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Preface

he second edition of Water Loss Control has been written in the same spirit as the

first edition, as a comprehensive guide to water auditing and hands-on reduction

of water and revenue losses in water utility operations and management. The goal
of the authors was to update the book with information on important innovations and
technologies that have been developed since the first edition was released in July 2002.

Climate issues, growing populations and deteriorating water supply infrastructure
are exerting unprecedented pressure on water resources throughout the world. As a
result, government and regulatory bodies and water utilities are experiencing a growing
awareness of the importance of accurately assessing and efficiently controlling water
losses as a means to preserve water resources while facilitating growing communities.
Hence raising awareness of the extent of the problem and current practices in many
systems in North America and around the world is still a very important component of
this book. The book covers the tools required to perform an IWA/AWWA standardized
water audit both on paper and in the field. Every water utility has unique characteristics
and losses and a variety of effective tools must be available in the practitioner’s tool kit.
This book provides valuable information for water utility managers to select the correct
tools and methodology for the water and revenue losses encountered in their operations.
The emphasis of the book is to promote the use of effective water loss control methods
and tools as a cost-efficient means of controlling unchecked losses in water utilities. The
book is suitable either as an educational tool for the inexperienced operator or as a
reference manual for the more experienced operator.

Anumber of useful water loss publications are available to the water supply industry,
however, this publication integrates ideas, techniques, methodologies and references
from many international sources, making it a truly flexible and very comprehensive
guide, which can be used in a variety of field situations.

Case study accounts of individual water utility experiences are an important
way to communicate that a particular method or approach is feasible and has
succeeded in a given setting. Referencing a case study account of a successful water
loss control program is an effective way for a water utility manager to enhance his
case when making a proposal for a new project or a change in rationale. It is very
effective in gaining support for a proposal to provide evidence that a similar program
has been carried out in an efficient and economical manner. Updates to some of the
first edition case studies are included in this second edition and the authors urge
interested readers to refer to the first edition accounts wherever possible. Case study
accounts are included in Appendix A.

xiii
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Xiv Preface

Throughout the book references are made to types of equipment, techniques and
software, all of which are generally accepted in the industry. The intent of this book is
not to promote one particular product, consultant, contractor or process but to promote
awareness of the water loss problems encountered in the water supply industry and the
innovative means to address them.

Julian Thornton
Reinhard Sturm
George Kunkel, PE.

Disclaimer

While every effort has been made to avoid endorsements of any particular brand or
model of equipment, consultant, contractor, software or process, the authors and the
publisher accept no responsibility or liability for any omission or claim to loss of
revenue, caused by the omission of a process type or alternative service provider. The
sole intention of this book is to pass on practical field knowledge to end-users with an
interest in water loss management.
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CHAPTER 1
Introduction

Julian Thornton
Reinhard Sturm
George Kunkel, PE.

1.1 Background

The world’s population exploded during the twentieth century. At the close of the year
2000 approximately 6 billion inhabitants called the planet earth home, up from 4 billion
in 1974.! That such growth could occur is a testament to man’s unique ability to provide
the essentials of clean air, water, food, and health
care to its masses. However, during the latter half of A

the same century, man also recognized that the s of February 2008, the
world’s resources couldn’t continue to sustain this | world population was estimated
rate of growth indefinitely; at least, not by using the | to be approximately 6.6 billion!
same methods to which we have become accustomed.
Our resources are finite.

The availability of safe water has been a major contributing factor in the growth of
the world’s population, by serving man’s drinking water and sanitation needs. The
ability to create large water supply systems to abstract or withdraw, treat, and transport
vital water to whole communities’ fingertips stands as one of history’s great engineering
marvels. Yet notable caveats exist to this success story. Many developing countries still
do not have the water supply infrastructure to provide clean water to individual
customers; or to supply it on a continuous basis. In such places, modern water systems
are lacking due to the same social, political, and economic complexities that challenge
all aspects of development in these lands. While these populations struggle to gain
basic levels of service, many highly developed water systems, in technologically
advanced countries, suffer an insidious problem that threatens the long-term
sustainability of water resources for the future—water loss. Most of the world’s water
systems, or undertakings, have been highly successful in delivering high-quality water
to large populations. However, most of these systems have done so with a notable
amount of water loss occurring in their operations. In years past, the seemingly infinite
supply of water in expanding “new worlds” allowed water loss to be largely overlooked.
With water readily available and relatively inexpensive, losses have been ignored by
water utilities, or assumed to be naturally inherent in operating a water supply system.

1
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Chapter One

1.2

But with the demands of growing populations, realization of the limits on our natural
resources and increasing costs from regulations and customer demands, it is becoming
increasingly unrealistic to allow water loss to be ignored.

Upon close evaluation it appears that many of the reasons for water loss from meter
error, leakage, or data mishandling are actually based on human failings and lack of
maintenance. Dickinson? has concluded that while it is difficult to generalize, the most
common reasons for water utilities not to address water loss in an appropriate manner
are: “political infeasibility of admitting system leakage, falsifying water accounting
records, lack of recognition that recapturing nonrevenue water with an upfront
investment is a still great business case with fast payback, and inherent mistrust of
anyone outside the utility examining their system.”

The intention of this manual is to explain the reasons why suppliers should reduce
lost water and identify how to resolve water loss problems using today’s technology in
an economically sound manner.

All water utilities and industrial and residential end users should practice water
loss control and water conservation regardless of the size of their system or nature of
their use. The level of water loss management effort that is being exercised by water
suppliers worldwide varies widely. Unfortunately, most of the water industry in the
United States and many parts of the world accord water loss only secondary priority
since the true economic and social impact of water loss has not yet been realized by
policy-makers. In this status water loss continues to suffer from a lack of good auditing
practices and a failure to reduce leakage proactively; instead waiting for the next
customer complaint to prompt the supplier to reactively repair the next problem leak.
However, in a small but growing number of countries throughout the world,
comprehensive water efficiency goals have been established. Water conservation,
watershed protection, reuse and the new discipline of leakage management have been
implemented as required practice by the highest level of government and supplier
performance is closely monitored and sometimes regulated. This new model of water
resources management is the way of the future because it must be, if mankind is to
continue to sustain its growth and its environment.

The Purpose of This Manual and Its Structure

This manual discusses in great detail methodologies to assess the volume of water
losses, water loss control methods and technology, and is aimed at providing the
practitioner with all the necessary background and theory to apply proactive water loss
management. However, this book also seeks to promote awareness, foster positive
attitudes, and pull together not just the ideas of the authors, but also those of other
specialists in the field. In addition to our ideas and
thoughts stemming from many years of hands-on
field intervention against water loss and inefficient
. : use, this book also highlights up-to-date case studies
e nd industry-specific papers to reinforce the
used to justify implementation concepts and methods already being successfully
of a more aggressive water| applied in the field.

loss management program in Case studies are an excellent tool for assisting
your utility. operators in preparing a master plan that takes an
aggressive stance against water loss and inefficiency.

This book provides many use-




Introduction

The fact that somebody else has done it before makes, in many cases, the job of selling
an aggressive program and budget to an executive manager or board of directors more
feasible. The steps undertaken in a water loss control program are discussed and
reviewed in detail throughout this manual. The chapters are self-contained and do not
need to be used in order although an operator with no experience in progressive water
loss control methods is urged to read the entire book. The manual focuses heavily upon
the progressive methods pioneered in the England and Wales in the 1990s and transferred
widely on an international basis. It also consistently evaluates the more “traditional”
conditions that exist in North America, and other nations, where water loss has not
been a foremost priority. This is done to demonstrate that the need to proactively control
lost water exists in even the most developed nations, and that easily transferable
technology now exists to control water losses.
The manual includes sections that allow the reader to

* Understand the nature and scope of water loss occurring in public water supply
systems
* Learn about the latest analytical methods and tools

* Assess water losses for any system by using a standardized water audit and
component based analysis of real losses

¢ Follow through all steps of a successful water loss control (optimization)
program

e Implement field interventions to control real losses
¢ Implement field interventions to control apparent losses
¢ Implement demand control
¢ Perform cost to benefit calculations
¢ Identify when and how to use a contractor or consultant
This manual is intended to be a hands-on tool for water system managers who are
motivated to understand the nature of water loss and take meaningful action to reduce

it. Its content provides a detailed road map for any water system operator to implement
a program that is the appropriate response for an individual water system’s needs.

References

1. Central Intelligence Agency. The World Fact Book [Online]. Available: www.cia.gov/cia/
publications/factbook. [Cited: March 10, 2007].

2. Dickinson, M. A., “Redesigning Water Loss Standards in California Using the New
IWA Methodology.” Proc. of the Leakage 2005 Conference, Halifax, Canada: World
Bank Institute, 2005.
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CHAPTER 2

Water Loss Gontrol: A Topic
of the Twenty-First Century

Reinhard Sturm
Julian Thornton
George Kunkel, P. E.

2.1 How Much Water Are We Losing?

Throughout the world water losses are occurring at both the end-user’s plumbing and
the water supplier’s distribution piping. Water losses are a universal problem and they
do occur in both developed and developing countries.

Water loss is defined as occurring in two fundamental ways:

1. Water lost from the distribution system through leaking pipes, joints, and
fittings; leakage from reservoirs and tanks; reservoir overflows; and improperly
open drains or system blow-offs. These losses have been labeled real losses.

2. Water that is not physically lost but does not generate revenue because of
inaccuracies related to customer metering (under recording customer meters),
consumption data handling errors, or any form of theft or illegal use is referred
to as apparent losses.

The sum of real and apparent losses plus unbilled authorized consumption is
defined as nonrevenue water (NRW) according to the standard International Water
Association (IWA) water balance methodology.!

The World Bank estimates that the worldwide NRW volume amounts to 12,839 bil-
lion gal/year (48.6 billion m®/year) (Table 2.1) and that the volume of real losses occur-
ring in developing countries alone is sufficient to
supply approximately 200 million people. The mon-
etary value of the global annual NRW volume was D
estimated by the World Bank to amount to $14.6 bil- id you know that the world-
lion U.S. per year.? The World Bank states in its report | Wide volume of NRW is approx-
that a high NRW level is normally a surrogate for a |imately 12,893 billion gal?
poorly run water utility that lacks the governance,

Copyright © 2008, 2002 by The McGraw-Hill Companies, Inc. Click here for terms of use.
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Real Losses Apparent Losses NRW Units

Developed 9.8 2.4 12.2 billion m3/year
Countries

Eurasia (CIS) 6.8 2.9 9.7 billion m3/year
Developing 16.1 10.6 26.7 billion m3/year
Countries

Total 32.7 15.9 48.6 billion m3/year
Developed 2589 634 3223 billion gal/year
Countries

Eurasia (CIS) 1796 766 2562 billion gal/year
Developing 4253 2800 7053 billion gal/year
Countries

Total 8638 4200 12839 billion gal/year

TaBLe 2.1 Global Water Loss Volumes Estimated by the World Bank

Did you know that many loca-
tions in the United States suffer
from periodic water shortages,
or project a long-term deficit
in water supply? Surprisingly,
there are no federal regulations
governing how much water a
supplier can lose!

There are 55,000 community
water systems in the United
States alone, water losses are
suspected to be around 6 bil-
lion gal a day!

The amount of water lost in
the United States is more than
enough to meet the delivery
needs of the country’s 10
largest cities!

the autonomy, the accountability, and the technical and
managerial skills necessary to provide reliable service to
their population.

Another study conducted by the U.N. Environment pro-
gram estimates that by the year 2025, as much as two-thirds
of the world population may be subject to moderate to high
water stress. The same study estimates that water with-
drawal as percentage of the total water available will rise in
the United States from 10 to 20% (as of 1995) to between 20
and 40%.2 This demonstrates the growing stress on water
resources globally and in the United States and the urgent
need to apply proactive water loss management.

There are more than 55,000 community water systems
in the United States alone, which process nearly 34 billion
gal water per day.* Due to the current lack of standard
assessment and reporting methods for water losses, it is
difficult to quantify the amount of water lost in U.S. distri-
bution systems. The U.S. Geological Survey estimates that
almost 6 billion gal/day® of the total 34 billion gal pro-
cessed a day are approximated to occur as “public uses
and losses,” with the losses likely much greater than pub-
lic use for most systems. Inaccuracies or inconsistencies in
the reported data also contribute to the difference between
the total water delivered and total consumed. The amount
of water lost in the United States is more than enough to
meet the delivery needs of the 10 largest cities in the
United States. This massive waste of resources should be
viewed as a considerable concern for the country with the
third largest population in the world.
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2.2 The Need for Water and Basic Facts about the Resource Water

Human body weight is approximately 50 to 65% water®, which must be replenished on
a daily basis; with a minimum of eight glasses per day recommended for each person.
A human can survive without food for several weeks but without water we die in
around 3 to 4 days! Water stands as the second most urgent body need after air. Like the
human body, many of the fruits and vegetables,
which we eat, are also mostly water. Obviously,
water is an extremely important resource even w

though people in many developed countries often ater is the second most
take its relative abundance and high quality for |urgent body need after air.
granted. The availability of fresh water is essential
for our societies to thrive and flourish.

The world’s surface is made up of approximately 80% water, which is an indestructible
substance. Of this water approximately 97% is salt water, 2% frozen in glaciers, and only 1%
is available for drinking water supply using traditional treatment methods. Through the
natural patterns of world climate conditions and the hydrologic cycle, the availability of this
water varies widely over time and distance. In any point in time, some part of the world is
enduring severe drought while other parts are experi-
encing floods. Rarely does this natural cycle coincide
with the routine variation in man’s use of water. The Only 1% of the earth's water
amount of water on the earth is fixed and limited. Our | g freshwater that is readily
predecessors have probably drunk several times in the
past the water we drink today! The water cycle hasn’t
really changed much since the beginning of time. The
water cycle is essentially evaporation, cloud forma-
tion, rainfall, and passage to the sea by rivers and
streams. In a 100-year period, a water molecule spends
98 years in the ocean, 20 months as ice, about 2 weeks in lakes and rivers, and less than a
week in the atmosphere. People interfere with the later stages of the cycle and redirect that
passage back to the sea through water piping or distribution systems, human bodies, sewer
systems, and then back to the sea.

Although the water cycle hasn’t changed since the passage of time, the treatment
technology used to make it usable, and the distribution technologies, have changed
considerably. This is particularly true with the advent of consolidation of populations
into major city centers; usually with increasing industry, pollution, and demands for
services. The more polluted water becomes, the more expensive it is to treat. The farther
away the source from the population center, the higher the transportation cost of water.
Given continuing worldwide population expansions and relocations, it is inevitable
that the provision of water is becoming increasingly expensive.

Recent initiatives to better utilize water resources include water conservation, recy-
cling, and the use of reclaimed water. Desalination, a way of tapping into the vast
resources of sea water, has historically been very energy intensive and costly; however,
improvements in the technology have reduced costs and pressures from supply short-
ages and population growth have resulted in a growing number of desalination plants
around the world. Still, desalination is an option largely for coastal cities at this time.
Water conservation is a proven technique for customer consumption management. It
is now realized that conservation is not just a stopgap action during drought, but an

available for water supply
using traditional treatment
methods—we should take
more care of it!
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2.3

efficient and cost-effective way of life for sustainable communities. Various technolo-
gies to reclaim, reuse, or recycle water for nonpotable uses are now required practice in
many forward-thinking communities, as these methods satisfy multiple needs for water
supply. Some communities are constructing separate, dual distribution systems to con-
vey reclaimed water for uses such as outdoor irrigation and fire fighting. All of these
innovations reflect progressive thinking on ways to supply growing populations despite
static or declining resources. Still, these modified methods of supply and demand man-
agement require notable investments in infrastructure, public education, and legisla-
tion. It makes as much sense to seek to economically control losses since loss volumes
represent water that has already been treated and energized for delivery to prevailing
standards, only to fail to reach customer use (real losses) or generate revenue to the
water utility (apparent losses).

Historic Water Supply and Milestones in Water Loss Control

Water distribution systems have been in use for thousands of years. The ancient Egyp-
tians, Greeks, and Romans all captured, treated, and distributed water in ways not dis-
similar to those we use today. The technology has changed, however, the basics remain
much the same:

¢ Source

o Primary lift stations

e Storage

¢ Pumping or gravity supply
¢ Transmission system

¢ Distribution system

o Customer service connection piping, some with, and some without water meters

Even ancient people were concerned with controlling their water losses. Around
40 million gal of water per day were supplied to ancient Rome through a network of
260 mi (420 km) of pipe work and channels. The pipelines and channels were made of
brick and stone with cement linings along with some lead pipes.” It appears that service
connections were 20 mm or % in with simple stopcock arrangements, not so different to
what we use today! The first system was installed in 312 B.C. There were approximately
250 reservoir sites and the system was gravity fed. A commissioner and his team con-
sisting of engineers, technicians, workers, and clerks administered this system. One of
the priority jobs was to locate and repair leaks.

The durability of the workmanship of the ancient aqueducts is evidenced by the fact
that one system installed between A.D. 98 and 117 is still in use in Spain. Not many
water systems, or infrastructure of any kind, can boast such a history!

Innovations in water distribution system management evolved as community water
systems became standard infrastructure in developing countries. Important develop-
ments included

® 1800s: Formulas for unavoidable leakage (Kuichling)
* 1800s: Pitot rod district measurements

e 1800s: Simple wooden sounding rods
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e 1900s: Simple mechanical geophones

® 1900s: First mechanical meter recording devices are used

¢ Circa 1940s: First electronic geophones and listening devices are introduced

e Circa 1970s: First computerized leak noise correlators come into play

¢ Circa 1980s: First battery-operated data-loggers come into play

* Circa 2000: Digital equipment and GIS-linked equipment is used for leak detection

* 2000: International Water Associationissues recommendationsforastandardized
water audit and performance indicators for water supply services, including
unavoidable annual real losses (UARL) and the infrastructure leakage index (ILI).

Innovations in accountability and loss control continue to occur and cost-effective tech-
nology is not usually the limiting factor in implementing a sound water loss control pro-
gram. Often the greatest challenge in creating a water-efficient system is the need to muster
the managerial and political will to launch the water loss control program into existence.

The Occurrence and Impact of Lost Water

Every water system in the world has a certain volume of real losses, and it is well
known among leakage practitioners that real losses cannot be eliminated completely,
and even in newly commissioned distribution networks there is a minimum volume of
real losses. However, it is also well known and proven that real losses can be managed
so that they stay within economic limits.

Unfortunately, it is a fact that water distribution systems have often suffered for many
years from the “out-of-sight, out-of-mind” syndrome; particularly where water has been
inexpensive and plentiful. The problems associated with water loss are numerous. High
real losses indirectly require water suppliers to extract, treat, and transport greater vol-
umes of water than their customer demand requires. The additional energy needed for
treatment and transport taxes energy-generating capabilities, which often rely upon large
quantities of water in their process. Leaks, bursts, and overflows often cause considerable
damage and inflate liability for the supplier. Most leakage finds its way into community
waste or storm water collection systems and may be treated at the local wastewater treat-
ment plant—two rounds of expensive treatment without ever providing any beneficial
use! Watersheds are taxed unnecessarily by inordinately high withdrawals. In this way,
high losses may limit additional growth in a region due to restrictions on available source
water. The full effect of leakage losses has yet to be assessed, but the economics of leakage,
discussed later in this manual, show that its impact is substantial.

Apparent losses don’t carry the physical impact that real losses impart. Instead,
they exert a significant financial effect on suppliers and customers, and distort con-
sumption data needed for water resource planning. Apparent losses represent service
rendered without payment recovered. The economic impact of apparent losses is often
relatively much greater than real losses since the apparent losses are generally valued
at the retail rate charged to customers, while the baseline cost of real losses is generally
the variable production cost (power, chemicals, and so on) for 1 unit of water. For water
suppliers the unit retail cost to customers may be 10 to 40 times the production costs for
treatment and delivery. However, for water utilities threatened by droughts and supply
shortages, or those applying demand side conservation, or those in need of new water
sources, it is appropriate to value real losses at the retail rate, since the water saved by
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leakage reduction represents a new source of water. Such “newly found” water can be
sold to new customers or can help avoid demand restrictions during periods of drought
or water shortage. Apparent losses occur at the “cash register” of the water utility and
directly impact the water supplier’s revenue stream. Yet many systems around the

Many water systems around
the world can’t account for
their lost water. Can you imag-
ine if banks couldn’t account
for all of our money?

world have such unstructured water accounting
and billing practices that they don’t even compre-
hend that such loss is occurring. It is evident that
reducing water loss would not only improve water
supply operations but would also result in increased
revenue. Sound water loss management, therefore,
is a practice that usually generates a direct and quick
payback to the water utility!

2.5 Forces Driving Change in the Way Water Loss Is Viewed and Managed
Managing water losses to an optimum has many benefits for the public, for the water sup-
plier, and for the environment. Some of the most beneficial reasons to reduce water losses
are among the leading forces driving change in drinking water supplies, including

¢ Improved public health protection

* Reduced pressure on water resources and therefore the environment

¢ Increased level of service to customers through increased reliability of supply

¢ Recovered losses often stand as best source for new water resources

* Cost efficiencies for the water supplier and better control of water rates for the

customer population

¢ Deferment of capital expenditure on water resources and supply schemes

e Improved public perception of water companies

* Reduced liability to water suppliers due to use of best leakage management

practice

The technical aspects behind these driving forces will be discussed in more detail
throughout the manual. The following two subsections provide insight into some of the
more commonly known forces driving change in how water losses are viewed and

managed.

2.5.1 Water Losses and Their Impact on Public Health

Many areas of the world have water shortages and are unable to provide a continuous
supply of treated water 24-hours/day. The World Bank reports that over one billion

0ver one billion people lack
access to safe drinking water
and three million die from
avoidable water related dis-
eases every year!

people in the world today lack access to safe drink-
ing water and three million people die every year
from avoidable water-related diseases.® This situa-
tion has often been viewed as a problem faced only
by developing countries, but this is not true. In the
United States alone 24% of waterborne disease out-
breaks reported in community water systems dur-
ing the past decade were caused by contaminants
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that entered the distribution system and not by
poorly treated water. The rapidly expanding world I .

population is requiring more treated drinking water. n the United States . Al
Much of this additional population has congregated |24% of waterborne disease
in cities that are already experiencing water stress | Outbreaks were caused by con-
or in new areas that are removed from readily avail- | taminants entering the distribu-

able water sources. tion system. Leaks are an ideal
place for contaminants to enter.

2.5.2 Climate Change and Its Potential We should pay more attention
Impacts on Water Supply to the public health aspect of

The past 200 years have seen a drastic change in |leakage management.
emission of greenhouse gases though the ever
increasing use of fossil fuels such as coal and oil.
This trend has occurred at the same time as large-scale deforestation in many areas
around the globe. In recent years, a large body of scientific evidence has been gathered
showing that human activities such as these are responsible for dramatic changes in the
composition of the atmosphere and that global warming is taking place as a result.
Many leading scientists have predicted that global warming will increase rapidly over
the next century.

In 2005, a study lead by the SCRIPPS Institution of Oceanography and published in
the November 17, 2005, issue of the journal Nature investigated the effects of global
warming on water supplies around the world. This study concluded that global warm-
ing will reduce glaciers and storage packs of snow in regions around the world, causing
water shortages and other problems that will impact millions of people. Especially ice
and snow-dependent regions will experience costly disruptions to water supply and
water management systems. For example, it is estimated that vital water resources from
the Sierra Nevada range in California may suffer a 15 to 30% reduction in the twenty-
first century as a result of reduced snow pack runoff. Studies warn that even more
severe problems may occur in regions depending on water from glaciers since their
meltwater cannot be replaced. Vanishing glaciers will have the greatest impact on water
supplies in China, India, and rest of Asia.’

These stark realities of climate change, combined with the occurrence of high levels
of water loss around the world, make it very clear that there is an urgent need for water
suppliers to reduce the volume of water losses to an optimum in order to be able to
meet demand in a sustainable future.

What is Being Done Around the World to Reduce Lost Water?

The challenges for us today are the same as they were during the days of the Romans;
we just have more advanced methodologies and technologies to apply to the problem.
We can look back at past efforts and smile and think that we are so much better, but to
be honest we just have better tools. An open mind, unwillingness to accept existing
inefficiencies and a wish to improve are the basic tools a water system operator needs
to have today. The rest can be purchased as work progresses. Water audits and water
loss control programs will only be successful if the operator and his utility are willing
to accept what they find and act on it openly. Therefore it is critical that system opera-
tors understand the extent and impact of water loss, and the control of lost water hold
a priority of paramount importance throughout the entire organization.

1
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Due to a number of dramatic late twentieth-century changes in the water supply
business model worldwide, a new breed of water utility manager has entered the water
supply scene. One who strives to increase the performance of the utility, increase prof-
its, and yet be accountable for the efficient use of one of nature’s most precious resources,
water! The need for this new breed of water system operator has come about by pres-
sure from a number of stakeholder groups who no longer tolerate abuse and inefficient
use of natural water resources. These include the environmental community, which has
been successful in raising grass-roots consciousness to the level of environmental regu-
lation at the national and international level. Con-
sumer advocates now carefully monitor the value of
w service per unit cost paid by the customer, expect-

ater system operators| ing the utility to provide quality service at reason-
are now under pressure from| able cost. Competitive forces have also increased,
various stakeholder groups to| focusing utilities on improving both technical and
operate systems more effi-| business efficiency. The power of the internet,
ciently, reduce losses, and| media, and other communication forums hashelped
improve performance. to accelerate all of these forces, which are mandat-
ing that water loss not be tolerated or overlooked as
it has been in the past.

A new model of water loss management was developed, taking root in England and
quickly spreading to a number of other nations. The National Leakage Initiative was an
extensive research endeavor carried-out by British and Welsh water companies in the
early 1990s. Its results formed the basis for the development of a progressive leakage
management structure that arguably now exists as the world’s best practice model. The
crux of this structure is basic applied engineering, stressing a proactive approach toward
eliminating and preventing leakage, and contrasting dramatically with the largely reac-
tive modes existing in most water systems worldwide. In less than 10 years, this struc-
ture has been successful in eliminating up to 85% of all recoverable leakage in England
and Wales." Proactive water loss management based on the model developed in the
United Kingdom has been promoted and applied in many places around the world and
it has proven to be an easily transferable technology for nations around the globe. Now-
adays, more than ever, it is evident that the world’s water suppliers not only have a
need to reduce and proactively manage their losses, but also have the methods and
technology to do so effectively.

The successful structure established in England and Wales was implemented in a
relatively short period of time and was driven by a number of the forces mentioned
above. British water companies were privatized and reorganized along watershed
boundaries in 1989. They also fell under a heavy regulatory structure at that time; a
structure that focused upon effectiveness and impact of company operations and cost
to the customer. The ability for water companies to pass costs along to customers is
greatly limited by this structure, which ties approvals to increase rates or tariffs to per-
formance of the company. Consequently, innovative was accelerated as the companies
sought ways to improve performance, cut costs, and increase profits. Environmental
concerns and the relatively high density of the population also have elevated support
for the wise use of water in the United Kingdom. A notable catalyst in the mid-1990s
was the severe drought that hit the country. This event triggered the establishment of
new leakage reduction requirements and targets, which the companies where able to
implement, having the results of the National Leakage Initiative to guide them. While
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achieving great success in reducing leakage, the U.K. water industry still continues to
study all aspects of water loss, as well as conservation, reuse, and other water efficiency
practices. The relatively sophisticated system that is in place continues to be refined due
largely to the motivation of the government, environmental, and consumer sectors,
which have placed a high value on protecting water resources.

The British water loss control methodologies and technologies have had a dramatic
effect on other nations as these methods have begun to take hold in perhaps several
dozen countries. National or regional governments in South Africa, Malaysia, Austra-
lia, New Zealand, Brazil, and Canada during the late 1990s have adopted major new
programs that emphasize leakage reduction. Strong programs in Germany and Japan
are being refined. Extensive initiatives were completed in past several years in Malaysia
and Brazil that extended for 10 years or more with ongoing investments of over
$100 million in each project and based on the success of these projects new projects have
been started since then. The projects include auditing, pressure management, improved
leakage monitoring, detection and repair, and revenue enhancement.

The past has shown that the leakage management methodologies and technologies
used in the United Kingdom are easily transferred to systems around the globe. Its
techniques can be applied to water systems of varying characteristics and its perfor-
mance indicators allow comparisons to be drawn for systems around the world. This
aspect of the technology is perhaps its most compelling and is likely a primary reason
why it has spread so quickly in its use in the United Kingdom and around the world.
A recently completed American Water Works Association Research Foundation
(AWWAREF) study assessed the transferability of international (mainly from the United
Kingdom) applied leakage management technologies to North America. Comprehensive
field testing carried out during this project has proven that these technologies are transfer-
able to North America where some water suppliers previously denied the transferabil-
ity because of the different characteristics and requirements of the distribution system
(mainly fire flow and insurance requirements).

The World Bank and its capacity development arm, the World Bank Institute, has
acknowledged the serious problems arising from excessive water losses and has there-
fore launched an initiative promoting the IWA best practice in NRW reduction and
water loss management through training courses and manuals provided to water utili-
ties in developing countries around the world.

Program Needs and Requirements for Water Loss Control

According to American Water Works Association (AWWA) estimations, approximately
$325 billion needs to be spent on upgrading distribution systems in the United States in
the next 20 years." Using average demand figures, the annual value of lost water and
revenue, and therefore the approximate annual
value of the water loss control market in the United
A . States and worldwide, can be approximated. Inter-

WWA projects that $325 estingly, water loss control is estimated at approxi-
billion needs to be spent on| mately 29% of the above AWWA figure, or $94
water system upgrades in the | billion. These estimations can be found in Table 2.2
United States over the next| and are approximations only. However, even if in
20 years. error by 50%, this finding represents a huge, virtu-
ally untouched potential market that exists for water
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U.S. market potential

U.S. population 250,000,000
Average consumption (kgal/year) 36.5
Average loss 16%
Split of real losses 60%
Average cost treated $2.50
Average cost sold $4.00
Recoverable % 75%
Total losses 1,460,000,000
Total real losses (kgal/year) 876,000,000
Total apparent losses 584,000,000

Value of recovered product

$ 2,190,000,000

Value of recovered revenue

$ 2,336,000,000

Recoverable %

$ 1,642,500,000

Recoverable %

$ 1,752,000,000

Market size per year

$ 3,394,500,000

Simple calculation for world market size

Assumes like numbers as

Other countries use less but with high loss

U.S. water is cheap compared to others

Loss value per capita in United States $13.58
World population 6,000,000,000
World market size per year $ 81,468,000,000

TaBLE 2.2 Approximate Value of Water Loss Control Market

loss control; which can be approached by water system operators, consultants, contrac-
tors, plumbers, and facility managers.

A complete water loss control program is often referred to as a Water Loss Optimi-
zation Program. Optimizing basically means doing everything possible to improve the
technical and financial performance of the water system, whether a public, private, or
demand-side system. Optimization usually entails reduction of operating overheads
and enhancement of revenue streams. Figure 2.1 shows a typical optimization graph. In
this case it can be seen that the profitability in the beginning is low as the cost of the
water loss project is being borne on a performance basis.
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Water System Optimization
Sustainable solutions for improving water system performance

Optimized revenue
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Ficure 2.1 Sustainable solutions for improving water system performance.
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Water loss optimization programs are sometimes undertaken on a performance
basis. This means that the utility enters a special partnership agreement with a contrac-
tor or consultant. The contractor or consultant is paid a portion of the money recovered
from the project over a certain time frame. This is an excellent way of undertaking a
project, especially for utilities that do not have a substantial initial budget to allocate for
loss control, but do have an existing operating budget, which includes a fixed cost to
operate the system with losses. The performance approach allows the utility to continue
budgeting their normal allocation, however the actual cost of operation will drop and
the revenue stream increase as the work continues. At a certain point the contractor
drops out of the equation and the annual operating budget either reduces with an
increased income, therefore profitability; or the additional funds can be redirected into
other maintenance or training functions as required.

2.7.1 The General Structure of a Water Loss Control Program
In general water loss control programs are implemented in four phases:

o Phase one: Water audit, assessment of economic optimum volume of water
losses, and performance indicators.

e Phase two: Pilot study to demonstrate initial recommendations of the water
audit analysis in the field.

e Phase three: Global intervention using apparent and real loss reduction
methods.

o Phase four: Ongoing maintenance of the loss control mechanism.

