, particularly at levels >0.5 mg/L, suggest that indicator bacteria were protected
from inactivation through aggregation with other particles (Herson et al., 1987; Ridgway and
Olson, 1982) or that water became contaminated through very local intrusion or sloughing
or scouring of biofilms.
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Figure 3.9: Percentage of samples meeting risk levels for total coliform and E. coli grouped
by free chlorine concentrations.

3.4.6 Water quality in water treatment plants and reservoirs

The two surface water sources supplying water to Hubli-Dharwad had different conductivity
ranges: conductivity at the Amminbhavi WTP ranged from 147-267 µS/cm and at the
Kanvihonnapur WTP ranged from 415-488 µS/cm (see Supporting Information Fig. 3.10).
Thus, conductivity was a convenient tracer for source water. Since IWS wards were supplied
with water from both WTPs while 24x7 wards received water from only the Amminbhavi
WTP, conductivity was used to distinguish sources and assess whether treated water quality
from WTPs was comparable.

There were no significant differences between turbidity, free chlorine, total coliform, and
E. coli concentration between service reservoirs supplying 24x7 and IWS wards (ANOVA,
p>0.05) (Fig. 3.4). Total coliform were detected in both 24x7 and IWS reservoirs. There
are three possible reasons: 1) inadequacies at the water treatment plant; 2) contamination in
transmission lines between the WTPs and the reservoirs, which were operated intermittently;
or 3) contamination at the reservoirs, as distribution system storage facilities are a common
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Figure 3.10: Kernel density plot of conductivity for source waters (Aminbhavi and Neersagar
water treatment plants), groundwater, and taps and reservoirs.

site of contamination (Grayman et al., 2004; Edwards and Maher, 2008; Lee et al., 2006).
While there is not sufficient data to assess risks or causes of contamination at individual
reservoirs, these data suggest that 24x7 and IWS networks were provided with water of
roughly similar quality despite being supplied by different reservoirs.

There was a decrease in total coliform and E. coli from 24x7 reservoirs to 24x7 taps,
possibly due to inactivation by chlorine residual, while there was an increase in both total
colifom and E. coli between IWS reservoirs and IWS taps (Fig. 3.4a and 3.4b); data for tap
samples is the same as presented in Fig. 3.5).

3.4.7 Water quality at point-of-consumption

While households with IWS always store water, 94% of 24x7 households where water samples
were collected for point-of-consumption testing reported storing water at the time of visit. In
households with 24x7, there were higher concentrations of total coliform and E. coli in point-
of-consumption samples than tap samples (ANOVA, p<0.01) (Fig. 3.4b). In households
with IWS, point-of-consumption samples had higher total coliform concentrations (ANOVA,
p<0.01), but slightly lower E. coli concentrations than tap samples (ANOVA, p<0.05) (Fig.
3.4b). These results are consistent with other studies that compared water quality between
tap and point-of-consumption in IWS (Tokajian and Hashwa, 2003; Elala et al., 2011).
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18% of point-of-consumption water samples collected in households were provided directly
from the consumers’ tap. Contamination in these samples was higher than in samples taken
directly from consumer taps (ANOVA, p<0.01) (Fig. 3.11). This difference is likely the result
of the sampling method: tap samples were collected in sterile bottles after pipes were flushed
and taps were sterilized, while point-of-collection samples were collected from a cup given
by a member of the household. In the latter case, there was no flushing or sterilization,
and water was first poured into a drinking cup before sampling. Therefore, the observed
contamination could be the result of stagnation in pipes, a dirty tap, or the cup itself.
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Figure 3.11: Total coliform and E. coli by risk group for tap and stored water. PoC: Point-
of-consumption samples.

Water was considered treated if the household reported having boiled, chlorinated, fil-
tered, or used a commercial device to treat their water and offered this water to enumerators
at that time of the visit. Among point-of-consumption samples taken from household storage
containers, 24% of households in each of IWS and 24x7 reported that the stored water had
been treated. This is similar to the health and economics survey, where participants offered a
cup of water that was reportedly treated in 29% of visits in 24x7 and 27% of visits in IWS. In
the health and economic study, 46% of households in 24x7 and 47% in IWS reported treating
their water at least once during the study. Treatment was not significantly associated with
indicator bacteria in samples at the point of consumption (Table 3.3) (ANOVA, p>0.05).

Covariates potentially associated with recontamination were analyzed to explore whether
storage container characteristics or method of extracting water affected water quality (Table
3.3). The only significant association was between time in storage and E. coli concentrations
in IWS, where storing for more than a day was associated with higher E. coli concentrations.

The distribution system operation (24x7 vs. IWS) was significant for all water quality
indicators (p<0.01), suggesting that water quality at the tap was still the most important
determinant of water quality at point-of-consumption.
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Table 3.3: Median values of water quality parameters for water at point of consumption,
stratified by covariates. Significance determined by permutation ANOVA.

Total coliform E. coli
No. 24x7 IWS 24x7 IWS

Treatment
untreated 402 100 1414 <1 <1
treated 126 980 1733 <1 <1
p-value 0.10 0.48 0.08 0.22

Container Location
on floor 139 105 689 <1 <1
above ground 323 191 1733 <1 <1
p-value 0.12 0.48 0.27 0.41

Container mouth
wide mouth 161 411 921 <1 <1
narrow mouth 276 93 >2420 <1 <1
p-value 0.26 0.27 0.14 0.44

Extraction
dipped 432 191 1733 <1 <1
pour/tap 155 68 183 <1 <1
p-value 0.38 0.21 0.22 0.18

Storage Time
> 1 days 67 >2420 >2420 <1 <1
≤ 1 days 166 563 >2420 <1 <1
p-value 0.08 0.34 0.12 0.02∗

∗ p = <0.05

3.5 Conclusion

• The continuous water supply (24x7) network provided water at consumer taps that was
less frequently contaminated and had lower concentrations of indicator bacteria than
the intermittent water supply (IWS) network. Nonetheless, 18% and 1% of samples
in the 24x7 system did not meet the Indian standard for total coliform and E. coli
respectively. A significantly higher percentage of tap samples from the 24x7 network
(68.3%) than from the IWS network (39.9%) met the guidelines for chlorine resid-
ual of >0.2 mg/L. There were no significant differences between the two networks in
turbidity, but turbidity was higher than recommended levels in both types of sup-
plies. Improved treatment processes that reduce turbidity and improved management
of chlorine residual would be expected to reduce concentrations of indicator bacteria
in 24x7.

• Contamination occurred in the IWS distribution network between reservoirs and taps,
with more contamination and higher concentrations of indicator bacteria occurring in
the rainy season. The results provide strong evidence that intrusion from the environ-
ment into the pipe network was an important mechanism of contamination.

• Variations in water quality parameters were observed between wards, where differing
environmental or operational factors influenced water quality. IWS had wide variations
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in free chlorine concentrations and frequent outlier values of turbidity. While total
coliform and E. coli were frequently detected in IWS tap samples, there were some
locations and days with no positive samples.

• IWS provided water quality similar to 24x7 in some cases. However, tap samples did
not represent the water quality when supply was first turned on in IWS networks,
during which more contamination would be expected as a result of flushing.

• Water stored in both IWS and 24x7 households was more contaminated than water
from the taps. Most households with 24x7 supply continued to store water, and there-
fore were not realizing the full water quality benefits of 24x7 supply. Future 24x7
implementation in areas transitioning from IWS should consider the ways in which
people access and store water before drinking, including whether promoting in-house
plumbing can improve the quality of water people consume.
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Chapter 4

Mechanisms affecting water quality in
an intermittent piped water supply

4.1 Introduction

Maintaining continuous positive pressure in drinking water distribution systems can protect
water from contamination as it flows to consumer taps (Ainsworth, 2004; AWWA, 2003; Gel-
dreich, 1996). In contrast to systems with continuous water supply (CWS), distribution sys-
tems with IWS provide water through supply cycles, during which pipes are at atmospheric
pressure when water is off, charge up when water supply is turned on, are repressurized
during supply, and depressurize and drain when supply is turned off.

Minimum recommended pressure in distribution systems are 20 psi (14 m) in the U.S.,
28 psi (20 m) in South Africa, and 10/17/24 psi (7/12/17 m) for each story of a building in
India. Between IWS supply cycles, pipes are at atmospheric pressure (0 psi). When supply is
on in IWS, excessive leaks and high demand (from all consumers drawing water during lim-
ited supply durations) can cause low pressure (Lee and Schwab, 2005; Batish, 2003; Ingeduld
et al., 2006; Sashikumar et al., 2003; van den Berg and Danilenko, 2011; Christodoulou and
Agathokleous, 2012), while surges can cause transient low pressure (Kirmeyer et al., 2001a).
Additionally, many cities and towns with IWS also lack adequate sanitation systems, in-
creasing the likelihood that potential contamination sources contain pathogens (Lee and
Schwab, 2005; Vairavamoorthy et al., 2007). Though intrusion and backflow have been stud-
ied in CWS, the frequency and fate of contamination from these mechanisms have not been
studied in IWS.

When an IWS is first turned on, pressure increases rapidly and water flows at high ve-
locities. Flushing water at high velocities through distribution system pipes is a regular
maintenance activity in many CWS systems remove stagnant water and accumulated partic-
ulates and biofilms from pipe walls (Barbeau et al., 2005; Choi and E, 2003; Lehtola et al.,
2006; Gauthier et al., 1999; Lehtola et al., 2004; Prevost et al., 1997; Vreeburg and Boxall,
2007; Zacheus et al., 2001). Air trapped in the network as empty pipes fill can scour pipe
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walls, reduce pressure, block flow, or cause pipe bursts (Vasconcelos and Wright, 2008; Zhang
and Vairavamoorthy, 2006; Sashikumar et al., 2003). Similar effects would be expected at
the beginning of each IWS supply cycle as pipes fill and flush out stagnant water, intruded
contamination, and accumulated particulates and biofilms on pipe walls; however, while pre-
vious studies have suggested impaired water quality at the start of supply in IWS, their
conclusions were limited by small sample sizes (Coelho et al., 2003; Kelkar et al., 2002).

Water quality in distribution systems is usually monitored through grab samples tested
for bacterial indicator organisms (e.g. HPC, total coliform, fecal coliform, and E. coli) and
physico-chemical parameters (e.g. turbidity, free chlorine). While these bacterial indicator
organisms do not always behave the same as actual pathogens, they are useful for identifying
contamination that could potentially contain pathogens. However, grab samples collected in
previous studies of water quality in IWS have not accounted for temporal variations likely
during supply cycles. Recent studies in CWS have used continuous measurements of wa-
ter quality to detect deliberate contamination or changes in operating parameters (Skadsen
et al., 2008; Ostfeld and Salomons, 2005; Mustonen et al., 2008; Storey et al., 2011). Con-
tinuous measurements, informed by testing indicator bacteria in grab samples, can aid in
understanding the effect of hydraulic transitions in IWS on water quality throughout supply
cycles.

The objectives of this chapter were to understand the mechanisms affecting water quality
throughout supply cycles in IWS, detect evidence of contamination, and inform and evaluate
tools for measuring water quality in these systems. To our knowledge, this is the first attempt
to measure temporal variability in water quality in an IWS and identify the predominant
mechanisms causing contamination.

4.2 Materials and Methods

Sampling Locations. This study was conducted in Hubli-Dharwad between April 2010
and July 2012. Eight wards with intermittent supply were selected as part of the larger
study of the effect of intermittent and continuous water supply on water quality, health, and
economics (see Chapter 3). Five of these wards (14 and 16 in Dharwad and 25, 38, and
57 in Hubli) were selected for sampling (Fig. 4.1). Seven sampling points were selected in
consultation with the water utility and installed by tapping main lines in wards 25, 38, and
57. Consumer taps in wards 14, 16, 25, and 38 were selected for sampling based on their
availability during a supply cycle (most taps are used by consumers to draw water and are
thus not available for continuous sampling) (Fig. 4.1).

Water quality and pressure monitoring. Three methods were used for sampling:
a multi-parameter physico-chemical sensor, a pressure sensor, and grab samples tested for
indicator bacteria.

Turbidity, conductivity, free chlorine, temperature, and pH were measured and recorded
every one to four seconds (depending on the supply duration) with a YSI 6920DW Sonde
(YSI Inc., Yellow Springs, OH, USA). Pressure was measured every 250 milliseconds and
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Figure 4.1: Study wards (14, 16, 25, 38, 57) and sampling sites in Hubli and Dharwad.
Hubli is located 26 km southeast of Dharwad. Table lists sampling sites by ward (Ward),
abbreviated site names (Site), neighborhood (Location), type of site (Type) distinguished as
either a direct tap on a pipe (pipe) or a tap used by consumers (house), a description of the
site (including story of house for consumer tap locations), and the estimated elevation (H)
of the pressure sensor above the underground distribution pipes.

the mean, maximum, and minimum values were recorded every two seconds with a Telog
LPR31 line pressure monitor (Telog Instruments, Victor, NY, USA). Where possible, these
two sensors were installed at the same location (Fig. 4.2). Pressure measurements were
corrected for elevation to estimate pressure in the underground distribution system pipes
located approximately 1 m below ground (Fig. 4.1).

Grab samples were collected from the Sonde outlet in sterile 100 mL bottles containing
sodium thiosulfate. The Sonde outlet was first disinfected with a chlorine solution. Samples
were transported on ice to the laboratory and tested for total coliform and E. coli by the
most probable number (MPN) method using Colilert Quanti-tray 2000 (IDEXX Laboratories
Inc., Westbrook, ME, USA). Samples were incubated at 35◦C and counted after 24-28 hours.
Samples were collected when water first started flowing, every 5 min for the first 15 min,
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Figure 4.2: Sensors attached to direct tapping on pipe (Site: RADJ). YSI Sonde is on the
left and Telog Line pressure monitor on the right.

every 15 min for the first hour, and every 30 min throughout the supply cycle.
It was not always possible to sample with all three methods (Sonde, pressure sensor,

and grab samples) or throughout an entire supply cycle due to excessive air, leaks close to
the sampling location, and unreliable start and end timings. The final data set includes
nineteen supply cycles sampled with both sensors, two with only the Telog pressure sensor,
and eight with only the Sonde (Table 4.1). 250 grab samples were collected and tested for
total coliform and indicator bacteria. 127 grab samples were tested for free chlorine using a
DPD method (Hach Colorimeter II) when the chlorine probe on the Sonde malfunctioned.

Steady-state detection. Charge-up (based on pressure data) and flushing (based on
turbidity data) durations were identified using a method of detecting steady-state conditions.
Steady-state can be defined as when a system experiences few changes besides noise and
identified as when the standard deviation of a signal is within a threshold (based on typical
operational standards) of its mean value (Kim et al., 2008). Because these study sites did not
have standard operations, the system was defined as reaching steady-state when the rolling
1-min standard deviation of measurements was first within a threshold of the overall mean,
with thresholds of 0.5% for pressure and 1% for turbidity based on identifying universal values
for all supply cycles that could be verified by visual inspection. Data from supply cycles
with observed air bubbles, which caused spikes in turbidity readings, were first smoothed
with a cubic spline.

Event detection. Pressure data were analyzed to identify events that could degrade
water quality by changing shear stress at pipe walls through: (1) sudden changes in operating
pressure and (2) pressure transients. Sudden changes in operating pressure were defined as
when the mean pressure recorded every 2 sec changed by more than 1 psi within 30 sec.
Pressure transients resulting in excessively high or low pressure (which then have negative
effects on pipe integrity and water quality) are caused by rapid change in flow from a transient
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surge. Transient analyses identify events with consequences most relevant for a particular
system; pressure data was analyzed to identify events that produced vacuum (atmospheric)
or excessively high pressure. Excessively high pressure can be defined as when pressure
reaches or exceeds the design pressure, with international standards from 0 - 50% greater
than design pressure (Boulos et al., 2005; Pothof and Karney, 2012). Since design pressures
of the sampled pipes were unknown, transients were defined as when the maximum pressure
recorded every two sec exceeded 10% of the maximum of the mean pressure recorded every
2 sec during the entire cycle.

Turbidity data were analyzed to identify potential contamination events by identify-
ing when observations differed from predictions based on previously observed data (general
procedure outlined by (Murray et al., 2010)). Turbidity data were adjusted to 2 sec time
intervals and normalized by subtracting the mean and dividing by the standard deviation
of all previous data. Normalized data were then used to predict turbidity at the next time
step using an auto-regressive moving average (ARIMA) model. Residuals that exceeded a
standard deviation were classified as events. Multiple events within one min were catego-
rized as the same event. Events were excluded if the turbidity changed < 0.5 NTU within
one min to filter noise at low standard deviations. Events were excluded when air had been
visually observed in the flow cell, turbidity decreased more than 10 NTU in one time step
(likely from a wiper on the probe surface activating to clear bubbles), or when conductivity
measured <100 µS/cm (likely from air bubbles). These procedures resulted in a conservative
classification of turbidity events.

Statistical Analysis. Microbial detection limits had a lower bound of <1 MPN/100
mL (substituted with zero) and an upper bound of >2419.6 MPN/100 mL (substituted
with 2420 MPN/100 mL). Log transformations for total coliform and E. coli used a value
of log10(x+1). Statistical tests using indicator bacteria data were performed on their rank
values to account for censoring at lower and upper limits. Graphing and data analysis were
carried out using R (R Core Team, 2012).

4.3 Results

Contamination during flushing. Water quality during flushing was analyzed using mea-
surements taken immediately after supply was first turned. This data set consisted of 23
traces of turbidity at 10 sampling sites, 22 traces of pressure at 9 sites, and 70 grab samples
tested for indicator bacteria collected during 15 supply cycles at 9 sites (Table 4.1). Charge-
up and flushing periods were identified using the procedure described in the methods section
for all cycles with available pressure or turbidity data.

Atmospheric pressure was recorded in pipes between supply cycles. When supply was
turned on, pressure charged up and reached steady-state after 2-33 min (1-14% of supply
durations) (Table 4.1). Visual observations confirmed that air was expelled from pipes.
Pressure changes and expelled air were expected to increased shear stress or scour the pipe
walls.
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Table 4.1: Site (ward and location), Date, duration of water supply (D), and mean pressure
during supply (P) of all sampled cycles. The duration for charge-up (based on pressure) and
flushing (based on turbidity) are presented in minutes (min) and percent of supply (%).

Site Date D P Charging Flushing
m/d/y hr psi min % min %

Ward 14
SAPT 9/17/10 1.3 - - - 2 2

SAPT 12/2/10 2.2 - - - 31 23

SAPT 2/10/11 3.9 - - - 3 1

SAPT 7/31/11 2.4 - - - 1 0

SAPT 6/27/12 3.4 - - - 15 7

SAPT 6/30/12 3.3 16 10 5 55 27

SAPT 7/3/12 3.3 12 2 1 25 12

SAPT 7/21/12 - - - - 10 -

SAPT 7/30/12 2.6 21 2 1 6 4
Ward 16

RAIL 2/15/11 5.9 20 - - - -

RAIL 3/2/11 7.4 17 6 1 - -

Ward 25
LIN-A 7/9/11 6.8 5 14 3 28 7
LIN-A 7/21/11 4.7 7 2 1 13 5
LIN-A 6/23/12 5.7 16 17 5 - -

LIN-A 6/29/12 5.5 20 14 4 27 8
LIN-A 7/8/12 5.7 18 17 5 31 9
LIN-B 7/20/12 6.6 12 16 4 25 6
PATI 7/15/11 4 0 - - - -

SIDD 7/17/12 2.9 17 7 4 14 7
SIDD 7/26/12 2.5 17 6 5 3 2

Ward 38
GREE 7/20/11 4.6 11 6 2 22 8
GREE 7/30/11 7.5 23 - - - -

GREE 8/9/11 4 15 11 4 32 13
GREE 7/1/12 - 15 7 - 31 -

RADJ 8/4/11 5.4 14 7 2 71 20
SHIV 7/15/11 4.3 - - - 5 2

Ward 57
BHUS 8/6/11 - 1 10 - 19 -

IDAL 8/1/11 3.2 0 33 17 - -

IDAL 8/12/11 2.5 - - - 42 27
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Time (h)

Ward 25

0 1 2

SIDD  on  7−17

Flushing:
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●●
●●●●●
●●●●●●●●●●●
●●
●●
●●●●●
●
●●
●●
●●
●●
●●●●
●●●
●●●●●●●●●●●●
●

●●
●
●

●

●

●

●

●

●

●

●

●

●

●
●
●
●

●

●

●

●
●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●
●
●

●

●
●

●
●
●
●

●
●

●

●

●

●

●●

●

●

●

●

●

●●●

●
●

●
●

●
●
●

●

●
●
●●
●
●
●
●●
●
●●●●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●●●
●
●

●
●
●●
●●
●●
●
●
●
●
●
●
●
●

●
●
●
●
●
●●
●●
●●●
●●●
●

●●
●
●●●
●
●
●
●
●
●
●
●
●
●
●●●●●●●
●●●●●●
●
●
●●
●●●
●●
●
●
●●
●
●●
●●●
●
●
●
●
●●
●●●
●●●
●
●
●●
●●
●●
●●
●●●
●●●
●
●●
●●
●●●
●●●●●●
●●
●●
●●
●●●
●●●●
●●
●●
●●●
●
●●●
●●●
●●●
●●
●●●●●●
●●
●
●●●
●●●
●
●
●●●
●●●●●●●●
●●●●●●
●●●●
●●●
●●●●●●●●●●●●●
●●
●●●●●
●●
●●
●

●●●●
●●●
●
●●●●
●●
●●●
●●●
●●●●●●●●●●
●
●
●●
●●
●●●●●
●
●●●●●
●●●
●●●●●●
●●●●●●●
●●●●●
●
●●●●
●●
●●●
●●●●●●●●
●●●●
●●●●●●●●●●
●●
●
●●●●
●●
●
●●●●●●●●
●●●●●●
●●
●
●●●●●●●●●

●
●●●
●●
●●●●
●
●●●●●●●●●
●●●
●●●
●●●●●
●
●●
●●
●
●
●●
●●●
●●●
●●●●●●
●●●
●
●●●●
●●●●
●●
●
●●●●●●●●●●
●●●●●●●●
●
●●
●
●●●●
●
●●
●●
●●●●●●
●●●
●●●●●●
●●
●●●
●●
●
●●
●
●●●●
●
●●●●●
●
●

●
●●
●●●●●●●●
●●●●●●
●●●●●●
●
●
●●●
●●
●●
●●●●
●●●●●●
●
●
●●
●●●●●
●
●●●●●●
●●
●●●●●
●●
●●●
●
●
●
●●●●
●●●●●●●
●●●●●
●
●
●●●●
●●
●●●
●●●●
●●●●
●●
●●
●●
●
●●●
●●
●●
●●
●●●
●●●●●●●●●

●●●●●●●
●
●●●●●
●●●●●
●●
●●●●
●
●●●
●
●
●●
●●●
●
●●
●●
●●
●●
●●
●●
●●●●●●
●●
●●●●
●●●●
●●●
●●
●●●●●●●
●
●
●●●●●●
●●●●
●●
●
●●●
●●
●●●
●●●●●●●●●
●●●●
●
●●●●
●
●
●●●●●●●
●●●
●●●●
●
●●
●
●●●●●
●●●●●●●●●●●●●●●●●●
●●●●●
●●●
●●
●●●●
●●
●●●
●●●●
●
●●●●●●●●●●●●●●●●●●●●

●●●●●●●●●
●●●●●●●●●●●
●●●●
●●●●●
●
●
●●●●●
●●
●
●
●●●●●
●
●
●●●
●●●●
●●
●
●●
●
●●
●●●●●●