Budgets may be relatively restricted for phases one and two, until methodologies
and techniques have been identified with paybacks in line with the expectations of the
utility for their system.

Operators must learn to be proactive and identify realistic programs and budgets to
combat loss. They must learn to identify efficient, inventive methods to reach economic

15
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levels of loss, not just apply a minimal budget to loss control and then resolve the rest
by way of a “pencil” audit, writing off a major portion of loss as unavoidable. The tra-
ditional rule-of-thumb notions of the amount of water loss viewed as “unavoidable”

has changed with new methods

that calculate system-specific levels of technical

unavoidable annual real losses. This level of loss is much smaller than the traditional
ways (Kuichling equation) due to the advent of new technologies, which allow us to
control losses economically to much lower levels.

Some of the tasks included in a

water loss control program are

1. Overhead reduction tasks (real losses)

Leakage reduction

Energy management

W -0 &n O

Resources management

Hydraulic controls (pressure management)
Pipe repair and replacement

Customer service pipe replacement
Condition assessment and rehabilitation

2. Revenue stream enhancement tasks (apparent losses)

Baseline analysis

Periodic testing

~0 R0 T

Meter population management
Meter testing and change out
Meter correct sizing and change out

Automatic meter reading (AMR)

3. Billing structure analysis and improvements

a. Nonpayment actions
Turn off supply

Legal action

o
(]
o
e Prepayment schemes
o
(]

Ao T

Automation is often a common

In most cases water loss
management is extremely
cost effective with paybacks
measured in days, weeks, and
months; not years as with
other programs.

Reduce supply to minimum

Reduction of fraud and illegal or unregistered connections
Continuous field inspections and testing

Rate or tariff management

Customer base management

Modeling for efficient installation

Modeling to assure economic efficiency

component in an optimization program.

Water loss control and management is usually a
highly cost-efficient endeavor since so many water
supply systems currently suffer excessive water
loss. The greatest challenge for today’s progressive
water manager is to change dated mindsets that
view water as infinite and inexpensive. Once policy
and decision-makers understand the true value of
water, implementing the intervention techniques
can be a relatively straightforward and reassuring
undertaking.



Water Loss Gontrol: A Topic of the Twenty-First Century

References

1.

2.

10.

11.

International Water Association. Performance Indicators for Water Supply Services.
Manual of Best Practice: London IWA, 2000.

Kingdom, B., R. Liemberger, and P. Marin. “The Challenge of Reducing Non-Revenue
Water (NRW) in Developing Countries—How the Private Sector Can Help: A Look at
Performance-Based Service Contracting.” Water Supply and Sanitation Sector Board
Discussion Paper Series—Paper No. 8. Washington, DC.: The World Bank, 2006.

. United Nations Environment Program. Chapter Two: “The State of the Environment-

Regional synthesis—Freshwater.” Global Environment Outlook 2000. Available online:
www.unep.org/geo2000/english /0046.htm. [Cited March 10, 2007.]

. American Water Works Association, Stats on Tap. Available online: www.awwa.

org/Advocacy/pressroom/STATS.cfm. [Cited March 10, 2007.]

. U.S. Geological Survey, “Estimated Use of Water in the United States in 1995.”

Circular 1200. USGS, 1998.

. MacQueen, I.A.G. (ed.). The Family Health Medical Encyclopedia. Book Club Associates/

William Collins Sons & Co., 1978.

. Readers Digest. How Was It Done? The Story of Human Ingenuity Through the Ages.

Readers Digest Publishers, 1998.

. World Bank Reports.
. SCRIPPS Institution Of Oceanography. Scripps-led Study Shows Climate Warming to

Shrink Key Water Supplies around the World, Available online: http:/ /scrippsnews.
ucsd.edu/article_detail.cfm?article_num=703. [Cited March 13, 2007.]

Lambert, A.O. International Water Data Comparisons, Ltd. Personal conversation,
October 2000 reinterpretation of United Kingdom Office of Water Services (Ofwat)
Reported Leakage Results.

American Water Works Association. Stats on Tap, Available online: www.awwa.
org/pressroom/statswpb.htm.revised. [Cited February 15, 2001.]

17



This page intentionally left blank



CHAPTER 3

Understanding the
Types of Water Losses

Reinhard Sturm
Julian Thornton
George Kunkel, PE.

3.1 Defining Water Supplier Losses

Understanding the types of water losses and having consistent and clear definitions for
the types of water losses occurring in distribution systems is the first step to be able to
manage the problem of water losses.

Simply stated, the problems of water and revenue losses are'

 Technical: Not all water supplied by a water utility reaches the customer.

 Financial: Not all of the water that reaches the end user is properly measured or
paid-for.

» Terminology: Standardized definitions of water and revenue losses are essential
to quantify and control the losses.

The International Water Association (IWA) defines two major categories under
which all types of supplier water loss occurrences fall:

® Real losses are the physical escape of water from the distribution system, and
include leakage from pipes, joints, and fittings; leakage from reservoirs and
tanks; and water losses caused by reservoir overflows. Real losses occur prior to
the point of end use.

» Apparent losses are caused by inaccuracies associated with customer metering,
consumption and billing data handling error, assumptions of unmeasured use,
and any form of unauthorized consumption (theft or illegal use).

While these two definitions are distinguished by a stark physical differentiation,
in most cases a dramatic economic difference also exists. Real losses, which are most
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usually leakage, are typically valued at the variable production cost of the water.
Apparent losses, which occur at the customer destination, penalize the water sup-
plier at the retail cost; a rate usually much higher than the production cost. The vari-
able production costs frequently include only the short-term costs; however, in many
cases it is appropriate to include long-term costs in the valuation of real losses, the
cost implications of real and apparent losses require that a careful assessment of each
be undertaken to design the most appropriate and cost-effective water loss control
program.

3.1.1 Real Losses

The quantity of real losses in a given water systems is a good indicator of how efficient
a water supplier is in managing its assets (the distribution network) and the product it
delivers to its customers. Volumes of real losses that are significantly higher than what
is economically justifiable indicate that action needs to be taken if the water supplier is
to be viewed as water-efficient, customer-responsive, and a responsible steward of
water resources.

Real losses are made up of three components (see Fig. 3.1):

* Reported breaks and leaks: They typically have high flow rates, are visibly evident
and disruptive, and have a short run time before they are reported to the utility
by customers or utility personnel since they cause nuisance to the customer
(pressure drop or supply interruption).

o Unreported breaks and leaks: They are typically hidden from above-ground view,
have moderate flow rates, and a long run time since utilities must seek out
these leaks to become aware of them. They are located through active leak
detection.

Surface
IO

Background leakage

Unreported and undetectable
using traditional accoustic
equipment

Tools

* Pressure reduction

¢ Main and service
replacement

¢ Reduction in the number
of joints and fittings

Unreported leakage

Often does not surface but is
detectable using traditional
accoustic equipment

Tools

¢ Pressure reduction

¢ Main and service
replacement

¢ Reduction in the number
of joints and fittings

¢ Proactive leak detection

Reported leakage

Often surface and is reported
by the public or utility
workers

Tools

¢ Pressure reduction

¢ Main and service
replacement

¢ Optimized repair time

Ficure 3.1 Components of real losses and tools for intervention. (Source: Ref. 2.)
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* Background leakage: They are the collective weeps and seeps in pipe joints and
connections. They have flow rates that are typically too small (1 gpm (gallons
per minute) or 250 L/hr) to be detected by conventional acoustic leak-detection
equipment. They run continuously until they gradually worsen to the point
when they can be detected. The only ways of reducing background leakage is
through pressure management or infrastructure replacement.

Why Do Real Losses (Leakage) Occur
Real Losses exist in virtually every water-distribution network. They can never be com-
pletely eliminated and even newly commissioned sections of a network can have a
certain minimum volume of real losses (unavoidable volume of real losses). However,
how much the volume of real losses is in excess of the unavoidable minimum depends
on general characteristics of the distribution network and the leakage management
policy employed by the water utility.
The most common causes of leakage are

¢ Poor installation and workmanship

¢ Poor materials

* Mishandling of materials prior to installation

e Incorrect backfill

¢ Pressure transients

e Pressure fluctuations

* Excess pressure

¢ Corrosion

¢ Vibration and traffic loading

¢ Environmental conditions such as cold weather

¢ Lack of proper scheduled maintenance

Where Do Leaks Occur

In general, leaks can occur on three different sections of the network: transmission
mains (see Fig. 3.2), distribution mains (see Fig. 3.3), or service pipes (see Fig. 3.4).
Depending on where they occur they will have different characteristics such as flow
rate, tendency to cause supply interruptions, and likelihood to surface and be visible
above ground.

British leakage management terminology distinguishes reported versus unreported
leaks, or, more literally, reported bursts and unreported leaks. Dramatic pipe bursts are the
most recognizable example of a reported leak, which, due to their damage-causing
nature, are usually quickly reported, responded to and contained. However, unreported
leaks, often running at a small rate of flow on underground pipes, frequently escape the
attention of the water supplier and the public, but account for larger amounts of lost
water since they run undetected for long periods of time. Historically in the United States,
the terms reported and unreported are not employed, therefore the distinction between
a “leak” and a “break” (burst) is rather subjective, and is one of a number of examples
of inconsistent terminology. Efforts are underway in the United States, however to
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Ficure 3.3 Distribution main break. (Source: WSO—Guido Wiesenreiter.)
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Ficure 3.4 Service line leak. (Source: WSO—Guido Wiesenreiter.)

advocate for the use of this terminology. The third version of the American Water Works
Association’s M36 publication Water Audits and Loss Control Programs supports this ter-
minology.

A recently published American Water Works Association Research Foundation
(AWWAREF) report on main break prediction, prevention, and control® estimates that
water utilities in the Unites States suffer between 250,000 and 300,000 main breaks per
year, causing about $3 billion of total annual damages and indirect consequences. It is
unknown how many small leaks and service leaks occur, but annual leaks likely out-
number main breaks several times over in typical water supply systems; likely resulting
in 500,000 to 1,500,000 leaks per year. The United States has approximately 880,000 mi
of distribution mains, many of which are old unlined
cast iron in need of repair, rehabilitation, or replace-
ment. However, good leakage control practices can T
help prolong the life of the existing infrastructure he United States has approxi-
by reducing the occurrence of leaks and breaks and | mately 880,000 mi of mains!
forces leading to water main failures.

Which Leaks Are Causing the Greatest Volume of Real Losses

It is a common misconception that major main breaks, which are surfacing quickly and
causing supply disruptions, are responsible for the bulk of water lost through leaking
pipes. Very often it is not understood that even though dramatic pipe failures loose
huge volumes of water they do so only for a short period of time since water utility
crews respond quickly to contain these disruptive events. Conversely, small hidden
leaks and breaks may run for years causing significantly greater volumes of real losses
before they are repaired (see Chap. 10). A significant finding of leakage research efforts
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during the 1990s has been the large amount of water loss occurring on the customer
service piping branching from the water main and supplying water to a single or mul-
tiple user premises. For many systems, leaks on these small-diameter pipes represent
the greatest number of leaks encountered in water
supply operations especially in systems with a high
service connection density. Often supplier policies
require the customers to own their service lines and
execute repairs or replacement when necessary.
Unfortunately, many customers are often unaware
of their ownership responsibilities and, when advised to repair known leaks, are nei-
ther timely nor effective in getting relatively expensive repairs executed. Consequently,
customer service piping leaks can run for considerably long periods, even after being
reported, and account for substantial water loss. Severe drought in England in the mid-
1990s resulted in emergency regulations that required some water suppliers to imple-
ment repairs on leaking customer service lines. The resulting savings in lost water was
found to be so effective and the repair methods so efficient that national regulations
were soon established requiring all water companies to implement policies for company-
executed customer service line leak repairs. Two other notable aspects of this: the cus-
tomers still retained ownership of the lines and, once high initial backlogs of customer
leaks were repaired, the rate of occurrence of new leaks was sufficiently slow that the
repair policies for the water companies were found to be manageable and cost-effective.
This experience demonstrates dramatically the principle that leakage losses are depen-
dent on two primary variables: rate of flow and time permitted to run. Both parameters
must be considered in developing leakage-management strategy. Too often water sup-
pliers lose track of small volume leaks, allowing indefinite leak time to occur and losses
to mount.

Service leaks often cause the
largest volumes of real loss.

What Else Influences the Volumes of Water Lost through Leaks and Breaks

Another tenet employed in recent times by progressive leakage management programs
around the world is the science of pressure management. In designing water infra-
structure engineers have frequently specified distribution system pressure levels with
the primary objective of providing service above a minimum design pressure. How-
ever, local guidelines for providing fire flows, expansion capacity, and safety factors
have frequently resulted in systems supplying water pressures far above minimum
requirements, without consideration for the impact of the excessive pressure. By the
late 1990s, fundamental relationships between pressure and leakage rates were estab-
lished and show that certain types of leaks are highly sensitive to changes in pressure.
It can now be taken that, while certain minimal levels of pressure need to be provided,
maximal levels for pressure should also be estab-
lished and not exceeded. Excessive water pressure
not only increases certain types of leakage, but also
influences main break rates and the amount of
. needless energy costs a supplier expends. In pro-
nally suspected. System design gressively managed water systems, water pressure
should take into account maxi-| s now controlled within an appropriate range that
mum pressure limits as well| meets the needs of the customer and the supplier
as minimum ones. without causing waste or harmful impact to the
infrastructure.

Pressure has a much greater
impact on leakage than origi-
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Considerable research work has been conducted in the past decade on the nature
and impact of leakage and highly effective practices and technologies have been devel-
oped and successfully implemented around the world to reduce, control, and manage
real losses. It should be in the foremost interests of all water suppliers to closely evalu-
ate leakage occurring in their systems and take advantage of these methods which may
be considered the best practice model in controlling leakage losses.

3.1.2 Apparent Losses

It is important to notice that apparent losses are not caused by leakage. They do not
include any physical losses of water, since the water has reached the destination of an
end user. However, this successful supply function was inaccurately metered, archived
improperly in the billing system, or the use of water was unauthorized. Apparent losses
are a very important component for the water supplier to keep under control as they
have a direct negative impact on suppliers’ revenue generation for a product that was
delivered to the customer.

Accurate metering of customers provides valuable information on consumption
trends needed to evaluate loss control and conservation programs. It also elevates the
value of water in the mind of the consumer by linking a price with a volume. With
improved metering, automatic meter reading, and data-logging technologies now
widely available, customer consumption information has become a critical resource to
better manage water-utility operations and the water resources of individual water-
sheds or regions.*

Before discussing the specifics of these losses, it is appropriate to review the typical
metering and billing structures used by water suppliers. With the establishment of
modern indoor plumbing, customer service pipes have been tapped directly into local
water pipes or mains to bring water directly into the homes of the consumer. Figure 3.5
shows a typical direct-feed situation.

Many water suppliers have chosen to incorporate customer water meters at the
end-user premises and gather regular meter readings for the purpose of billing per unit

Mixed volumetric and direct pressure use
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Ficure 3.5 Typical direct pressure residential supply situation.
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volume of actual water used. Customer meters also allow the user to monitor his or her
own water usage and provide the customer the option to exercise restraint against
excessive use and identify waste. Outwardly, this approach seems to follow the norms

The guiding institution on
water supply in the United
States, the American Water
Works Association (AWWA), rec-
ommends that every water util-
ity meter all water taken into its
system and all water distributed
from its system at its custom-
er's point of service. Customers
reselling utility water—such as
apartment complexes, whole-
salers, agencies, associations,
or businesses—should be
guided by principles that
encourage accurate meter-
ing, consumer protection, and
financial equity.®

of typical free market commodities, payment is
based upon the volume of product or service deliv-
ered. Yet, the use of customer meters and usage-
based billing is far from universal in the water
industry in the United States or the world at large.
For a large portion of public water supply custom-
ers, service is provided without any measurement
of their actual water usage and billings are based
upon flat rate charges assigned by customer user
type. In the United States, perhaps only one-half of
all users have water meters, with sentiments regard-
ing metering sharply divided in certain areas of the
country. In England and Wales, traditionally only
the industrial, commercial, and institutional (ICI)
customers were metered. Environmentalists and
regulators support the establishment of universal
residential customer metering, and a slow transi-
tion is occurring with meters being installed in new
construction and upon customer request. Approxi-
mately 25% of all residential properties were
metered in England and Wales as of the close of the

year 2006.

Why Do Apparent Losses Occur
Apparent losses occur in three primary ways:

1. Customer meter inaccuracies
2. Errors in water accounting

3. Unauthorized consumption

In comparison to real losses, apparent losses have a much greater negative effect on
the utilities revenue generation since they directly impact the utility’s cash register.
Apparent losses should always be valued at the retail value of the water sold. Another
important factor regarding apparent losses is that an understatement of the apparent
loss volume results in real losses being overstated in the water audit. This can poten-
tially misguide water loss control planning by placing inappropriate emphasis on leak-
age while highly potential revenue recovery goes unattended.

How Customer Meter Inaccuracies Occur

Errors in measurement can occur in several ways. First, water meters reading can be in
error due to a variety of mechanical or applications reasons. Due to widely varying
water consumption patterns among customer populations, a number of different meter
sizes, and sometimes types, can be found in any single water utility. Standard displace-
ment or velocity meters provide accurate flow measurement for residential users while
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large ICI users may experience dramatic differences in daytime and night time flows;
requiring meters that are accurate through a wide range of flow rates, that is, com-
pound type meters. Other factors place demands on the water supplier to provide accu-
rate metering. Some of the major reasons why water meters fail to measure water flow
accurately include

¢ Wear over time

e Water quality impact

¢ Chemical build up

e Poor finish and workmanship

¢ Environmental conditions such as extreme heat or cold
¢ Incorrect installation

¢ Incorrect sizing

¢ Incorrect specification of meter type for the application
¢ Tampering

¢ Lack of routine testing and maintenance

¢ Incorrect repair

Recommended maintenance practices for customer meters include monitoring
recorded consumption patterns and rotating the meter out of use on a regular basis for
testing, calibration, repair, or replacement.

Many systems use estimates of customer consumption for accounts where water
meters are nonexistent, defective, or unreadable. Estimates, which are used both tem-
porarily or permanently, can be inaccurate if they are not devised in a rational manner
or kept up-to-date with changing customer consumption patterns; hence another form
of inaccurate water measurement can occur here.

Meter reading is the next step in obtaining accurate water consumption data. Errors
in meter reading are essentially errors in measurement. With the growing use of auto-
matic meter reading (AMR) systems, the opportunity for meter reading error is probably
being reduced relative to that occurring in traditional manual meter reading opera-
tions. However, all systems seeking to optimize should include at least a brief assess-
ment of the accuracy of meter reading operations in transferring actual measured water
consumption into the information handling (billing) system.

How Errors in Water Accounting Occur
Errors in the handling of customer accounts can occur in a number of ways, some of
which include

¢ Customer water consumption data is modified during billing adjustments.

* Some customers who use water are inadvertently or intentionally omitted from
billing records and go unmonitored.

e Certain users are accorded nonbilled (free or subsidized) status and actual
consumption is not recorded.

* Human error occurs during data analysis and billing.

* Weak policies create loopholes in billing and water accounting.
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* Poorly structured meter reading or billing systems.

* Poor tracking of changes in real estate ownership or other changes in customer
account status.

¢ Lack of understanding of technical and managerial relationships in assessing,
reducing, and preventing apparent loss.

In the United States, “water accounting” is not
an established practice as is “financial” accounting,
M ) which has substantial controls and accountability

osterrorsinwateraccount-| pyilt into its standardized process. The fact that con-
ing occur mainly due to a lack | sistent standards for water accounting don’t exist
of structure and controls in the | likely results in many water systems understating
accounting process. actual customer usage and failing to capture full
billing potential.

Unauthorized Consumption

The last of the three primary occurrences of apparent water loss is unauthorized con-
sumption. While human nature holds a high regard for the quantity-cost relationship,
it is also true of human nature that a certain small segment of a population will attempt
to illegally obtain service without making payment. Unauthorized consumption is
likely a more common phenomenon in systems where customer meters are in use and
water is billed per unit volume. Where flat rates are charged and consumption is not
routinely monitored, customers can draw greater quantities of water to lower their own
effective unit cost. These customers would need to evade inclusion in the billing process
altogether in order to obtain water service without paying.

Unauthorized consumption can occur in a number of manners. Much unauthorized
consumption occurs at the point of established end users. Some customers tamper with
meters or meter-reading equipment in order to lower meter readings. Fortunately, many
AMR systems have tamper detection features that help thwart such activity. Unscrupu-
lous users with large water meters have been known to open valves on unmetered
bypass piping, thereby routing their supply around the active water meter. Some users
or contractors may consciously or unwittingly connect branch plumbing pipes to cus-
tomer service lines upstream from the water meter, which also provides supply without
passing through the meter.

Urban systems in the northeast section of the United States have encountered a
frequent occurrence of customer restoration of terminated service connections. Closing
and locking curb-stop valves on the customer service line is a common means of termi-
nating service used by water utilities in the United States against delinquent customers.
Illegal restoration occurs when delinquent customers reactivate their own water service
after the water supplier due to nonpayment has stopped it. These situations evidence
the need for water suppliers to continue to monitor
terminated accounts, after they are shutoff, for
T resumed, unauthorized consumption. The city of

heft of water can be a com-| philadelphia provides such monitoring and has
mon occurrence in the United | achieved success in reducing illegal restorations;
States and is not just a third| lowering their discovery rate from 35% of all termi-
world problem. nated accounts to less than 20% since the installa-
tion of their AMR System in 1999. During its 2007
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Fiscal Year, Philadelphia uncovered 2984 accounts that had been illegally restored, and
was able to collect $341,000 in missing revenue in motivating delinquent customers to
make payment. With its AMR system meter reading and consumption continue to be
monitored even if an account has been shut off for nonpayment. In contrast to the U.S.
experience, regulations do not allow water companies in England and Wales to termi-
nate water service to customers under any circumstances.

Unauthorized consumption has also been known to occur when persons find ways
of withdrawing water from a location in the distribution system other than the cus-
tomer service line. With fire hydrants constructed as above ground appurtenances in
the United States, illegal opening of these devices happens regularly in many cities. In
some areas, using fire hydrants to fill street cleaning equipment, landscaper trucks, and
construction vehicles has occurred so casually that upstanding businesses perceive this
to be acceptable practice. Water utilities in such places have a public education chal-
lenge to instill the value of water as a commodity in the business community. Establish-
ing bulk water dispensaries is now common for water systems that wish to allow, and
even promote, water sales outside of the normal customer service line connection. Some
systems allow water to be used from fire hydrants in an authorized manner with the
filing of a permit. With concerns for cross connection protection and the accountability
of water, such a practice is not a preferred one for most water utilities.

All water suppliers should be mindful that the potential for unauthorized con-
sumption exists to some degree in their systems. Just as retail establishments must take
safeguards against “shoplifters,” water systems should have appropriate controls to
monitor for unauthorized consumption and keep such occurrences in check.

Conclusion

This chapter provided a general overview on the two components of water losses,
namely real and apparent losses. Both exist in every system to a certain extent, depend-
ing on the efficiency of the water utility. Both components need to be carefully assessed,
monitored, and managed in order to be able to operate at an economic optimum level.
Chapters 16 to 19 provide further details about real losses and a detailed insight into the
available intervention tools against real losses.

Chapters 11 to 15 provide further details about apparent losses and a detailed
insight into the available intervention tools against apparent losses.
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CHAPTER 4

Water Loss Management
in the United States and

Internationally—What is
Necessary to Control the
Water Loss Problem?

Reinhard Sturm
Julian Thornton
George Kunkel, PE.

4.1 Introduction

Water loss is a chronic, and often severe, global problem; spanning from highly devel-
oped countries with extensive infrastructure to developing countries with limited
resources. Climate change, drought, and water shortages, often occurring in arid or
semiarid regions of expanding population, are having an increasing impact on water
supplies and water is becoming a limiting factor for economic growth and environmen-
tal sustainability. Given this stark reality, it is inconceivable that most countries do not
require reliable tracking of water supplies and losses. Commonly heard justifications
from water utility managers for their inaction are a perceived lack of resources and the
burden of many other priorities of system operation. Some utilities downplay their
losses out of fear of public resentment, especially in cases where the utility is asking the
customer to conserve water or pay higher rates or tariffs. In areas with limited water
audit regulations, some utility managers distort their true losses on paper using “pencil,”
audits that are not scrutinized by outside authorities. Most of these practices, however,
are merely a reflection of the lack of a regional or national agenda for water loss control
for these utilities.
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4.2

Throughout the world, the water supply/
M . . ., | demand balance is in jeopardy. In many developing

any utilities use “pencil”) 4 me developed countries, some water systems
audits as a way of hiding their| 4, ¢ provide customers a continuous water sup-
real volume of water losses.| ply on a 24-hour per day basis, particularly during
This practice reflects a lack of | times of drought. Other systems are faced with
a regional or national priority| seemingly limited water resources to supply rap-
for water loss control and is| idly developing communities. Water utilities in
especia”y surprising in cases| resort communities serve a heavy hohday and tour-
where the same utilities are| ist trade, resulting in weekend and holiday peaks
many times higher than normal operating peak
flows. These systems often borrow significant funds
and install costly new water sources that are utilized
only on a part-time basis. The rest of the time the
costly investment sits unused and inefficient. For
systems in these conditions, water loss management offers multiple advantages of cap-
turing treated water volumes now lost to leakage while and recovering additional
needed revenue by managing apparent losses. A successful water loss control program
can defer the cost of loans for capital investments, stretch existing water resources and
improve customer satisfaction; and usually provides a very fast payback.

The first step into the right direction is to assess and acknowledge the problem
followed by dedicating resources and funds to efficiently control water losses. This
chapter explains how water loss is managed in various countries, focusing on the con-
trasting structures in the United States and England and Wales; as well as a number of
other countries who have taken a progressive stance on water loss. Insight is given into
the regulatory structures, standards, and water loss management practices of these
countries.

asking their customers to con-
serve water or are planning to
tap into new water resources.

Water Loss Management in the United States

The United States is a country truly blessed with bountiful natural resources. Water is a
primary resource that has been consistently developed to help the country grow to the
level of strength and prosperity that it enjoys today. Unfortunately, the availability of
plentiful water during the country’s early history may have contributed to a water sup-
ply infrastructure and American psyche that now tolerates significant water loss. A
general lack of awareness of this fact by the public and many water supply profession-
als is a large part of the problem.

Today the U.S. drinking water industry is facing growing challenges in providing
water supplies necessary to sustain the country’s economic and population growth.
Some of the fastest growing cities in the United States, such as Phoenix and Las Vegas,
are located in semiarid and arid climates. Water resources are limited in these dry areas,
requiring developing and transporting water supplies from very distant sources. The
Colorado River is a critical lifeline of water supply, but often runs dry at its mouth to the
Gulf of California while its waters provide supply to several states which are often at
odds with each other on how best to manage the river while achieving their water sup-
ply goals.!

The last 20 years have seen water restrictions due to multiyear droughts become
routine in many areas while the development of new sources has become less attractive
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and costlier due to enhanced water quality and environmental protections, coupled
with funding constraints. Despite these pressures, water loss policy is still not ade-
quately addressed at the national level even though the water saved through reduction
of water loss represents one of the least expensive new sources of water.

The term water accountability has been used casually in the United States for the last
several decades to label a variety of activities that impact the delivery efficiency of water
utilities. Historically in the United States, water accountability practices (unaccounted-
for water percentages) have existed more as art than science, with methods often
generating as much confusion as explanation in interpreting water loss conditions.
Symptomatically, this confusion stemmed from
inconsistent terminology, unreliable percentage
measures, and a lack of procedures to rationally
evaluate and compare water loss performance. On a
broader level, however, outdated water account-
ability methods are a weak discipline due to the lack
of awareness of the extent of water loss occurring in
the United States. Lacking recognition is a signifi-
cant concern for many water industry stakeholders,
no national agenda exists for water utilities to reli-
ably quantify or control their losses.

Conversely, the field of water conservation has become a well-structured discipline in
a number of states; achieving considerable success in limiting unnecessary water con-
sumption; particularly in the dry regions of the country where significant population
growth is occurring and water is both limited and expensive. Water conservation
focuses largely on water reductions by the end user by improving usage efficiency and
reducing waste. It has achieved recognition at the
national level with legislation in place that sets
requirements for household water appliances and
other water uses. The National Alliance for Water
Efficiency is launching, with the support of the

No consistent national meth-
ods are employed in the United
States to quantify water loss
accurately—however, there are
strong signs of change in a
number of state and regional
governments!

The success of many water
conservation efforts in the

United States Environmental Protection Agency
(USEPA), a multitude of successful regional water
conservation efforts on a national scale. USEPA has
also recently launched its WaterSense Program and
water appliances are sold with a WaterSense label,
just as appliances have carried an EnergyStar energy
efficiency rating for many years. Unfortunately,
supply side losses occurring due to leakage and
poor accounting by water utilities are often many
times greater than the end-user savings achieved
through conservation; yet are still not adequately
recognized.

4.2.1 Cultural Attitudes

United States sets the stage
for improved structures to
motivate water loss control;
particularly since water loss
management offers the ability
to supplement conservation
savings many times over with
the often high volume savings
potential of water loss recovery.

Americans are the world’s consumers. As shown in Fig. 4.1, their water consumption
ranks them as the world’s highest per capita water users, when assessing source water
withdrawals for all uses: including the majority uses of power generation and agricul-
ture, in addition to drinking water supply. The authors would like to mention that the
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Per capita world water withdrawals for all uses: Agriculture, industrial, and domestic
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Ficure 4.1 Comparison of world wide water utilization. (Source: Ref. 2.)

consumption volumes shown in Fig. 4.1 are subject to a certain level of error. Basically,
good data does not exist in many countries, so assessments like these always must be
interpreted in a very general manner. However, Fig. 4.1 provides a good general picture
on the significant differences in world water withdrawals for all uses: agriculture,
industrial, and domestic.

“Conserving” is sometimes viewed as “doing with less,” a notion that sometimes
runs contrary to the American way of thinking, which is often geared toward building,
development, and exploitation of resources. For many utilities water is unmetered, thus
removing the “finite” sense of the resource from the thinking of both the consumer and
the supplier. Like other parts of the world, water is often under-valued—literally and
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International Water Cost Comparison 2006
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Ficure 4.2 International comparison of water cost. (Source: NUS Consulting Group International
Water Survey & Cost Comparison, July 2006.)

emotionally—in the United States. Costs to the consumer are often intentionally sup-
pressed for social or political reasons (See Fig. 4.2 for a comparison of international
water cost.)

4.2.2 Geography and Demographics

The fastest population growth is seen in the “sunbelt” states where water is often scarce
and expensive. The critical role of water in assisting development results in a good
appreciation for conservation in these areas, and generally younger infrastructure
encounters less loss due to leakage. However, the frequent need to import water over
vast distances requires complex planning and negotiations and the need for large,
energy-intensive infrastructure (reservoirs, pipelines, and pumping stations), which
makes it even more important to reduce water losses to an economically optimum
level.

In contrast to the fast growing populations in the “sunbelt,” population growth has
slowed in the former industrial states where water has been relatively plentiful and
inexpensive. Often having still-abundant resources and excess capacity, but a declining
customer base and aging infrastructure, losses are often overlooked in these systems,
even as they continue to grow.

4.2.3 Water Utility Organization and Structure

Most of the 55,000 water suppliers in the United States are extremely small utilities
existing in rural areas; while a relatively small number of medium- and large-sized
systems supply the largest share of consumers in densely populated areas. About 3700
of the largest water supply systems in the United States provide water to about 80% of
the country’s population. Most water utilities are municipally owned and operated. A
small number of large private companies operate systems in multiple states. Some of
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the water suppliers are identified as irrigation districts since they were originated to
provide water for agricultural irrigation. There are several large water wholesalers,
providing bulk volumes of water to small suppliers. The organizational and manage-
ment structure of water utilities varies widely with many systems operated by local
governments; either as municipalities or authorities; and many large and small pri-
vately operated systems existing as well. System boundaries usually coincide with
political boundaries rather than natural (watershed) boundaries.