●●●
●●●
●●●●●●
●●●●
●●●●●
●●
●
●●●
●
●●
●●
●●●●●
●
●●●●
●●
●●
●
●●
●●●●
●●●
●●●●●●●●●●●
●●●●●●●●
●●●
●●●●
●●
●
●●●●●
●●●●
●●●●●●
●●●●●●●
●●●●●●●
●●
●●●
●●●●
●●●●●●●
●●●●●
●

●●
●●
●
●●●
●●●●●
●●
●●
●
●●
●●
●●●●
●●●●
●●●●●
●●
●●●
●
●
●
●
●
●●
●
●
●
●
●
●●●●
●●●●
●
●
●●
●
●
●
●●
●●●
●
●
●●
●
●
●●
●●●
●
●●●
●
●●
●●
●●
●●
●●
●●●●●●●●
●●
●●
●●
●
●●●
●●
●●
●
●●
●
●
●
●
●
●●
●●
●●
●●

●
●
●
●
●
●
●
●
●●
●
●
●
●

●●●●
●
●
●
●●●●●
●
●
●
●
●●●
●
●
●
●●
●●
●●●●●
●●●●
●
●
●●●
●●●
●
●●
●
●
●●●
●●●
●●●●
●
●
●
●●●●●
●
●
●
●●●●
●
●
●
●
●
●●●
●●
●●
●●●●
●●●
●●
●
●●●●●
●●●●●●
●●
●
●●●●
●●●●
●●
●●●
●●●●●
●●●
●●●●●●●
●●
●
●●●●
●●●
●●●
●●●●●●
●●●●●●
●●●●
●●●●●●●●●
●●●●●●
●●●●●●●
●●●●●●
●●●●●●●●
●●●●●●●●
●●●●
●●●●
●●●●●●●●●●●●●●●
●●●●●●
●●●
●●
●●●●●
●●●●
●●●
●●
●●●●●●●●●●
●●●●●●●●●●●
●●●●●●
●●●●●
●●●●●●●●●●●●
●●●
●●●●●
●●●●●●
●●●●●
●●●●●
●
●●●●●●●●●●●●●●●●
●●●●●●●●●●●●●●●●●●
●●
●●●
●●●●●●●●●●●●●●●●●●
●●●
●●●●
●●●
●●
●●●●●●●●●●●●
●●●●●●●●●●●●●●●●●●●●●●●●●●●●

●●●●●●●●●
●●●●●●
●●●●●●●●●●●
●●●●●●●●●●
●●●●●●●●
●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●

●●
●●●●●●●●

●
●●●●●●●●●●●●●●●●●●●●

●●
●●●●●●●●●●
●●●
●●●●●●●●
●
●●●●●●
●●●●●●●●●
●●●●
●●
●●●●●●●●
●●●
●●●●
●●●●
●●●●●●
●●
●●●
●●●
●●●
●●●●●●●●●●
●●●●●●●●●●●
●●●●●
●●●●●
●●●
●●●●●●●●●●●●●●●●●●
●
●●●
●●
●
●●●●●●●
●●●●●
●●●●●●●●●●●●●
●●●●
●●●
●●
●●
●●●●
●
●●●●
●
●●●●●●●●●●●●●●●
●●●●●
●●●●●●●●
●
●●
●●●●●●●●
●●●●●●●●
●●●●●●●●
●●●●●●
●●
●●
●●●
●●
●●●●●●●●●
●●●●
●●●●●
●●●●●●
●●
●
●●●●●●●●●●●●●
●●●
●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●

●●
●●●●●
●●●●●●●●
●●●●●●●●●
●●
●●●●●●●●●●●●●●●●

●●●●
●
●
●●●●●●●●●●●●●●●●●
●●●●●●
●●●
●●●
●●●●●●●●●●●●●●●●●●●●●●●●●

●●
●●●●●●●●●●●●●●●●
●●●●●●
●●●●●●●●●●●●
●●●●●●●●●●●●●●●●
●●●●●●●●●●●●●●●●●●●●●●●

●

●
●●
●●●
●●●●●●●●
●●●●●●●●●
●●●●●●●●●●●●●●●●●●●●●

●●●●●●
●
●●●●●●●●●●●●●●●
●●●●●●●●●●
●●
●●
●
●●●●●
●
●●●●●
●●●●●
●
●●
●●●●●●●
●●●●●
●●●●●●●●
●
●
●
●●●
●●
●●
●●●
●●●●●●●●●●●●●

●
●
●
●●●●●●●
●
●●●
●●●
●●●
●●
●●●
●●●●
●
●●●●
●●●●●●●●●●●●●●●●●●●●●●●

●●●●●
●
●●●
●●●●●
●
●●●
●●●●●●●●●
●●
●
●●●●●●●●
●●
●●●
●●●●●●●●●●●●●●●●●●
●●
●●●●●●

●●●
●
●●●●
●
●●
●●
●●●●●
●●
●●
●●
●●●●●●
●●●
●●●
●●
●●
●
●●●
●●
●●●●●●
●
●●●●●●
●●●●●●●●●
●
●●
●
●●●●●●●●●
●
●
●●
●●●●●●●●●●
●●●●
●
●●●●●
●●●
●●●●
●●●●
●●●
●●●●●
●●
●●●●
●●●●●●●●●●●●

●●
●●●
●●●●
●●
●
●●
●●
●●●●●●●●●●●●
●●●●●●
●●●●●●
●●●●●●●●●●●
●●●
●●●●●●
●●●●●●●●
●●●●●●●●●●●●●
●●●●●●●●●
●●●●●●●●●●●●●●●●●●●●●

●●●●●
●●●●
●●
●●
●●●●●●●●●●●●

●●●●●●
●●
●●●●●
●●●
●●●●●●●●
●●●●●
●●●●●●●●
●●●●●●●●●●
●●●●●●●●●●
●●●●
●●●●●●●●●●●●●●●●●●●●●●●

●●●
●●●●●●●●●
●●●●●
●●●●●●●●●●●●●●●●●
●●●●●●●●●●●●

●●
●●●
●●●●●●●●●
●●●●●●
●●●●●●●
●●●●●●●
●●
●●●●●●
●●●●
●●●●●●●●●●●●●●●●●●●●●●●●●●

●
●●●●●●
●●●●●●
●●●●●●●●●●●●●●●●
●●●●●
●●●●
●●●●●
●●●●
●●●
●
●●
●●
●●●●●●●●●

●
●●●●
●●●●●●●●●●●●●●
●●●●●●●●●●●●●●●
●●●
●●
●●●●●●
●●●●●●●●●
●●●●●●●●
●●●●●●●●●●●
●●
●●
●●●
●●●
●●●●●●●●●●
●●●●●●●●●●●●●
●●●●●●●●●●
●●●●●●●●●●●●
●
●●●●●●●●●●●●●●●●●

●●●●●●●●●●●●●●
●●
●●
●●●●●●●●●●●●●●●
●●
●●●●●●●●●●●●●●●●●●●●

●●●
●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●

●●●●●
●●●●●●●
●
●●●●●●●●●●●●●

●
●●●●
●●●●●●●●
●●●●●●●●
●●
●●●●●●●●●●●
●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●

●●●●●●●●●●●●●●
●●●●●●
●●●●●●●●●●●●●●●●●●●●●

●●●●●●●●●
●
●●●
●●●
●●●●●
●●●●●●●●●●

●●●
●●●●●
●●●●●
●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●

●
●●●●●●●●●●●●
●●●●●●●●●●●
●●●●●●●●●●●●
●●●●●●●
●●●●●●●●●●●●●
●●●●●●
●●
●●●
●●●●●●●●●●●●●●●●●
●●●●●●●●●●●●●●●●●●●●●●●

●●●
●●●●●●●●●●●●●●●●
●
●●●●●
●●
●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●

●
●●●●●●●
●●●
●●●
●
●●●●●
●●
●●●●●●
●●●●●
●●●●
●●●●●●●●●●

●●●●
●●
●●●●●
●●●●●●●●●●
●●●
●●●●●●●●
●●●●●●●●
●●●●●●●●●●●
●●●●●●●●
●●●●●●●
●●●●●●●●●
●●●●●
●●●●●●
●●●
●●●●●
●●●●●●●●●●●●●
●
●
●
●●●●●●●●●●●●●●●●
●●
●●●●
●●●●

●●
●●
●●●●●●●●●●●●●●●●●●●●●●●●●

●
●●●●●●●●●●
●●●●●●●●●●
●●●●●●●●●●●●●●
●●●●●
●●●●
●
●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●

●●
●●●●
●●
●●●●

●●●
●●●●
●●
●●●●●●●
●●●●●●
●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●

●●●●●●●●●●●●●●
●●●●●●●●●●●●●●●●●●●●●●●

●●●●●●
●●●●●●●●●●●●●●●●●
●●●●
●●●●●●●●●●●●●●●●●●●

●

●●
●●●●●●●●●
●●●●●●
●●●●
●●●
●
●
●●●●●●●●
●●●●
●●●
●●●
●●●●●●
●●●●
●●●●●●
●●●●●●●●●●●●
●●●●●●
●●●●●●●●●●
●●●●●
●●●●●●●●
●●●●●●
●
●
●●●●●●●●●●●●●●●●●●●●●●

●
●●●●
●●●
●●●●●●●●●
●●●●●
●●●●
●●●●●●●●●●●●
●●●●●●●●●●●●●●●●●
●
●
●
●●●
●●●
●●●●●●●●●
●●
●●●●●●●●●●●●
●●●●
●●●●
●●●●●●●●●●●●
●●●●
●●●●●●●●●●●●
●●
●●●●●●
●●●
●●●●●●●

●●●●●●●●●●●●●●
●●●●●●
●●
●●●●
●●●●
●●●●●●●●
●●●●
●●●●●●
●●●●●●●
●●●
●●●
●●
●●●●●
●●●●●●
●
●●●●●●●●●
●
●●●●●●●●●●●●●●●●●●●●●●●

●●●●●●
●●
●●●●●●●
●●●●
●
●
●●●
●●●●

●●
●●●●
●●●
●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●

●●●●●●●●●●●●
●●●●●●●●●●
●●●●
●●
●●●●
●●●●●●
●●●●●●●●●
●●●●●●●●●●●●●●●●●●●●●●●●●●

●●●●●●
●●●
●●●●●

●●●●●
●●●●●●●●
●●●●●●●●●●●●●●●
●●●●●●●
●
●●●●●
●●●●●●●●
●●●●●●●●●●●●●●●●●●●●●●●●●

●●
●●●●●●●●●●●●●●●●
●●●●●
●●●●●●●●●●●●●●●●●●●●

●●●●●●●●●
●●●●●●●●●●

●●
●
●●●●●
●●●●●●●●
●●●●●●●●●●●●
●●●●●●
●●
●●●●●●●●●●●●●●
●●●●●
●●●●
●●●●●●●
●●●●●●●●
●●●●
●●●●●●●●●●●●●●●●●●●●●

●●●●
●●●●●●●●
●●●●●●●●●
●●●●●
●
●●●●●●
●
●●●
●●●●●●●●●●
●●
●
●
●●
●
●●●●
●●●●
●
●●●●
●●●●●●●●●●●●●●●
●●●●●●●●●●
●●●●
●●●
●●●●
●●●
●●●●●●●
●●
●●
●●●
●●●●●●●●●●●●●●●●●●●●

●●●●●●●●●
●●
●
●●
●●●●
●●●●●●
●
●●●●●●●●

●●●
●●●●●●
●●●●●●●●●●●●
●●●●●●●
●●●
●●●
●●●●
●●●●
●●●●●●●●●
●●
●●●●●●●●●●●●●●●●●●●●●●●●●●●

●●●●●●●●●●
●●●●●●●●●●●
●●●●●●●●●●●●●●●●●●●●●

●●●●●●●●●●●
●●●
●●●●
●●●●●●●●●
●●●●
●●●●●●●●●●●●●●
●
●●●
●
●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●

●●●●●●●●
●●●●●●●●●●
●●●●●●●●●●●●●●
●●●●●●●●●●●●●●●●●●●●●●●●

●●
●
●
●●●●●●
●●●●●●●●
●●●●●●●●●●●●●●●●
●●●●●●●●●
●●●
●●
●●●●●●●
●●●●●
●●●●●●●●
●●●●
●●●●
●
●●●●●●●●●●●●●●●●●
●●●●●●
●●●●●●●●●●●●●●●●●●
●
●●●●●●●●●●●●●●●●●●●●

●●●
●●
●●●
●●●●●●●●●●
●●●●●●●●●●●●
●●●●●●●●●●●●●●●●●●●●●●

●
●●●●
●●●●●●
●●
●●●●●●●
●
●●
●●
●●●●●●●●
●●●●●●●●
●●
●●●●
●●●●●●●●●●
●●●●●
●●●
●
●●●●●
●
●●
●●●●●●●●●●

●●●
●●●●
●●●●●●
●●●●●●●●●●●●●●●●●●
●●●●●
●●●●
●●●●●●●●●●●●●
●●●●●●●●●●●●●●●●●●●●●●●●●●●●

●
●●●●●●
●●●
●●●●●●
●●●●
●●●●●●●●●●●●●●
●
●
●●●
●●●●●●●●●●●●●●●●

●●
●
●
●
●
●●
●●●●●
●●●●●●●●●●●●●●●●●
●●●
●
●●●●
●●●●●●●●●●●●●●●●●
●●●●●●●●●●●●●●●●●●●●●●●●●●●

●●●●●●●●●●●●●●●●●●
●●●●●
●●
●●
●●●●●●●●●●●
●●●
●
●●●●
●●●●●●●●

●●●●●
●●●●●●●●●●●●●●●●●●●●●●●●

●●●●●●●●
●●●
●●●●●
●●●●●●●●●●
●●●
●●●
●●●●
●●●
●●●●●
●●●●●●
●●●
●
●●
●
●●●●
●
●●●●●●●●●
●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●

●●●●
●●●●●●●●●●●●●●●●
●●
●●●●●●
●
●

●●●●
●●
●●●
●●●●●●●●
●●●●●●●●
●●●●●●●●●●●●●●
●
●●
●●●●
●●●●●●●●●●●●●●●●●●●●●●

●●●●●●
●●
●●
●●●●●●●●●
●●
●●●●●●●●●●●

●●●●●●
●●●
●●●●●●●
●
●●
●●●
●●●●●●
●
●●
●●●●●●●●
●●●●●●●
●●
●●●
●●●●●
●
●●
●●●●●
●
●●
●●
●
●●
●●
●●
●
●●●
●
●
●●●●●●●
●
●●●
●●
●●
●●●●●●●
●
●
●●●
●●●
●●
●
●●●●
●●●●●●●●●●
●
●
●
●●●
●
●●
●
●●
●●
●●●
●●●
●●
●●
●●●●
●●●●●
●
●●●
●●
●●●●
●●●●●
●●
●●
●
●
●●
●
●●●
●
●
●●
●
●
●
●●
●●●
●●●●●
●●●●
●●●
●
●
●●
●●●
●
●
●●●
●
●●
●●
●
●●
●●
●●●●
●●
●
●●●
●●
●
●
●
●
●
●●●●●
●●
●
●
●
●
●●●●
●
●●●●

●●●●
●●
●●
●●
●
●●
●
●●
●●●●
●●
●●●●

●
●
●●●●●●
●
●
●
●●●●
●
●
●●
●●
●●●●●●●
●●●●
●
●
●
●
●
●●●●●
●●
●
●
●●●
●●●●
●●●
●●
●●●
●
●●●●●●●●
●●
●
●●●
●
●
●●●●
●
●
●●●
●
●
●
●●
●●●
●
●●●●
●●
●●
●●
●
●●

●●●●
●●
●
●●●●●●●
●
●
●
●●●
●
●●
●●●●●●●●
●●●●
●
●●
●●
●●
●
●
●●●●
●●
●●●●●●●●
●●
●
●●
●●●
●●
●●●
●
●●●●●●
●●
●●●●●●
●
●
●●
●●●●
●
●●●●●●●●●●●
●●
●●●
●
●
●
●
●●●●
●●●
●●●●
●●●●●●●●
●
●
●●●
●●
●●●●●●●●
●●●●
●●●●●●●●●
●●●
●●●●●
●●●●
●
●●
●●●●●●●●●●●●
●●●●●●●●●●
●●●●
●●●●●●
●●●●
●●
●●●
●●●
●●
●●●●●●
●●●●
●●●●●
●●
●●
●●●
●●
●●●●
●●●
●●●
●
●●●
●●
●●●●
●●
●

●●
●
●
●●
●●●
●
●●
●●●
●●
●●●●●
●●●●●
●●●●●●●
●●●
●●
●●
●●●●
●●
●●
●●●●●●●●●
●
●●
●●●●
●●
●●●●●●
●●●●●●
●
●●●●
●●●●
●
●●●●●●●●●
●●●
●●
●●
●
●
●
●
●●●●
●●●
●
●●●
●●●●●●●●●●
●
●●
●●
●

●●
●●
●
●●
●
●
●
●●●●●●●●
●
●●
●●●●
●
●
●●●●
●●●●
●●●●
●●●
●
●●
●
●
●●
●●●●●●●
●
●●●●
●
●
●
●
●●
●
●
●●
●●
●●●
●●●●●●●
●●
●●●●●
●●●●●●
●●●●
●●
●●●●●●●●
●
●●●●
●●
●●●●●●
●●
●●●
●
●●●●●●
●

●●
●
●●●●
●
●●
●
●●
●●
●●
●
●●
●●●
●●●●●●●●●●●●●●●
●●●●
●●●
●●●●●●●
●●●
●●●●●
●
●●
●●
●●●
●●●
●●●
●●
●●●
●●
●●●●
●
●●
●
●●
●●●●●
●●●●
●
●
●●●
●
●
●
●
●●●●●
●●●●
●●
●●●
●●●
●
●●
●
●●
●●●
●
●●
●●●
●●
●●●●
●
●
●
●
●
●●●●●
●●
●
●●
●●
●
●●●●●●●●●●●●
●●●●
●●●●●●
●●
●●
●●●●●●
●●
●●
●
●
●●
●●
●
●●
●●
●●●
●●●
●●●●●●●
●
●
●●
●●●
●●●●●●●●●●●
●●●●●
●●●●●●●●●●
●●●●●
●●●●
●●●●●

●●●
●
●
●●
●●●
●●
●
●●●●●●
●●●
●●
●●●●
●●●●●
●●●●
●●●●
●
●
●●●●●●●●●●●
●●
●●●●●●
●
●●●●
●●
●
●
●●
●●●●●
●●
●●●
●●
●●●●●
●
●
●
●●●●●●●
●●
●
●●
●●●●●
●●●●●●●●●●●●●●●
●
●●●●
●●
●●●●
●●●●●
●●
●●●●●●
●●●●●●●●●
●●●
●●●●●●●●●●
●
●●●●●●●●●●●●●●●●
●●●●
●●●●●●●●●
●●●
●●●●●●●●●

Time (h)

Ward 38
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RADJ  on  8−4

Flushing:
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Figure 4.3: Each column contains data from one ward (14, 25, 38, and 57). The top row
displays turbidity and indicator bacteria data during the first two hours of example supply
cycles. The grey vertical line marks the end of flushing. Bar charts display total coliform
and E. coli concentrations during (dark grey) and after (light grey) flushing for each supply
cycle, with the number of positive samples and total number of samples above each bar
(+/n). The date is shown as month/day is below each bar, with years in Table 4.1.

Researchers and utilities often use turbidity to indicate the effectiveness of flushing when
used as a maintenance activity in CWS (Barbeau et al., 2005; Lehtola et al., 2004; Husband et
al., 2008). Flushing lasted 1-71 minutes (<1-27% of supply cycle durations), which was longer
than charge-up during all but one sampled cycle (Table 4.1). Average flushing durations were
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longer at pipes (31 min) than at house taps (14 min). At sampling points on pipes, turbidity
was very high when supplies first turned on and decreased until reaching a local steady-state
(overall mean was 242 NTU during the first 30 sec and 24 NTU after) (Fig. 4.3). Turbidity
trends were more variable at sampling points at house taps. While the first few readings
were often high, turbidity was often already at steady-state or increased later in the supply
cycle (overall mean was 21 NTU during the first 30 sec and 27 NTU after).

Conductivity and temperature measurements confirmed these general findings. Ground-
water had higher conductivity than treated municipal water (see Chapter 3). Conductivity
during flushing was significantly higher in 15 of the 23 supply cycles (ANOVA, p<0.01) with
a mean difference of 121 µS/cm, suggesting groundwater was a possible source of intru-
sion when supply was off at these sites. In two supply cycles, average conductivity during
flushing was >1000 µS/cm; at these sites, groundwater was supplied through the local dis-
tribution system on alternate days. In the remaining cycles, there was no difference between
conductivity before or after flushing, or conductivity was lower during flushing.

Temperatures during flushing were significantly lower than after flushing in 15 of the
23 cycles (ANOVA, p<0.01), though the mean difference was small (0.26◦C). While it was
expected that temperature in stagnant water in pipes would be higher than inflow water, it
is possible that only a small volume of water was left in pipes when supply was off, as tem-
perature reached a steady-state value much faster than pressure, turbidity, or conductivity.

During flushing, the geometric mean concentration was 341 MPN/100 mL for total col-
iform and 18 MPN/100 mL for E. coli compared to 17 MPN/100 mL and 1 MPN/100 mL,
respectively, after flushing (Fig. 4.3). Total coliform were detected in every sample during
flushing in all but one supply cycle and E. coli were detected during flushing in all but three
cycles. Concentrations were above the detection limit (>2419.6 MPN/100mL) at several
locations during flushing.

Pipes charged down when supply was turned off, with rapid decreases in pressure followed
by draining at low or negative pressures (Fig. 4.8B,C,D).

Conditions likely to cause contamination during supply. A similar approach as
reported in literature from CWS systems was used to identify the potential for intrusion or
backflow by assessing the presence of pathways, sources of contamination, and the frequency
of low pressure (Besner et al., 2011; Kirmeyer et al., 2001a; LeChevallier et al., 2003). Other
mechanisms that potentially caused contamination are discussed in the next section.

Infrastructure deficiencies such as leaks are pathways for intrusion; in Hubli-Dharwad,
50% of water is estimated to be lost in the distribution system. Contaminant sources were
common, as only approximately 30% of the area of the city is sewered. 30% of the city’s
sewage is collected in septic tanks and the remaining is disposed of in households pit la-
trines, open drains, and natural water sources (CSE, 2012). Although data on the state of
underground assets are scarce, much of the sewer infrastructure is quite old and therefore
contaminant sources are likely near potable water pipes.

Pressure was categorized based on Indian guidelines for first, second, and third story
buildings (7, 12, and 17 m, respectively) as low (<10psi), medium (10-17psi), and high
(>17psi) (CPHEEO, 1999). Persistent low and negative pressures were measured frequently,
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Figure 4.4: The minimum (grey line) and maximum (black line) pressure recorded every 2
sec for all sampling locations located directly on distribution system pipes. Transients were
identified only during one supply cycle (b).
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with pressure <10 psi recorded in five of the seven sampled sites that were directly on
distribution system pipes. All sampling days in ward 57 experienced pressure < 0 psi for 2
sec - 39 min (the latter caused by a leak on the same pipe).

Pressure transients were expected when pipes charged up or down and when valves or
pumps were operated nearby (valve operations are frequent in rotational IWS) (an example
valve operation is shown in Fig. 4.8(f)). However, valve operations did not cause transients
at any site (sites were located both down- and upstream of valves). Transients were identified
during only one of 16 supply cycles (Fig. 4.4). The eight transients recorded during the 4
hr supply at a site located near the end of a line with few outlets resulted from expelled air
(Fig. 4.5).
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Figure 4.5: Pressure transients identified during supply cycle at PATI (Ward 25) on 2011-07-
15. The black trace represents the maximum recorded pressure and the grey trace represents
the minimum recorded pressure (recorded every 2 sec). The dotted horizontal line is 10%
greater than the maximum 2 sec mean pressure recorded during the supply cycle. Arrows
at the top indicate transients.