Typically, water accountability practitioners are distribution system operators and
water conservationists are public affairs or policy professionals. Lacking a national
awareness and consensus on the overall water loss problem, these two camps histori-
cally did not interact widely or integrate their efforts under a single water conservation/
efficiency mission. Fortunately, this has begun to change as stakeholders from both dis-
ciplines are now coordinating on a number of important initiatives.

Establishing standards amid this wide array of conditions is complex but as dem-
onstrated by the implementation of complex water quality mandates under the U.S.
Safe Drinking Water Act (1974, 1996 amendments), not insurmountable.

4.2.4 Environmental Perspective

The United States” environmental consciousness has grown steadily over the past sev-
eral decades and is now a balancing force in planning and development decisions in the
country. The establishment of the USEPA confirmed that consideration for the environ-
ment must be part of the decision-making process.

High water losses indirectly result in oversized infrastructure, excess energy usage
and unneeded withdrawals or abstractions, from source water supplies; all of which exert
a potentially unnecessary—and sometimes damaging—impact to the environment.

It is likely that a notable number of new source water abstractions and infrastruc-
ture expansions could be avoided if loss reduction was achieved, that is, water loss
reduction could possibly represent one of the largest components of untapped water
resources and potential for energy reduction currently existing in the United States.

4.2.5 The Current Regulatory Structure for Water Loss Management

The structure of the U.S. drinking water industry is highly fragmented, both in owner-
ship and organizational oversight. The regulatory structure varies from state to state,
with many water utilities falling under the auspices of two or more regulatory agencies
that may include government environmental agencies, public utility commissions, river
basin commissions, water management districts; as well as one or more federal agen-
cies. Other important stakeholder organizations, such as county conservation districts,
planning commissions, and watershed associations may also be party to the input and
discussion about water resources management.!

In the late twentieth century, significant federal governmental involvement created
extensive water quality legislation and rules for clean streams and drinking water. Con-
versely, federal requirements for auditing water delivery and customer consumption
have historically existed with only minimal structure and degree of impact.

Considerable concern has grown for the need to replace aging infrastructure and
identify appropriate funding mechanisms. Yet the scope of infrastructure needs is often
based on projections that don’t include improvements from loss reduction. A more
modest estimate of national infrastructure needs might be derived if realistic loss reduc-
tion and conservation were consistently included in the analysis.
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In 2001, the American Water Works Association (AWWA) conducted a comprehen-
sive survey of state and regional water loss standards, policies, and practices entitled
“Survey of State Agency Water Loss Reporting Practices.”® The survey report concluded
that even though a reasonable number of state and regional agencies hold a water loss
policy, targets and standards vary widely from agency to agency. The survey confirmed
that the structures in place to monitor drinking water supply efficiency are superficial in
nature, of limited sophistication (in most cases “unaccounted for water” percentage is
the sole performance indicator), and include scarcely any auditing or enforcement mech-
anism to validate the performance of drinking water utilities. The study clearly identi-
fied that in most cases the agencies do not provide incentives for achieving the required
targets nor do they take action for failure of meeting targets. A very important finding of
this study was that it is necessary to refine current definitions, measures and standards
for evaluating water losses in the United States. The establishment of a uniform system
of water accounting, with valid and reliable data, was proposed by this study.

4.2.6 Current Water Loss Management Practices

The starting point for successfully managing water losses is to accurately assess water
supply and consumption volumes by conducting a standardized IWA/AWWA water
audit. Many water audits are performed by utilities in the United States annually, but
they lack uniformity. The audit methods used, the performance indicators and expres-
sions of water losses calculated, and the time intervals between audits vary signifi-
cantly from utility to utility. The majority of water utilities do not use the IWA water
audit methodology recommended by the AWWA Water Loss Control Committee
(WLCC). Therefore, it is impossible to accurately compare water losses between utilities
since the assessment is not uniform. The historic indicator used to describe water losses
(% volume of nonrevenue water) is highly unreliable and inappropriate. This percent-
age is unduly influenced by the denominator (system input volume) resulting in under-
stated losses for water utilities with growing populations and overstated losses for
utilities with contracting populations. Also, this simple percentage reveals nothing
about specific loss volume quantities and costs, which are two of the most important
parameters in the analysis.

The following simplified example clearly demonstrates how misleading and inap-
propriate percentage figures are when used as performance indicator for water loss
management. In our example, we look at a standard U.S. water utility with 20,000 resi-
dents (no commercial or industrial customers) and an average per capita consumption
of 400 gal/cap/d with a total metered consumption of 2920 mg/year. Assuming the
utility has 325 mg of real losses per year the utility has a total system input of 3245 mg/year.
The percentage loss figure for this utility is therefore 10%. If the same utility reduces
the per capita consumption to 200 gal/cap/d through a successful demand side conser-
vation program the total yearly metered consumption is reduced to 1460 mg. With no
reduction in real losses the total system input is therefore reduced to 1785 mg/year, which
results in a percentage loss figure of around 18%. This simple example explains why
expressing water losses as a percentage of system input volume is a poor performance
indicator.

North American utility with typical per capita consumption of 400 gal/cap/d:

Total system input volume: 3245 mg
Total consumption volume: 2920 mg
Total losses: 325 mg
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Percentage of losses as % system input volume: 325/3245 mg = 10%
Same utility in with per capita consumption of 200 gal/cap/d:

Total system input volume: 1785 mg
Total consumption volume: 1460 mg
Total losses: 325 mg

Percentage of losses as % system input volume: 325/1785 mg = 18%

Figure 4.3 provides another example highlighting the weakness of the percentage
indicator (in this case, metered water ratio) as it shows little variation despite a significant
reduction in nonrevenue water over the 12-year period as shown by the trend line. This
occurs since consumption in Philadelphia has also been in decline.

The current lack of structures, regulations, and uniform assessment methods of
water losses contribute to the fact that water loss management is still a rather weak and
neglected discipline in the United States. The AWWA survey “Survey of State Agency
Water Loss Reporting Practices” and the AwwaRF report “Leakage Management
Technologies”* both clearly highlight that most water utilities employ only reactive
leakage management, which consists solely of repairing broken or burst water mains
and leaks that have caused customer complaints and/or became visible on the surface.

Broken water mains are the most recognizable example of a reported leak, which,
due to their damage-causing nature, are usually quickly reported, responded to and
contained. However, unreported leaks, which frequently escape the attention of the
water supplier and the public, account for larger amounts of lost water since they run
undetected for long periods of time. While most water suppliers in the United States
provide reasonable response to reported leaks, those that conduct regular unreported
leak searches, or leakage surveys, (usually at 1- to 5-year intervals) probably represent
a minority of the country’s systems. Many systems conduct no surveys to detect unre-
ported leaks. Generally, only the larger water systems employ specific “leak detection”
personnel and purchase sophisticated leak correlators or other electronic equipment.
Smaller systems typically rely upon leak detection consultants to provide pinpointing

Philadelphia Water Department Nonrevenue Water vs. Metered Water Ratio
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Ficure 4.3 Nonrevenue water vs. metered water ratio. (Source: George Kunkel.)
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services for hard-to-find leaks and to conduct periodic surveys of their systems to search
for unreported leaks.

More sophisticated leakage management technologies such as district metered
areas (DMA) or flow-modulated pressure control are only used by a handful of utilities
in the United States.

4.2.7 Positive Developments in the United States—Regulations,
Standards, and Practices

Water and energy conservation has become increas-
ingly impo'rt'ant for water util'ities an.d policy I'n'ak- Significant progress was
ers, and .utlhty managers are 1.ncreas1ngly reahzm.g made over the past 5 years
that the improved accountability and loss control is " "

. . . with several groundbreaking
important from environmental, political, and eco- . .

. . . . . regulations and publications—
nomical points of view. This trend is strengthened . . .
by factors such as ongoing droughts, increasing Ieafjlng oz Un!t?d Stalesiinio
population in the U.S. western states, expensive |active and efficient manage-
water resources, and possible future regulations for | ment of water losses.
distribution systems by the USEPA.

Since the first edition of this manual was published in 2002, several very important
and positive initiatives took place, preparing the way for successful water loss manage-
ment in the United States.

The most important initiatives are listed below:

e In 2001, the American Water Works Research Foundation (AwwaRF) Research
Adpvisory Council funded project #2811 “Evaluating Water Loss and Planning
Loss Reduction Strategies” to help refine water loss definitions, measures, and
standards for North America. The final report of this important project was
published in 2007, and is now a standard reference for water loss management
in North America.

e In 2003, the AWWA-WLCC recommended both the IWA water balance and the
IWA performance indicators (including the infrastructure leakage index) in their
committee report as the current industry best practice for assessing water losses.

¢ In 2003, the Texas State Legislature passed House Bill 3338, which includes in its
language a requirement for drinking water utilities to submit a water audit
every 5 years. The Texas Water Development Board (TWDB) was charged to
identify the method to be used for these water audits and has established the
method developed by IWA. Texas is the first state in the United States that has
adopted the IWA best management practice for water audits. Texas has set a
clear signal that it supports standardized and unambiguous assessment of
water losses.

* Since 2003, several other water oversight agencies have set forth to improve
water supply efficiency and long-term sustainability. The following organiza-
tions are reviewing state regulations, statutes, and water plans:

e California Urban Water Conservation Council (CUWCC)

e (alifornia Public Utilities Commission

¢ Delaware River Basin Commission (DRBC)

e States of Georgia, New Mexico, Washington, Tennessee, Maryland, and
Pennsylvania
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¢ In 2003, AwwaRF’s Research Advisory Council and the USEPA-funded project
#2928 “Leakage Management Technologies” to review internationally applied
proactive leakage management technologies, assess the applicability of these
technologies in North America and to provide guidance on how to practically
and cost effectively implement these technologies in North America. A
comprehensive report covering all aspects of this important research project
was published in 2007.

e The AWWA-WLCC is rewriting the AWWA M36 Manual of Water Supply
Practices, Water Audits and Leak Detection, to provide guidance on the IWA water
audit method, as well as progressive apparent and real loss controls. The new
AWWA M36 manual, entitled Water Audits and Loss Control Programs, is
scheduled for publication by early 2009.

¢ Afree, introductory software developed by the AWWA WLCC became available
in early 2006. The software includes a water balance and performance indicators,
based on the AWWA-approved standard IWA water audit methodology and
performance indicators. The software can be downloaded from the AWWA Web
site’s WaterWiser homepage.

Significant progress was made in the United States over the past 5 years in a similar
way to the initial transitions that occurred in the United Kingdom during the late 1980s
and 1990s. The United Kingdom is now among the leading nations in terms of active
and efficient leakage management.

International Leakage Management

Leakage management projects funded by governments, utilities, and international
funding agencies are being implemented through out the world. However, only a few
countries have established successful nationwide leakage management regulations and
practices. This section provides the reader with a general overview of effective leakage
management structures in several countries around the globe, with a special focus on
England and Wales.

4.3.1 Leakage Management in the United Kingdom

This section refers to England and Wales when talking about the United Kingdom, since
those are the two regions with the most structured leakage management regulations in
the United Kingdom.

An interesting contrast can be drawn between the proactive system addressing
water loss in England and Wales and the current conditions in the United States. A
number of factors contributed to the establishment of England’s progressive demand
and leakage management structure in the 1990s. The reorganization, privatization, and
regulation of the small number of large water companies in 1989 created an important
change in the business model used for water supply. With revenue growth potential
limited due to government regulation of customer rates or tariffs, leakage reduction
was one of many efficiency improvements targeted by the companies to cut costs and
improve their bottom line. The National Leakage Initiative of the early 1990s was a
major research project underwritten by the water companies to determine the best
methods to employ to reduce leakage. The severe drought of the mid-1990s prompted
mandatory targets for leakage reduction from the government’s economic regulator,
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Office of Water Services (Ofwat); which most com-
panies have achieved due to their ability to quickly s . .
implement the recommendations of their leakage wevere d.rought in tl.1e United
reduction research. Enormous efforts to control |Kingdom in the mid-1990s
water losses were undertaken in the United Kingdom | Prompted mandatory leakage
since the early 1990s, with water loss reduction |reduction—a scenario that
being a major operational task for water utilities. |could materialize in the United
Today, water companies in the United Kingdom |States given its many drought-
have a detailed understanding of their components | stricken regions.

of water losses and the economic optimum of their
losses. The water companies now operate “trans-
parently” in calculating and publicizing data on their water loss volumes. Most compa-
nies claim that they have reached, or will reach soon, their economic optimum level of
leakage. Total leakage in England and Wales was reduced from 1350 mgd (5112 ML/d)
in 1994-95 to 856 mgd (3243 ML/d) in 2000-01. This represents a reduction of 37% in
leakage or a volume of 528 mgd (2000 ML/d), enough water to supply more than
12 million people.

A rise in leakage volume during the 2001-02 year (see Fig. 4.4) was caused by
increasing leakage volumes at Thames Water, which have continued to increase
against the general downward trend seen from all other England and Wales water
companies. In 2002-03, Severn Trent Water showed a rise in its leakage volumes as
well. Both companies are under strict scrutiny by Ofwat to ensure that they improve
their performance according to their set targets. Thames Water and Severn Trent Water
aside, leakage volumes for all of the remaining water companies have continued to
fall further.

Total Leakage England and Wales from 1994 95 to 2005 06
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Ficure 4.4 Leakage reduction in England and Wales between 1994-95 and 2005-06.
(Source: Ofwat, compiled from annual leakage reports—in public domain.)
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Regulations for Leakage Management

After the privatization of the water supply industry in England and Wales in 1989,
10 large regional water supply and sewerage companies were formed, which, together
with 16 statutory water supply only companies, cover the entire water supply of
England and Wales regulated by the Water Act of 1991. U.K. governance features two
primary regulatory bodies for the water industry, Ofwat and the Environment Agency
(EA). Ofwat serves as the economic regulator and the EA as the environmental regula-
tor. Each water company is required by Ofwat to produce a detailed annual report on
the volume of water supplied, consumed, and lost in each component part of the net-
work, using a standardized water balance (similar to the standard IWA water balance).
The water balance results have to be cross checked via minimum hour flow analysis of
data from DMA, which are discrete zones established to distinguish leakage events
from customer consumption.

The results of these reports are used by Ofwat to assess the performance of each
utility, to set performance targets and for intercompany comparisons. The mandatory
leakage targets set by Ofwat for each water company (in ML /d) must be met by the com-
pany in order to avoid sanctions by Ofwat.

Overall, the assessment, reporting and management of water losses are highly regu-
lated in England and Wales. This is paired with clear definitions, measures, and stan-
dards for assessing and evaluating water losses. The two regulatory agencies monitor
the performance of all water companies closely and set performance and efficiency tar-
gets driven by an economic optimum volume of leakage established for each water
company.

Leakage Management Practices
Developments of the past 20 years have resulted in a detailed understanding of the
interaction between the four fundamental leakage management practices:

¢ Infrastructure management
¢ Pressure management
¢ Active leakage control

* Speed and quality of repair

The understanding and accurate assessment of the economic optimum volume of
leakage is another major development and forms an integral part of a utility’s water
loss management strategy. Coherent leakage management strategies and oversight by
regulatory bodies rely upon a uniform way of assessing water losses and setting eco-
nomically and environmentally justified loss reduction targets. The main pillars of the
highly successful leakage management practices used in England and Wales are

* Improved business focus: Departments and teams were created with the sole
purpose of managing and reducing water losses to an optimum volume.

» Improved data quality: It was realized that the quality of data used for the water
audits and establishment of targets was fundamental for a successful leakage
management strategy.

* Routine calculation of water balances and performance indicators: In order to define
and refine intervention targets and measures, standardized water balances and
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performance indicators are calculated routinely. These calculations are supported
by DMA minimum hour flow analysis.

* Network zoning and DMA establishment: It was acknowledged that one of the
most efficient ways to reduce the volume of real losses is by reducing the
runtime of leaks. DMAs and the related minimum hour flow measurements
allow the leakage manager to deploy the leakage reduction recourses to those
areas where leakage levels have reached a volume that justifies intervention.

* Pressure management: It is now a well-known fact that pressure management is
the most effective and efficient way of reducing leakage. The general benefits of
pressure management are threefold: reduction of background leakage, reduction
of break rates on mains, and service connections and reduction of flow rate
from any leak.

* Reduced response time to repair leaks: Once it was recognized that the run time of
a leak is major factor contributing to the overall real loss volume; steps were
taken to ensure that the average repair times were drastically reduced.

* Customer side leakage: After it was understood that a significant portion of the
leakage volumes can occur on customers side of the service pipe, effective
management of this leakage component was included in the over all leakage
reduction strategy.

o Improved leak detection efforts: A leakage reduction program is only as good as its
field personnel finding the leaks. Therefore, comprehensive training programs
were developed in order to increase the skill level of the leak detection personnel.

* Asset management: It was realized that leakage management is an integral part
of asset management. Infrastructure replacement is the most comprehensive
improvement to an asset, but this action is also the most expensive step of the
four management practices. A concentrated effort was launched to develop
sophisticated asset management techniques to plan infrastructure investments
and replacements on a strategic basis.

These leakage management practices are discussed in further detail in Chaps. 10 to 14.

4.3.2 Additional Examples of Improved International Leakage
Management in Several Countries
Abrief description of progressive international water loss management activities is pro-

vided to reflect the growing recognition of water loss impacts among countries around
the world; and the actions that they are taking to promote water-efficient utilities.

Germany

The German water market exists of a multitude of small- and medium-sized enterprises
and municipal companies. Water utilities are operated in different legal forms with the
most common form being: municipal department, municipal utility, municipal com-
pany, joint venture, operator model and management, and service contract.” Currently
there are about 5260 water supply enterprises in Germany. Germany has very strict
guidelines and ambitious performance indicators for water loss management. How-
ever, it is interesting that those guidelines are driven by hygienic, supply sufficiency,
safety, and environmental reasons; unlike England and Wales which are managed
largely by economic considerations. In 2003, national guidelines were published for the
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German water sector entitled W 392—Network Inspection and Water Loss—Activities, Pro-
cedures, and Assessments. They require the water supplier to assess and analyze the water
system condition, to calculate and analyze water losses and to employ efficient water
loss reduction measures.

Following the W 392 guidelines, German water utilities pursue a comprehensive
maintenance strategy which includes asset management as well. Distribution network
maintenance in Germany comprises regular inspections of the system and its compo-
nents, preventive and corrective maintenance, and repair and rehabilitation. A very
interesting aspect of the German approach is that maintenance activities are taken into
full account in the planning and construction phases. Establishing DMAs during con-
struction of network extensions and installing bulk meters on transmission mains for
timely leak detection are examples of this holistic approach. The German guidelines
stress the need for comprehensive metering of production, distribution, and customer
consumption in order to balance flows and monitor real loss levels with great accuracy.
German regulations require water utilities to conduct an annual water audit using a
method with precise definitions of each component of the water balance. The recom-
mended format of the water balance is in accordance with the IWA recommendations
from the IWA Manual of Best Practice.® The W 392 guidelines discourage the use of
output/input percentages as a real loss indicator by stating: “expressing real losses as a
percentage of the system input volume is unsuitable as a technical performance indica-
tor since it does not reflect any of the influencing factors. Systems with higher system
input volumes (e.g., urban systems) will automatically have an (apparently) lower level
of water losses if expressed in percentages. Systems with low water consumption (e.g.,
rural systems) will show high percentage figures of real losses. Therefore, comparisons
using percentages will always favor systems with high system input.”**

Australia®

The Australian water industry consists of over 300 water utilities. Most authorities/
utilities are publicly owned in Australia, with many part of national or local govern-
ment. Australia entered into a multiyear period of severe drought starting in 2002; an
event that is threatening the existence of its agriculture industry and has thrust water
loss management into the national political limelight. Over the past 2 to 3 years water
loss management activities in Australia have grown substantially in importance for the
water industry, as sustainable water management has become an issue of concern for
the broader Australian community. The increased focus on water loss management has
been led by IWA Water Loss Task Force Deputy Chair Tim Waldron who is the CEO of
a medium-sized utility in Australia, Wide Bay Water Corporation.

On a world scale, water losses in Australia are quite low (infrastructure leakage
index is typically between 1 and 1.7). These low levels of water loss are the result of;
relatively new infrastructure, quick response times to known bursts and high standards
for assets selection and asset management throughout the Australian water industry.

Despite these relatively low levels of water loss, the recent focus and investment by
the water industry in water loss management has been driven by three fundamentals:

1. Very severe droughts and water scarcity in many of Australia’s largest cities
and populated regions
2. Government regulation regarding water loss management

3. Increased government funding for water loss management activities
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The Australian water industry has adopted the methodologies of the International
Water Association’s Water Loss Task Force as an organizing concept for much of this
work. The adoption of this framework has institutionalized by the fact that key water
industry membership organizations such as the Water Services Association of Australia
(WSAA) and the various water directorate organizations have made available software
tools and information packages which use the water balance and terminology promoted
by the IWA thereby creating this as a de facto Australian standard.

Regulatory reform has been led by the Queensland Government which requires all
water service providers in the State of Queensland to

* Prepare a system loss management plan using IWA methodologies (water losses
are to be valued at the retail sale price of water)

¢ Implement cost effective water loss management actions (e.g., active leakage
control, pressure management, etc.). Cost effective actions are defined as any
activity that will achieve a payback in less than 4 years.

This regulatory regime is now being reviewed by other state governments and com-
monwealth government regulators and it appears likely as if it may form a model for
future regulatory action by government agencies in Australia. The Australian Govern-
ment (the Commonwealth) through the Australian Water Fund has provided govern-
ment funding to a number of key trial water loss management projects. The recently
elected federal government (December 2007) made water loss management an election
issue through the announcement of a major national funding package for water loss
management. This national government funding has been reinforced with a number of
state governments providing significant funding to assist water authorities to imple-
ment water loss management activities (In Queensland, one of the key drought ravaged
areas, this state subsidy is 40% of overall project costs).

Thus the regulatory drivers and funding drivers are pushing the water industry in
Australia to implement some very large water loss management projects. Most notably
in South East Queensland water service providers are currently working on a system
to implement DMAs and pressure management in communities currently servicing
more than 2 million consumers. The savings that are being achieved through these pro-
grams are still significant despite the relatively low levels of losses prior to project
implementation.

Since 2003, Gold Coast Water has engaged Wide Bay Water Corporation to imple-
ment one of the largest water loss management projects in Australia. The savings that
have been achieved by this program are as follows:

Consumption (System Input Volume)

Total system input volume declined by 22.22% from 73,750.7 to 57,361.8 ML/year.
Overall demand has reduced from 1640 to 1091 L/conn/d, reflecting an overall

reduction in demand of 549 L/conn/d.

Real Losses

The unit value for current system leakage has dropped from an initial 164 to 46 L/conn/d.
(It should be noted that as a result of this performance Gold Coast Water is technically
exempt from the preparation of a system loss management plan as the act exempts large
water service providers if their real losses are less than 60 L/conn/d.)
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The gap between system input and billed consumption has closed from 9134.7 ML/
year, to less than half at 3637.7 ML/ year. Current system leakage has reduced by 4951
ML/year or 13.56 ML/year.

These impressive results have been achieved by

e Establishment of district metered areas (50% of service connections)
* Establishment of leakage test zones (14% of service connections)

¢ Pressure management in appropriate zones

* Reservoir maintenance and repairs

* Mains replacement

* Replacement of service connections and water meters

* Asset condition assessment and replacement

* Improved burst response time

The implementation of extensive pressure management activities has led to a sig-
nificant reduction in reported bursts in pressure managed areas.

The Need for Meaningful Regulations

When looking at the success stories of leakage management on a country by country
base it is evident that the countries where water loss management is succeeding are
those where well-structured and balanced federal or state water loss management regu-
lations are in place. The United States largely lacks such structure; however a lack of
uniform and proactive regulations is not limited to the United States since a similar lack
of recognition of water loss problems exists around the world.

Many areas of the United States have suffered significant periods of drought in the
past 20 years. A severe drought in California from 1987 to 1992 triggered strict customer
demand restrictions, yet very little emphasis was placed on the need for water suppli-
ers to accurately quantify and manage their water losses.

Severe drought in parts of the United States has been a primary reason why cus-
tomer water conservation programs have become well established and backed by regu-
lations and incentives coming from federal and state levels. Many of these programs,
however, would not exist had local, state, or federal regulations failed to be enacted. In
the United States, it is inevitable that meaningful, industry-wide accountability and
loss control improvements will come about as new federal regulations are passed
requiring such. The highly fragmented water regulatory structure in the United States
makes regulatory decisions and structures highly complex; however, federal and state
regulatory authorities should strongly consider the need to begin to formulate a basic
regulatory structure to motivate water suppliers to assess and manage their water losses
in accordance with recognized best management practices. The 1996 Amendments to
the Safe Drinking Water Act are a good example that federal regulations can be applied
to the U.S. drinking water industry. These regulations motivated new programs and
structures that have clearly increased the quality of drinking water across the United
States. Similarly, a regulatory structure for water accountability and loss control is pos-
sible in the United States; but awareness of the issues must be heightened and political
will has to be mustered.
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As discussed, there have been many very positive changes in the U.S. water indus-
try since the start of the new millennium, with several states and regulatory authorities
adopting and/or promoting standardized water loss management. The authors believe
that it is only a matter of time until efficient water loss management is required on a
federal level in the United States, with many projected benefits for water consumers,
water utilities, and the environment.

4.5 Summary

Water loss is truly a global problem that requires focused attention and awareness from
a wide variety of stakeholders: federal, state, and local governments, water suppliers,
environmental groups, and consumers. The most successful water loss management
programs around the world exist in countries which have enacted regulations requiring
the water supplier to apply best management practices. The causes and remedies of
water and revenue loss are now well understood, and innovative technology makes
loss control efficient and cost effective. As demonstrated in a number of states in recent
years, it is now necessary for the insidious issue of water loss to assume a position of
priority on the policy and regulatory agenda of the United States.

Table 4.1 provides a comparison of general characteristics, water loss manage-ment meth-
ods, and regulatory structures in the Unites States, England and Wales, and Germany.

Parameter United States England and Wales | Germany

General Characteristics

consumption

(376 to 752 L/cap/d)

(145 L/cap/d)

Number of water More than 59,000 23 More than 5000
suppliers

Legal form of water | Great majority public Private Great majority public
suppliers

Per capita 100 to 200 gal/cap/d 38 gal/cap/d 34 gal/cap/d

(130 L/cap/d)

Service density

70 to 100 con/mi
(44 to 63 con/km)

40 to 150 con/mi
(25 to 94 con/km)

40 to 150 con/mi
(25 to 94 con/km)

Pressure

~71 psi (50 mH)

~71 psi (50 mH)

~ 43 psi (30 mH)

Proportion of
metered residential

95 to 100%

5 to 60%

95 to 100%

(282 L/con/d)

(113 L/con/d)

customers

Break rate 250 breaks/1000 mi/ 350 breaks/1000 not collected
year mi/year
(156 breaks/1000 (219 breaks/1000
km/year) km/year

Real losses 75 gal/con/d 30 gal/con/d 19 gal/con/d*

(71 L/con/d)

(Source: Ref. 4.)

TaBLe 4.1 Comparison of General Characteristics of Water Loss Management Methods and Regulatory
Structures in the United States, England and Wales, and Germany (Continued)
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Parameter United States England and Wales | Germany

Water Loss Assessment and Leakage Management Performance Indicators

Water audit formats | AWWA Manual M36 and | Standardized Water Standardized Water

custom audits, IWA/ Audit comparable Audit in accordance
AWWA recommended to IWA/AWWA with IWA/AWWA
Audit used rarely recommended recommended
audit format audit format
Use of audits Overall very limited. Required for all Required for all
Required only by water utilities water utilities
certain states by regulator
Implications of Rather limited overall, Serve as basis for Serve as basis for
water audit results varies by state setting leakage setting leakage
management management and
and performance performance targets
targets
Leakage Percent of system input | Volumetric and Volumetric
management volume is mostly used, | financial indicators performance
performance although has proven to used in accordance indicators used
indicators be unreliable indicator with IWA
recommendations
Water loss Limited in extent, Extensive and Extensive and detailed
standards detail, and, where detailed: uniformly standards—details
mandated, level enforced by central about enforcement
of enforcement; government not available

regulations vary widely regulator
at the state, regional,
and local levels

Leakage Management Practices

District metered Generally not used A well-established A well-established and
areas to a wide extent and required required practice
practice
Pressure Standard pressure Standard and Standard and
management management is advanced pressure advanced pressure
prevalent—advanced management is management is
pressure management used, a standard used, a standard
used rarely component component of leakage
of leakage management
management
Repair of customer Usually responsibility Company-paid or NA
service connections | of customer subsidized for
first or subsequent
leaks

(Source: Ref. 4.)

TaBLe 4.1 Comparison of General Characteristics of Water Loss Management Methods and Regulatory
Structures in the United States, England and Wales, and Germany (Continued)



What is Necessary to Control the Water Loss Problem?

Parameter

United States

England and Wales

Germany

Reduced response
time to leaks

Varies greatly from
utility to utility

Main component
of leakage
management
practice

Main component of
leakage management
practice

Use of leak
detection
equipment

Only a small number of
utilities have necessary
technology to effectively

All utilities are
equipped with
necessary

Leak detection
technology used as
necessary to meet

leak detection
technology to meet
set performance
targets

detect leaks targets

TasLE 4.1

(Continued)
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CHAPTER 5

Steps and Components of a
Water Loss Gontrol Program

Reinhard Sturm
Julian Thornton
George Kunkle, PE.

5.1 Introduction

There are many factors such as financial constrains, infrastructure condition, skills and
technologies available, cultural and political conditions all of which are influencing a
utility’s ability to manage water losses. However, it should be the aim of every water util-
ity to improve the current operational practice in order to achieve higher efficiency and
to be able to provide better service to the clients. A water loss control program is without
doubt an excellent tool to improve efficiency and the service provided. In order to imple-
ment a water loss control program it is first necessary to understand and assess the prob-
lem through a diagnostic approach and then design and implement actions/programs to
solve the problem. This principle applies to any water company in the world.

This chapter will provide an overview on the various steps and components of a
water loss control program. The content is kept brief since all components of a water
loss control program will be discussed in detail in following chapters. This chapter
should serve as a road map for the reader to understand the general concept and steps
involved in a water loss control program. Figure 5.1 depicts a road map of a water loss
control program.

5.2 Top-Down and Bottom-Up Water Loss Assessment—How Much
Water Are We Loosing and Where?

On of the most important parts of a water loss control program is to assess and under-
stand the components of water loss. However, it is equally important to understand
that the accuracy of each calculated water loss volume depends on the accuracy and
quality of data used for the calculations. Hence, data validation plays a key role in the
assessment of water loss volumes.

3l
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Top-down
water balance
(see Chap. 7 for more details)

Component based BABE and
FAVAD analysis
(see Chap. 10 for more detail)

Bottom-up analysis of real
losses
(see Chap. 16 for more detail)

Analyze and verify system input
volume (SIV)

l

Determine background leakage based
on system specifics (miles, of mains, #
of service connections, etc.), condition

of system infrastructure and average
system pressure

Create temporary sample DMAs
representative for entire distribution
system—representing areas of
different pipe age, pipe material,
operating pressure, etc.

Standardize authorized consumption

l

}

volumes by categorizing into

« Billed authorized consumption and
its subcomponents

+ Un-billed authorized consumption
and its subcomponents

Determine leakage based on number
of leaks repaired, average system

pressure, and awareness—Ilocation and

repair time for each leak

Determine key components of real
losses (background leakage, losses
from reported and unreported leaks)
based on zonal minimum night-time
flow measurements

}

l

}

SIV minus authorized consumption
water loss

}

Determine apparent loss volume |

}

Real loss water loss — apparent loss

Calculate the level of real losses by

adding up all the real loss
components detailed above

Real losses losses from
background leakage + losses from

reported and unreported leaks repaired

Calculate system-wide volume of real
losses based on sample DMAs and
evaluate the effectiveness of pressure
management on background leakage,
leakage flow rates, and break
frequencies through field testing

Hidden losses
(losses that can be reduced by active leakage control)

Real losses from water balance — real losses from component-based
BABE and FAVAD analysis

Cross check real losses from top-
down water balance against real
losses from field measurements

(see Chap. 9 for more details)

Calculate the economic optimum volume of real losses and apparent losses

.