Roof and underground tanks used by consumers to store water can become cross-connections
if taps are submerged. 35% of households (n=1951) surveyed as part of the health and eco-
nomic study had rooftanks and 8% had taps inside storage tanks that had been submerged
in the past month. 17% of households had taps at or below ground level (where they would
be vulnerable to intrusion from soil, surface runoff, or ponded water) and more than half
(62%) of these reported that the street had flooded above their tap within the previous
month. At consumer taps, < 5 psi was recorded during five of the eight cycles while < 0 psi
was recorded at every location immediately after supply was turned off. Roof tanks can be
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potential cross-connections if taps become submerged; during one cycle, pressure (adjusted
for roof tank elevation) was < 0 psi for the entire cycle.

Evidence of contamination during supply. Low pressure and contamination after
flushing were observed frequently enough to explore the mechanisms affecting water quality
in the distribution system. Evidence of contamination was defined as high turbidity or high
concentrations of indicator bacteria.

Influence of pressure and chlorine residual on water quality. Factors contributing to
persistent contamination were examined by calculating the mean pressure and mean free
chlorine residual during the 30 min before each grab sample was collected (changing the
window size did not significantly affect relationships) (Fig. 4.6).

Total coliform concentrations were significantly lower in grab samples with measurable
free chlorine residual (≥0.1 mg/L) than in those without (<0.1 mg/L) at any pressure
(Wilcox rank-sum, p<0.01) (Fig. 4.6). E. coli concentrations were significantly lower in
samples with chlorine residual than those without only at medium pressures (10-17 psi)
(Wilcox rank-sum, p<0.01). E. coli was present both with and without chlorine in samples
collected at low pressure, while few E. coli were detected in samples collected at high pressure.
These data confirm the expected result that the lowest concentrations of indicator bacteria
occurred when water was delivered at high pressure (>17 psi) with a free chlorine residual.
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Figure 4.6: Box and whisker plots show the median, lower and upper quartiles, and outliers of
indicator bacteria concentrations from all supply cycles during supply (flushing and draining
excluded), grouped by the average pressure and chlorine residual during the 30 minute period
before each grab sample was collected and tested for total coliform and E. coli.

At medium pressure (10-17 psi), total coliform were detected in 86% (n=42) of samples
without chlorine and 46% (n=24) of samples with chlorine (Fig. 4.6). Concentrations of
total coliform were low when there was a chlorine residual. This variability in contamination
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levels suggest that water delivered at these pressures were subject to periodic contamination
in the distribution system.
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Figure 4.7: Box and whisker plots show the median, lower and upper quartiles, and outliers
of the log values of turbidity from all supply cycles, grouped by the pressure and chlorine
residual recorded at the same time.

The only samples positive for E. coli when chlorine was also present occurred when
pressure was low (<10 psi) (Fig. 4.6). At low pressure (<10 psi), total coliform were present
in all but one sample and E. coli were present in 6 samples both with (n=11) and without
(n=9) chlorine. This frequent detection of indicator bacteria suggests contamination was
persistent at low pressure (an example is presented in Fig. 4.8A). Turbidity of > 5 NTU
likely interfered with maintaining chlorine residual at medium and high > 10 psi (Fig. 4.7).

While some of the detected indicator bacteria may have originated from inadequate
source water treatment, water provided to all areas originated from the same treatment
plants and similar service reservoirs. Therefore, it is likely that the observed contamination
occurred in the distribution system. Detecting indicator bacteria in the presence of a chlorine
residual suggests contamination was localized or bacteria had been protected by aggregating
with other particles (Herson et al., 1987; Ridgway and Olson, 1982). Additionally, detecting
total coliform at concentrations >2419.6 MPN/100 mL frequently and detecting E. coli
concentrations >100 MPN/100 mL in 9% (n=43) of samples indicate that wastewater may
have entered the distribution system as intrusion.
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� - total coliform; × - E. coli ; DL - Detection Limit (2419.6); FF - First flush; P - Pressure event; R - Event with
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Figure 4.8: Mean pressure (P) every 2 sec, turbidity (T) every 1 sec, and grab samples
tested for indicator bacteria concentrations (total coliform/E. coli, TC/EC). A) (a) sustained
pressure near 0 psi; (b) elevated indicator bacteria; (c) turbidity event after re-starting flow;
(d) possible intrusion. B) (e) two turbidity and indicator bacteria spikes during draining (<10
psi). C) (g, h) turbidity spikes after sudden changes in pressure, (f) normal valve operation,
D) (i) sudden pressure drop after turning valve off followed by (j) spike in turbidity.
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Continuous time series data. While analysis of real-time data provided further insight
into water quality, this distribution system was highly dynamic with unique data from each
site and supply cycle. Pressure and water quality indicators varied over time and between
days due to changing valve operations and consumer demands (e.g. turbidity, which is
typically steady in CWS, was highly variable). Though given this variability it was not
possible to identify overall trends, in this section I present evidence of likely contamination
events and hypothesized the mechanisms causing these events.

84 hours of pressure and turbidity data during 18 supply cycles were analyzed for events.
Likely contamination, indicated by turbidity spikes, were differentiated by possible causal
mechanism: if a sudden change in operating pressure had occurred in the ten minutes before
a turbidity spike, this was considered an event that may have been particulate release or
biofilm sloughing (R), while a turbidity spike without a hydraulic trigger indicated likely
backflow or intrusion (B). Changes in operating without a subsequent turbidity event were
also identified (P) (Fig. 4.8) (additional examples are presented in Fig. 4.9). Since indicator
bacteria were collected as grab samples, correlations with continuous measurements were not
possible. However, the data provided insight into other contamination events.

During one sampled cycle at BHUS, elevated total coliform and E. coli concentrations
were detected throughout despite chlorine residual (Fig. 4.8A). Pressure was near 0 psi for
1 hr 28 minutes Fig. 4.8(a) during which indicator bacteria concentrations increased (Fig.
4.8(b)) (since there was no flow to the Sonde cell, turbidity could not be measured). A
turbidity spike was detected when flow re-started (Fig. 4.8(c)). Given the overall very low
pressure, intrusion or backflow may have persisted or there may have been insufficient shear
stress during flushing such that contamination that was instead released continuously during
supply.

During the same cycle, a 50-sec turbidity spike without a change in operating pressure
was detected when pressure was < 10 psi, which could indicate intrusion or backflow (Fig.
4.8(d)). A similar phenomenon occurred at RADJ, where two spikes lasting 2-3 min were
detected when pressure was 6 psi during draining along with elevated total coliform and E.
coli (Fig. 4.8(e)).

Two turbidity spikes after changes in pressure when pressure was an average of 18 psi
suggested likely release of particulates of sloughing of biofilms (Fig. 4.8(g,h)). During this
supply, the highly variable turbidity may have reduced chlorine residual and been related to
elevated indicator bacteria concentrations (Fig. 4.8C). Pressure events also occurred without
a subsequent turbidity spike (Fig. 4.8C and D); in these instances, there may have been no
contamination to release or contamination may not have been indicated by turbidity.

Turning supply off (as reported by the valve operator) caused a rapid decrease in pressure
and persistent low pressure which was associated with a turbidity event during one sampled
supply (Fig. 4.8(i,j)) that may have signaled intrusion or particulate release or biofilm
sloughing.

While transients would have been expected to cause a sudden change in shear stress that
could affect water quality, they occurred in only one observed supply cycle (Fig. 4.5). During
this cycle, it was not possible to measure turbidity due to excessive air in the flow cell.
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Figure 4.9: Pressure (P) recorded as an average every 2 sec, turbidity (T) recorded every 1
sec, and indicator bacteria (total coliform/E. coli, TC/EC) concentrations over time. A) (a)
sudden drop in pressure without a subsequent turbidity event (b) turbidity event without a
pressure change (possible intrusion). B) (c) series of events without a change in turbidity
(d) elevated total coliform after first flush (e) turbidity changes that were not identified as
events.

4.4 Discussion

Flushing. When supply was first turned on, water emerged from the pipes with elevated
turbidity and indicator bacteria concentrations. This is consistent with studies in CWS
that measured elevated turbidity and indicator bacteria during flushing from turning over
stagnant water and scouring particulates and biofilms from pipe walls (Vreeburg and Box-
all, 2007; Lehtola et al., 2004; Zacheus et al., 2001). Though bacteria could have grown in
stagnant water left in pipes between supply cycles, the extremely concentrations measured
in some cases are strong evidence that contamination had entered the distribution system
pipes while the supply was off.
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The flushing observed at the beginning of each supply cycle is potentially beneficial for
water quality, as contaminated water and accumulated materials on pipe walls can be flushed
out. However, the data suggest several features that may limit the benefits of flushing.
Sustained high or variable shear stress at pipe walls are necessary to remove accumulated
particulates and biofilms; in some cases, short charge-up durations or low pressure could
limit the change in shear stress. During planned flushing in CWS, the flush water is treated
as wastewater while in the system studied, consumers were observed using or storing highly
contaminated flush water. The long flushing durations measured (up to 25% of the supply
cycle) suggest consumers would need to wait long durations to avoid flush water. Despite
these limitations, flushing could optimized to be a tool for improving water quality in IWS
by increasing pressure or diverting and avoiding use of flush water (e.g. keeping consumer
taps closed when supply starts).

Contamination during supply. The evidence suggested that the main mechanisms that
likely caused contamination in the distribution system during supply - intrusion, backflow,
resuspension of particulate matter, or sloughing of biofilms from pipes walls - occurred during
the observed supply cycles.

Pathways, contaminant sources, and frequent low pressure - all conditions likely to lead
to intrusion or backflow - were common in this distribution system. Water delivered at
pressure <10 psi (low by most international standards) had consistently high concentrations
of indicator bacteria, suggesting that persistent contamination occurred in the distribution
system. At these low pressures, chlorine was insufficient to inactivate intruded indicator
bacteria.

Sporadic contamination was also observed when water was delivered between 10-17 psi.
Turbidity or indicator bacteria spikes measured after a sudden change in operating pressure
suggest biofilm sloughing or particulate release, while turbidity spikes that did not follow
a hydraulic event may have resulted from intrusion, backflow, or spontaneous releases from
pipe walls.

This research confirmed the expected result that water delivered at high pressure (>17
psi) with a detectable disinfectant residual (≥ 0.1 mg/L) had low concentrations of indicator
bacteria. While water delivered at high pressure had the lowest levels of contamination, our
data suggest that a minimum of 10 psi may still protect against persistent contamination,
though higher pressures may be necessary to prevent momentary intrusion or backflow.
Future research should be directed toward identifying the minimum pressures for preventing
both persistent and periodic contamination events.

While valve operations both up and downstream from sampling sites were frequent, these
operations did not produce detectable pressure transients. A likely explanation is that the
high demand and numerous pathways to the environment, dissipating pressure waves and
potentially dampening the effect of transients (Karney and Filion, 2003). The only observed
transients resulted from expelling trapped air.

Other mechanisms affecting water quality in CWS - bacterial regrowth or accumulation
on pipe walls during stagnation - were unlikely important in this system given the short
supply durations, though they may be more important with longer supply durations.
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Measuring water quality in intermittent systems. To our knowledge, this is the first study
of water quality throughout IWS supply cycles. It is important to note that this distribution
system represents severe intermittency: water delivery was infrequent and supply durations
were short. While this is fairly representative of other cities in India, the dynamics may
differ in cities with more moderate intermittency.

These results suggest that water quality monitoring in a dynamic IWS requires special
considerations. The temporal variability measured - particularly that water is most contam-
inated at the beginning of a supply cycle - would change interpretations of monitoring data.
In addition to measuring indicator bacteria (commonly a part of monitoring programs), pe-
riodic chlorine residual and pressure were important for assessing potential risk to water
quality (continuous, high-frequency monitoring are likely not useful).

These results also inform and highlight the challenges of research on water quality in dy-
namic IWS systems. Since each supply cycle in this system was unique, human observations
and information on distribution system assets and operations were necessary to interpret and
validate data (e.g. supplies started and stopped, air bubbles persisted, etc.). Continuous
turbidity measurements were the most useful indicator of flushing, a finding consistent with
studies in CWS, and an empirical approach for measuring charge-up and flushing durations
was useful when hydraulic models were unavailable. Turbidity was also somewhat useful for
detecting potential contamination events, though air bubbles interfered with readings and
indicator bacteria were often detected in the absence of turbidity events. Continuous mea-
surements of conductivity, temperature, and pH (discussed in SI) provided minimal insight
into mechanisms affecting contamination, and continuous chlorine measurements may be
more useful indicator in systems where chlorine residual is regularly maintained. Indicator
bacteria were useful for detecting persistent contamination and understanding varying risks
to water quality over time and between locations; however, since these are collected as grab
samples, they could not be used to detect short contamination events.

The tools and analysis techniques developed in this research can be applied to other
systems. Similar methods to data from other types of IWS systems would help with under-
standing the spectrum of IWS practices and their differential impacts on water quality, while
research on more controlled IWS conditions could be used to distinguish between mechanisms
causing contamination.
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Chapter 5

Household water use and utility water
loss in an intermittent piped water
distribution system

5.1 Introduction

In intermittent piped water supply (IWS) systems, water consumption can be restricted by
short supply durations and low pressure at taps, as well as residents’ ability to collect, store,
and use that water. Measurements of how much water residents consume are necessary for
understanding water access, equity, and losses. However, data collection on household water
consumption in IWS is often haphazard because meters are lacking or inaccurate. Together,
constrained supply and poor data pose significant challenges in measuring and understanding
household water use.

Intermittent supply regimes can be improved by increasing the frequency and reliability
or intermittent water delivery or by converting to continuous supply; both paths require that
utilities reduce water loss (Ismail and Puad, 2007; Vairavamoorthy et al., 2007). Water loss
and waste can occur in the utility network or in households; in IWS systems, the relative
importance of losses at each scale (before and after the tap) is debated, but few data are
available (McIntosh, 2003). Complicating the problem of loss reduction, definitions of water
loss vary by sociopolitical and institutional context, though conceptions of what constitutes
waste are important for developing water accounting metrics. Uneven delivery of and access
to water in cities and towns with IWS can result in inequities among residential consumers;
therefore, equity and sufficiency of water supply also factor in conceptions of loss.

Volumetric accounting, also known as a mass or water balance, compares the volume of
water input to a system to the output volumes at the output. Municipal utilities perform
these audits at the micro scale (household) or mezzo scale (service level, e.g. a water supply
system), while regional and national agencies perform audits at macro scale (catchment or
basin). Water accounting methods used to derive metrics of household water consumption
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and utility performance (e.g. unaccounted-for water) are well developed for fully pressurized
and metered water systems typical of industrialized nations. However, these methods fail
in many developing world contexts for two reasons: (1) many supply lines and households
are not metered, and (2) supplying water for limited durations complicates measurements of
pressure and flow rates.

To address this, I estimated household water consumption under infrequent intermittent
water delivery in a city where meters are scarce by using several methods to triangulate
consumption: metered data, storage container inventory, and structured observations of
water collection and use. These new estimates of per person water consumption are used to
assess household water consumption and compare physical losses in the utility network with
losses after household taps.

5.2 Accounting for water: Household and utility

metrics under intermittent water supply

Below, I discuss the methods and challenges in accounting for water at the household and
utility scales in intermittent systems and motivate methods of measuring water consumption.

5.2.1 Household water accounting

Household water accounting usually assumes that the utility provides enough water to meet
household demand (“demand-driven regime”) and that water meters accurately measure use
at households. Where these assumptions hold, measurements of volumetric consumption
are used to compare water use between households, set and enforce block tariffs, target
demand reduction programs, and quantify water loss in the distribution system. However,
in IWS systems with short supply durations and infrequent water delivery, the system can
shift from a demand-driven regime to a supply-driven regime. In a supply-driven regime,
the quantity of water delivered to a household is a function of utility allocation (supply
duration and frequency) and water pressure. In practice, allocation is often uneven within
and between supply areas and is influenced by topography, valve operations, leakage, and
household modifications such as booster pumps (Vairavamoorthy et al., 2007).

Micro-scale factors may also constrain the volume of water available to a particular
household. Households with their own tap and a hose can access water for the entire delivery
period. As the number of households sharing a connection increases, a households access to
the water at a connection declines. The need to carry water from a tap in pots will further
limit access, depending on the queue to fill pots and labor available to fetch water. Some
households attach pumps directly to distribution system pipes, increasing flow through their
tap while decreasing pressure for nearby users. Households of low socio-economic status
(SES) often lack roofs strong enough to support an overhead storage tank or lack space to
store containers water inside, while high SES households can install large roof tanks. These
systems of infrastructure intersect with behaviors that include using alternate water sources
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and shifting water intensive uses to supply periods (Rosenberg et al., 2007). These layers
of coping infrastructure and behavior complicate the task of measuring household water
consumption.

5.2.2 Utility water accounting

Utility water accounting compares measured inflow into the distribution system with mea-
sured consumption to estimate losses. Water loss is ubiquitous in urban supply networks
and, in many developing countries, is estimated to exceed 50% of water input to a distribu-
tion system (Kingdom et al., 2006; van den Berg and Danilenko, 2011). The International
Water Association water balance approach (Alegre et al., 2000; Pilcher et al., 2008) sepa-
rates real/physical losses (e.g. water lost through leaks or overflows from storage tanks) from
apparent/commercial losses (e.g. inaccurate meters, illegal consumption). Water accounting
is used to derive several metrics that are used to compare and monitor utility performance.
Unaccounted-for water (UFW or UAW) is the difference between water production and con-
sumption, expressed as a percentage of production; however, this metric does not provide
information about whether losses are real or apparent. A more broad definition of loss,
non-revenue water (NRW), measures water produced and distributed for which no revenue
is collected (this includes UFW).

However, existing accounting methods rely on two key assumptions: (1) data from me-
ters is available at both production sites and consumer connections, and (2) water supply
is continuous. These assumptions do not hold in intermittent systems, which include an
estimated one-third of African and Latin American cities and more than half of Asian cities
(WHO and UNICEF, 2000; van den Berg and Danilenko, 2011). Most methods of measuring
utility water loss require detailed data that are often scarce or inaccurate in many devel-
oping countries (e.g. production or distribution system meters, maps, and records of pipe
material and meters) (Jeffcoate and Saravanapavan, 1987; Kandra et al., 2004; Schouten and
Halim, 2010). Residential consumption meters, where they exist, may have been damaged
by intermittent pressure or underestimate consumption when pressures are low (Criminisi et
al., 2009). Connections are often shared between multiple households or are tapped illicitly,
making the calculation of per-capita daily usage highly uncertain. Additionally, reporting
water loss estimates calculated based on limited supply periods can mask the true extent of
pipe problems and may incentivize shortening supply durations.

5.2.3 Objectives

Measuring water use and losses in intermittently supplied distribution systems with few
meters is not straightforward and existing methods developed for continuous supplies are
inadequate. In the next section, I describe a strategy of triangulation to measure household
water consumption. These results are used to compare measurement methods to gain a more
accurate understanding of consumption in an intermittent supply system. These methods are
based on characteristics of household water access and infrastructure that can be identified
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relatively rapidly and without costly equipment, and thus should be transferable to other
developing world cities.

5.3 Methods

A typology of likely per household water consumption was developed based on character-
istics contributing to differential water access and storage capacity. The quantity of water
that households collected from taps (consumption) was measured using meters and storage
container inventories. These measurements were then augmented with structured interviews
and household survey data to estimated water used directly from the tap during delivery.
Distribution system water loss was then calculated using these average monthly household
water consumption estimates.

5.3.1 Study site

Data on demographics, water connections, supply frequency and duration, and water storage
and pumping infrastructure (including overhead and underground tank volumes) were col-
lected from household respondents in Hubli-Dharwad as part of the household survey during
the first of four rounds of data collection (November 2010 - February 2011).

5.3.2 Typology

Unstructured interviews among a subsample of households enrolled in the study (n=40) and
conversations with local water managers were used to define a typology of water access and
use. Households enrolled in the study were then classified into a typology along a scarcity
gradient based on their coping infrastructure and social factors (e.g. low pressure, many
users sharing a tap, a short delivery period) that influenced the total volume of water they
consumed. They key characteristics used in the final typology definition (all of which were
easy to collect data on) were: 1) number of households sharing a tap and who owned the
tap and 2) presence or absence of an overhead tank.

• Type 1: Consumers without an overhead tank that access water from (a) a public
connection, or (b) a neighbor’s connection shared with more than two other households,
or (c) their own connection shared with more than three households.

• Type 2: Consumers without an overhead tank that access water from (a) their own
connection that is not shared, or (b) a neighbor’s connection shared with one or two
other households, or (c) their own connection shared with between one and three other
households.

• Type 3: Consumers with an overhead tank that access water from their own connection
shared with at least one other household.
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• Type 4: Consumers with an overhead tank that access water from their own connection
that is not shared with any other households.

5.3.3 Measured water consumption

When municipal water supply was delivered through taps, flow rates varied throughout
supply periods (0-5.5 liters per minute) and water users filled myriad storage containers and
performed water-intensive tasks. Given these complicated pressure, storage, and water-use
behaviors, three methods of measuring household water consumption were used to triangulate
total water consumption, as no one method was accurate alone. These methods included:
(1) metered data, (2) measured storage containers, (3) structured observations of use directly
from the tap, and (4) survey data reporting time to collect water. These measurements were
constrained to municipal water supply; supplementary water sources (e.g. borewell water)
were excluded. Water consumption data are reported in units of liters per capita per day
(LPCD).

5.3.3.1 Metered volumes

Metered water consumption records were available from the first round of data collection
(Nov. 2010 - Feb. 2011) for 389 households with IWS that were enrolled in the study
(n=1951). For 95 households that could not be matched to utility records, enumerators
recorded the volume and charges from the household’s most current bill at the time of
survey. Billing data were reported in units of kL/con/mon. To convert to units of LPCD,
the metered volumes were divided by the average number of days in the month, the number
of households sharing the tap, and the number of people living in the household.

5.3.3.2 Storage capacity

Container inventories were conducted at 14% (n=236) of enrolled households during the
first round of data collection (Nov. 2010 - Feb. 2011), selected as the first household visit
during a day of data collection. Enumerators measured the height, perimeter, and shape
(ellipsoid, cylinder, or rectangle) of water storage containers. These dimensions were used
to calculate each container’s volume. Households reported the volumes of overhead and
underground tanks. If multiple households shared these tanks, the total volume was divided
evenly between the households. In cases where overhead and underground tank volumes
were missing or unknown, the overall mean volume was substituted for the same type of
tank material. Households also reported whether the water in underground or overhead
tanks was municipal water, borewell water, or mixed; only municipal water volumes were
used in our estimates. Calculations of storage capacity assumed that all containers were
empty before the supply cycle and were filled completely during the cycle (the implications
of this assumption are discussed in the results).
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To arrive at measurements in units of LPCD, the total household storage capacity was
divided by the reported number of people in the house and the number of days between
supply cycles.

5.3.3.3 Consumption during supply

The volume of water households used directly from the taps (without storing) was estimated
using a water balance approach, where the total volume of water delivered to a household
tap (Vtotal) is the sum of the volume added to storage (Vstored) and the volume used directly
from the tap during delivery (Vused), given by

Vtotal = Vstored + Vused (5.1)

An average use factor (UF ) was developed for each typology, which estimates Vused as
the fraction of a household’s storage capacity (Vstored), given by:

Vtotal = Vstored + UF ∗ Vstored (5.2)

The UF is developed through two methods: (1) flow rates (from structured observations)
and (2) time spent collecting water (from survey data). An average UF for each type was
calculated by averaging the UF of all households in each type.