Design the appropriate intervention program against
apparent losses in order to achieve the economic
optimum volume of apparent losses—

/

Design the appropriate intervention program against
real losses in order to achieve the economic
optimum volume of real losses —

tools against real losses

using one, all, or a combination of the four principle

using one all or a combination of the four principle tools

against apparent losses

}

)

Intervention against real losses

Intervention against apparent losses

A 4

A 4

Evaluation of results

Evaluation of results

Fieure 5.1 Water loss control program—road map. (Source: Reinhard Sturm)
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5.2.1 Top-Down Water Balance

The first step in this analytical process of assessing and calculating the volume of real
and apparent losses is to undertake a IWA/AWWA recommended standardized top-
down water balance (see Chap. 7 for a detailed guidance on how to undertake a water
audit). Good management of any resource requires that the supplier maintain accurate
records of transactions and deliveries of the commodity provided to its customers. A
water balance has exactly that goal, tracking and accounting for every component of
water in the cycle of delivery. The water balance tracks the flow of water from the site
of withdrawal or treatment, through the water distribution system up to the point of
customer consumption. The water balance usually exists in the form of a worksheet or
spreadsheet that details the variety of consumption and losses that exist in a water sys-
tem. The water balance itself is a summary of all the components of consumption and
losses in a standardized format. Every unit of water supplied into the system needs to
be assessed and assigned to the appropriate component. It is certainly not best practice
to have units that are unaccounted for.

It is quite common that the calculated volumes of real and apparent losses have a
relatively low level of confidence the first time a water balance was established. There
are many reasons for a low level of confidence in the calculated water loss volumes the
first time a standardized water balance is established however the most common ones
are that some of the water balance components are not metered and/or the data used
has not been validated. Therefore, it might be necessary to first increase the confidence
in the calculated water loss figures by validating all the volumes entered in the water
balance through meter accuracy testing, improvement of record keeping, and estima-
tion practices and if necessary installing new system input and/or export meters. The
water utility will realize that the auditing process is a revealing undertaking that pro-
vides great insight to the auditor on the type and volumes of water loss (real and appar-
ent losses) occurring in the utility.

The real loss volume calculated through the water balance includes real losses from
leaks that have been repaired (through an active or reactive leakage management pol-
icy), the volume of background losses, and real losses that are due to leaks still running
in the system. The losses caused by leaks which still need to be detected and repaired
by the utility are called hidden losses. However, just by establishing the water balance it
is not possible to estimate the volume of hidden losses. It is recommended as best prac-
tice by the International Water Association (IWA) and American Water Works Associa-
tion Water Loss Control Committee (AWWA WLCC) that the assessment of real losses
using a “top-down” water balance should be complemented by the following two
methodologies:

* Component analysis of real losses: A technique which models leakage volumes
based upon the nature of leak occurrences and durations (see Chap. 10 for more
details)

* “Bottom-up” analysis of real losses: Using district metered area (DMA) and
minimum night-time flow (MNF) analysis (see Chap. 16 for more details)

5.2.2 Component Analysis of Real Losses

As already mentioned, it is best practice that in parallel to establishing a water balance
a component analysis of real losses is carried out to assess the volume of hidden losses
and to get a detailed understanding of the efficiency of the current leak repair policy.
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In 1994, a concept called Burst and Background Estimates (BABE) was published,
acknowledging that the annual volume of real losses consists of numerous leakage
events, where each individual loss volume is influenced by flow rate and duration of
leak run time before it is repaired. A component-based leakage analysis breaks leakage
down into three categories:

* Background leakage (undetectable): Small flow rate, continuously running
* Reported breaks: high flow rate, relatively short duration

o Unreported breaks: moderate flow rates, the run time depends on the intervention
policy

It is not recommended that a component analysis is undertaken on its own to derive
a volume of annual real losses because there is likely to be a significant level of uncer-
tainty in much of the data used in the analysis. However, a component analysis is a very
useful supplement to a top-down water balance because it provides estimates of the
volumes of real losses in different elements of the distribution infrastructure. This data
is so valuable because it is required to develop the most appropriate loss reduction strat-
egy and it is essential for a robust determination of the economic level of leakage (ELL).

As depicted in Fig. 5.1 the water balance calculates the total volume of real losses for
the audit year. However, it does not provide the information on what portion of these
real losses is due to hidden losses (losses from leaks that have not been captured by the
utilities current leakage management policy). By assessing the volume of real losses
through component-based analysis, it is possible to determine the volume of real losses
that have been captured through the current leakage control policy. Therefore, by
deducting the real losses based on the component-based analysis from the real losses
based on the top-down water balance, it is possible to determine the volume of hidden
losses.

Hidden losses = real losses from top-down water balance
— real losses from component analysis

The results from this analysis can then be cross checked against the real loss vol-
umes measured in DMAs (see Sec. 5.2.3).

Water balances and component analysis of real losses have to be carried out at least
once a year since they are such an integral part of any water loss control program. Many
utilities establish water balances on a monthly basis to keep a close eye on their water
loss management performance.

5.2.3 Bottom-Up Analysis of Real Losses Using DMA and
Minimum Night-Time Flow Analysis

The two ways of assessing real losses explained in the previous sections can be general-
ized as desktop analysis. However, an MNF analysis uses field test data to quantify the
volume of real losses within the distribution network. The results can be directly com-
pared with the volume of real losses obtained from the top-down water balance. A
DMA is required in order to conduct MNF measurements. A DMA is a hydraulically
discrete part of the distribution network that is isolated from the rest of the distribution
system. It is normally supplied through a single metered line so that the total inflow to
the area is measured (Fig. 5.2).
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General DMA setup

Source Reservoir

Closed valves

DMA meter

Ficure 5.2 General DMA setup. (Source: Adapted from IWA Water Loss Task Force)

The MNF in urban situations, usually occurring between 2 a.m. and 4 a.m., is the
most meaningful piece of data as far as leakage levels are concerned. During this period,
authorized consumption is at a minimum and, therefore, leakage is at its maximum
percentage of the total flow. The estimation of the leakage component at minimum
night flow is carried out by subtracting an assessed amount of legitimate night-time
consumption for each of the customers connected to the mains in the zone being stud-
ied. Typically, in European and North American urban situations, about 6% of the pop-
ulation will be active during the minimum night-time flow period. This activity is
typically to use a toilet and the water use is almost totally related to the flushing of WC
cisterns, although it can include substantial amounts of irrigation at certain times of the
year. Analysis of minimum night-time flows therefore also requires the use of sophisti-
cated techniques to determine legitimate night use. If it is known that there is signifi-
cant or non-normal night use, otherwise known also as exceptional night use, within
the zone, then this must also be estimated or measured by for example carrying out
meter reading tests during the minimum night period.

The result obtained from subtracting the assessed night use and exceptional night
use from the minimum night-time flow is known as the net night-time flow (NNF) and it
consists predominantly of physical losses from the distribution network.

After completing these three initial components of a water loss control program it is
now necessary to transfer volumes into values in order to determine the economic opti-
mum volume of leakage.

Determine the Economic Optimum for Your Water Losses

Water loss management is an economic issue. Utilities should aim to manage losses in
order to minimize overall operating costs. With any water loss reduction strategy, the
lower the level of water losses achieved, the higher the cost of reducing water losses
further. For this reason, it is never economic for a utility to remove all water losses. The
economic optimum is the economic balance point at which the value of water lost (real
or apparent losses), plus the cost to reduce the volume of real or apparent losses, is at a
minimum. It is certainly best practice to determine the economic optimum point for

1)
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both the real losses and the apparent losses in order to see if there is room for economi-
cally justifiable real and/or apparent loss reductions.

Models to determine the long-term economic optimum volume of water loss, like
used in England and Wales, for example, can be highly complex and very labour- and
data-intensive.

However, by using a short-term economic analysis, which is basically transferring
water loss volumes into values and comparing them to the cost of intervention, a much
less labour and data intensive approach exists to provide a utility with the economic
water loss benchmarks it needs to determine its optimum intervention program. Each
water system will have different types and degrees of loss and each has a potential solu-
tion and each solution has a cost. However, before the cost to benefit ratio can be defined
the potential solutions have to be identified and graded technically. In addition to hav-
ing a good return or cost to benefit, it is also important when considering intervention
to take into account the local conditions and the sustainability of the method or solution
adopted. Water losses don’t go away they keep on coming back. Water loss control is
not a one-time exercise it is a continuous and changing solution to an ever-changing
problem.

See Chap. 9 for a detailed discussion on determining the economic optimum
volume of water loss.

Design the Right Intervention Program

As we already know from previous chapters there are two basic forms of water losses—
real and apparent losses—and for both types of losses the right intervention program
needs to be designed. The design of the right intervention program is directly con-
nected or interlinked with the process of determining the economic optimum volume
of water losses.

This section will provide a brief overview of the common intervention methods
available against real and apparent losses which form the bases for the design of every
water loss control program. Chapters 11 to 15 will provide an in-depth discussion of all
intervention methods available against apparent losses and Chaps. 16 to 19 will provide
an in-depth discussion of all intervention methods available against real losses.

5.4.1 Real Loss Intervention Methods

The decision on which intervention methods are appropriate for the given situation will
depend very much on which factors are attributing to the real losses in any particular
system and the cost benefit of each intervention method. Figure 5.3 shows a component
break down of intervention methods against real losses. Each of the four arrows repre-
sents an intervention method or a set of intervention methods against real losses.
Depending on the local situation the final real loss intervention program may consist
only of one or a combination of several or all intervention methods which will serve to
bring the real losses down to the economic optimum volume.

5.4.2 Apparent Loss Intervention Methods

Just as for the real losses there is also a set of intervention methods available to reduce
the volume of apparent losses down to the economic optimum point. Figure 5.4 shows
a component breakdown of intervention methods against apparent losses. Each of the
four arrows represents an intervention method or a set of intervention methods against
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Pressure Economic level of real losses

Losses flex with pressure  —
management

Unavoidable
annual real
losses

Speed and quality Active
of repairs leakage control

Potentially
recoverable real
losses

Pipeline and
asset management
Current annual real losses selection,
installation,
maintenance,
renewal,
replacement

Ficure 5.3 Four potential intervention tools of an active real loss management program.
(Source: IWA Water Loss Task Force and AWWA Water Loss Control Committee.)

Customer Economic level of apparent
meter losses
inaccuracy

Unavoidable
annual Data transfer errors

Unauthorized apparent losses between meters

consumption and archives; poor

Potentially customer accountability
recoverable apparent

losses

Data analysis

errors between

Current annual apparent losses archived data
and data used

for billing/water

balance

Ficure 5.4 Four potential intervention tools of an active apparent loss management program.
(Source: IWA Water Loss Task Force and AWWA Water Loss Control Committee.)
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apparent losses. Depending on the local situation the final apparent loss intervention
program may consist only of one or a combination of several or all intervention meth-
ods which will serve to bring the apparent losses down to the economic optimum
volume.

Implementation Phase

Once the right intervention methods have been identified its time to implement them.
The implementation is either carried out in-house or contracted out depending on the
resources and the expertise of the water utility. In many cases, you can see a combina-
tion of in-house implementation and outsourcing.

Evaluate the Results

The evaluation phase at the end of the water loss control program is necessary to assess
the results achieved by the program. Basically a new water balance complemented by a
component analysis is undertaken and if necessary DMA measurements are carried out
and the results are compared to the results before start of the water loss control pro-
gram. If the intervention program took place on a DMA level then it is best to repeat the
DMA measurements after completion of the intervention.

If a program extends over several years then it is advised to measure the results at
least on an annual base to see if the water loss reduction efforts are moving into the
right direction.

It is important to bear in mind that once the goals are achieved it is necessary to
continue with the water loss control efforts in order to maintain the economic optimum
volume of water losses. This is necessary because water losses increase over time if no
control measures are taken. However, the efforts necessary to maintain the optimum
point will be less than the efforts that were necessary to get to the optimum point.

Examples of Water Loss Control Program Costs in North America

Cost effectiveness of demand-side water conservation programs is expressed in a cost
per unit of water saved. Since demand-side conservation is already widely applied in
North America, especially the western parts of the Unites States, there is a wide set of
demand-side water conservation cost figures available. In a paper' written by the
authors of this manual, the cost effectiveness of several water loss control programs
carried out in North America was assessed in order to compare the cost effectiveness of
water loss control programs with demand-side conservation programs.

This analysis showed that water loss control program costs do vary from utility to
utility. A general guideline is that water loss control programs are cheaper when the
volume of real losses is high. The lower the volume of real losses the more effort is
required to reduce them and therefore the overall cost for the program increases. See
Fig. 5.5 for a cost comparison of several water loss control programs. It is important to
note that all of these programs only reduced real losses with no intervention against
apparent losses. The cost shown includes all components of a water loss control pro-
gram starting at the point of assessment (water audit) and including all costs to inter-
vene against real losses including the cost to repair the leaks.
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Cost of Real Loss Control Programs in $/MG

$2500

== Real loss control program cost
(cost/MG)

$2000 1| — Average cost per MG for real loss
control program

$1500
$1000 -
$500 1 I I I
$0 - ¢ . : : : :

Utility 1- Utility 2- Utility 3- Cal DWR  Utility 4- Utility 5- Utility 6-
California Tennessee California Nevada Arizona Florida
Utility

Cost [$/MG]

Ficure 5.5 Cost of real loss control programs. (Source: Ref. 1.)

5.8 Conclusion
The reader should now have a general understanding of the steps involved in a water
loss control program. Building on this general picture Chaps. 11 to 15 will provide an
in-depth discussion of all intervention methods available against apparent losses and
Chaps. 16 to 19 will provide an in-depth discussion of all intervention methods avail-
able against real losses.
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CHAPTER 6

Validation of Source
Meter Accuracy

George Kunkel, PE.
Julian Thornton
Reinhard Sturm

6.1 The Importance of Source Meter Accuracy to the Integrity

of the Water Audit and Loss Control Program

The standard water audit methodology adopted by the International Water Association
(IWA) and the American Water Works Association (AWWA) is structured to track a
water supply through the water treatment and distribution process, to its arrival at the
customer endpoint. In the standard IWA/AWWA water balance, the volume of water
labeled as water supplied holds paramount impor-
tance in this assessment. This volume, which is
derived from source meters (also known as produc-
tion or master meters), constitutes the amount of The validity of the water audit
water input to the water distribution system. The |is greatly influenced by the
broad comparison of the water supplied volume to | accuracy of the water supplied
billed authorized consumption gives the amount of |yaiue because this is the first
nonrevenue water occurring in the audit period.
The validity of the water audit is greatly influenced
by the accuracy of the water supplied value because . )
tlZis is the firs}tl major value pfaréed into the water |value wil l?e N thr.ough-
audit. Any error in this value is carried throughout out the entire water audit and
the entire water audit and imparts its uncertainty | Potentially impart its uncertainty
upon the values of apparent losses and real losses. It [upon the values of apparent
is therefore imperative that the water utility take |losses and real losses.
steps to ensure a solid level of validity in the water
supplied value.

Accurately measured source flows are critical to the efficient operations of water
utilities and wise resource management as overseen by regulatory agencies. Therefore

major value placed into the
water audit. Any error in this
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AII water sources should
include flowmeters that are
technologically current, accu-
rate, reliable, well maintained
and—ideally—continuously
monitored by a Supervisory
Control and Data Acquisition
(SCADA) System or similar
monitoring system.

utility managers and regulators should give high
priority to the use of accurate metering at all sources.
All water sources should include flowmeters that
are technologically current, accurate, reliable, well
maintained and—ideally—continuously monitored
by a Supervisory Control and Data Acquisition
(SCADA) System or similar monitoring system.
The water supplied value is a summation of sev-
eral registered water volumes that are routinely
measured via source meters. This value is calculated
as a composite value that includes as components
the primary untreated and/or treated water meters,
meters registering water going into and out of tanks,

basins, and reservoirs, and meters measuring water across pressure zones or district
metered areas (DMAs). Three requirements are necessary to ensure that the value of

water supplied is well validated:

* Appropriate meters should be installed at the key metering locations in the
supply infrastructure so that water volumes can be reliably registered.

* Source meters must be well maintained and calibrated to ensure that they
produce an accurate measure of the volume registered.

* Source meter data should be reliable and accurately archived—preferably on a

The water supplied value is
calculated as a composite value
that includes as components
the primary untreated and/or
treated water meters, meters
registering water going into and
out of tanks, basins and reser-
voirs, and meters measuring
water across pressure zones or
district metered areas.

continuous, real-time basis—with flows into and
out of all pressure zones or DMA and storage
facilities properly summed and balanced to achieve
anaccurate volume of water entering the distribution
system on a daily basis.

In conducting the water audit, the auditor
should assess the adequacy that these requirements
are met and launch work to correct any deficiencies.
Work to install, test, calibrate, repair, or replace
source meters should be identified as part of the ini-
tial top-down development of the water audit. This
may be particularly necessary if key metering loca-
tions lack working meters and/or metered data is
believed to be in serious error.

6.2 Key Source Meter Sites for Proper Flow Balancing

Water audits are most commonly conducted to track treated drinking water in transit
through retail distribution systems. Separate water audits can also be conducted on
wholesale transmission systems carrying untreated (raw) water or treated water; or
discrete pressure zones or DMAs inside of a retail distribution system. Table 6.1 lists
system configuration locations where metering is typically employed. In this publica-
tion, the water audit process is discussed in terms of the retail distribution system and
the metering sites given below are those encountered in a typical retail distribution
network. Figure 6.1 illustrates a basic retail distribution system configuration for the
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Location

Function

Water source
(untreated water)

Measure withdrawal or abstraction of water from rivers, lakes,
wells, or other raw water sources

Treatment plant or
works

Process metering at water treatment plants; metering may
exist at the influent, effluent, and/or locations intermediate in
the process

Distribution system
input volume

Water supplied at the entry point of water distribution
systems; either at treatment plant, treated water reservoir, or
well effluent locations.

Distribution system
pressure zones

Zonal metering into portions of the distribution system being
supplied different pressure. Also includes metering at major
distribution facilities such as booster pumping stations, tanks,
and reservoirs.

District metered
areas (DMAs)

Discrete areas of several hundred to several thousand
properties used to analyze the daily diurnal flow variation and
infer leakage rates from minimum hour flow rates

Customers

Consumption meters at the point of end use

Bulk supply

Import/export meters to measure bulk purchases or sales

Miscellaneous

Capture use of water from fire hydrants, tank trucks, or other
intermittent use

TaBLE 6.1 Typical Source Meter Locations in Drinking Water Supply Systems

County Water Company
water treatment plant

Water exported to

Street/water distribution system grid neighboring Regional

Untreated water from
mountain reservoir

Water imported from
neighboring Lower Valley

Water Company

Treated water Water Company

=

Residential water meters,
located indoors in cold climates

Industrial water meter outdoors in meter
pit (in warm climates, residential water
meters are also in outdoor meter pits)

Ficure 6.1 Typical retail water distribution system configuration. (Source: Ref. 1.)
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fictitious County Water Company. As shown, source meters should exist at the point
where the treated drinking water leaves the water treatment plant, shown as metering
location (M,). At this point the water quality has improved from untreated to potable
quality and the water has been pressurized for conveyance in the distribution system;
hence the monetary value of the water is greatest at this location. Source meters should
also be included at any points of imported (M,) or exported water supply (M,). Finally,
water meters should be included to measure flow entering or leaving tanks or reser-
voirs, and crossing pressure zones and DMAs.

Volumes of water purchased and imported from a neighboring supplier should
be added to the composite metered values to obtain the water supplied value. The
source meter (M,) in Fig. 6.1 registers water purchased from a neighboring water util-
ity by County Water Company. Interconnections between water utilities should
always be metered. Such meters should be carefully maintained and monitored since
the metered data provides the basis for billing large water volumes. Both the water
utility supplying the water and the system purchasing the water have a strong moti-
vation to keep this bulk measurement accurate since significant costs are at stake for
each water utility.

Any water volumes sold and exported outside of the distribution system to a neigh-
boring water utility should be monitored and adjusted with the same scrutiny given to
imported water, for the same revenue implications exist. The source meter (M,) in
Fig. 6.1 registers water sold and exported out of the County Water Company grid.

Flows at storage facilities should be balanced for the water audit period. If source
meters are located upstream of reservoirs and storage tanks, then stored water must be
accounted for in the water audit. Generally, water flowing out of storage is replaced; as
the “replacement” water flows from the source into storage, it is measured as supply
into the system. If the reservoirs have more water at the end of the audit period than at
the beginning, then the increased storage is measured by the source meters but not
delivered to consumers. Such increases in storage should be subtracted from the metered
supply. Conversely, if there is a net reduction in storage, then the decreased amount of
stored water should be added to the metered supply. Table 6.2 shows how to figure the
change in storage volume using data for County Water Company. Remember, decreases
in storage are added to the supply; storage increases are subtracted from the supply. In this
case, the net reservoir and tank storage was a drop in storage volume so the adjustment
of 0.83 million gal should be added to the value of water supplied.

Reservoir Start Volume, gal | End Volume, gal Change in Volume, gal
Apple Hill 32,350 36,270 +3,920
Cedar Ridge 278,100 240,600 -37,500
Monument Road 978,400 318,400 —-660,000
Davis 187,300 55,300 -132,000
Total change in -825,580
reservoir storage
Volume in million gal -0.83

TaBLE 6.2 Changes in Reservoir Storage for County Water Company
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Volume,
Component million gal
Volume from own sources (treated water) 3480.76
2 Adjustment: source meter error +136.89
Adjustment: changes in reservoir and tank +0.83
storages ()
Other adjustments (specify) 0
Total adjustments = lines 2+3+4 +137.72
Volume from own sources (adjusted) = Lines 3618.48
115
Volume of water imported (adjusted) 783.68
8 System input volume = volume from own 4402.16
sources + water imported
9 Volume of water exported (adjusted) 0
10 Water supplied = system input volume — water exported 4402.16

TaBLE 6.3 Water Balance Calculations to Determine the Value of Water Supplied for County
Water Company

Table 6.3 shows data for County Water Company and a series of tabulations that the
water auditor should follow to arrive at the proper value of water supplied for a retail
water distribution system. The procedure to obtain the data included in Table 6.3 is
discussed below.

Compile the Volume of Water from Own Sources

Identify all water sources that are owned or managed by the water utility to supply
water into the distribution system. Such sources can include raw water that is treated
adjacent to sources such as wells, rivers, streams, lakes, reservoirs, or aqueduct turnouts.
However, most water audits are performed on the potable water distribution system so
that the “source” is often the location where treated water enters the distribution system;
which is often the effluent of the water treatment plant. All volumes from such sources
should be metered, with routine meter testing and upkeep conducted so that volumes of
water taken from the sources are registered accurately. Data should be available on a
daily, weekly, or monthly basis to compile into an annual volume of water supplied from
each source. Meter information can be kept in a table similar to Table 6.4.

In this example, County Water Company withdraws water from three sources: an
aqueduct, a well field, and an interconnection (city intertie) with a neighboring water
utility. Table 6.5 is a summary of water withdrawn from these sources for the year of
2006, illustrating how source meter and flow data can be arranged and adjusted for the
water audit period. The data listed is based upon uncorrected meter registrations. In
this example, water withdrawn from the aqueduct and well field is presumed to be
untreated water. For the simplicity’s sake, it is assumed that the volumes of water for
these two sources shown in Table 6.5 are the same volumes delivered to the water dis-
tribution system after the water undergoes treatment. This simplistic assumption often
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Water from Own Sources Water Imported
Source 1 Source 2 Source 3
Characteristics Aqueduct Turnout 41 | Well Field City Intertie
Type of measuring device Venturi Propeller Venturi
Identification number (may
be serial number) 0000278-A 8759 0C-16
Frequency of reading Daily Weekly Daily
Type of recording register Dial Dial Builder type M
Units registers indicate 100,000 gal gallons Cubic feet
Multiplier (if any) 1.0 1.0 100.0
Date of installation 1974 1990 1978
Size of conduit 24 in 10 in 11.51n
Frequency of testing Annual 2 years 4 months
Date of last calibration 4/1/2006 8/21/2006 1/15/2006
TaBLE 6.4 Source Water Measuring Devices for County Water Company
Subtotal Source 3 Total for all
Own City Intertie | sources 1,
2006 By Source 1 Source 2 Sources (water 2,and 3
Month Turnout 41 | Well Field | (unadjusted) | imported) (unadjusted)
January 0 130.34 130.34 104.27 234.61
February 0 195.51 195.51 65.17 260.68
March 130.83 130.34 261.17 0 261.17
April 160.18 260.68 | 420.86 0 420.86
May 326.53 97.76 424.29 0 424.29
June 368.62 0 368.62 81.46 450.08
0 84.72
July 372.64 0 372.64 8961 457.36
August 400.89 32.59 400.89 32.59 490.50
September 360.72 32.59 393.31 97.76 425.90
October 160.18 0 192.77 130.34 290.53
November 160.18 0 160.18 97.76 290.52
December 160.18 160.18 257.94
Annual total 2600.95 879.81 3480.76 783.68 4264.44
Daily average, 11.68
million gal/day

TaBLE 6.5 Total Water Supply in Million Gallons for County Water Company (Uncorrected)
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does not hold true in reality, as a portion of the water passing through a treatment pro-
cess is lost due to plant infrastructure leakage and process uses such as backwashing of
filters, chemical mixing, and maintenance activities such as flushing. Metering water at
the source of withdrawal is essential and many regulatory agencies require this in order
to track water resource utilization. However, it is recommended to also meter treated
water at the location when it leaves the water treatment plant; particularly if the water
treatment plant is distant from the water source.

Once a volume is established for each source for the year, the measured amounts
should be reviewed and corrected for known systematic or random errors that may
exist in the metering data. Figures for the total water supply, based on readings from
source meters and measuring devices, are raw data. The raw data must be adjusted for
a number of potential factors, including

e Meter inaccuracies (see Table 6.6)
¢ Changes in reservoir and storage levels (see Table 6.2)

* Any other adjustments such as losses that occur before water reaches the
distribution system. One example would be losses incurred during the treatment
process (filter backwashing, etc.) if the source meter is located upstream from
the water treatment plant. None are included in the example data shown in
Table 6.3 so a volume of zero is entered on line four of this table.

The tabulations shown in Table 6.3 arrive at a corrected value of water supplied of
4,402.16 million gal for the water audit period. This data takes into account the registered
yearly volumes for three source meters (two of own sources and one imported supply),
a correction for meter error on “Source 1” and the storage adjustment. This is a simpli-
fied example that includes only a few sources. It is recognized that many water utilities
withdraw water from many sources, purchase/sell water at multiple interconnection
points, and have many tanks and pressure zones. It is incumbent upon utility managers
operating supply systems with such complex configurations to be meticulous in identi-
fying the key source metering locations, establishing and maintaining source meters,

Yearly Total: Meter

Uncorrected Accuracy | Meter Error Adjusted

Metered Volume | (MA) Calculation Meter Metered
Source (umv)* percent UMV/MAT - UMV Error Volume*
1 2600.95 95 (2600.95/0.95) — +136.89 | 2737.84
Turnout 41 2600.95
2 879.81 100 (879.81/1.00) —- +0.0 879.81
Well Field 879.81

+136.89
" From Table 6.5

* A percentage, written as a decimal (95 percent = 0.95) taken from meter testing performed regularly.

# The corrected meter volume for sources 1 and 2 is 2,737.84 + 879.81 = 3617.65 million gal; note that this is

136.89 million gal greater than the raw total supply given for these sources in Table 6.5.

TaBLE 6.6 Volume of Water from Own Sources in Million Gallons for County Water Company—Adjusted

for Source Meter Error
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and creating spreadsheets or databases that properly balance flows such that an accurate
value of water supplied is attained and made available to the water audit each year.

6.3

Types of Source Meters

Source meters come in a wide variety of types, sizes, and flow-registering mechanisms.
Some of the more common types include

Differential pressure meters
Venturi meters

Dall tube meters

Orifice plate meters
Proportional flowmeters
Magnetic meters

Insertion meters

Ultrasonic meters

Turbine meters

Propeller meters

Vortex shedding meters

All types have advantages and disadvantages in any given application and each
metering site must be evaluated independently to determine the optimum meter. It is
important that an established meter function according to its specification and the data
being recorded are compatible with the other source meter data being collected through-
out the water utility. Detailed guidance on source meter types, function and manage-
ment is provided in the AWWA M33 publication Flowmeters in Water Supply*. Figures 6.2
through 6.5 show a sequence of photos from the replacement of a large magnetic flow-
meter on a raw (untreated) water supply main in Philadelphia.

| -
e

i

Ficure 6.2 Source meter replacement at raw water pumping station: Existing meter removed
and placed next to new 48-in diameter magnetic meter prior to its installation. (Source:
Philadelphia Water Department.)
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Ficure 6.3 Source meter replacement at raw water pumping station: New 48-in diameter
magnetic meter being prepared for installation. (Source: Philadelphia Water Department.)

Ficure 6.4 Source meter replacement at raw water pumping station: Ferrule being drilled into
solid sleeve piping adjacent to new 48-in diameter magnetic meter. The ferrule will be used as a
location for future meter verification testing by use of an insertion pitot rod. (Source: Philadelphia
Water Department.)



10

Chapter Six

Ficure 6.5 Source meter replacement at raw water pumping station: New 48-in diameter
magnetic meter has been lowered into its chamber and work is underway to make connections
to the raw water transmission piping. (Source: Philadelphia Water Department.)

Traditional source meters are the full pipe bore type; or meter designs that con-
sumed the entire pipe diameter. Some of these meters, such as propeller meters, induce
a head loss through the pipe since part of the meter apparatus exists within the flow
stream of the pipe. Full bore meters, particularly in larger sizes are costly and require
considerable space. Water pipelines must be shutdown and dewatered to replace these
meters. Still, many full bore meter types and brands have proven histories of reliable,
accurate service for periods of many decades. In recent years, insertion-type metering
devices have witnessed considerable evolution. These meters offer advantages of lower
cost, less arduous space requirements and no need to shutdown/dewater the pipeline
to install the meter. Insertion meters can be installed in ferrules that can be tapped while
the water pipeline remains in service. The insertable electromagnetic averaging flow
meter is one type of reliable insertion meter available today.

Many reliable types and brands of flowmeters exist in the commercial marketplace.
Water utilities have many options at their disposal in selecting meters. The challenge
becomes making the best reasonable meter decision to match the desired application in
the field.

6.4

Source Meter Accuracy and Testing Program Steps

Treated drinking water is commonly measured by meters, but untreated source water
from lakes, reservoirs, streams may be measured by other devices, such as Parshall
flumes or weirs. Any unreasonable degree of error in a measuring device must be dis-
covered and corrected; incorrect supply data compromises the water audit since any
error in the source meters carries throughout the audit.
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To be sure that meters are accurate, compare the results of meter tests to applicable
AWWA standards and guidance manuals. If a meter measures incorrectly and the error
exceeds the standard for its category, repair and recalibrate the meter to function within
standard limits. If the meter has not been tested within the past 12 months, test the
meter.

If source meters are inaccurate, inspect each one in the field. Normal wear is not the
only cause of inaccurate meter readings. Check to be sure that the meter is the right type
and size for the application and that it is installed correctly. See the AWWA M33 publi-
cation? for guidance on typical source meter types and applications. Check the size
against manufacturers’” recommended ranges. Be sure that the meter is level; most
meters are not designed for sloped or vertical operation. Inspect the meter to see if hard-
water encrustation is interfering with the measurement. Also check to verify that the
proper registers were selected and installed correctly. Finally, be sure that the register is
read correctly or the signal from the meter is properly transmitted through the SCADA
System. Have an employee familiar with metering instrumentation perform calibration
of the instrument and make a special reading of the source meter, or have a second
employee accompany the meter reader to verify sample readings. Check to be sure that
the meter is read and recorded correctly, and the correct conversion factor is used.

Check venturi meters for blockages in the throats of the meters or in the sensing
lines. Test the primary device by comparing it with a measurement taken from a pitot
rod or other insertion-type meter installed in series with the meter. Testing the meter
with a pitot rod shows whether or not the installation is adequate for nonturbulent
flows. The meter’s primary device should be tested at different flow ranges. If pressure
deflection for appropriate flows is adjusted without checking the venturi itself, the
meter may still record flows erroneously.

Testing Meters
There are four ways meters may be tested. Meter testing methods are listed here in
order of decreasing effectiveness.

¢ Test the meters in place. Some pipes may need to be replaced to make this
possible. Use of an insertion pitot rod will provide a measurement to compare
against that recorded by the meter.

¢ Compare meter readings with readings of a calibrated meter installed in series
with the original meter (Sec. 12.5).

* Record meter readings for a given flow over a specified time period. Remove
the meter and replace it with a calibrated meter. Record readings from the
calibrated meter using the same flow rate for the same duration; compare the
readings.

¢ Test the meter at a meter-testing facility. This is usually not feasible or cost-
effective for very large meters.

Meters can be tested with portable equipment. Pump efficiency flow testing can be
used to check meters; it is sometimes provided free of charge by electric utilities. Some
utilities use an averaging rod meter or anubar to test meters, but results may be off by
as much as 10 percent. A standard single-point pitot rod gives more accurate results,
generally + 2%. Meter testing may be done by an outside agency. Consultants, meter
manufacturers, and special testing laboratories offer testing services.

1
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In order to calculate an adjustment to account for meter inaccuracy (see Table 6.6)
divide the uncorrected metered volume (UMV) by the measured accuracy of the meter
(a percentage expressed as a decimal) and subtract the UMYV as follows:

Uncorrected metered volume
Percent accuracy

— uncorrected metered volume

= meter error

Then calculate the adjusted metered volume (AMYV) as:

Adjusted metered volume = uncorrected metered volume + meter error

A checklist of activities is given in Table 6.7. Some source meters (8, 10, 12 in diam-
eter) fall within the same size range as large customer meters. Because of this, operators
with source meters in this size range can also refer to Chap. 12 for further information
on accuracy testing of these meters. While many reliable meter types and brands pro-
vide excellent service for many years, water utilities should make a particular effort to

Pre-test Activities

Identify and locate all meters

Reference all available manufacturer’s specifications for those meters

Confirm the meter installation according to the manufacturer’s specification

Determine whether onsite testing can be undertaken

Identify the type of onsite testing to be undertaken and its realistic limitations

Define an allowable band of error between the test volume and metered volume

N oo WN

Locate any records of prior testing or repair work and factor this information into
the planning of the test

Identify a local supplier or contractor who can calibrate the meters which fall
outside the allowable limits

Research manufacturers and suppliers for replacement meters for those meters
which cannot be calibrated

10

Set a realistic budget for the work

11

Establish a realistic time frame for the work to be carried out

12

Identify an accountable tracking mechanism to clearly show both a baseline
measurement before calibration and a calibrated measurement after testing

Post-test Activities

Clearly identify and record any major changes in calibration, both for span and zero

Identify the impact on the annual water balance

Store both raw and adjusted data for future reference

Identify local extraction limitations and how they are affected by the new results

Put in place a periodic testing program to ensure that the meters stay calibrated
and the new results accountable

TaBLE 6.7 Source Accuracy Testing Checklist of Activities
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maintain the function and accuracy of those meters serving as source meters. In many
ways, the reliability of the entire water audit is only as good as the source meter man-
agement is in a water utility.

What to Do if Meters Do Not Exist at Key Metering Sites

Perhaps one or more water sources are unmetered, or have meters that are not routinely
monitored. In such cases the following applies:

If no meters exist at a water source: Use a portable meter or estimate the flow.
Portable meters can be insertion types or strap-on types and can be installed on
source piping just downstream of the treatment plant effluent or other source.
A minimum of 24 hours of continuous metering should be obtained. If portable
metering is not feasible, one way to infer an estimate is to utilize treated effluent
water-pumping records. If the water pump performance characteristics are
known, a volume estimate can be derived by multiplying the number of hours
that the pump was operated during the year by the average pumping rate. If
water is taken from a large reservoir, an estimate of the withdrawal can be
formulated by accounting for the amount of drawdown of the reservoir level,
adjusted by the amount of inflow from streams and rainfall. Such methods give
anapproximate volume measurement, and unmetered sources should ultimately
be designated for metering when possible.

If source water meters have not been routinely monitored: Conduct an inspection of
the source structures and meter. Note the type of metering device that exists
(e.g., venturi flowmeter, magnetic flowmeter, ultrasonic flowmeter). Note basic
information about the measuring device: type, identification number, frequency
of reading, type of recording register, unit of measure (and conversion factor, if
necessary), multiplier, date of installation, size of pipe or conduit, frequency of
testing, and date of last calibration. Document this information as in Table 6.4.

Attempt to obtain a record of how much water was produced by each source during
the period of the audit. Most meters have some type of register, or totaling device. Reg-
isters may be round reading or direct reading. Round-reading registers have a series of
small dials with pointers, registering cubic feet, or gallons, in tens, hundreds, thou-
sands, and ten thousands. Direct-reading registers have a large sweep hand for testing
and a direct-reading dial that shows total units of volume. If the meter has not been
routinely read, tested, or calibrated, efforts should be initiated to calibrate the meter
and institute routine reading or polling of the meter. Many drinking water utilities now
link source meters with SCADA systems that convey data in real time to centralized
computers, where the flow data is totaled and archived for easy retrieval. Again, a por-
table meter can be utilized to obtain measurements to compare during any source meter
calibration or verification activities.

Summary: Source Meter Accuracy
Source meters register the bulk water resource supply to the water utility, as well as
interconnection transfers between water utilities, major treated water transmission
flows into and out of tanks and other storages, and flows across pressure zones and

13



1 Chapter Six

district metered areas. These meters provide the input that goes into the value of water
supplied; which is the first primary component in the water audit. Appreciable error in
source meters and the water supplied value can carry throughout the other components
of the water audit, corrupting the validity of the audit and, therefore, its usefulness.

Verifying the working condi-
tion of source meters is the
recommended first field activ-
ity to take when launching the
water audit process.
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CHAPTER 7

Evaluating Water Losses—
Using a Standardized Water
Audit and Performance
Indicators

Reinhard Sturm
George Kunkel, PE.
Julian Thornton

7.1 Introduction

A standardized International Water Association’s (IWA)/American Water Works Asso-
ciation (AWWA) water balance provides the water utility with the necessary results and
understanding of the nature and extent of its water
losses. Subsequently, the water utility will be able to

select the appropriate tools for intervention against COmpiIing a reliable water

real and apparent losses. audit or water balance is the
Just as businesses routinely prepare statements critical first step in managing

of debits and credits for the.ir customerg and banks water losses in public water
provide statements of monies flowing into and out .

of accounts, a water audit displays how quantities SURRLES
of water flow into and out of the distribution system
and to the customer. Yet, as essential and commonplace as financial audits are to the
world of commerce, water audits have been surprisingly uncommon in the world of
public water supply throughout most of the world. In places where the intrinsic value
of water has not been recognized, little motivation has existed to prompt requirements
for auditing and sound assessments of water loss performance. As water is becoming a
more valued commodity, however, this picture is beginning to change and Chap. 4 has
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provided examples of countries where standardized and regularly compiled water
audits build the bases for a successful reduction and management of water losses.

Terms water audit and water balance are often interchanged. However, when talking
about a water audit we mean the work related to tracking, assessing, and validating all
components of flow of water from the site of withdrawal or treatment, through the
water distribution system and into customer properties. The water audit usually exists
in the form of a worksheet or spreadsheet that details the variety of consumption and
losses that exist in a community water system. The water balance summarizes the
results of the water audit in a standardized format (see Fig. 7.1).

Throughout the 1990s efforts materialized to develop a rational, standardized water
audit methodology and water loss performance indicators (PI). Part of the motivation
spurring this work was the focus on demand management and the wise use of water in
England and Wales, which was driven by competition, drought-related water shortages,
and other factors. In the late 1990s, IWA initiated a large-scale effort to assess water sup-
ply operations, which resulted in the publication of Performance Indicators for Water Sup-
ply Services in 2000' (a second edition of this publication was published in 2006 by IWA
publishing?). While this initiative included various groups assessing all aspects of water
supply operations, the Task Force on Water Loss worked specifically to devise an accept-
able water audit format and performance indicators that can be used to make effective
comparisons of water loss performance of systems anywhere in the world.

The methods put forth by the IWA Task Force on Water Loss, represent the current
“best practice” model for water auditing and performance measurement. This is not
just because of the multination process used in assembling the results, but primarily
because the work was groundbreaking in providing a clear structure for a need that
was void of knowledge throughout most of the world. Additionally, the work has been
tested thoroughly using data from dozens of countries and since its publication numerous
utilities around the globe have successfully adopted these methods as their best practice
for assessing water losses. Several countries, including South Africa, Australia, Germany,
Malta, and New Zealand have adopted the IWA best practice model for water auditing
and performance indicators as best practice for their national water loss management

Billed Billed metered consumption
authorized Revenue
Authorized consumption | Billed unmetered consumption water
Cops e el Unbilled Unbilled metered consumption
authorized
consumption |Unbilled unmetered consumption
System
input Unauthorized consumption
volume Apparent Customer metering Non-
(allow for losses inaccuracies and data handling
known T revenue
errors) water
Water Leakage on transmission (NRW)
losses and/or distribution mains
At Losses at utility’s storage tanks
losses
Leakage on service connections
up to point of customer use

Ficure 7.1 Standard IWA/AWWA water balance. (Source: Ref. 6.)
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regulations. The American Water Works Association (AWWA) Water Loss Control Com-
mittee (WLCC) has adopted the IWA water audit methodology and performance indi-
cators as best practice in its committee report “Applying Worldwide Best Management
Practices in Water Loss Control” published in the August 2003 edition of the AWWA
Journal.* The AWWA WLCC is currently in the process of rewriting the AWWA M36
manual of “Water Supply Practices, Water Audits, and Leak Detection” to incorporate
the current best practice for water audits and in general water loss management. In
addition the World Bank, the Asian Development Bank, and the European Investment
Bank have also adopted the IWA methodology as best practice to assess water losses
and determine performance indicators.

The water audit discussed in this chapter relates to the treated water distribution
network and does not include the raw water transmission systems or the treatment
process. The reason is that in the majority of systems the losses stemming from the dis-
tribution system represent an order of magnitude that eclipse the losses stemming from
the raw water transmission systems or the treatment process. However, water losses
from the raw water transmission system or the treatment process can be evaluated in a
separate balance if necessary.

A Rosetta Stone for Water Loss Measurement

In 1799, Napoleon’s soldiers found an ancient carved piece of black basalt at Rosetta,
near the mouth of the river Nile. It contained a decree of the Egyptian priests of Ptolemy
V. Epihanes (205-181 BC) written in Egyptian hieroglyphics, demotic characters, and
Greek, permitting a simultaneous translation of these three written texts. The Rosetta
stone enabled the hieroglyphics to be correctly translated for the first time by archae-
ologists.

This could have more to do with water loss accounting in North America than the
reader may at first imagine. Remarkably, in North America, there is no single standard
terminology, or commonly accepted definitions or methodology for undertaking an
annual water audit of the components of a water balance. The water balance calculation
seeks to identify the destinations of all water entering a distribution system, so that the
water losses occurring within the distribution system can be assessed. Each state, gov-
ernment organization, professional institution, consultant, or contractor can (and usu-
ally does!) define the terminology and undertake the calculations in any way they please.
This is perhaps because few states request or require water utilities to report such data
on an annual basis. However, water is an important natural resource, and in an increas-
ing number of developed countries similar absences of accountability for demonstrating
responsible stewardship of natural resources is being actively addressed.

For example, in England and Wales, since 1992 the privatized water companies
have had to produce annual independently audited calculations of water losses in a
standard format, for national publication by their economic regulator. Publication of
standardized data raised questions regarding performance and economic levels of
water losses, which in turn (spurred by the 199596 drought and political impetus)
resulted first in voluntary, and then mandatory, leakage targets. Some 5 years later,
leakage from public water supply systems in England and Wales has been reduced
overall* by 40%, or some 480 mgd, and U.K. expertise in modern leakage management
is now internationally recognized. Would any of this happened had the English and
Welsh water utilities been permitted to choose for themselves:

T
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7.3

¢ Whether to undertake annual calculations of water losses, or not.

* How the calculation should be carried out and which performance indicators
should be used?

* Whether the results should be published, or not.

The extent of the problem in North America can be illustrated from the results of an
American Water Works Research Foundation (AwwaRF) project titled “Leakage Manage-
ment Technologies,” completed in 2007. The report concludes that although performing
water audits is common in North America, the methods, the expressions of water loss, or
time intervals are not consistent. Most utilities do not use the IWA standard method for
water audits. Many audit methods currently used leave ample room for inaccurate
accounting and measures of performance. In North America, water loss cannot be accu-
rately compared between utilities because water loss is still commonly expressed as a
percentage of system input volume, a practice that allows the denominator (the high per
capita consumption of North America) to minimize water loss.> The INA/ AWWA stan-
dard water audit methodology and performance indicators are the Rosetta Stone for
water auditing in North America. However, as mentioned in Chap. 4 there have been very
important and encouraging developments in the United States over the past 5 years, with
several state agencies and national organizations adopting and promoting the IWA/
AWWA standardized water audit methodology as best practice.

The Benefits of the IWA/AWWA Standard Water Audit and

Performance Indicators
Advantages of the IWA/AWWA methodology can be summarized as

e The IWA/AWWA methods are structured to serve as a standard international
best practice methodology and terminology for such calculations, based on the
conclusions of IWA Task Forces on water losses and performance indicators.

* The IWA/AWWA methods question the desirability of the common North
American practice of counting unavoidable water losses and discovered leaks
and overflows as part of authorized consumption.

* A system-specific method for calculating unavoidable real losses is included.

¢ The IWA/AWWA method counters the deficiencies in the performance
indicators most commonly used in North America—percentage of system input
volume and losses per mile of mains.

* The IWA/AWWA has dropped the term unaccounted for water (UFW) in favour
of nonrevenue water (NRW), because there is no internationally accepted
definition of UFW, and all components of the water audit can be accounted for
using the IWA/AWWA methodology.

* The IWA/AWWA methodology does not leave room for ambiguity. Every type
of water use and loss has an appropriate component in the water balance it is
assigned to, which assures that the results are meaningful and comparable.

¢ The IWA/AWWA methodology has been successfully applied in numerous
countries and utilitised around the globe.
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* A meaningful comparison of water audit results and performance indicators
can be undertaken, independent form location, size, and operational character-
istics of the water supply system.

7.4 The IWA/AWWA Recommended Standard Water Audit

The top-down water audit is basically assembled in two steps:

1. Quantification of all individual water consumption and water loss components,
via measurement or component based estimation

2. Undertaking the standardized water balance calculation

This section explains the recommended water audit approach and each component
of the water audit. The effort required to conduct a top-down water audit is relatively
modest depending on the availability and quality of data. The top-down audit also
helps to identify components that require further validation.

The components of the water balance as shown in Fig. 7.1° can be measured, esti-
mated, and calculated using a variety of techniques. Ideally, all components of the water
balance (excluding those components that are calculated by adding or subtracting other
components) should be based on measurements. However, in reality estimates will
need to be made especially the first time a water balance is established. Once the com-
ponents needing estimation are identified it is best practice to put actions in place that
allow to meter the component or to improve the estimation process. Validation of water
balance components is an important and integral part of conducting a water balance.
Sensitivity analysis and the use of 95% confidence limits are best practices to assess the
impact which individual water balance components have on the overall accuracy of the
calculated volume of nonrevenue water and real and apparent losses.

A water balance should be established annually and before establishing the water bal-
ance it is important to determine the audit period (e.g., fiscal year or calendar year) and the
system boundaries. The units of the water balance components must also be chosen and
standardized so that the same units are used for each component of the water balance.

The calculation procedure for the water balance is as follows:

¢ Obtain system input volume and correct for known errors.

¢ Obtain components of revenue water, calculate revenue water which equals
billed authorized consumption.

¢ Calculate nonrevenue water (= system input — revenue water).
* Assess unbilled authorized consumption.

e Calculate authorized consumption [= (billed + wunbilled) authorized
consumption].

¢ Calculate water losses (= system input — authorized consumption).
* Assess components of apparent losses, calculate apparent losses.
¢ Calculate real losses (= water losses — apparent losses).

The following subsections explain the various steps of a water audit based on the
AwwaRF report “Evaluating Water Loss and Planning Loss Reduction Strategies."
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7.4.1 Determining the System Input Volume

Definition: The annual volume input to the water supply system.

In case the entire system input is metered, the calculation of the annual system input
should be a straightforward task. The regular meter records have to be collected and the
annual quantities of the individual system inputs calculated. This includes own sources
as well as imported water from bulk suppliers.

The accuracy of the input meters should be verified on an annual basis, using por-
table flow-measuring devices, or if possible by conducting volumetric comparisons via
reservoir drop test, for example. If any inaccuracies of the system input meters are
revealed it is necessary to further investigate the problem, and if necessary, the recorded
volume of water has to be adjusted to account for the inaccuracy of the system input
meter. It is recommended that as well as verifying the accuracy of the meters, the entire
data recording chain from the raw 4 to 20 mA signal produced by the meter to the
Supervisory Control and Data Acquisition (SCADA) archive is checked when testing
the input meters.

If there are unmetered sources then the annual flow has to be estimated by using
any (or a combination) of the following:

* Temporary flow measurements using portable devices
* Reservoir drop tests

¢ Analysis of pump curves, pressures, and average pumping hours

It is important to realize that the accuracy and reliability of the water balance results
are directly linked to the accuracy of the figures used for the system input volumes. It
is recommended that system input meters are tested for their accuracy at least once a
year so they can be recalibrated if necessary.

7.4.2 Determining Authorized Consumption

Definition: The annual volume of metered and/or unmetered water taken by registered customers, the
water supplier, and others who are authorized to do so.

Billed Metered Consumption
The calculation of the annual billed metered consumption goes hand in hand with the
detection of possible billing and data-handling errors, information which is required at
a later stage of the water audit process for the estimation of apparent losses. Consump-
tion of the different consumer categories (e.g., domestic, commercial, or industrial)
have to be extracted from utility’s billing system analyzed and validated. Special atten-
tion should be given to the group of very large consumers.

The annual billed metered consumption information taken from the billing system
has to be processed for meter reading time lag to ensure that the billed metered con-
sumption period used in the audit is consistent with the audit period.

Billed Unmetered Consumption

Billed unmetered consumption can be obtained from the utility’s billing system. In
order to analyze the accuracy of the estimates, unmetered domestic customers should
be identified and monitored for a certain period, either by the installation of meters on
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those non-metered connections or by monitoring a small area with a number of unme-
tered customers. The latter has the advantage that the customers are not aware that they
are metered and so they will not change their consumption habits. In the unlikely case
that nondomestic customers are unmetered, detailed surveys have to be carried out to
check the accuracy of the estimated billed consumption figures.

Unbilled Metered Consumption
The volume of unbilled metered consumption has to be established similar to that of
billed metered consumption.

Unbilled Unmetered Consumption

Each type of unbilled unmetered consumption shall be identified and individually esti-
mated by building up from individual usage events using a component-based approach
to develop a realistic estimate of use, for example:

o Street cleaning/sewer flushing: Components to be assessed are what is the number
of street cleaning trucks in operation? What is the volume of water a street
cleaning truck transports? How many times is a street cleaning truck filled per
month? The street cleaning and sewer flushing departments should be able to
provide the necessary data.

* Mains flushing: How many times per month? For how long? How much water?
The operations and construction departments should be able to provide the
necessary data.

e Fire fighting: Number of fires during year? Average volume per fire? Has there
been a big fire? How much water was used? The fire department should be able
to provide this data.

e Fire flow tests: How many tests in year? Average duration of test? Flow rate?
Again the fire department should be able to provide this data.

In some circumstances, it may be appropriate to meter a small sample of these use
events to obtain a better estimate of use per event.

7.4.3 Calculation of Water Losses

Definition: The difference between system input volume and authorized consumption, consisting of
apparent losses plus real losses.

Water Losses are calculated by subtracting the total authorized consumption volume
from the system input volume. In the subsequent process of the water audit, the volume
of water losses is further broken down into real and apparent losses.

7.4.4 Assessment of Apparent Losses

Definition: This component includes unauthorized consumption, all types of customer metering
inaccuracies and data-handling errors.

Unauthorized Consumption

It is difficult to provide general guidelines of how to estimate unauthorized consump-
tion. There is a wide variation of situations and knowledge of the local circumstances
will be most important to estimate this component. Unauthorized consumption can
include
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¢ Illegal connections

* Misuse of fire hydrants and fire-fighting systems, for example, unauthorized
construction use of hydrant water

* Vandalized or bypassed consumption meters
e Corrupt practices of meter readers

* Openboundary valves to external distribution systems (unknown export of water)

The estimation of unauthorized consumption is always a difficult task and should
at least be done in a transparent, component-based way so that the assumptions can
later easily be checked and/or modified if necessary.

Customer Metering Inaccuracies and Data-Handling Errors
The extent of customer meters inaccuracies, namely, under- or overregistration, has to be
established based on tests of a randomly selected representative sample of meters, (AWWA
manuals M6 and M22 provide the relevant guidance). The composition of the sample shall
reflect the various brands and age groups of domestic meters. Tests are done either at the
utility’s own test bench, or by specialized contractors. Large customer meters are usually
tested on site with a test rig. Based on the results of the accuracy tests, average meter inac-
curacy values (as % of metered consumption) will be established for different user groups.
In applying the accuracy test results to the whole population of different user groups
of meters, it is also important to consider the issue of how quickly the utility is able to
identify meters which are totally stopped by considering the utilities processes for identi-
fying stopped meters. The average time taken to identify and replace stopped meters can
have a significant impact on the overall accuracy of the meter population as a whole.
Other issues which are important to consider as part of assessing the level of meter
inaccuracies are

* Meter size in relation to actual use patterns: Are the meters sized correctly to
maximize revenue?

* Meter type: Is it the best type of meter for the operating range?

* Service line size: Is it appropriate for the operating range?

Data-handling errors are sometimes a very substantial component of apparent
losses. Many billing systems are not up to the expectations of the utilities but problems
often remain unrecognized for years. It is possible to detect data-handling errors and
problems within the billing system by exporting billing data (of at last 12 months) and

analyzing it using standard database software. Types of data-handling errors that may
be encountered and should be checked for include

¢ Changes to consumption volume data when bills are adjusted for any reason
other than an incorrect reading

¢ Inappropriate use of estimated consumptions

* Inappropriate determination of estimated consumptions

¢ Accounts incorrectly flagged as inactive

¢ Accounts missing from the database

¢ Inaccurate meter data
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The detected problems have to be quantified and a best estimate of the annual vol-
ume of this component has to be calculated.

7.4.5 Calculation of Real Losses

Definition: The annual volumes lost through all types of leaks, breaks, and overflows on mains, service
reservoirs, and service connections, up to the point of customer metering.

The volume of real losses is calculated by subtracting the volume of authorized con-
sumption and the volume of apparent losses from the total system input volume.

7.4.6 Calculation of Nonrevenue Water
Definition: The difference between system input volume and billed authorized consumption.

Nonrevenue water is the portion of the water that a utility places into the distribution
system that is not billed and, therefore, recovers no revenue for the utility. Nonrevenue
water consists of the sum of unbilled authorized consumption (metered and unme-
tered), apparent losses, and real losses.

It is recommended as best practice by the IWA and AWWA WLCC that the assess-
ment of real losses using a “top-down” water balance should be complemented by at
least one of the following two methodologies:

e Component analysis of real losses, a technique which models leakage volumes
based upon the nature of leak occurrences and durations (see Chap. 10)

* “Bottom-up” analysis of real losses using district metered area (DMA) and
minimum night-time flow (MNF) analysis (see Chap. 16)

Both methodologies add increased refinement and confidence in the calculated vol-
ume of real losses and are described separately in this manual.

Unavoidable Annual Real Losses—Unavoidable Water
Losses and Discovered Leaks and Overflows

Nowadays it is well understood among water loss practitioners that every system has
a certain volume of real losses occurring, that is unavoidable. Even newly commis-
sioned sections of the distribution network will have some volume of real losses.

Since the last century, it has been common practice in North America to estimate,
using various formulae, the unavoidable leakage from pressurized pipework systems—
those small leaks which are believed to be undetectable, or which are considered uneco-
nomic to repair. The original intention of this was presumably to try to define a baseline
or lower limit for leakage management, below which it is uneconomic to attempt fur-
ther leakage control. An outline of the various methods previously used in North
America can be found in Ref. 7.7 The system-specific predictions based on an auditable
component-based equation proposed by the IWA Task Force on Water Losses,® described
later in this chapter, can be regarded as a natural progression of previous North Ameri-
can efforts to predict unavoidable losses.

Because of the simplified nature of some of the formulae previously used in North
America, or the very generous allowances given for old pipework (particularly cast-
iron pipes), the effect of the unavoidable leakage calculation has in practice often resulted

83



84

Chapter Seven

in a considerable amount of leakage being written off as beyond control. In fact, there

are infrastructure and pressure management options that now exist to reduce it.

Asimilar situation applies regarding discovered leaks from pressurized pipework and
overflows from service reservoirs. The most common practice in countries outside North
America is to calculate the annual volume of water losses from the water balance with-
out making any deductions for unavoidable leakage or discovered leaks and overflows,
and then to calculate the performance indicators. Accordingly, superficial comparisons
of North American water losses with water losses from other countries often present a

more favourable picture than is actually the case.

The IWA and AWWA recommended standard methodology for water audit calcula-
tions and performance indicators allows unavoidable losses and discovered leaks and overflows
to be considered, but only as partial explanations of the total volume of water losses, which
should always be explicitly stated before attempting to explain or justify the total volume.
The IWA system—specific approach to unavoidable annual real losses is described in the

next section.

7.5.1 The IWA Approach to Calculating Unavoidable Annual Real Losses

The IWA approach is described in detail in the December 1999 issue of the INA AQUA
Magazine® and can be seen as a natural development of previous North American attempts
to take key local factors into account. The component-based approach is based on auditable
assumptions for break frequencies, flow rates, durations; background and breaks estimates
concepts’ to calculate the components of unavoidable real losses for a system with well-
maintained infrastructure; speedy good-quality repairs of all detectable leaks and breaks;

and efficient active leakage control to locate unreported leaks and breaks.

Parameters used in the calculation, taken from “Water Loss Management in North
America”” and converted to North American units, are shown in Table 7.1. Table 7.2

shows these parameters in a more user-friendly format for calculation purposes.

at 50 gpm for 3 days
duration

Background
Infrastructure (Undetectable)
Component Losses Reported Breaks Unreported Breaks
Mains 8.5 gal/mi/hr 0.20 breaks/mi/year 0.01 breaks/mi/year

at 25 gpm for 50 days
duration

Service lines, main
to curb stop

0.33 gals/service
line/hr

2.25/1000 service
line/year at 7 gpm
for 8 days duration

0.75/1000 service
line/year at 7 gpm
for 100 days duration

Underground pipes,
curb stop to meter
(for 50 ft ave.
length)

0.13 gal/service
line/hr

1.5/1000 service
line/year at 7 gpm
for 9 days duration

0.50/100 service
line/year at 7 gpm
for 101 days duration

gal = U.S. gallon; all flow rates are at a reference pressure of 70 psi

Source: Ref. 7.

TaBLe 7.1 Parameters Values Used for Calculation of Unavoidable Annual Real Losses (UARL)
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Infrastructure Background Reported Unreported

Component Losses Bursts Bursts UARL Total | Units

Mains 2.87 1.75 0.77 5.4 gal/mi mains/
d/psi of
pressure

Service lines, 0.112 0.007 0.030 0.15 gal/mi/d/psi of

mains to curb pressure

stop

Underground 4.78 0.57 2.12 7.5 gal/mi u.g.

pipes between pipe/d/psi of

curb stop pressure

and customer

meters

Source: Ref. 7.

TaBLE 7.2 Components of Unavoidable Annual Real Losses

“UARL Total” values, in the units shown in Table 7.2, provide a rational yet flex-
ible basis for predicting UARL values for a wide range of distribution systems. The
calculation takes into account length of mains, number of service lines, location of
customer meters relative to property line (curb stop), and average operating pres-
sure (leakage rate varies approximately linearly with pressure for most large sys-
tems). An important aspect of Table 7.2 is the value assigned to unavoidable
“Background (undetectable real) Losses,” shown in Col. 2. These figures are based
on international data, from analysis of night flows in sectors just after all detectable
leaks and breaks have been located and repaired. This component of unavoidable
real losses does not appear to have been quantified previously in North American
practice, yet it accounts for at least 50 percent of the unavoidable real losses compo-
nents in Table 7.2. Estimates of background (undetectable) leakage following inten-
sive leak-detection surveys in small U.S. systems have been compared with IWA
unavoidable background loss predictions based on the Col. 2 of Table 7.2. Initial
comparisons are encouraging, and more comparisons are being actively sought.

There are many different ways to present the UARL equation. Figure 7.2 shows
UARL in gal/mi/d/psi of pressure (Y axis) plotted against density of service lines. The
large variation of unavoidable losses per mile of mains for different densities of service
lines shows why it is not recommended to use “per mile” for comparisons of real losses.
However, Fig. 7.2 can be used to estimate unavoidable annual real losses for any sys-
tem, as the following example shows.

Example A water supply system has 60,000 service connections and 600 mi of mains (a connection
density of 100 service lines per mile of mains), and the average operating pressure is 70 psi. Calculate
the unavoidable annual real losses from Fig. 7.2 if the average distance of customer meters from the
curb stop is (a) 100 ft or (b) 20 ft.

Answer At a connection density of 100 per mile of mains (X axis), from Fig. 7.2 the UARL is

(a) 34 gal/mi/d/psi of pressure x 70 psi = 2380 gal/mi/d x 600 mi = 1.43 mgd (for customer meters
100 ft from the curb stop); or

(b) 23 gal/mi/d/psi of pressure x 70 psi = 1610 gal/mi/d x 600 mi = 0.97 mgd (for customer meters
20 ft from the curb stop).
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Comparison of IWA system-specific values of unavoidable annual real losses in gallons
per mile of mains per day compare well with the range of 1000 to 3000 gal/mi/d usually
quoted for North American systems. However, the IWA prediction method has the consider-
able advantage that it allows estimates to be made on a system-specific basis, taking account
of density of connections, average operating pressure, and locations of customer meters (rela-
tive to the curb stop). The last of these factors is particularly important in a region of diverse
climates such as North America, where some customer meters are close to the curb stop and
others are in buildings more distant from the curb stop.
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The UARL values in Table 7.2 can just as easily be plotted as a graph of gallons per service
line per day per psi of pressure versus density of service lines, as shown in Fig. 7.3.

In well-run systems worldwide, the greatest annual volume of real losses occurs
from long-running, small- to medium-sized leaks on service connections, except at low
densities of service connections. This is why the IWA Task Forces recommend using
“per service connection” instead of “per mile of mains” as the basic performance indi-
cator for real losses, for connection densities exceeding 32 per mile. Using the previous
calculation example, for the system with 60,000 service connections and 600 mi of mains,
the UARL derived from Fig. 7.3 would be

(a) 0.34 gal/service/d/psi of pressure x 70 psi = 23.8 gal/service/d x 60,000
services = 1.43 mgd (for customer meters 100 ft from the curb stop); or

(b) 0.23 gal/service/d/psi of pressure x 70 psi = 16.1 gal/service/d x 60,000
services = 0.97 mgd (for customer meters 20 ft from the curb stop).

The curved lines in Fig. 7.3 are relatively flat for a wide range of connection densities. In
calculating unavoidable annual real losses, for example, systems with customer meters
50 ft from the curb stop, and connection densities in the range 80 to 200 per mile, an
acceptable simplification from Fig. 7.3 would be to say that the UARL is 0.25 gal/mi/d/
psi of pressure (=+10%).

Which Performance Indicator? What’s Wrong with Percentages?

Because water utilities are of different sizes, with different characteristics, comparisons of
performance in water loss management need to be made in terms other than volume per year.
Traditionally, several different performance indicators are used by North American utilities to
compare water losses—percent of system input volume
or the metered water ratio, and “per mile of mains per
day” appear to be the most common. But are these reli-
able indicators for comparing performance?

Why do some countries use “per property per
day,” or “per service connection per day,” or “per kil-
ometer of systems (mains + services length) per day?”