Observations. Ten structured observations were carried out in June-July 2011 in two or
three randomly selected Type 1, 2, and 3 households. The data collected through structured
observations were not intended to be statistically representative, however, they do indicate
the range of water use behaviors and inform interpretation of the survey data. Shortly before
delivery of water to households, container volumes, the volume of stored water remaining in
containers, and the conductivity of water in storage containers were measured. Conductivity
was used to determine whether the water in a container had come from a borewell, city supply,
or a mixed source (the conductivity of surface and groundwater was <600 µS/cm and >800
µS/cm, respectively) (see Chapter 3). One tap in each selected household was observed for
the entire water delivery period, noting how much stored water was used or thrown away,
the volume of water stored for future use, and how households used water while it was on.
The duration of each activity was recorded (e.g. washing clothes, bathing, filling containers,
letting water flow down the drain unused) and the flow rate was measured four times during
each supply cycle by measuring the duration of time to fill a container of known volume.
These flow rate measurements were used to estimate the volume of water used directly from
the tap.

• Use based on flow rates. One estimate of use was based on flow rates measured
during structured observations. The total volume of water consumed for each observed
household (n=6) was calculated by multiplying the flow rate (Q) by the observed
supply duration (Ttotal). Since flow rates varied throughout the supply cycle, a min-
imum, average, and maximum value was calculated for each corresponding flow rate.
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Vstored was measured for each observed household by conducting a container inventory.
Therefore, the UF based on these data is:

UF =
Vused
Vstored

=
Q ∗ Ttotal − Vstored

Vstored
(5.3)

However, this method is of limited use for households that have an overhead tank
(Types 3 and 4). In these households, there are often branching pipes from the main
connection; therefore, the observed flow rate at one tap is likely only a fraction of the
available water.

• Use based on time. Vtotal for each household in the survey (n=1801) was calculated
as the duration of time households received water at the tap (Ttotal) divided by the
number of households sharing a tap (N) and multiplied by the flow rate (Q). Vstored was
estimated as the reported duration of time households reported filling their containers
(Tstored) multiplied by the flow rate (Q). The difference between these volumes is
the maximum volume of water a household could use directly from the tap; however,
households did not necessarily use water for all of the available time. To account for
this, a factor A was used to adjust this time based on the activities households reported
engaging in after they finished storing water. Households that reported using all of
the available water or passing the tap to a neighbor were assigned a value of A=1.
Households that reported turning the tap off after they finished storing water likely
used a fraction of the available time (the low, medium, and high was estimated as an A
of 0, .5, and 1, respectively). This calculation also assumes the average flow rates were
similar within a household when storing containers or using water directly; therefore,
data on flow rates were not required for calculating the UF using this method. UF
was then given by

UF =
Vused
Vstored

=
(Q ∗ Ttotal

N
−Q ∗ Tstored) ∗ A
Q ∗ Tstored

=
(Ttotal

N
− Tstored) ∗ A
Tstored

(5.4)

5.3.4 Distribution system losses

Unaccounted-for water (UFW) was calculated using a water balance approach, given by

UFW =
Vsupply − Vconsumption

Vsupply
(5.5)

Since bulk meters were installed only at the sources, Vsupply was estimated as the total
bulk supply to residential consumers in Hubli and Dharwad (2,535 ML/month) divided by
the population of Hubli-Dharwad (943,857). This resulted in an average Vsupply of 88 LPCD.

Vconsumption was estimated using the methods presented previously. Additionally, these
estimates were compared with Vconsumption used by the KUWS&DB. The KUWS&DB es-
timated household unmetered consumption as a minimum of 15 kL/con/mon for normal
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connections, 12 kL/con/mon for customers that use their connection only occasionally, 8
kL/con/mon if a household is in a zone with low pressure, and 25 kL/con/mon for public
taps. By multiplying each estimate by the percent of connections in that category in the
city and dividing by the average number of households charing a connection (1.8), the av-
erage number of people in a household (6.5), and the number of days in a month. Average
consumption estimated in this way was 28 LPCD.

5.3.5 Statistical analysis

Water quantity data were log-normal, therefore geometric means were used as the measure
of central tendency and performed statistical tests on their rank values. Graphing and data
analysis were carried out using R (R Core Team, 2012). Values were considered significant
at the p<0.05 level.

5.4 Results and Discussion

Characteristics of the study site, including supply durations, prevalence of meters, and ty-
pologies, are presented first to provide context for the results. Next, the triangulated esti-
mates of per person water consumption are presented and discussed. These estimates are
then used to understand water consumption and equity of access between households and to
estimate distribution system water losses.

5.4.1 System description

In all eight wards during the first-round study period (Nov. 2010-Feb. 2011), the median
supply duration was four hours and median days between supply cycles was six days. The
utility supplied limited durations of water to small sections of the network rotationally
throughout the cities. Supply durations varied within neighborhoods: households connected
to a main line often received water for longer periods while areas with differing elevations
received water at different pressures.

The volume of water available to taps depends on the duration, frequency, and pressure
supplied by the utility (referred to here as allocation). Additionally, households’ water access
is affected by the number of households sharing a tap and their storage infrastructure. These
factors can lead to inequity of water consumption between wards and between households
(Fig. 5.1).

Predominant typologies, which reflect the ability of households to collect and store water,
varied between wards (Fig. 5.1). In wards 14, 25, and 38, more than half of households had
overhead tanks (Type 3 and 4), reducing their vulnerability to fluctuations in the frequency
of supply, while in the remaining wards, only 12%-32% of households had overhead tanks
(Table 5.1). Wards 16 and 18 had the highest percentages of households categorized as Type
1, representing the most vulnerable households (Fig. 5.1 and Table 5.1).
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Figure 5.1: Average liters per capita per day (LPCD) based on estimates of storage capacity
for each cluster within each ward. Pie charts in the bottom right of each plot show the
makeup of each ward based on typology.

The percent of households with functioning meters varied between and within wards and
types (Table 5.1). Few Type 1 households had functioning meters (14%), compared to 20%
of Types 2 and 3 households and 43% of Type 4 households. Few households in Ward 57
and 58 had functioning meters, while at least a quarter of households in the remaining study
wards had meters (Table 5.1).
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Allocation in Hubli-Dharwad’s supply-restricted distribution system could have affected
the quantity of water available to households. The geometric mean duration of supply to a
connection reported by Type 1 households was 4.8 hr, the longest duration of any typology.
Average durations were similar among connections reported by Types 3 and 4 households (4.6
and 4.4 hr, respectively). The average duration among Type 2 households was significantly
lower than the other types (4.0 hr) (Wilcoxon Rank-Sum, p<0.05). However, after dividing
the hours of supply by the number of households reportedly sharing the tap, the average
duration of supply changed substantially: Type 1 households had an average of 36 minutes
of access to the tap, while Type 2 had 2.4 hours, Type 3 had 1.6 hours, and Type 4 had 4.4
hours.

Pressure can also play an important role in water availability. Measured pressure in the
distribution system varied between wards from 0-35 psi (see Chapter 4). Households attach
pumps directly to taps to draw more water, an action that increases flow to that tap but
decreases flow to nearby taps. Few Type 1 or Type 2 households had pumps (8% and 22%
of households, respectively), though most reported attaching their pump directly to the tap.
More than half of Type 3 and 4 households (62% and 77%, respectively), though only half
of those with pumps reported attaching them directly to the tap (pumps are also used for
filling overhead tanks from underground sumps).

5.4.2 Household Water Consumption

Fig. 5.2 presents data on per capita consumption by typology compared against two metrics
of adequate water use. 50 LPCD, the minimum recommended quantity required for humans
to meet the needs of drinking, cooking, and basic hygiene, is used to assess whether consumers
have access to a minimum quantity of water (Gleick, 1998) (the standard for the minimum
water provision through public standposts in India is 40 LPCD (CPHEEO, 1999)). The
Indian government sets a design standard of 135 LPCD for a city with Hubli-Dharwad’s
infrastructure (partial sewerage), which is useful for comparing with the sizing requirements
used for planning the distribution system network (CPHEEO, 1999)

5.4.2.1 Storage capacity and metered volumes

Daily per capita consumption varied between typologies, with increased consumption as
restrictions on water access decreased (sharing connections with fewer households, larger
storage capacity). Type 3 and 4 households had overhead tanks (median volume 900 L
per household), resulting in significantly more storage capacity than Types 1 and 2, which
had miscellaneous containers (median volume 480 L per household) (Fig. 5.2). Type 1
and 2 households had very limited storage capacities, with median volumes less than the
recommended minimum for meeting daily requirements without supplemental water (50
LPCD), while households in Typologies 3 and 4 appear to have storage volumes greater
than 50 LPCD (Fig. 5.2). All types had a median storage capacity less than the design
standard of 135 LPCD.
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Data from meters were available for only three Type 1 households (which made up 11%
of the sample population); the remaining types had median metered consumption volumes
greater than 50 LPCD, while few households in the sample met design standards of 135
LPCD.

The two estimation methods (measured containers and metered volumes) did not pro-
duce statistically different consumption volumes for Type 3 and 4 households. However, es-
timates of stored volumes for Type 2 households was significantly less than metered volumes
(Wilcoxon Rank-Sum, p<0.05) (Fig. 5.2). Despite their differences in storage capacities,
Type 2 and 3 households had similar median metered consumption volumes (Fig. 5.2).
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Figure 5.2: Box and whisker plots show the median, lower and upper quartiles, and outliers
of liters per capita per day (LPCD), grouped by typology using two measurement methods
(storage container measurements and meter records). Horizontal lines at 50 and 135 LPCD,
representing guidelines for per capita consumption.

These discrepancies between metered consumption and storage capacity supports our
observations that people did water-intensive tasks after filling containers, particularly in
households without overhead tanks. This suggests that stored water volumes underestimate
total use for households without overhead tanks. To account for these observed patterns
of use, stored water estimates were augmented with a use factor (UF ), described in the
methods section with results presented in the next section.
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Table 5.2: Table of water use factors (UF ) as a fraction of the total storage capacity using
1) Flow rates and 2) Time at the tap available to households for using water.

Type 1) Flow rate 2) Time at tap
low mean high low med high

1 -0.8 -0.1 -0.3 0.3 0.4 0.4
2 -0.6 -0.1 0.4 0.4 1.0 1.6
3 -0.9 -0.7 -0.6 0.3 0.7 1.0
4 -0.9 -0.7 -0.6 0.4 1.7 2.9

Some estimates of UF calculated based on flow rate were negative; since flow rates were
highly variable and were sampled only several times throughout a supply cycle, the total
estimated flow at the tap was sometimes less than the volume added to storage containers.
These results also suggest challenges in measuring use in households with overhead tanks
(Type 3 and 4) due to several confounding factors identified through structured observations.

Most households with an overhead tank have a branching connection: while the overhead
tank fills, another tap is available for use by households. Therefore, flow rates measured at
the latter tap can underestimate the total volume of flow. Additionally, since many overhead
tanks fill automatically, the duration of time reported by households with overhead tanks
for filling storage containers is likely less than the time to fill their total storage capacity,
complicating measurements based on time for filling containers.

Calculations based on storage capacity assumed that all tanks were filled completely with
each supply cycle. However, since it was observed that large overhead or underground tanks
were rarely emptied, storage estimates for overhead and underground tanks may overesti-
mate actual consumption. However, overhead tanks overflowed sometimes for minutes or
hours during supply periods, which would result in increased metered consumption but not
be accounted for in storage measurements. Additionally, metered data may be inaccurate, as
very low flow or low pressure can result in underestimating flow while air bubbles (frequent
during the start of supply) can overestimate flow and repeated wetting and drying may dam-
age meters (Criminisi et al., 2009; Totsuka et al., 2004). It appears these confounding factors
may cancel out, since metered and storage capacity estimates were statistically similar be-
tween Type 3 and Type 4 households (Fig. 5.2). Therefore, given the difficulty of estimating
an accurate volume of water used directly from the tap for Type 3 and 4 households and the
competing factors affecting estimates of consumption, water consumption was estimated for
Type 3 and 4 households using only average storage capacity.