Expressing losses as a per-
centage is not the best way
to compare loss-management
performance, as systems with

The IWA Task Force on Water Losses, with nominated
representation from the AWWA, has been considering
best practice internationally, and their conclusions®
strongly suggest that there are more reliable and
meaningful performance indicators than “percent of
system input” and “per mile of mains.”

lower demands or successful
customer side conservation
programs will never be able to
compete with those with larger
demands. Instead the volume
of loss per service connection

In emphasizing the importance of the correct
choice of measuring units, another example from
history is useful. Two thousand years ago, in the
first century A.D., Julius Frontinius Sextus, then
water commissioner for Rome, was spending the whole of his professional career trying
(and failing) to achieve a meaningful balance between the quantities of water entering
and leaving the aqueducts, which served the city. Failure was not due to lack of dili-
gence on his part—he was simply using the wrong measures. The accepted Roman
method was to compare only areas of flow; because they did not take velocity of flow
into account also, their calculations could never be reliable for management purposes.

per day should be used.
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Because per capita consumption in North America is so high compared to most
other countries, the common practice of expressing water losses as a percent of sys-
tem input volume tends to produce lower figures than would be the case in the other
countries. This gives a false impression of true performance when comparisons of
performance are made with other countries with lower per capita consumption.

The same problem occurs when comparisons are made between North American utili-
ties with a high consumption base and North American utilities with a low consumption
base. Data of 1996 showed that 51 water supply systems in California had density of con-
nections varying from 24 to 155 per mile, with an average of 75 per mile. The average
metered consumption per connection varied from 136 to 2200 gal/service conn/d, with an
average of some 600 gal/service conn/d. Suppose that each of these water utilities was
achieving real losses of 60 gal /service conn/d, which is around three times the unavoidable
annual real losses (21 gal/service conn/d) for a system with 75 conn/mi, pressure of
70 psi and customer meters 50 ft from the curb stop. Table 7.3 and Fig. 7.4 show that
the percent real losses for various systems in California would vary from less than 3%
to almost 30%, a tenfold range, depending upon their average consumption per con-
nection, even if all of them had exactly the same actual leakage management performance
of 60 gal/service conn/d.

Based on the average consumption of 600 gal/service conn/d, a target of 10% real losses
or less might seem reasonable. However, from the above figures it can be shown that

¢ For utilities with low consumption per service connection it would be a quite
unrealistic target, being almost equal to the unavoidable annual real losses.

¢ For utilities with high consumption it would represent real losses of around 11
times the unavoidable annual real losses.

If Table 7.3 and Fig. 7.4 were not in themselves sufficient to demonstrate the prob-
lem of using percentages for comparisons of performance in managing real losses, there
would be further serious disadvantages.

¢ Where a utility exports water, the percentage real losses will be lower if the
exported volumes are included in the calculation, and higher if they are
excluded.

¢ The problem of expressing water losses in percentage terms is compounded when
demand management measures (customer side conservation) to reduce per capita

System
Consumption in
gals/service line/d

Real Losses in
gal/service line/d

System Input in gal/
service line/d

Real Losses as % of
System Input Volume

150 60 210 28.6%
300 60 360 16.7%
600 60 660 9.1%
1200 60 1260 4.8%
1800 60 1860 3.2%
2400 60 2460 2.4%

TaBLe 7.3 How Percent Real Losses Vary with Consumption, for Real Losses of 60 gal/service conn/d
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Ficure 7.4 How percent real losses vary with consumption, for real losses of 60 gals/service
line/d.

consumption (pcc) are applied—as the pcc goes down, the percent water losses
goes up. Not a great incentive to demand management in its widest sense, simply
because of the choice of an inappropriate performance indicator!

Technical committees worldwide (Germany, United Kingdom, South Africa) have
recognized these paradoxes of using percentages, but perhaps most significantly the
England and Wales Economic Regulator [Office of Water Services(OFWAT)] also recog-
nized it and stopped publishing water losses statistics in percentage terms in 1998.
Water system managers who unquestioningly accept percentages as a valid measure of
technical performance in management of water losses should consider if they are fall-
ing into the same trap as Julius Frontinius Sextus, 2000 years ago—using a simple, but
inappropriate, measure to draw inappropriate conclusions.

IWA/AWWA Recommended Performance Indicators

for Nonrevenue Water and Real Losses

During the period 1996 to 2000, various IWA Task Forces undertook a detailed study to
determine the most appropriate performance indicators for different water supply pur-
poses. Table 7.4 below shows the PIs for nonrevenue water and real losses recommended
by IWA!?8 converted to North American units.

The PIs are categorized by function and by level, defined as follows:

o Level 1 (basic): A first layer of indicators that provide a general management
overview of the efficiency and effectiveness of the water undertaking.
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Performance
Function Ref. Level Indicator Comments
Financial: Fi36 1 (basic) Volume of nonrevenue Can be calculated from
nonrevenue water as % of system simple water balance
water by volume input volume
Financial: Fi37 3 (detailed) | Value of nonrevenue Allows different unit
nonrevenue water as % of annual costs for nonrevenue
water by cost cost of running system | water components
Inefficiency of WR1 1 (basic) Real losses as a % of | Unsuitable for
use of water system input volume assessing efficiency
resources of management of
distribution systems
Operational: Op24 1 (basic) gal/service line/d, Best “traditional” basic
real losses when system is performance indicator
pressurized
Operational: 0Op25 3 (detailed) Infrastructure leakage | Ratio of current annual
real losses index real losses to unavoidable
annual real losses

Source: Ref. 7.

TaBLE 7.4

IWA Recommended Performance Indicators for Nonrevenue Water and Water Losses

* Level 2 (intermediate): Additional indicators, which provide a better insight than
the Level 1 indicators for users who need to go further in depth.

e Level 3 (detailed): Indicators that provide the greatest amount of specific detail,
but are still relevant at the top management level.

Particular points to note from the Table 7.4 are as follows:

* Fi36: Percentage of nonrevenue water is the basic financial PI.

e Fi37: This detailed financial PI is a development of a 1996 recommendation of

the AWWA Leak Detection and Water Accountability Committee.

WRI: Real losses as percentage are unsuitable for assessing efficiency of
management of distribution systems for control of real losses, because of the
influence of consumption.

Op24: Gallons/service line/d is the most reliable of the traditional PIs for real
losses, for all systems with service line densities of > 32 /mile.

To improve on Op24, take account of three key system-specific factors: Density of
service connections, location of customer meter relative to curbstop, average
operating pressure.

NorEk:

By expressing Op 24 as “Gallons/service line/d/psi of pressure,” the influence of

pressure is included.

Op25: The infrastructure leakage index (ILI) is a measure of how well the system
is being managed for the control of real losses, at the current operating pressure.
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e [LI:Itis a dimensionless ratio between the current annual real losses (CARL) based
on the results of the water balance and the unavoidable annual real losses (UARL)
for a given system.

ILI=CARL / UARL

® UARL: They are calculated as previously described in this chapter, using the IWA
methodology which takes into account average operating pressure, length of mains,
number of service lines, and location of customer meters relative to the curb stop.

The infrastructure leakage index is a relatively new, and potentially very useful, per-
formance indicator. Being a ratio, it has no units, so facilitates comparisons between coun-
tries that use different measurement units (metric, U.S. Customary). The ILI can perhaps
be better envisaged from Fig. 7.5, which shows the
four components of leakage management.

The large square represents the current annual
volume of leakage, which is always tending to The ILI ratio is a great way of
increase, as infrastructure systems grow older. This | demonstrating loss management
increase, however, can be constrained by an appro- | performance, as each system
priate combination of the four components of a suc- effectively compares the ratio of
cessful leakage management policy.

The small square represents UARL—the lowest
technically achievable value for real losses at the
current operating pressure. The ratio of the current
annual real losses (the large square) to the unavoid-
able annual real losses (the small square) is a meas-
ure of how well the three infrastructure management functions—repairs, pipe materials
management, and active leakage control—are being controlled. We will be seeing more
of this diagram in future chapters where we will be discussing some of the hands-on
techniques associated with in the field loss-reduction programs.

their individual best possible per-
formance against how they are
actually performing.

Pressure Economic level of real losses

Losses flex with pressure  ———s
management

Unavoidable
annual real
losses

Speed and quality Active
of repairs leakage control

Potentially
recoverable real
losses

Pipeline and
asset management
Current annual real losses selection,
installation,
maintenance,

renewal,
replacement

Fieure 7.5 The four components of a successful leakage management policy.
(Source: IWA Water Loss Task Force and AWWA Water Loss Control Committee)
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An infrastructure leakage index close to 1.0 demonstrates that all aspects of a suc-
cessful leakage management policy are being implemented by a water utility. However,
typically it will only be economic to achieve an ILI close to 1.0 if water is very expen-
sive, scarce, or both. Economic values of ILI depend upon the system-specific marginal
cost of real losses, and typically lie in the range 1.5 to 2.5 for most systems.

The Use of 95% Confidence Limits and Variance
Analysis for Water Audits

The use of 95% confidence limits to validate the degree of uncertainty in individual
components of the water balance is nowadays best practice among qualified water loss
management professionals.

In order to understand the concept of 95% confidence limits, it is first necessary to
understand normal distributions which are an important class of statistical distribu-
tions. All normal distributions are symmetric and have bell-shaped density curves with
a single peak. To speak specifically of any normal distribution, two quantities have to
be specified: the mean y where the peak of the density occurs, and the standard devia-
tion o, which indicates the spread or girth of the bell curve. Different values of 1 and o
yield different normal density curves and hence different normal distributions.

The normal density can be actually specified by means of an equation. The height
of the density at any value x is given by

1

o~ 1xH/0)
oV2rm

Although there are many normal curves, they all share an important property which
is often referred to as the empirical rule:

* 68% of the observations fall within one standard deviation of the mean, that is,
between y — oand u + o

* 95% of the observations fall within two standard deviations of the mean, that is,
between y —2cand u + 20

® 99.7% of the observations fall within three standard deviations of the mean, that
is, between i — 30 and y + 30.

Thus, for a normal distribution, almost all values lie within three standard devia-
tions of the mean as can be seen in Fig. 7.6.

Using 95% confidence intervals allows generating a lower and upper limit for the
water balance component. The interval estimate or lower and upper limit gives an indication
of how much uncertainty there is in the volume used for each water balance compo-
nent. The narrower the interval, the more precise is the value used.

The 95% confidence limits also allow for the calculation of the variance related to each
water balance component. Variance is a measure of dispersion around the mean. Compo-
nents with a large variance will have the biggest impact on 95% confidence limit related to
the final result of the water balance. The final derived result of the water balance is the vol-
ume of real losses. This component will have a 95% confidence limit that is an accumulated
value based on the variance related to each component of the water balance. The variance
analysis is based on standard statistical principles of normal distribution and uses the root-
mean-square (RMS) method for accumulation of error on derived values (see Table 7.5).
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Ficure 7.6 Normal distribution curve. (Source: WSO).

Annual Volume 95% Confidence | Variance (gal?
Component (Million gal) Limits x 10%?)
Source #1 7,512.80 2.6% 9,553.7
Source #2 10,519.84 2.6% 18,732.1
Source#3 6,580.71 2.6% 7,330.2
Source#4 4,411.61 2.6% 3,294.3
Source#4 7.60 2.6% 0.0
Total system input volume (a) 29,032.56 1.3% 38,910.3
Billed metered authorized 24,778.64 1.1% 20,237.7
consumption
Billed un-metered authorized 0.0 NA NA
consumption
Total billed authorized 24,778.64 1.1% 20,237.7
consumption (b)
Nonrevenue water [(a) - (b) ] 4,253.92 11.2% 59,148.0

Source: SFPUC

TaeLe 7.5 Calculation of Confidence Limits for Nonrevenue Water

The standard approach to calculate the variance related to a certain volume of the

water balance, based on its 95% confidence limit, is as follows:

Variance = (volume in million gal x 95% confidence limit/1.96)

The aggregated confidence limit related to a calculated volume of the water balance
is based on accumulation of error on derived values. Following these principles the
95% confidence limit related to the calculated volume of nonrevenue water is calcu-

lated as follows:

95% confidence limit for nonrevenue water

=1.96— \/ (variance a + variance b) / (annual volume nonrevenue water)
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The above equation explains the standard approach for calculating an aggregated
confidence limit based on accumulation of error on derived values. Table 7.5 provides
an example of the calculation of the 95% confidence limits and variances relevant for
the calculation of 95% confidence limits for nonrevenue water.

Since the real losses have a confidence limit that is an accumulated value based on
the variance related to each component of the water balance it is very important to
accurately assign 95% confidence limits to all components of the water balance in order
to see which of the components has the biggest impact (which components have the
highest variance) on the confidence related to the calculated real loss volume. Once this
information is available, it is best practice to take actions (e.g., improving the accuracy
of metering devices or installing new metering devices where no meter was in place) in
order to improve the confidence related to the real loss volume by improving the confi-
dence related to those components that showed the highest variance.

Conclusion

The IWA/AWWA standard terminology and water balance methodology and the use of
95% confidence limits, together with the equation for unavoidable annual real losses
and the recommended performance indictors such as the infrastructure leakage index
(ILI), are the basis for a rational assessment of water loss volumes allowing meaningful
comparisons of water loss management.

Examples of free and commercial water audit software and related water balance
results are shown in Chap. 10.
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CHAPTER 8

Data Collection, Formatting,
and Management

Julian Thornton
Reinhard Sturm
George Kunkel, PE.

8.1 Introduction

To undertake any water system audit and properly identify where volumes of losses are
occurring and the magnitude of the loss it is necessary to collect data, which is

e Accurate
e Standardized
e Organized

e Accountable

In Appendix A, we discuss various equipment and methodologies for accurately
capturing data for flows and pressures using both portable and permanent field equip-
ment. However once we have captured the data it is important to properly organize and
store the data in a meaningful manner, so that we
can be accountable for the subsequent decisions
which will be made. o Not all water systems will

When collecting gnfi validating data for top |pave all of the data they need
down water balances it is common to f:ollect la}‘ge for a full audit, however it is
volumes of data from the customer information L

better to make estimations and
system. Usually, at least 14 months of data are .
collected. In large water systems, this could perform an audit than .not .
amount to many gigabytes of data. It is important | d0 one at all. Lower confidence
that the operator carefully considers the environ- |can be assigned to estimates
ment in which the data will be stored for analysis |and higher confidence to mea-
in order not to loose data in the transfer process. |sured values.
Many operators use industry standard products
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such as Excel work sheets or Access databases, however these products have size
limitations, Excel (Pre 2007) can hold only 58,000 rows of information and Access can
store only 2 GB of data.

In many cases, good accurate data may not be available and the operator will have
to make a decision as to whether to use the questionable data or estimations or not. In
many cases it is better to do something rather than stop and do nothing. In this case, we
should be sure to note that the data was questionable or estimated and the operator’s
assessment of what should be done to improve this in future audits and how the data
should be used this time round.

The following section discusses good data management techniques.

Data Collection Worksheet

One of the first things we must do before starting to download field loggers and record-
ers is decide on the key factors, which we will be analyzing and assign relevant mea-
surement units and decimal places to each of the parameters. For example, in most
audits we will be measuring flow, measuring pressure, analyzing volumes, measuring
levels, and accounting for time periods.

Some of the units, which we might assign, are in the following section.

8.2.1 Flow

Metric
e Cubic meters per second
¢ Cubic meters per hour
o Liters per second

* Mega liters per day

U.S. Customary
e U.S. gallons per minute
¢ Imperial gallons per minute
e U.S. gallons per hour
¢ Imperial gallons per hour
e U.S. Kgallons per day
¢ Imperial Kgallons per day
¢ U.S. millions of gallons per day (mgd)
¢ Imperial millions of gallons per day (mgd)
e Cubic feet per second
e Cubic feet per hour
e Cubic feet per day
o Acre feet per day
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8.2.2 Pressure
Metric
e Meters head of water

e Bar

¢ Kilopascals

U.S. Customary

e Pounds per square inch (PSI)

e Feet head of water

8.2.3 Volumes
Metric
e Cubic meters

e Liters

e Mega liters

U.S. Customary

¢ Gallons

e Kgallons

¢ Million gallons
o Cubic feet

o Acre feet

8.2.4 Levels

Metric

o Millimeters
o Meters
e Millibar

e Bar

U.S. Customary

e Inches column of water

e Feet column of water
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8.2.5 Time Periods

¢ Milliseconds (used for surge analysis and leak noise correlation)
¢ Seconds

e Minutes

e Hours

e Days

e Months

e Years

So, as we can see there are many options for recording all of our varying parame-
ters. It is important to use parameters and units, which are both meaningful to the
country or area in which we are working, and also units, which are easily interchange-
able. So, for example, we wouldn’t want to mix cubic meters per hour of flow with
pounds per square inch of pressure. We might however use either pounds per square
inch of pressure with gallons per minute of flow or cubic meters per hour of flow with
meters head of water pressure.

8.2.6 Balancing Flows

When undertaking audits, which involve dynamic flows and not just volumes, it is
important to balance our flow inputs. To do this, we usually select a unit of flow,
for example, cubic meters per hour.
We will then identify key points within a 24-hour

Top down annual audits use | profile, usually minimum night flows if we are trying
volumes; bottom up audits| t© 1@ent1fy leakage. The b.alan.ce isa simple matter of
adding and/or subtracting individual zone flows,
(these might be metered areas or pressure zones) and
comparing them with supply meter or production
metered flows to ensure that we have all of the inflows and outflows for the system in
question accounted for. (Take care if storage is located inside of the areas we are trying to
balance as filling volumes will confuse the issue).

In situations where the system is not zoned in any way at all and is not intended to
be for the future, the key points within the flow balance would be

often use night flows.

e Production meters
e Import meters or bulk supply meters
¢ Outlets from storage (tanks, reservoirs, and towers)

¢ Outlet from pumps or wells

This may seem like a relatively simple procedure but can take many hours of careful
analysis especially in large systems.

It is particularly important to properly define one unit of measure before attempt-
ing this exercise, otherwise the difference in one working unit and another could be
confused for a missing inlet or outlet and create a lot of unnecessary work load, which
in turn would create unnecessary cost.
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8.2.7 Balancing Pressures

It is equally as important to balance pressures in a water system when attempting to
identify losses, as the system pressure plays a large part in water loss especially leakage
as discussed later in this manual.

Usually, when we want to balance pressures we work out hydraulic grade lines
(HGLs). Hydraulic grade is a sum of the ground level plus the static pressure at that
particular point and the lines are the chosen points connected up.

Most often in water loss control situations we will need to know

¢ The supply or inlet pressure

e Average zone pressure

o Critical point pressure

e Minimum service pressure required

e The number of hours the system is pressurized in cases where there is
intermittent supply

8.2.8 Balancing Levels
In systems with large storage capacity, it is also important to include the various tank or
reservoir levels in the water balance, as the change in volume over time may represent
significant flow and could be mistaken for loss.

In systems with a small amount of storage capacity, this is not so important, however,
this should not be overlooked. It is always better to overanalyze than underanalyze!

8.2.9 Putting Data into a Common Format

Putting data into a common format is extremely important. Metric and U.S. Customary
units should never be mixed and even when using one or the other it is still a good idea
to think about the method of data recording, which
has taken place in the field and the required report-
ing units. Don’t mix incompatible units.
If working in metric, for example, it is much
easier to work in cubic meters per hour flow if you measure your velocity in meters per
second and calculate your pipe effective area in square meters. The result will always
be automatically in meters and then it is just a simple case of deciding the time units.
For example, we measure a velocity of 2m/s in a pipe, which has a diameter of 400 mm
(400 mm is actually 0.400 m). To calculate the area we would use our formula Pi x R?, which
in this case would be 3.142 x 0.2 x 0.2. The answer would be 0.12568 m?. We have a velocity
of 2 m/s so we would multiply this figure by two, which would give us 0.25136 m?/s.
Now we must decide on a unit of time. Usually when working in the field with cubic
meters we would use cubic meters per hour of flow. There are 60 seconds in a minute and
60 minutes in an hour so we would multiply our flow of 0.25136 m?/s by 3600, which
would give us 904.896 m*/hr. We know that there are a 1000 L in 1 m? so we could also say
that we have a flow of 904,896 L/hr. This number is quite large and if added to other large
numbers could lead to mistakes. If we wanted to express our flow in liters we would most
likely use liters per second. If that were our desired final number we would have taken
our figure above of 0.25136 and multiplied by 1000 to take our flow units from cubic
meters to liters. We would not need to multiply anything else as our original number was
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in seconds. Our flow would then be 251.36 L/s. If we are in a situation where we need to
translate data from liters per second to cubic meters per hour then our common figure is
3.6. When altering liters per second to cubic meters per hour we just need to multiply our
original number by 3.6 to have cubic meters per hour and vice versa.

Alternatively if we were working in U.S. Customary we might have the following;:

We measure a velocity of 2 ft/s in a pipe, which has a diameter of 36 in (36 in is actu-
ally 3 ft). To calculate the area we would use our formula Pi x R* which in this case would
be 3.142 x 1.5 x 1.5. The answer would be 7.0695 ft>. We have a velocity of 2 ft/s so we
would multiply this figure by two, which would give us 14.139 ft*/s. Now we must decide
on a unit of time. Often when working in the field with cubic feet we would use cubic feet
per hour of flow. There are 60 seconds in a minute and 60 minutes in an hour so we would
multiply our flow of 14.139 ft*/s by 3600, which would give us 50,900 ft*/hr. We know
that there are 7.48 gal in 1 ft* so we could also say that we have a flow of 380,734 gal/hr.
This number is quite large and if added to other large numbers could lead to mistakes. If
we wanted to express our flow in gallons we would most likely use gallons per minute. If
that were our desired final number format we would have taken our figure above of
380,735 gal/hr and divided by 60, we would not need to divide anything else as our fig-
ure was already in gallons. Our flow would then be 6,345 gpm.

Data Calibration Form

Often when measuring devices are tested there is a small margin of error. It is not always
possible to recalibrate the flow meter before measuring in the field; although that option
is preferable. If the flow-measuring device cannot be recalibrated mechanically or elec-
tronically then it is still possible to use the data; however the data must be calibrated
theoretically using a spreadsheet.

The spreadsheet will be constructed using the calibration curves from the meter
tests prior to data collection and will show errors for brackets of flow. The data will then
be imported into the form or spreadsheet, and automatically be changed by the error
attributed to that flow range. The resultant data is closer to the truth than the original.
Obviously there are some cases where error will still occur, especially in the case of a
particularly sensitive or unstable measurement device.

8.3.1 Equipment Calibration Form Pressure and Level

As with flow measurement devices pressure and level sensors can also have errors,
which cannot be recalibrated before testing is undertaken. The same process can be
undertaken to ensure that pressures and levels are closer to the true value.

Summary

So as we can see it is vitally important that the data
G | is managed properly from the start of the program.

el Gl A AR Accountability is a word, which we are using more
ensure that the whole project| iften in the water industry now. Accountability
has accountable, baselines from | doesn’t mean that we guarantee that all of our data
which to judge performance| isaccurate. Whatisimportant is that where we have
and allocate new budgets. doubts as to the accuracy of the data we leave an
audit trail explaining what was done estimated or
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calculated. If we perform accountable audits with a data trail, we can always improve
data accuracy over the years to come until eventually all data is top class.

The following checklist covers many of the aspects necessary for good data man-
agement.

8.4.1

Data Management Checklist

Data should be accurate.

Data should be organized.

Data should be accountable.

Bad data should be clearly highlighted.

Estimations can be made but should be clearly marked as such.
Raw data should be kept as well as calibrated data.

Constant measurement values should be used.

Constant units should be used.

A column alongside the audit sheet with relevant comments will help future
auditors figure out what you did when you made your audit.
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CHAPTER 9

|dentifying Economic
Interventions against
Water Losses

David Pearson
Stuart Trow

9.1 Introduction

The level of losses from water systems is often considered by observers from outside
the industry to be unacceptable. In many countries, environmentalists and regulators
have expressed concerns at the level of losses, and believe that lower levels should be
achievable. However, any water company has to work within current operating bud-
gets and seek additional finance if these are not sufficient. Leakage control can be
expensive, and water companies will seek to achieve an economic balance between the
costs of leakage control and the benefits that accrue. This balance between costs and
benefits is common in many fields, and the idea of the economic level of operation is
commonplace in many industries. The concept of an economic level of leakage (ELL)
dates back several decades, and there have been many previous attempts to determine
a practical definition and methodology. Previous methodologies tended to confuse the
impact of the various leakage management options available. It is only over the past
15 years that we now have a better understanding of all the issues.

9.2 Definition

Looking at economic theory, there are two levels at which the economic level can be
considered. Taking manufacturing as an example, production can increase by taking on
more labour. Increased costs would be incurred in terms of labour costs, raw material
costs, and costs of production—typically power, which are a function of the level of
production. As levels of production are increased, for example, by increasing the num-
ber of shifts, production will rise until the capacity of the production plant itself becomes
a limiting factor. At some point it may be more economic to extend the plant. However,
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in this case, major capital expenditure will be involved and long term payback of this
capital expenditure has to be taken into account. These two levels of economic opti-
mum (firstly, by varying revenue items alone, and then looking at capital expenditure)
are known, respectively, as the short- and long-run economic levels.! The formal econo-
mists definitions? of these are: “The short run is a period of time in which the quantity of
at least one input is fixed and the quantities of the other inputs can be varied. The long
run is a period of time in which the quantities of all inputs can be varied, and other new
inputs can be introduced.”

Examples that are generally quoted, using manufacturing industry, refer to labour,
materials, and power as variables that can be changed in the short run, whilst plant
capacity can only be changed in the long run.

The current thinking on the economic level of leakage (ELL) is based on the knowl-
edge that each and every activity aimed at reducing leakage follows a law of diminishing
returns; the greater the level of resources employed, the lower the additional marginal
benefit which results. This understanding forms the basis of a new methodology in which
every activity is analysed in a similar way to compare its marginal cost with that of other
interrelated activities, and with the marginal cost of water in that supply zone.

This approach can be applied to the four primary activities that impact on leakage
control, that is, pressure management, active leakage control (ALC), quality and speed of
repairs, and infrastructure improvements, which are often illustrated as shown in Fig. 9.1.
To further the comparison with the examples used in manufacturing industry, the ele-
ments such as active leakage control and repair activity can be considered to be revenue
items and would therefore be considered in the evaluation of the short-run ELL, whereas
pressure management and mains rehabilitation would require an investment decision,

Pressure Economic level of real losses

Losses flex with pressure ——s
management

Unavoidable
annual real
losses

Speed and quality Active
of repairs leakage control

Potentially
recoverable real
losses

Pipeline and
asset management
Current annual real losses selection,
installation,
maintenance,

renewal,
replacement

Ficure 9.1 The four primary methods of controlling water losses. (Source: IWA Water Loss Task
Force and AWWA Water Loss Control Committee.)
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and would therefore be considered in the evaluation of the long-run ELL. There are other
activities that can impact on leakage such as sectorization, customer meter reading policy,
customer side repair policy, extent of customer metering, and so on.

Short-Run ELL

9.3.1 Active Leakage Control

The purpose of active leakage control (ALC) is to find leaks that do not surface or oth-
erwise come to the attention of the operating company through customer contact, for
example, poor supply, loss of water, and so on. These leaks are often referred to as
reported leaks. The process of active leakage control involves teams of leakage detection
staff sweeping an area to find leaks generally using sounding techniques or similar.
This may be in response to an increase in a nightline if the area is sectorized, an increase
in the output from a treatment works or service reservoir/tank or simply as a result of
a regular sounding programme at an agreed interval.

This ALC activity will locate unreported leaks, which will then be repaired, and leak-
age levels will be maintained. If sweeping is carried out at more frequent intervals then
leakage will be maintained at a lower level. Thus, there is a relationship between aver-
age leakage level and the time between surveys. This is shown as curve A-A in Fig. 9.2
and is referred to as the active leakage control curve. The vertical axis is usually expressed
in cost terms and is simply the annual cost of the leakage detection resources. The hori-
zontal axis is the average leakage level, over the same period (usually a year). On the
assumption that some leaks would never come to the attention of the operating com-
pany if they did not come to the surface (e.g., if they break through to a sewer) and
would therefore accumulate on the system, then the curve will asymptote to the hori-
zontal axis. The curve will also asymptote to a line parallel to the vertical axis. This line
B-B, will be equivalent to the level of leakage that would result if infinite resources were
deployed on leakage control activity. This minimum level of leakage would equate to

Active Leakage Control Curve
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Ficure 9.2 Active leakage control (ALC) cost curve. (Source: Dave Pearson.)
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background leakage, that is, leakage below the level of detection, plus the leakage from
reported leaks plus the leakage from unreported leaks during the period they run
between detection and repair, resulting from any given leakage control policy. This is
sometimes referred to as the policy minimum level of leakage.

There has been much debate about the shape of the curve between these asymp-
totes. In the most simplistic model of regular sounding, the curve will be hyperbolic.
This is based on the fact that the curve will be defined by the leakage during the period
which unreported leaks run until they are detected. This will be directly related to the
length of time they run before being detected and hence the intervention interval. As
the intervention interval will be inversely related to the resources (doubling the
resources will half the intervention interval) then leakage will be inversely proportional
(i.e., a hyperbole) to the level of resources and hence the ALC cost. If the area is sector-
ized, or if other forms of flow measurement are used to direct resources more efficiently
compared to simple regular sounding, the curve will be flatter than a pure hyperbole.

If the cost of the water lost at different levels of leakage is plotted on the same graph
this would be represented by the line C-C. The cost will be the simple difference in cost in
producing one more or less unit of water in terms of power, chemicals, and possibly
labour. The slope of this line is referred to as the marginal cost of water. If the marginal
cost of water is constant, line C-C will be a straight line. If the marginal cost of water pro-
duction is not constant, then line C-C will be made up of a number of straight lines; usu-
ally increasing in slope with higher leakage as more expensive water is used. Curve D-D
is the total cost of operation, that is, cost of leakage control plus cost of water production.
As can be seen, the curve will be high initially due to the high cost of leakage detection
required to achieve very low levels of leakage. The total cost then reduces before increas-
ing again as the cost of water production increases with increasing levels of leakage. The
point at which the total cost is lowest will be the short-run economic level of leakage. At
this point, the marginal cost of leakage detection activity will be equal to the marginal cost
of water. This point will also define the economic level of resources to be deployed on
leakage detection and the economic period between interventions.

It can be shown that the minimum total cost of lost water and intervention costs
occur when the accumulated value of lost water since the last intervention equals the
cost of intervention. This simple relationship has been used by a number of people to
develop methodologies to calculate the economic intervention period for a system.

The solution to the calculation of the economic intervention period in the case of
regular sounding, that is, where all parts of the system are swept with the same fre-
quency, is reasonably straightforward® and this has been developed* into methodolo-
gies that can be readily applied to distribution systems.

Where the system has been sectorized and information therefore exists for the rate
at which leakage accumulates on different parts of the network then a more specific
approach can be taken.>® In this approach, the actual volume of leakage is accumulated
using night-line information since the last intervention and proactive detection is initi-
ated when the value of this is equal to the cost of intervention on that sector. The advan-
tage of this approach is that it can take into account sector-specific cost of water (say
due to local boosting of water) and also sector-specific survey costs (say due to urbani-
sation or pipe materials).

An alternative approach has been to try and define the ALC curve itself. This can be
carried out in a number of ways, which can be classified as either empirical or theoretical.

The former relies on the establishment of a number of points along the curve by
analysing the results from actual ALC operations. When a number of points have been
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derived then a curve is fitted. This may assume a given shape to the curve.” The diffi-
culty with this approach is that the current position on the curve represents a static situ-
ation of the balance between average leakage over a number of years at a constant
resource level. It may take a number of years to reach stability when detection resources
are changed. It is therefore a long process to develop accurate estimates of a number of
points on the curve.

Alternatively, a theoretical approach using component loss modelling methodolo-
gies® can be used to define the ALC curve, but this will require a number of assump-
tions, such as burst flow rates, although attempts can be made to calibrate these from
actual data. A compromise is to establish the ALC curve by building a component loss
model of the system and then to calibrate this such that it passes through the current
operating position established by analysing the actual cost of operations. The economic
intervention period can then be found by direct differentiation of this curve or by
numerical methods.

9.3.2 Background Leakage and Backlog Removal

Background leakage is generally defined as the leakage below the level of detection (with
current technology). The level of background leakage can be assessed using a number
of methodologies.” However, the level of background leakage is a function of the extent
and method of leakage detection employed, which itself will have different operating
costs associated with different levels of leakage. Therefore, a matrix of leakage detection
costs versus level of background leakage can be derived, from which a view can be
taken on the appropriate economic method of detection, and the associated level of
background leakage.

Background levels of leakage have been related to system characteristics.”'? Such as
pressure, length of mains, and number of connections. From these, unit background
losses at standardized pressure have been estimated. These can then be related to asset
type, material, age, and condition. From this work it is possible to provide an estimate
of the background level of leakage that might be expected in an area. By comparing this
to the actual minimum achieved on that area, a view can be taken as to whether back-
ground levels have been achieved or whether it is likely that there are leaks on the area
that would be possible to find.

These leaks will have gradually accumulated on the system over a number of years,
and are essentially hidden in accepted minimum historic night flows. The leaks may be
on parts of the network that are not normally checked for leaks, for example, large
industrial complexes, mains which are believed to have been abandoned, private sup-
ply pipes, complex road junctions. The number of backlog leaks and hence the associ-
ated repair bill can be substantial, but they are one-off costs and the cost benefit can be
readily assessed. However, it may be appropriate to take other action, for example,
pressure reduction (described later) to reduce the frequency at which the system is
breaking in order to allow for this backlog to be reduced over a period of time within
the current repair budget. Alternatively, it is possible that these could be considered as
a one-off capital cost depending on local accountancy rules.

9.3.3 Transition Costs

Once an economic level of leakage has been established, then a company should move
toward this ELL. However, as this is likely to be at a lower level of leakage than the cur-
rent level, moving to this point will involve one-off costs. As each point on the ALC
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Ficure 9.3 Economic repair time. (Source: Stuart Trow.)

curve is a static situation, then there are less leaks running at any one time at lower
levels of leakage. Thus, moving from one point to a lower point will mean that addi-
tional leaks are brought in for repair before the situation reaches equilibrium again.
Transitional costs should generally be fairly low and they can be added, with appropri-
ate discounting as they are a one-off investment, into the calculation of the economic
level of leakage to obtain a slightly revised economic level of leakage.

9.3.4 Leak Repair Activity

A similar methodology to that for ALC can be applied to developing the economic level
of speed of repair. Very short repair times can be achieved but at the cost of possible
overtime for weekend and evening working for the repair teams. This may or may not
be economic. There will be a relationship between cost and repair time as in Fig. 9.3.
Leakage level will be related to the average repair time, and so a similar curve to the
ALC curve can be produced. The benefit from reducing repair times can be estimated
using a component loss model. The economic repair time can therefore be determined
in the same way as described above for ALC. At this point the marginal additional cost
of repair will equal the marginal cost of water production.

Long-Run ELL

Some leakage control activities will involve an investment decision, and hence a pay-
back longer than the short-run period. This will typically apply to options such as pres-
sure management and mains rehabilitation. In these cases, it will be economic to make
an investment on pressure management or rehabilitation to reduce leakage if the cost of
water saved over the investment period would pay for the cost of carrying out the
works. Once the investment has been made, there will be a new (lower) economic level
of leakage, which has to be recalculated using the method above.

9.4.1 Pressure Management
Leakage will reduce as a result of pressure reduction due to two factors, namely,

¢ Both background and leak flow rates will reduce, as leakage flow is directly
related to pressure by a factor called the N1 relationship."
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e Burst frequency rates will reduce, due to reduced stress on the pipe network,
the so called N2 relationship.'?

Bursts and leaks can be caused by surges on the network. These surges can be
caused by defective operator or customer equipment or the lack of surge suppression
equipment on pumped systems. Short-period logging should be used to investigate
whether a system is experiencing surges before any pressure reduction is investigated.

In the case of pressure reduction, the investment costs will include the one-off cost
of construction of the chambers, the cost of purchasing the pressure reducing valves
(PRVs) and their replacement as well as ongoing maintenance costs. As pressure man-
agement is deployed in an area, the average pressure will reduce. Schemes will be
deployed on the basis of those which give most benefit first and therefore as more and
more schemes are installed, the marginal benefit of each scheme on the average pres-
sure for the system as a whole will reduce. Figure 9.4 shows a typical curve relating the
benefit from scheme deployment on average zone night pressure (AZNP). As leakage is
proportional to pressure, there will be a break-even point at which the additional cost
of scheme deployment equals the marginal cost of water production.

The process involved in calculating this breakpoint is as follows:

e The potential for pressure reduction from the installation of pressure
management valves, and other schemes, is estimated using hydraulic modelling
and/or logging of areas.

o Thecostof constructionis estimated, and the cost discounted into an equivalent
annual cost using financial accounting methods (usually agreed with the
finance department of the operating company) such as discounted cash flow
analysis (DCEF).
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Ficure 9.4 Ranking pressure management schemes by the benefit of reducing AZNP.
(Source: Dave Pearson—Northumbrian Water.)
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e The cost of the valve and its replacement (as recommended by the vendor) is
discounted in a similar way.

e The annual cost of maintenance of the PRV (as recommended by the vendor) is
estimated.

o The benefit in terms of leakage reduction is estimated using a component loss
model or similar approach.

¢ The reduction in operating costs due to the lower burst frequency is assessed in
terms of
¢ Reduced repair bill
¢ Reduced customer contact costs for reported leaks
¢ Reduced visit/inspection costs for reported leaks
¢ Lower active leakage control costs for unreported leaks

¢ The marginal cost/benefit is calculated as the net cost divided by the leakage
saving

All the schemes with a cost/benefit lower than the cost of water would be deployed.
This will establish the economic level of pressure reduction and the associated leakage
level. Examples of this approach have been published recently.?

There will also be less tangible benefits such as

e Reduced risk of discoloured water events

e Reduced interruptions of supply

These benefits will lead to improved levels of service and customer satisfaction and
areduction in the risk of any regulatory action. A notional monetary value can be placed
on these less tangible benefits in order to allow for these in the calculation.

9.4.2 Network Rehabilitation

Network rehabilitation (both mains and service pipes) will reduce the rate at which
leaks break out on the network. This will reduce leakage, as well as reducing costs asso-
ciated with inspections and active leakage control activity highlighted above. Figure 9.5
shows a typical burst frequency distribution curve. This shows that there is a distribu-
tion of the frequency at which pipes burst on the network. A small proportion will burst
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Ficure 9.5 Burst frequency distribution. (Source: Dave Pearson—Sofia Water.)
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at a high frequency, whilst other parts of the network will burst at a much lower fre-
quency. In order to have the greatest impact on leakage one would try to identify those
pipes with a high frequency of failure and replace these first. The benefit of replacing
further sections of pipe will then be less. Again the law of diminishing return applies,
and a point will be reached when it is not economic to replace pipes. A similar curve
will exist for the distribution of service pipe bursts across the network.

It has been suggested that there will also be a distribution of background leakage,
which will not necessarily be the same as that for burst frequency. Those mains with
high burst frequencies may have a low background leakage level and vice versa. This is
because background leakage is primarily driven by leakage at joints on service pipes
rather than mains themselves. Therefore, network rehabilitation should be targeted at
burst and background leakage separately.

To find the economic point, the following calculations are performed:

o The benefit of replacing a section or group of essentially similar pipes in the
same locality in terms of reduction in burst frequency and/or background
leakage is assessed.

o The cost of replacing these pipes is estimated.
¢ The reduction in leakage is estimated using component loss modelling.

e The savings in costs in inspections, repairs, and active leakage control are
assessed.

o The marginal cost/benefit is assessed as the cost less the sum of the savings
divided by the leakage saving.

All the schemes with a cost benefit lower than the cost of water would be deployed.
This will establish the economic level of network rehabilitation and the associated
leakage level.

9.4.3 Sectorization

It is common practice in some parts of the world to split the water network into sectors and
monitor flows into and out of these sectors at night. Data about the flows into sectors pro-
vides information to be able to locate leaks faster and therefore improve leakage detection
efficiency. However the introduction of sectorization involves costs in the following areas:

¢ One-off cost of construction of meter chambers
¢ Cost of meter and replacements and/or refurbishment
o Cost of data logging equipment

¢ Ongoing cost of data retrieval (either manual or by telemetry)

The benefit of introducing sectorization in terms of leakage will be a function of the
natural rate of rise of leakage in the sector. Not all sectors will have the same rate of rise,
and so again there will be a curve showing diminishing returns. Other factors affecting
costs will be the environment, the complexity of the network, and the degree to which
sectorization has already been established. The calculations are similar to the ones
described above for pressure management and rehabilitation. They can be carried out
to establish an economic breakpoint that would give the economic level of sectorization
and the optimum size of sectors.

1
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9.4.4 Combination of Activities

The methodologies described above all require the assessment of the benefit in leakage
terms from the proposed activity. Each case has been considered independently, that is,
the assessment of the economic level of pressure management or rehabilitation. How-
ever, the implementation of one option will affect the economics of the implementation
of the other, that means, the benefits from rehabilitation will be reduced if average pres-
sures have already been reduced due to pressure management. In practice, an operating
company will want to develop a strategy that looks to establish the economic balance
between all activities, that is, active leakage control, leakage repair, mains rehabilita-
tion, service pipe replacement, sectorization, and pressure management.

The normal approach to solving this problem is to choose a small increment of
activity in each area and work out the cost/benefit. These are ranked and the one with
the best benefit is implemented. The leakage benefit for the other schemes are then reas-
sessed due to the change that this scheme imposes and compared again. The next
scheme is then chosen and the leakage benefits reassessed and so on. This process is
continued until the marginal cost of any activity is equal to or greater than the marginal
cost of water. This then establishes the economic level of leakage and the list of schemes
that will be implemented and their associated costs to achieve this level.

By following this procedure of “squeezing the box” (i.e., the box containing the
level of losses shown in Fig. 9.1) using each of the primary activities of a well-developed
program of leakage management in turn based on best value, a point will be reached
where any further activity is uneconomic, that is, its marginal cost will be greater than
the marginal cost of the water saved. At this point the marginal cost of further leakage
control activity will be the same for all activities.™

Deficiency in Water Supply Reliability

9.5.1 The Supply-Demand Balance

The calculations described above establish the economic level of leakage against the mar-
ginal cost of water production. In effect, this could be called the unconstrained ELL. In prac-
tice, this level of leakage, when combined with consumption, may be insufficient to provide
the necessary reliability of supply for the operator. The excess of water available for supply
compared to the demand is often referred to as headroom. Some countries have standards for
determining the appropriate level of headroom® in order to provide the required security
of supply against factors such as climate change, and the like. If, after working out the
unconstrained ELL there is insufficient headroom, then an operating company needs to
decide whether it is more economic to carry out further leakage control or whether to
develop a new water resource, or to implement measures to reduce customer demand.

In order to evaluate the least cost solution to meet the supply-demand balance, the
cost of leakage control activity described above should be compared to the marginal cost
of the optional water resource development. This marginal cost is calculated as follows:

o The one-off capital cost of construction is estimated and discounted using an
agreed discount rate.
¢ The ongoing maintenance cost of the resource once constructed is estimated.

o A “sensible” yield of the scheme is assessed.
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e The cost of water production is estimated.

e The marginal cost is assessed as the sum of the discounted cost plus the
maintenance cost divided by the yield plus the production cost.

e Environmental and social costs associated with the resource development can
be assessed and added to the cost of the option.

Leakage activity schemes, developed using the methodologies described earlier,
would be implemented if these were cheaper than this marginal cost. As the marginal
cost of the new scheme will be significantly higher than the production cost from exist-
ing sources, as it includes the discounted cost of the construction of the works, then it
will be economic to carry out further leakage control measures consisting probably of
more pressure control, a higher level of active leakage control, and possibly more reha-
bilitation and sectorization. Schemes should be implemented until the necessary level
of headroom is attained. This level of leakage could be referred to as the constrained ELL.
The marginal cost of leakage management at this new level of leakage could be referred
to as the marginal value of water. The marginal cost of carrying out additional activity in
any area of leakage or demand management, or resource development will be equal to
or greater than this value.

9.5.2 External Drivers

In practice, there will be many external influences on the various aspects of the supply
demand balance. Figure 9.6 illustrates this.

Figure 9.6 shows that it will be necessary to look at apparent loss management strat-
egies as well as real loss strategies. Although apparent loss management strategies do
not in themselves reduce water production they will generally increase the recorded
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Ficure 9.6 Supply/demand drivers. (Source: Dave Pearson/Stuart Trow.)
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water used making this more transparent. This in turn may then make demand man-
agement strategies more cost effective. A well-developed strategy for apparent losses
will also reduce wasted expenditure looking for real losses which do not actually exist.

However, it is strictly the supply/demand balance itself that drives the final solu-
tion. In this case, demand is the sum of real losses and consumption. The evaluation has
to be carried out at water resource zone level, that is, where all the customers have the
same level of security of supply taking into account all possible internal and external
drivers.'

External drivers on water abstracted may include

Environmental concern over low flows
Environmental damage from over abstraction

Environmental drivers, for example, European directives such as the Water
Framework, Birds and Habitats directives, or equivalent

Carbon footprint of water production

External drivers on water use may include

Regulatory water efficiency targets'”

Sustainable water use targets'

External drivers on the supply/demand balance may include

Security of supply requirements
Risk of supply restrictions in drought conditions
Impact on social and economic progress

Risk of additional environmental damage in drought conditions

External drivers on leakage performance may include

Regulatory minimum comparative performance
Social and economic cost of disruption

Possible political target

Carbon footprint of repairs

Carbon footprint of detection activity

The least-cost solution to meeting the supply-demand balance can be found using a
standard optimisation method, for example, genetic algorithm or unconstrained mixed
integer optimiser, using a formulation such as

Minimise the total cost of operating the system including

Repairs

Pressure management
Proactive leakage detection
Reactive leakage detection
Rehabilitation



Identifying Economic Interventions against Water Losses 115

e Water production

¢ Demand management options
e Apparent loss strategies

¢ Resource development

¢ Abstraction mitigation
Subject to achieving (at least)

o Security of supply target
o Leakage target

e Water use target

e Apparent loss target

¢ Carbon footprint target

¢ All environmental constraints (low flows, habitats, etc.)

9.6 History and Experience

9.6.1 England and Wales

England and Wales (E&W) have a well-developed supply system with over 99% of
properties connected to public water supply networks. Continuous supply is available
24 hours a day with less than 0.02% of premises receiving low pressure (usually taken
to be less than 15 m) at any time during the year.” Only 34% of properties are metered,
the rest pay for water based on the value of the house. However the network is of mixed
age with some parts of the network well over 100 years old. There is a small number of
operating companies (less than 25 covering over 20 million properties), which were
privatised in 1989, and there is a strong environmental and economic regulatory regime.
Figures on leakage are reported to the regulators each year and audited by independent
assessors. Every 5 years the companies have to develop business plans for the following
20 years, which include a full engineering assessment of their assets and a financial
model of forecast income and expenditure. This is used to establish the price limits for
the next 5 years. Part of the engineering submission involves the assessment of the eco-
nomic level of leakage and whether this is constrained by headroom or not. Following
the severe drought in 1995-96, leakage levels have been reduced by over a third and
leakage targets are set by the regulator each year based on companies’ assessment of
their ELL. Most companies are operating at or close to their assessed ELL. Several com-
panies are operating at a level that is constrained by headroom.

The assessment of ELL within England and Wales has a long history. Although there
were many papers on ELL, the first national study and report on the topic was published in
1980.% This set down a methodology for the assessment of ELL, and it identified the benefits
of pressure control and sectorization in managing leakage. This led to the implementation
of sectors (DMAs) in most companies in England and Wales. The findings of this report
were updated by a major national research programme that reported in 1994.° This and
subsequent reports have led to greater understanding of the relationship between pressure
and leakage and other activities which allow the construction of models to forecast the
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effect of changes in operating regime on leakage. There is a very high level of monitoring,
and hence data availability, within England and Wales, for example, 15 minutes flow and
pressure data on each sector. Most companies now have fully calibrated all mains hydrau-
lic models of their networks. As a result of the drought in 1995-96 a number of companies
initiated major leakage management programmes based on economic assessment out-
lined in this paper. One of these involved the construction and implementation of over
2000 pressure management schemes within a 3-year period. As a result of this, a company
supplying over 3.2 million properties reduced their average night time pressure from
over 50 m to less than 40 m.*> All companies implemented a free or heavily subsidised
programme for the repair or replacement of customer supply pipes in order to speed the
repair of leaks that previously required the serving of statutory notices.

9.6.2 International Experience

The situation in other parts of the world is quite different from England and Wales.
Water supply is often still in the hands of local municipal authorities each covering a
relatively small number of properties. Most connections are metered, but it is common
for supplies to be intermittent due to resource shortages. Sectorization is very rare and
proactive leakage control is limited. The benefits of pressure management are not
widely appreciated and there is generally no assessment of the economic level of leak-
age. Only limited data is available and there are generally very few hydraulic models.
There is therefore the need for advice on the application of ELL in a staged manner in
the situation of limited data.

Practical Application

Application of the ELL analysis in many situations has shown that pressure management is
by far the most cost-beneficial activity. Its benefit in reducing burst frequency'? is such that
pressure-reducing schemes will often have payback periods significantly less than 12 months.
In fact, the initial schemes can have such a quick and direct influence on the repair budget
that they will free up sufficient money to pay for further pressure management schemes,
and also some leakage detection resources to start proactive leakage detection. If this
resource can be effectively targeted to identify backlog leaks, then it will be found that leak-
age can be reduced significantly within the existing budget.

The priority in terms of the identification of pressure management schemes
should be

¢ Identify any occurrence of surges or instability in pressure on the network using
very short-time interval logging and identify solutions to the problem.

¢ Identify and, where possible, move from fixed to variable speed pumps.

e Look for areas of high pressure (greater than 40 m) that can be controlled by
pressure management.

o Look for areas with high diurnal flow and pressure variation and look to control
these using flow-modulated pressure control valves.

As the benefits of pressure management start to be achieved, the economic level of
regular sounding can be calculated* and appropriate targets can be implemented. If the
area is sectorized, then economic leakage detection can be applied practically at sector
level 5%
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Use the IWA water balance to
calculate the current annual

real losses
Measure system pressures: Calculate unavoidable annual real
check for the presence of surges, losses (UARL) using average
identify excess pressure above minimum system pressure

standard of service, and any pressure
below the minimum standard of service

Calculate the

Identify. opportunities for achievir)g infrastructure leakage index
economic management of operating ILl = CARL/UARL
pressures, to reduce frequencies of new
leaks, and flow rates of running leaks

] Calculate economic intervention times
Operate to economic ALC and economic annual real losses
intervention times (EARL) using cost of water

l Calculate the

Identify economic speed and economic leakage index
quality of repairs ELI = CARL/EARL

Benchmark the operational performance
Identify opportunities for achieving H in managing real losses by comparing

-

-

-

-

economic infrastructure management the ILI and ELI with international,
activities: assets, mains and national and sub-system data
service connections UARL< CARL < EARL

Ficure 9.7 Practical application—flowchart. (Source: Allan Lambert/Dave Pearson.)

Throughout the leakage reduction plan, the performance of the network should
be assessed using the IWA ILI approach' and information systems should be set up
to collect data on the topography, pressure regime, burst frequencies, and so on so
that more detailed analysis of ELL can be carried out as reductions in leakage are
made. Whereas initial estimates of ELL will rely on default values and assumptions,
the calculations can be refined using actual data from the specific operations which
are implemented.

This approach can be described by a flowchart (Fig. 9.7).

Summary

For any system, the economic level of leakage is that which results from a combination
of a range of leakage management activities that comprises (in priority)
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An optimised overall pressure management policy in which

¢ The presence of surges are identified and steps are taken to minimise their
adverse effects

e Projects are implemented to adopt basic simple reductions of excess
pressures

¢ Further projects are implemented in order of cost/benefit

¢ An optimised repair time policy for all bursts

e An economic intervention policy for awareness, location, and repair of
unreported (hidden) bursts which is
¢ Influenced by the level of investment in leakage management infrastructure,
that is, telemetry/SCADA, DMAs, advanced pressure management
¢ Influenced by the exit level (background and other leaks remaining after
interventions)

e An economic level of investment in mains and services renewals which takes
account of all regulatory factors

If each of these activities is pursued to a logical conclusion in terms of cost and ben-

efit, then the definition of the economic level of water loss can be summarised as:

“That level of water losses which results from a policy under which the marginal

cost of each individual activity for managing losses can be shown to be equal to the
marginal value of water in the supply zone.”
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CHAPTER 10

Modelling Water Losses

Julian Thornton
Reinhard Sturm
George Kunkel, PE.

10.1 Introduction

Quantities of the various water loss volumes occurring in a water utility can be approxi-
mated by employing a mathematical representation, or model, of the loss values. Depend-
ing upon the type and nature of the apparent or real losses being modeled, a model can
be a simple spreadsheet of estimates of loss volumes attributed to a specific type of loss
occurrence, or it can be a complex set of calculations that rely upon a number of data
inputs to calculate a reliable quantity of loss. Models are an excellent tool to assist the
operator with the preparation of a water audit and water loss management planning;
however they should be used with care and due diligence. Models are not magic nor do
they give us hind sight or act as a crystal ball; they are only as good as the concepts they
employ, the data that is put into them, and the skill
and experience of the user; training in their use is
essential. So care should be taken to ensure that field Good data in means good
data captured and coefficients and variables used rep- | 4ata out!
resent real conditions as closely as may be necessary
for a result of required accuracy. If accountable data is
not available estimated data may be used, however,
the model should be notated with comments reflect-
ing the estimated inaccuracy for each component and 9 . o
ca%culating the final weig}zced potential inaccuracy. 50/‘_) LT _“mlts IS
Many industry standard water loss control models used In order to- assign confi-
now incorporate the use of 95% confidence limits, |dénce to each input compo-
which are applied to each component of data input [nent and to calculate aggre-
and calculated for each component of data output. |gated confidence in the final
Further information on the use of 95% confidence lim- | result.
its is covered in Chap. 7. This chapter presents exam-
ples of some basic water loss models.

Modeling flows in pipe networks and components of consumption has been an inte-
gral part of hydraulic network analysis modeling (hydraulic models) for over 30 years, but in
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these models nonrevenue water has generally been treated very simplistically as a fixed
residual. Accordingly, a separate series of concepts for modeling water loss has been
developed since the early 1990s for the following components of nonrevenue water:

e Apparent loss (customer meter inaccuracy, systematic data-handling error in
billing systems, and unauthorized consumption)

* Real loss (leakage and overflows)

* Pressure/leakage, pressure/consumption, and pressure/break (frequency
relationships)

The reliability and effectiveness of water loss modeling makes it a standard part of
the loss management practitioner’s tool kit.

It is important to emphasize that water loss management models are not the same
tools as hydraulic models. Many water utility personnel, consultants, and contractors
have used or seen a hydraulic model, which mathematically calculates values of water
flow and pressure in a distribution network, subject to specific inputs and consumption
patterns. Hydraulic models are an extremely powerful tool for distribution system
analysis, allowing the operator to simulate varying operating scenarios within the sys-
tem. However, the concepts used for simulating water loss management in most
hydraulic models are often oversimplified, to the point where the estimated current
leakage is nominally distributed globally around the nodes of the model; and assumed
to be fixed over time and pressure-invariant. While such simplified assumptions may
be valid for modeling flows and pressures in water distribution piping systems, they
are not valid for models which seek to quantify key water loss components.

The water loss modeling approaches discussed include

¢ Top-down water audit spreadsheet models

¢ Component analysis of apparent (nonphysical) losses

¢ Component analysis of real (physical) losses, such as the breaks and background
estimates (BABE) model

* The fixed and variable area discharge (FAVAD) concept for modeling
pressure/leakage rate relationships and pressure/consumption relationships
and making predictions

* Pressure/break frequency analysis concepts for making predictions of the
reduction in break frequency on mains and services with reduction in
operating pressure

* Application of component analysis and FAVAD concepts for night-flow
analysis in discrete zones or district metered areas

¢ Consumption analysis models

¢ Short run economic leakage levels

10.2 Top-down Water Audit Spreadsheet Models

The water audit methodology recommended for use in this publication was jointly
developed by the International Water Association (IWA) and the American Water Works
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Association (AWWA) and published in 2000. By compiling a water audit using the stan-
dardized IWA/AWWA methodology, water utility auditors gain an understanding of
the nature and extent of their system water loss volumes and, via the validation pro-
cess, allows the utility to calculate the mathematical confidence in those annual vol-
umes. Good management of any resource requires that the supplier maintains accurate
records of transactions and deliveries of the commodity provided to its customers.
A water audit has exactly that goal, tracking and accounting for every component of water
in the cycle of delivery. The water audit typically tracks and validates the volumes of water
from the site of withdrawal or treatment, through the water distribution system up to the
first point of customer consumption. The water audit usually exists in the form of a work-
sheet or spreadsheet that details the variety of consumption and losses that exist in a water
system. The water balance itself is a summary of all the components of consumption and
losses in a standardized format. Every unit of water supplied into the system needs to be
assessed and assigned to the appropriate component. Once volumes of valid authorized
consumption and losses (apparent and real) have been assigned, the cost impact of these
components can be calculated. Subsequently, the water utility will be able to select the
appropriate tools for intervention against real and apparent losses as discussed further
in Chaps. 11 to 19 of this manual.

Several effective top-down water audit spread-
sheet models are available for free download. In
2006, the AWWA Water Loss Control Committee
launched its free water audit software, which can be
downloaded from www.awwa.org. Instructions for

It is easy to program a
spreadsheet to automatically

use of this top-down model are provided with the
software; however, instructions to conduct a
detailed, bottom-up water audit using the same
methodology are provided in the third edition of the
AWWA M36 publication Water Audits and Loss Con-
trol Programs (proposed 2008). This publication is

perform audit calculations.
However, the operator must
fully understand the concepts
being modeled—very useful
and user-friendly spreadsheets
are available for free from sev-

also compiled by the AWWA Water Loss Control
Committee. Table 10.1 provides an example using
the AWWA free software, showing the input and
output from the top-down water audit for the Phila-
delphia Water Department (PWD) for its fiscal year
ending June 30, 2006.

The AWWA'’s free water audit software is an excellent tool that water utilities can
utilize to start the auditing process in a top-down manner. However, as the utility pro-
gresses with more detailed, bottom-up auditing, it becomes advantageous to incorpo-
rate 95% confidence limits as discussed in Chap. 7. Table 10.2 illustrates an example of
a water balance compiled using free water audit software that is available from the
World Bank. The example shows the resultant statistical confidence value in each key
component of the water balance.

A number of other software packages are available which offer additional features
including variance analysis (Aqua Solve, LEAKS/PIFastCalcs, and the like). The Aqua
Solve package is shown in Tables 10.3 and 10.4. Table 10.3 shows a balance from San
Francisco Public Utilities Commission (SFPUC) and Table 10.4 shows how variance
analysis can be used to identify the components which have the most impact on the
aggregated uncertainty of the water loss components.

eral sources, including AWWA
the World Bank, and various
consultants, see References.
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AWWA WLCC Water Audit Software: Reporting Worksheet

Copyriht © 2006, Am Water Works Ass All Rights Reserved. WASV3.0

Water Department |

Water Audit Report for:
@ : [
ick to access definitiol Reporting Year: | 2006

Please enter data in the white cells below. Where possible, metered values should be used; if metered values are unavailable please estimate
a value. Indicate this by selecting a choice from the gray box to the left, where M = measured (or accurately known value) and E = estimated.
All volumes to be entered as: MILLION GALLONS (US) PER YEAR

WATER SUPPLIED
Volume from own sources : 92,931.500 | million gallons (US)/yr (MG/Yr)
Master meter error adjustment : 294.200 | |over-registered |MG/Yr
Water imported : MG/Yr
Water exported : 6,971.500 | MG/Yr
WATER SUPPLIED : [ 85,665.800 | MG/Yr
AUTHORIZED CONSUMPTION Click here:
Billed metered : 57,633.500 | MG/Yr for help using option
Billed unmetered : 0.000 | MG/Yr buttons below
Unbilled metered : 0.300 | MG/Yr § Value:
Unbilled unmetered : 892.500 | MG/Yr O ® (892500
AUTHORIZED CONSUMPTION : 58,526.300 | MG/Yr 4 Use buttons to select
- percentage
OR
WATER LOSSES (Water Supplied - Authorized Ci i 27,139.500 | MG/Yr value
Apparent Losses - Pent: v_ Value:
Unauthorized ion : [ 1,579.000 | MG/Yr 0.25%[ O ® [1579.000
Customer metering inaccuracies : |E| 114.600 | MG/Yr \ | O ® |114.600
Systematic data handling errors : E| 3,826.400 | MG/Yr
Apparent Losses : 5,520.000 | MG/Yr
Real Losses
Real Losses = (Water Losses — Apparent Losses) : 21,619.500 | MG/Yr
WATER LOSSES : \ 27,139,500 | MG/Yr
NON-REVENUE WATER
NON-REVENUE WATER : 28,032.300 | MG/Yr
SYSTEM DATA
Length of mains : [ 3,084.0 | miles
Number of active AND inactive service connections : 7] 551,959
Connection density : 179 | conn./mile main
Average length of customer service line : 12.0 | ft (pipe length between curbstop and
customer meter or property
Average operating pressure : (M| 550 | psi

COST DATA

Total annual cost of operating water system : $190,162,000 | $/Year
Customer retail unit cost (applied to Apparent Losses) : $4.50 | |$/1000 gallons (US) -
Variable production cost (applied to Real Losses) : $160.48 | $/million gallons (US)

DATA REVIEW - Please review the following information and make changes above if necessary:

- Input values should be indicated as either measured or estimated. You have entered:

10 as measured values
6 as estimated values
0 as default values
2 without specifying i or default

- Water Supplied Data: No problems identified

- Unbilled unmetered consumption: No problems identified

- Unauthorized consumption: No problems identified

- Itis important to accurately measure the master meter - you have entered the measurement type as: measured
- Cost Data: No problems identified

PERFORMANCE INDICATORS

Fi ial Indi
Non-revenue water as percent by volume : 32.7%

Non-revenue water as percent by cost : 15.0%

Annual cost of Apparent losses : $24,840,000

Annual cost of Real Losses : $3,469,497

Operational Efficiency Indicators
Apparent Losses per service connection per day : gallons/connection/day
Real Losses per service connection per day* : gallons/connection/day
Real Losses per length of main per day* : |N/A
Real Losses per service connection per day per psi pressure : gallons/connection/day/psi
Unavoidable Annual Real Losses (UARL) : million gallons/year
Infrastructure Leakage Index (ILI) [Real Losses/UARL] :

* only the most applicable of these two indicators will be calculated

Source: AWWA WLCC

TaBLe 10.1 Water Audit Example from PWD



Water Balance for XYZ Water Company, Year 2006

Home

System input volume
2,465,753 m*/d
Error margin [£]: 5.0%

Authorized
consumption
1,674,658
m3/d

Error margin [£]:

0.2%

Billed authorized
consumption

Billed metered consumption
1,643,836 m3/d

Revenue water

1,643,836 m’/d Billed unmetered consumption 1,643,836 m*/d
0o m3/d
Unbilled Unbilled metered consumption
authorized 0 mé/d
ti
;?:;:;?11'3;: Unbilled unmetered consumption

Error margin [£]:
10.0%

30,822 mé/d
Error margin [£]: 10.0%

Water losses
791,096 m3/d

Error margin [£]:

15.6%

Commercial
losses

256,945 m*/d
Error margin [£]:
24.0%

Unauthorized consumption
10,370 mé/d
Error margin [£]: 0.0%

Customer meter inaccuracies and data-
handling errors

246,575 m3/d
Error margin [£]: 25.0%

Physical losses
534,151 mé/d

Error margin [£]: 25.8%

Nonrevenue water
821,918 m3/d
Error margin [£]:
15.0%

T4 |

Source: WB Easy Calc software

TasLe 10.2 Water Balance Example with Confidence Limits for Each Component



9¢1

Water Audit Results

System Input Volume

29,033 Million gal
(100%)

Authorized
Consumption
25,990 Million gal
(90%)

Billed Authorized

24,779 Million gal
(85%)

Billed Metered Water Exported
— Million gal (0%)

Billed Metered Authorized
24,779 Million gal (85%)

Billed Unmetered Authorized
— Million gal (0%)

Revenue Water

24,779 Million gal
(85%)

Unbilled Authorized
1211 Million gal (4%)

Unbilled Metered Authorized
1148 Million gal (4%)

Unbilled Unmetered Authorized
63 Million gal (0%)

Water Losses

3043 Million gal
(10%)

Apparent Losses
163 Million gal (1%)

Unauthorized Consumption
— Million gal (0%)

Meter Error
163 Million gal (1%)

Real Losses
2880 Million gal (10%)

Nonrevenue Water

4254 Million gal
(15%)

Source: SFPUC Water Audit 04/05

TaeLe 10.3 Water Balance
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95%
Annual Volume | Confidence
(Million gal) Limits Variance
NONREVENUE 4253.92 11.2% 59,148
WATER
WATER LOSSES 3042.60 15.7% 59,148
APPARENT 162.25 0.7% 0
LOSSES
REAL LOSSES 2879.65 16.6% 59,148.3
# 95% Rank
Water Audit Annual Volume | Confidence
A-Z Component Item (Million gal) Limits Variance | A=Z
2 | System Input San Andreas #2 10,519.84 2.6% 37,542 1
Volume country line meter
1 | System Input Crystal Springs #2 9965.75 2.0% 19,147 2
Volume county line meter
3 | System Input Lake Merced Pump 7512.80 2.6% 14,691 3
Volume Station to Sunse
31 | Billed Metered | CPRM (City Paying 6580.7 2.6% 10,341 | 4
Authorized Multi Family)
Consumption
5 | System Input Lake Merced Pump 7134.27 2.0% 6,602 5
Volume Station to Sutro
27 | Billed Metered | CPCM (City Paying 6611.357 2.0% 5,300 6
Authorized Commercial)
Consumption
32 | Billed Metered | CPRS (City Paying 4411.61 2.6% 4,551 7
Authorized Single Family)
Consumption
30 | Billed Metered | CPMU (City Paying 472.04 2.0% 23 8
Authorized Municipal)
Consumption
29 | Billed Metered | CPIN (City Paying 94.82 2.0% 0.94 9
Authorized Industrial)
Consumption
51 | Meter Error 3” without Affidavit 2.16 50.0% 0.30 10
46 | Meter Error 5/8” without 9.32 0.7% 0.00 14
Affidavit

Source: SFPUC Water Audit 04/05

TaeLe 10.4 Variance Analysis (Continued)
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# 95% Rank
Water Audit Annual Volume | Confidence
A-2|| Component Item (Million gal) Limits | Variance | A—Z
26 | Billed Metered | CPBC (City Paying 26.79 2.0% 0.07 11
Authorized B&C)
Consumption
28 | Billed Metered | CPDS (City Paying 19.28 2.0% 0.04 12
Authorized Docks and Ships)
Consumption
50 | Meter Error 2" without Affidavit 2.78 0.2% 0.00 15
49 | Meter Error 1*/,” without 0.29 0.1% 0.00 18
Affidavit
6 | System Input Lake Merced Pump 7.60 2.6% 0.02 13
Volume Station to Lake
47 | Meter Error 3/4” without 0.17 0.9% 0.00 17
Affidavit
48 | Meter Error 1” without Affidavit 0.73 0.4% 0.00 16
52 | Meter Error 4” without Affidavit 0.01 0.0% 0.00 19

Source: SFPUC Water Audit 04/05

TaeLe 10.4 Variance Analysis (Continued)

By ranking the water balance input components which have the greatest impact, the audi-
tor can quickly identify those components that should be field validated. Obviously field
validation is the best means to confirm that the output from a model truly represents field
conditions. However, field measurements require time and resources (staffing, equipment)
and it is often desirable to limit the extent of field validation in order to contain activities
within a reasonable water audit budget. In this way, the key variables are field validated and
the auditor works down the list until the desired aggregated confidence limit is reached. It is
important to note at this stage that the operator should strive to model ranges of volume for
each key component of water loss. Water loss volumes are not absolute volumes.