The geometric mean of total average consumption for Type 1 and 2 households is is
shown in Fig. 5.3. Total consumption was estimated as the sum of the storage capacity and
the estimated volume used directly (storage capacity multiplied by the UF ). The geometric
mean of total consumption for Type 2 households was 24 LPCD (flow method) or 36 LPCD
(time method) (Fig. 5.3). Although Type 2 households consume similar volumes of water



CHAPTER 5. HOUSEHOLD WATER USE AND UTILITY WATER LOSS IN AN
INTERMITTENT PIPED WATER DISTRIBUTION SYSTEM 75

Li
te

rs
 p

er
 C

ap
ita

 p
er

 D
ay

 (
LP

C
D

)

mean: 14 19 13 24 36 45
(n=43) (n=43) (n=3) (n=196) (n=196) (n=90)

Use by
Flow

Use by
Time

Use by
Flow

Use by
Time

Measured
containers

Meter
records

Measured
containers

Meter
recordsType:

1 2

0

25

50

75

100
Measured volume
Volume used while supply on

Figure 5.3: The geometric mean of total water consumption for type 2 and 3 households
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storage volume augmented with an estimate of use while water is on using the mean use by
flow rate (Use by Flow) and the medium estimate of use by time (Use by Time) and (2)
metered volumes. The geometric mean of consumption volumes and sample sizes are printed
above each bar.

as Type 3 households, these results suggest that the timing of that use is different. Lack
of an overhead tank imposes coping costs on Type 2 households, which instead must wait
until supply periods to wash accumulated clothes and dishes. Type 1 households, which
differ from Type 2 households in their access to the tap, have limited ability to use water
due to their restricted access, restricting their overall municipal water consumption. Since
only three Type 1 households were metered, the storage capacity and use estimates may
more accurately reflect consumption, which was 14 LPCD (flow method) or 19 LPCD (time
method).

As noted previously, our calculations assume that containers were empty when the supply
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cycle began and were re-filled completely during each supply cycle. However, it was observed
that some water remains in measured containers, which is then used for non-essential tasks
such as flushing out gutters once water is delivered at the tap. Overall, 17% of households
reported throwing the remaining water away and 10% of households reported having no extra
water, while the remaining households used the water for chores or gardening. Addition-
ally, these estimates omitted containers that reportedly contained water from non-municipal
sources. While borewell water is an important supplementary source for many residents
of Hubli-Dharwad, they were excluded from this analysis since this focused on access to
municipal treated pipe water.

After they finished filling their containers and using the water, 28% of users reported
passing their tap on to another household, 16% of households reported using all of the
available water from their tap, 56% reported turning the tap off, and only four households
reported leaving it on (n=1951). This gives us a sense of how many households were water-
limited or sharing-limited, and how many can access all the water they want or need.

5.5 Water losses

5.6 Distribution system losses

The volume of supply per person per day was estimated as 88 LPCD (described in the
methods section); while this is likely different for each ward due to varying pressures and
durations, detailed data for each ward were not available.

Three methods of estimating consumption are demonstrated here to assess the results
they produce in UFW, with three wards selected to demonstrate as examples. These methods
include estimates based on metered data, storage capacity combined with the use factor, and
the estimates used by the KUWS&DB (described in the methods section).

For methods involving calculations based on typology, the geometric mean of the total
water consumption for each person per day uses the storage capacity for total water con-
sumption among Type 3 and 4 households (45.5 and 90.6 LPCD, respectively), while the
sum of the storage capacity and the estimated use based on time at the tap were used for
Type 1 and 2 households (19.1 and 35.7 LPCD, respectively).

Unaccounted-for-water (UFW) was calculated with these data sources using five models
(Table 5.3).

• Model 1 (Typology): Total water consumption estimated using storage capacity and
direct use for each type multiplied by the percent of each household type in each ward.

• Model 2 (Metered): Average of only metered data for each ward.

• Model 3 (Utility): 28 LPCD (explained in the methods).
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Table 5.3: Monthly consumption (Con) in liters per capita per day (LPCD) in Ward 25, 38,
and 57 and unaccounted-for water (UFW) estimates using five models.

Model Ward 25 Ward 38 Ward 57
Con UFW Con UFW Con UFW

LPCD % LPCD % LPCD %

1. Typology 52 41 59 33 40 55
2. Metered 51 43 70 20 28 68
3. Utility 28 68 28 68 28 68
4. Metered and Typology 46 48 56 36 37 58
5. Metered and Utility 38 57 43 52 28 68

• Model 4 (Metered and Typology): The sum of the average of the metered data multi-
plied by the percent of the ward with functioning meters and the consumption using
the same method as Model 1 multiplied by the percent of the ward without meters.

• Model 5 (Metered and Utility): The sum of metered data multiplied by the percent of
the ward with functioning meters and the 28 LPCD multiplied by the percent of the
ward without meters.

An estimated 46%, 35%, and 4% of connections were metered in Wards 25, 38, and 57,
respectively. Estimated losses in Ward 25, where nearly half of connections were metered,
ranged from 41-68%. In Ward 38, which had fewer meters, losses were lower (20-68%). In
Ward 57, which has few meters, estimated losses ranged from 55-68%.

These results suggest that our estimates based on measured storage capacity and direct
use were similar to estimates for unmetered use by connection used by the KUWS&DB.
They also suggest that there may be higher losses in Wards 57 and 25 than in Ward 38;
ward-level data on losses could help the utility target loss reduction strategies within the
cities. However, there are several sources of uncertainty in this calculation. In particular,
the estimate of the volume of supply likely varies between wards. Improving the accuracy
of data on supply to sub-sections by measuring flow rate or installing meters could improve
estimates of water loss per ward and help the utility target and prioritize loss reduction
strategies.

The UFW in the distribution system estimated using any of the methods is high. In
industrialized countries, average physical losses are 12%, compared to estimates of non-
revenue water in developing country cities of 35%, with an estimated 60% of these as physical
losses (Kingdom et al., 2006). The average unaccounted-for water in the three studied wards
was more than 50% of water input to the distribution system.
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5.7 Conclusions and Policy Implications

This chapter presented new methods of estimating water consumption in unmetered house-
holds with IWS by measuring storage containers and estimating direct use during supply
through unstructured observations and survey data. The resulting estimates of per capita
water consumption were similar to data obtained through meters within typologies stratified
along a water scarcity gradient. Therefore, if metered data exist for some households, it
may be reasonable to extrapolate to other households within typologies. Alternatively, if
no metered data are available, the methods presented here may provide insight into water
access, consumption, and losses.

Increased understanding of how much water is being used can illuminate inequities em-
bedded in existing urban water infrastructure and support utilities in crafting policies that
increase equity in water access. Overall, per capita water availability was low and there were
substantial disparities in the quantity of water households accessed. In particular, house-
holds who shared a tap with many others and had limited storage capacity (Type 1) used
use very little water (< 50 LPCD), while hardly any households are using the design value
of 135 LPCD. Households with overhead tanks are, on average, using less water than the
design value.

Additionally, the quantity of water used directly from the tap without storage varied
between typologies. Type 2 households, which lacked an overhead tank but had more access
to a tap, used the most water during supply; therefore, households that received very limited
amounts of water (Type 1) were not necessarily limited because of unequal supply duration by
the utility but rather by access to time at the tap and storage capacity. Strategies to improve
equity in access to water could include reducing the number of households sharing a tap,
providing longer durations of supply to geographic areas that are particularly constrained, or
increase households’ storage capacity. To accomplish this, it may be possible to approximate
the methods presented in this chapter to better understand equity of access in a system and
adjust supply durations that improve access to all households.

The relative importance of losses at different scales (utility vs. household) is often debated
(McIntosh, 2003). More than half of water was lost in the distribution system in Hubli-
Dharwad and that most households were consuming - and therefore wasting - very little
water. Reducing losses in the distribution system could significantly increase available water.
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Chapter 6

Conclusions

The previous chapters examined how intermittently supplied piped water impacted the qual-
ity and quantity of water delivered to residential taps in Hubli-Dharwad, India. This thesis
showed that the intermittent supply was frequently subject to contamination in the distri-
bution system and that households with intermittent supply consumed limited quantities of
water. While this thesis also demonstrated that converting to a continuous water supply can
improve water quality when compared to intermittent supply, this conversion may not be
possible in the near future for resource-constrained towns and cities. Therefore, expanding
knowledge of the mechanisms causing contamination and constricting water access can in-
form strategies that improve the current intermittent systems. The major contributions of
this research are:

• Compared microbial water quality between an intermittent and a continuous distribu-
tion system.

– Detected more contamination by indicator bacteria at taps provided intermit-
tently compared to those provided with continuous supply, providing evidence
that continuous supply does provide the expected benefits to water quality.

– Improved understanding of water quality deterioration along the distribution sys-
tem from the water treatment plant to consumer taps and identified seasonal and
geographic differences.

– Identified sub-sections of the intermittent distribution system that provided water
of similar quality to that in the continuous system. This suggests that there may
be opportunities to improve water quality in the intermittent system.

– Quantified the negative impact of household storage on water quality in both the
intermittent and continuous systems.

• Improved understanding and found evidence of the mechanisms affecting microbial
water quality in intermittently supplied piped water distribution systems.
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– Critically reviewed the existing knowledge of mechanisms affecting water quality
in IWS systems.

– Documented water quality in an IWS throughout the supply cycle to track tem-
poral variation, particularly the effect of flushing when supply was first turned
on.

– Quantified the relationship between pressure, chlorine, and indicator bacteria in
an intermittent supply to provide insight into minimum pressures required for
preventing intrusion or backflow during supply.

– Detected evidence of contamination in an IWS system and identified mechanisms
that may have caused the observed contamination.

• Developed methods of measuring water consumption in unmetered households with
intermittent supply and used these estimates to understand equity of water access and
distribution system losses.

– Triangulated estimates of household water consumption by measuring both vol-
umes stored and volumes used directly during supply. These estimates were com-
pared with data from meters.

– Estimated the volume of water available to households and compared these with
recommended standards, finding that some households received far less than min-
imum recommendations.

– Compared the scale of losses in distribution system to that in households to
demonstrate the utility of these new methods and contributed evidence to the
debate over whether water loss in intermittent systems occurs in distribution net-
works or at households.

While this research does not recommend IWS as a mode of operation, these systems
currently provide water to hundreds of millions of people. This thesis expanded knowledge
of the mechanisms through which IWS affects the quality and quantity of water available
to residents. The site studied in this thesis represents an example of severe intermittency,
which was useful for demonstrating the most extreme effects of IWS.

The results discussed the previous chapters suggest that it is possible to develop strategies
that incrementally improve the safety and sufficiency of intermittently delivered water. For
example, introducing programs that flush pipes after supply is first turned on, targeted
increases in pressure to areas in networks with persistent low pressure, and maintaining
chlorine residual throughout the network would be expected to improve tap water quality,
though additional research is required to design such interventions. There is a clear need
to improve data collection within the studied system and in other intermittent systems, as
there is little data currently available. In particular, water quality and quantity data from
systems with less extreme intermittency (more frequent and longer supply durations) could
help explain mechanisms affecting water quality that were not possible to identify in this
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study site (e.g. causes of periodic contamination) and investigate whether increased supply
frequency or duration could improve water quality or equity. An additional challenge that
was not studied in this thesis is how reliability and predictability of water delivery can affect
water quality and quantity.

Scale-up of continuous water supply can be improved in Hubli-Dharwad and in other
Indian cities considering the conversion. Future implementations should include strategies
that eliminate household water storage. Identifying the causes of the observed periodic
contamination in the continuous supply network can also help ensure that this conversion
achieves the maximum possible benefits. While the site examined in this thesis achieved
continuous supply by replacing the distribution network and converting directly to continuous
supply, there may be alternative paths, such as continuous supply without improvements in
infrastructure or increment increases in supply durations.

Intermittent piped water supply is currently a common and important service providing
water to people throughout low- and middle-income countries, underscoring the need to study
how systems currently function and develop effective and efficient strategies that improve
their service to residents. Expanding knowledge of how these systems function and the
mechanisms through which they affect water at residential taps can help to ensure that
people with piped water receive water that is reliable, safe, and sufficient.
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