A detailed procedure for preparing the standard top down water balance can be
found in the third edition of the AWWA M36 publication.

10.3 Component Analysis and Modeling of Apparent Loss

Modeling components of apparent losses has been done in many forms for many years.
One example of apparent loss modeling is the attempt to quantify the volume of water
not registered due to customer meter underregistration. However, in recent years com-
ponent analysis of apparent losses has been approached in a similar manner as the
methods of real losses modeling; where components of apparent loss are shown as mul-
tiples of an unavoidable annual volume.

In Table 10.5, first attempts at a component analysis model for apparent losses can
be seen.

The IWA Water Loss Task Force Apparent Loss Team is currently working to develop
an unavoidable annual apparent loss (UAAL) formula that calculates the minimum



6¢1

Aparent Loss Components

Performance indicator

System XYz Date 12/09/07
Mains length 5555 km Connections 800,000
Component Volume m?3
System input volume 444, 555.00
Small meters 145,555.00
Large meters 138,768.00
System volumes
Authorized metered consumption
Unauthorized consumption 1.00% 4445.55
Small meters 12.00% 19,848.41
Large meters 5.00% 7303.58
Current annual apparent loss Meter under registration — —
Total current annual apparent loss volume 31,597.54
L/conn/d 108.21

Source: Thornton International Ltd.

TaBLe 10.5 Example Component Analysis of Apparent Losses (Continued)
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Aparent Loss Components

Unauthorized consumption 0.25% 1111.39
Small meters 2.00% 2970.51
Large meters 2.00% 2832.00
Unavoidable annual apparent loss Meter under registration — —
Total unavoidable apparent loss volume 6913.90
Performance indicator L/conn/d 23.68
4.57

ALl (Aparent loss index)

Source: Thornton International Ltd.

TaBLe 10.5 Example Component Analysis of Apparent Losses (Continued)
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amount of apparent loss that a water utility would suffer in spite of enacting all reason-
able and effective apparent loss control activities. Similar to the infrastructure leakage
index (ILI) that assesses real loss standing as the ratio of current real loss volume over
the unavoidable annual real losses (UARL) (See Chap. 7) an apparent loss index (ALI)
would be the ratio of the current apparent loss volume in the water audit over the
UAAL.

However, in lieu of a reliable UAAL measure, the team’s interim recommendation
is that 5% of the metered consumption be assumed as a reference value for apparent
losses. The authors feel that this may be high for water utilities in developed countries,
which typically have good customer meter management and where buildings do not
have roof tanks which present the opportunity for very low flows that pass unregis-
tered through many water meters. (See Sec. 12.4.) These utilities typically also have
reasonable policies and safeguards that prevent exorbitant unauthorized consumption.
Therefore the 5% assumption may be high in developed countries, but reasonable for
developing countries.

The Water Loss Task Force is actively engaged in work to develop a set of apparent
loss performance indicators and further information will be made available by the IWA
team as research progresses.

10.3.1 Modeling Customer Meter Accuracy

Customer meters have been called the “cash register” of the utility and are responsible
for ensuring an equitable distribution of water volume and income throughout various
different customer types within a utility. It is therefore extremely important to assess
the accuracy of the meters on a regular basis and make repairs or replace groups of
meters to keep the customer meter population at an overall high level of accuracy.
Accurate metered consumption data is also necessary for engineering functions such as
hydraulic models, evaluation of water conservation programs, and sizing of infrastruc-
ture for water resources development. The reader should also refer to Chap. 16 which
provides detailed information on meter performance, as well as procedures for meter
accuracy testing.

It is necessary to model average weighted meter accuracy for the entire customer
meter population and include it in the water audit. The water balance calculations are
used to deduct the volumes of apparent losses from the total volume of losses in order
to arrive at a top-down approximation of the annual volume of real losses.

In attempting to quantify the volume of apparent loss due to customer meter inac-
curacy in the water audit, it is important to recognize that three primary occurrences
cause a meter population to become inaccurate, namely

¢ Eventual decline of the inherent (mechanical) accuracy of a meter population
through wear.

¢ The meter or the meter reading device may fail or “stop” altogether.

* Meters may not be of the proper size or type to accurately register the full range
of water flows encountered in a given customer supply.

It is necessary to disaggregate, or separate, the activities of the water utility’s
meter management in these three occurrences in order to properly construct a repre-
sentative picture of the annual volume of apparent loss attributed to customer meter
inaccuracy and the reasons for each disaggregated volume. In this way, planning can

131



132

Chapter Ten

be carried out to remedy the specific causes of meter inaccuracy in the most economic
manner.

Loss of Accuracy Due to Mechanical Wear
Well-manufactured water meters can lose appreciable mechanical accuracy due to

* Aggressive water quality

* High rates of flow being measured

¢ Chemical or residual buildup

* Abrasive materials such as sand in suspension carried by the water

¢ Air running through the meter after a system outage

As the cumulative volume passed through the meter increases toward meter life
cycle levels then the mechanical failures are compounded. Chapter 16 provides detailed
information on the assessment of life cycle accuracy of customer meters and means to
control losses that occur in this subcomponent of apparent losses.

Zero Consumption Billings from Stopped Meters or Vacant Properties

Meters or meter-reading devices can fail to register for various reasons. However,
meters that show no registration might also reflect a customer property with no use,
such as that which may occur at a vacant property. Large numbers of customer meters
that mechanically fail to register any flow from billing cycle to billing cycle can account
for large volumes of apparent losses and uncaptured revenue.

Many water utilities employ the use of an estimated consumption volume if they
encounter periodic low or zero consumption volumes generated from meter reading.
This practice can be effective if the zero reads are only periodic. However, when estima-
tion is undertaken for many consecutive months, estimated volumes will likely deviate
from the actual consumption volumes. If all values of consumption for a given account
are based upon estimates for an entire audit year, then the volume assigned to that par-
ticular account for the water audit can be seriously in error. Water utilities should rou-
tinely review billing data and assess the occurrence of zero consumption bills,
particularly those that register zero consumption for several consecutive months. It is
worthwhile for the utility to dedicate personnel to physically inspect the meter site of a
representative sample of customer accounts to determine the reason for the continuing
zero consumption registrations. The findings of such inspections provide data that can
be used to model the occurrence of apparent loss in the zero consumption population
throughout the entire system.

By applying the above analysis, it is possible to model best case and worst case
scenarios for customer meter losses occurring due to meters registering zero consump-
tion. The best case reflects the overall accuracy of the entire meter population without
including zero consumption meters, a scenario that would occur only in the ideal case
of the water utility responding quickly to accounts registering zero consumption and
correcting meter or meter-reading problems just after they occur. The worst case reflects
customer meter population accuracy including the greatest potential extent of zero con-
sumption meters, reflecting a water utility policy that ignores zero consumption regis-
trations, allowing them to mount throughout the audit year. Calculate the apparent
losses in both the best and worst case, then the average meter accuracy can be calcu-
lated for water balance purposes, representing the average inherent accuracy of the
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meter population, including the average response time to correct accounts that chroni-
cally register zero consumption.

For this type of analysis to be accurate, it is necessary that there is a large enough
test sample of data from field inspections of zero consumption accounts in order to
properly represent the total customer account population.

Improper Size or Type of Meter

Many brands of customer meters are known to become appreciably inaccurate when
very high or very low flows (relative to the design range of the meter) are registered. If
the size or type of meter in a given application results in the majority of flow occurring
in these extreme ranges, then the meter will fail to register a large portion of the cus-
tomer flow. Section 12.4 provides a detailed discussion on meter sizing impacts and the
best practices to employ to ensure that losses due to poor sizing or typing are mini-
mized. With direct-feed pressure systems as are typical in North American water utili-
ties, customer meters need to be selected and sized to record a wide range of flow rates.
Any underregistration of metered consumption is considered an apparent loss in the
water audit, as the lost water is reaching the customer, but a portion of the consumption
is not being registered or billed. A number of software models have been developed for
this type of loss analysis.

Similar modeling techniques can be applied for the apparent loss components of
data transfer error, systematic data handling error in customer billing systems, and
unauthorized consumption. Detailed spreadsheet models for these components are not
as common as those modeling customer meter inaccuracy; however, it is up to the water
auditor to assess the occurrences of these losses and attempt to model their extent in
their utility operations.

10.4 Modeling Components of Real Losses Using Breaks

and Background Estimates Concepts'

In the early 1990s, during the U.K. National Leakage Control Initiative, a systematic
approach to modeling components of real losses (leakage and overflows) was devel-
oped by Allan Lambert.

Recognizing that the annual volume of real losses is the result of numerous leakage
events, each individual volume loss being influenced by flow rate and duration, Lam-
bert considered leakage events in three categories:

* Background (undetectable) leakage: Small flow rate, runs continuously
* Reported breaks: High flow rate, relatively short duration

e Unreported breaks: Moderate flow rates, duration depends on intervention
policy

For each separate component of the distribution system—mains, service reservoirs,
service connections (main to curb stop), service connections (curb stop to meter) —the
value for each component of annual losses can be calculated using the parameters in
Table 10.6 below for some given standard pressure. The effect of operating at different
pressures can then be modeled by applying FAVAD principles to each of the individual
components of real losses, using appropriate specific N1 values. FAVAD is discussed in
more detail in Sec. 10.6.3 of this chapter.
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main to edge of

Min loss rate/conn*

Average flow rate*

Component of Background Reported Unreported
Infrastructure (undetectable) Losses | Breaks Breaks
Mains Length Number/year Number/year
Pressure Pressure Pressure
Min loss rate/km* Average flow rate* Average flow rate*
Average duration Average duration
Service Leakage through Reported overflows: Unreported overflows:
Reservoirs Structure Flow rates, duration Flow rates, duration
Service Number Number/year Number/year
connections, Pressure Pressure Pressure

Average flow rate*

after edge of
street

Min loss rate/km*

Average flow rate*
Average duration

street Average duration Average duration
Service Length Number/year Number/year
Connections Pressure Pressure Pressure

Average flow rate*
Average duration

* At some standard pressure.
Source: Water Loss Control Manual, 1st ed.

TaBLe 10.6 Parameters Required for Calculation of Components of Annual Real Losses

The BABE annual component analysis model was first calibrated and successfully
tested using British data in 1993. It was rapidly extended to cover economic analysis to
assess the economic frequency of active leakage control interventions, and since then
has been used in many countries.

The BABE annual model can be considered as a statistical model, in that it does not
seek to identify every individual leakage event and calculate an annual loss volume;
rather, it groups together similar events, and does simplified calculations. The larger
the number of events, the better the accuracy of the calculated values, so BABE annual
models work more reliably with large systems. The BABE model used for calculation of
unavoidable annual real losses (UARL) is limited to systems with more than 3000 ser-
vice connections (based on detailed sensitivity analysis this value was revised down
from 5000 connections in 2005).

The powerful combination of BABE and FAVAD concepts meant that, in the late
1990s, a range of simple spreadsheet models could be developed to approach a number
of leakage management problems for individual systems, on a rational and systematic
basis. Figure 10.1 shows the range of problems which has been successfully modeled.

BABE modeling or component analysis can also be undertaken at district or zone
level breaking down night flows into the key consumption and real loss components.

10.5 Using BABE Modeling Concepts to Prioritize Activities

It is not recommended that component analysis is undertaken on its own to derive a
volume of annual real losses because there is likely to be a significant level of uncertainty
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Problem-Solving Using BABE and FAVAD Concepts

Economic frequency Performance Infrastructure
of leakage control indicators / condition
assessment
BABE and FAVAD
Nightflow concepts, local Annual water
analysis parameter values, balance and
and national data components
of losses
Night-day factor Pressure Pressure/leakage

management relationships

Ficure 10.1 Range of problems which have been successfully modelled using BABE concepts.
(Source: Water Loss Control Manual, 1st ed.)

in much of the data used in the analysis. However, a component analysis or BABE
model is a very useful supplement to a top-down water balance because it provides
estimates of the volumes of real losses in different elements of the distribution infra-
structure. This is valuable data because it is required to develop the most appropriate
loss reduction strategy and it is essential for a robust determination of the economic
level of leakage (ELL) as discussed in detail in Chap. 9.

There are several commercial versions of these models (and many homemade ones)
available in the market today, most of them being extremely user friendly and flexible. If
using a commercial model, the operator must first fully understand what it is they wish
to perform and ensure that the commercial model has been suitably customized to the
local situation. If constructing a model in a spreadsheet it is vitally important that the
operator fully understands the concepts being used and their limitations. And users of
the models must be adequately trained if reliable results are to be obtained.

In order to arrive at an estimation of the loss situation, most statistical component
analysis models require

¢ Infrastructure and system data

¢ Coefficients and default values

10.5.1 Infrastructure and System Data

In most cases, the field data required for an annual component analysis model are leak
information by category over the audit period supplemented by flow data and pressure
data, which can also be used for the district component analysis. More information can
be found about the collection of field data in App. B. The BABE and FAVAD approaches
to modeling ensure that only a limited amount of specific data needs to be obtained,
and it is obviously important to collect the data as accurately as possible to ensure that
the estimation of loss is as close to the real situation as possible.

Typical infrastructure and system data needed for BABE and FAVAD models are

¢ Length, material, and diameter of mains

* Volume of service reservoirs/storage tanks
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* Number of service connections

e Location of customer meters relative to the curb stop

¢ Number of households, population, and consumption

¢ Number of nonhouseholds and consumption

* Average zone pressure (at night, and 24-hour average)

* Numbers or frequencies of different categories of leaks and breaks

e Average duration of each category of leaks and breaks (depending on utility
policies for leak detection and repair)

Although it might seem on face value that most of this data would be readily avail-
able many utilities do not have good pressure data available.

Since pressure has a significant impact on the leakage flow rates and subsequently on
the annual volume of real loses it is necessary to accurately assess the average system
wide pressure.

The average zone pressure (AZP) is a surrogate value for the average pressure that the
average leak within a distribution zone will experience. AZP can be used to determine
the average flow rate for a given type of leak within a distribution zone. AZP is there-
fore a key parameter in real loss component analysis. Unfortunately, some leakage prac-
titioners and researchers try to interpret leakage data without measuring or assessing
an AZP pressure, and use inlet pressures or critical point pressures instead; the model-
ing results then become unreliable to a greater or lesser extent.

Calculating AZP and Identifying an AZP Measurement Point

There are several ways to calculate AZP and identify an AZP measurement point. Where
network analysis models are available, this calculation can be based on node point data,
weighted by number of service connections. Alternatively, if hydrant pressures are
recorded, the average pressure can be estimated by taking an average of the hydrant
pressures recorded. Another method is to allocate numbers of service connections (or
properties, or hydrants) or mains lengths within contour bands, and obtain a weighed
average ground level for the selected type of infrastructure.

Once the weighted average ground level, or weighted average pressure has been cal-
culated, a hydrant that experiences that pressure in the center of the zone can be selected
as the AZP point for measurements, when field tests are being undertaken. It may be
necessary to consider seasonal variations in average pressure throughout the year, if there
are significant seasonal variations in demand causing seasonal pressure changes.

10.5.2 Coefficients and Default Values

Most statistical models use coefficients and default values developed from series of
field testing. It is important; however, that the operator understands the nature of the
coefficients and default values, how and why they were applied to the calculation so
that they make any necessary changes for local conditions.

Coefficients and default values often used may include

e Typical flow rates of each category of leaks and breaks at some standard pressure
(normally 70 psi or 50 m).

* Typical background leakage for mains if in good condition (per mi/hr, at some
standard pressure, this can be measured in an area where all locatable leaks
have just been repaired—see ICF calculations in Sec. 10.6).
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* Typical background leakage for service connections if in good condition
(at some standard pressure can also be measured as above—see ICF
calculations in Sec. 10.6).

* Typical numbers of residents using toilets at 3 to 4 a.m. each morning (or other
relevant minimum night-flow period).

* Typical toilet flush volume (toilet use is one of the largest residential individual
uses and the most common use of water at night other than in areas where
irrigation is being undertaken).

* Typical toilet leakage.
e FAVAD N1 values for different types of leaks and pipe materials.
¢ FAVAD N3 values for pressure dependant and nondependant consumption.

¢ ICF values for estimating background leakage volumes and separating them
from reported and unreported breaks volumes.

Asimple example showing the need for care when applying coefficients and defaults
values is shown below:

A night flow analysis model is used to estimate the amount of leakage present in a
zone. The zone consists of residential properties and no commerce or industry (infra-
structure and system data).

One of the key factors in this model is to identify estimated legitimate night con-
sumption and subtract it from the night flow. To do this the model makes some assump-
tions based on preprogrammed coefficients and default values. In our example, the
model was built in the United Kingdom and is being applied in the United States.

The model assumes that most of the use at night in a residential zone is from toilet
flushes. In our example, the toilet flush volume was 1.5 gal per flush (default value).
However in the zone in which the model is being applied the toilets have not been ret-
rofitted and the flush is really 4 gal (default value).

So the model will ask for the population in the zone and multiply this by the esti-
mated number of people active at night. Let's say 6% (coefficient) during our analysis
window of 3 to 4 a.m. in the morning.

If the population in our zone were 6000 (infrastructure and system data) then the
model would assume that 6% were active at some time during that period, which would
be 360 active flushes.

The model then identifies the flush volume from the default value and multiplies
this by the number of active flushes. In our example this would be 360 flushes multi-
plied by 1.5 gal per flush, which would equal 540 gal used between 3 and 4 a.m. in the
morning, which is 540 gal/hr or 9 gal/min.

However a closer estimation using the correct flush volume would be 360 flushes
multiplied by 4 gal per flush, which would equal 1440 gal, used between 3 and 4 a.m.
in the morning, which is 1440 gal/hr or 24 gal/min.

If the measured night flow was 50 gal/min (field data) the model would then sub-
tract the estimated legitimate usage and identify the rest as leakage. If the coefficients
and default values were incorrectly applied as shown above the model would identify
the example zone as having 41 gal/min of leakage, where as really it would only have
26 gal/min of leakage.

Then there are the allowances for leaking toilets; what percent of households have
leaking toilets, what is the typical leak flow rate. Leaking toilets are a significant com-
ponent on night consumption in North America and many other countries.
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10.6 Modeling Background Losses

Background losses are individual events (small leaks, weeping joints, and the like)
with flow rates too low to be detected by visual inspection or traditional acoustic
leak detection techniques. They will continue to
I flow unless either detected by chance or until they

f you are using a model| oradually worsen to a point where they can be
from another region or country | detected. The level of background leakage tends to
always ensure that the con-| increase with increasing age of the network and is
cepts and coefficients applied | higher for systems operated at higher pressure.
in the model are applicable to| The type of pipe materials and jointing techniques
your system. are also factors con'trll'outmg to the level of ba'ck—
ground losses. It is important when modeling
components of real loss to separate out back-
ground loss from other components as the tools used to reduce background losses
are limited. Managing and reducing pressure is an effective option for reducing
background losses in well-maintained systems. In most cases, it is also a lower cost
option than the alternative of infrastructure replacement, however, often the latter
is a good long-term investment.

Table 10.7 provides flow rates for unavoidable background leakage (UBL) at a stan-
dard pressure of 70 psi, or 50 m; UBL corresponds to an infrastructure condition factor
(ICF) of one.

Another common error in modeling background leakage is to assume that UBL var-
ies linearly with pressure; this misassumption arose because of the way the data were
presented at standard pressure, in a table in the original paper.? In fact, the standard
modeling assumption, based on available reliable data from various sources, is that
UBL varies with pressure to the power 1.5 (FAVAD N1 = 1.5).

Once the UBL values in Table 10.7 have been corrected for pressure, using a FAVAD
N1 of 1.5, they must be multiplied by ICF. The ICF is an unknown factor to most utilities
and without carrying out tests, it is difficult to estimate the ICF. Field tests used to esti-
mate the ICF can only be undertaken in small zones temporarily or permanently estab-
lished for the purpose of measuring minimum night-time flows and pressures. Methods
available to estimate the ICF are

Infrastructure Background Leakage

Component atICF=1.0 Units

Mains 2.87 gallons per mile of mains per day per
psi of pressure

Service connection— | 0.11 gallons per service connection per day

main to curb-stop per psi of pressure

Service connection— | 4.78 gallons per mile of service connection

curb-stop to meter per day per psi of pressure

Source: Adapted from Water Loss Control Manual 1st ed.

TaBLe 10.7 Unavoidable Background Leakage Rates
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1. ICF based on system-wide ILI: The ILI is a performance indicator calculated in
relation with the top-down water balance. It is a dimensionless indicator
describing the ratio between the unavoidable annual real loss volume and the
current annual real loss volume calculated by the water balance. A quick first
estimate of ICF can be taken from the ILI of the entire system. The system-wide
ICF can be assumed to have a similar value to the ILI.

2. ICF based on initial sensitivity analysis: Undertake a sensitivity analysis which
averages the two extreme possibilities of the ICF. A minimum ICF equals one,
where real losses volumes are composed of the unavoidable background losses
and recoverable losses. The maximum ICF happens when all leakage is due to
background leakage except for a ratio of 1 for the components of reported and
unreported leakage. For example, if the maximum ICF is 6 with the other two
components at 1 and the minimum ICF is 1 with the other components higher,
then the average ICF would be 3.5 and initial estimations could be made for the
other components of leakage and potential solutions. It is recommended however
that field testing is undertaken to validate this simple estimation process.

3. ICF based on N1 step test: If the system is predominantly a rigid or metallic
system, an N1 step test is a valuable tool to estimate the ICF value in DMAs.
Based on a representative sample of N1 step test results a system-wide ICF can
be calculated. If the system is not predominantly rigid or metallic the principles
behind the N1 step test and its calculations do not fully apply, and may result
in an overestimation of the background leakage component as the breaks
themselves may have a variable leakage path.

4. ICF based on removal of all detectable leaks: Once a DMA has been installed, even
on a temporary basis, and all recoverable leakage has been identified and
repaired, then the remaining background leakage level can be measured. In an
ideal situation, night time consumers are temporarily turned off so that there is
little doubt that the measure flows represent background leakage. Where this is
not possible then it is necessary to use a process similar to that described in the
previous example to build up a picture of night consumption (including toilet
leakage) and subtract that from the measured night flows. However, confidence
in such a result would not be as good as the first option of turning off consumers
for the period of the test. Results from representative DMAs can be used to
estimate a system-wide ICF.

10.6.1 Calculating Losses from Reported and Unreported Breaks

After collecting the annual numbers of reported breaks on mains and service connec-
tions (and other system components such as valves and hydrants if so desired), flow
rates and durations have to be established. Unless the utility has investigated average
leak flow rates and has detailed data available the figures from Table 10.8 can be used
as a starting point.

The break/leak duration can be split in three elements—time needed for

Auwareness duration: The length of time taken from a leak first occurring—whether
it is reported or unreported—to the time when the utility first becomes aware that
a leak exists, although not necessarily aware of its exact location. For reported
leaks and breaks, this duration is usually very short, while for unreported leaks
and breaks, it is a function of the active leakage control policy interventions.
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Flow Rate for Reported Breaks Flow Rate for Unreported
Location of Break [gal/hr/psi pressure] Breaks [gal/hr/psi pressure]
Mains 44 22
Service connection 6 6

Source: Julian Thornton, Reinhard Sturm, George Kunkel, P.E

TaBLe 10.8 Example Reported and Unreported Leakage Flow Rates

Location duration: For reported leaks and breaks, this is the time it takes for the
water utility to investigate the report of a leak or break and to correctly locate its
position so that a repair can be effected; for unreported leaks and breaks, the
location duration is zero since the leak or break is detected during the leak detection
survey and awareness and location occur simultaneously.

Repair duration: The time it takes to make the repair or shut off once a leak has been
located.

The overall volume of water lost through each running break and leak is deter-
mined from the overall time of these three components and the flow rate of the leak at
the current system pressure. This is shown graphically in Chap. 17.

The water balance calculates the total volume of real losses for the audit year. How-
ever, it does not provide the information on what portion of these real losses is due to
background losses, reported losses, and unreported losses.

By assessing the volume of real losses through component-based analysis, it is pos-
sible to model the volume of real losses that are due to each component and identify
suitable tools for their reduction.

A more in-depth analysis of components of real loss may include an analysis of the
frequency of breaks on different system components against the baseline UARL fre-
quencies, which in conjunction with measured ICF values might help to dictate the
longer term need for infrastructure replacement.

10.6.2 Analyzing the Effects of Changing System Pressure—FAVAD
and BFF Concepts

Pressure management can be used to mitigate the adverse effects of excess pressure in
a distribution system. Later in Chap. 12, we will be addressing pressure management as
a means of controlling leak volumes, reducing leak frequency, and reducing wasteful
consumption, as part of a water conservation strategy. However, prior to installing
pressure-management systems it is important to understand the effects of our control.

10.6.3 Modeling the Effects of Changing System Pressure on
Leakage Flow Rates and Volumes Using FAVAD

Predicting the Reduction in Break Flow Rates
Theoretical hydraulics® tells us that the equation for fully turbulent flow Q, through a
fixed orifice of area A, at static head / follows the square root principle, whereby Q, is
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proportional to the orifice area A, and the real fluid exit speed V, (which varies with the
square root of the static pressure /1, and a discharge coefficient é D

Q; = C,A,[2gh (10.1)

However, if the area of the orifice, and/or the coefficient of discharge C, also
changes with pressure, then the flow through the orifice will be more sensitive to pres-
sure than the “square root” relationship predicts. So Eq. (10.1) can be expressed as

Q =k p* (10.2)

where x is the leakage exponent
p is the static pressure
k. is the leakage coefficient

As there is no international convention for the exponent, the IWA Water Losses Task
Force uses the alphanumeric characters N1 for the exponent in Eq. (10.2); obtaining the
following expressions:

Q= PN (10.3)
N1
g_? _ (%j (10.4)
A 0

where Qj, is the leak flow rate after the change in pressure
Qy, is the leak flow rate before the change in pressure
P, is the pressure after implementing the change
P, is the pressure before implementing the change

This general form of equation [Eq. (10.4)] between leak flow rate L and pressure P
has been used since 1981 in Japan, where a weighted average exponent of 1.15 is used.*
A different relationship (the leakage index curve) was used in the United Kingdom
from 1979, but after May (1994) the fixed and variable area concept, now known as FAVAD
[Egs. (10.3) and (10.4)], are now recommended as best practice in the United Kingdom
and by the IWA Water Losses Pressure Management Team.®

Measuring N1 in the Field
Values of the N1 exponent can be obtained from tests in distribution system zones, by
reducing inlet pressures in several steps at night, during the period of minimum con-
sumption. Leakage rates (L, L,, and L,), obtained by deducting an appropriate allowance
for night consumption from the inflow rates, can be compared with pressures (P, P,, P,)
measured at the average zone pressure, to obtain estimates of the N1 exponent. Analyses
of more than 150 field tests in distribution zones in various countries (Table 10.9) have
confirmed that the exponent N1 is generally between 0.5 and 1.5, but may occasionally
reach values of 2.5 or more. A limited number of tests carried out to date in North Amer-
ica have produced N1 exponents within the range 0.5 to 1.5.

Tests in systems after all the detectable losses have been repaired or put out of service,
have generally produced higher values of N1, close to 1.5, for background leakage.

Table 10.9 clearly shows that leak flow rates in distribution systems are usually
much more sensitive to pressure than the traditional N1 value of 0.5. A physical expla-
nation for this apparent paradox was proposed by May?® in 1994, using the FAVAD
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Number of Zones Range of N1 Average N1
Country Tested Exponents Exponents
United Kingdom (1970s) 17 0.70-1.68 1.13
Japan (1979) 20 0.63-2.12 1.15
Brazil (1998) 13 0.52-2.79 1.15
United Kingdom (2003) 75 0.36-2.95 1.01
Cyprus (2005) 15 0.64-2.83 1.47
Brazil (2006) 17 0.73-2.42 1.40
Totals 157 0.36-2.95 114

Source: Ref. 2

TaBLe 10.9 Range of N1 Values

concept. May considered what would happen if the area of some types of leakage paths
changed with pressure, while the velocity changed with the square root of the pressure.
This would mean that different types of leaks can have different relationships for pres-
sure: flow rate (velocity x area), for example,

* Fixed areas leaks (for example, orifices in thick-walled rigid pipes) would have
an exponent of 0.5.

* Variable area leaks (for example, cracks where the length changes with pressure)
would have an exponent of 1.5.

* Variable area leaks (for example, cracks where the length and width change
with pressure) would have an exponent equal to 2.5.

An interesting finding in zones where all detectable leaks had been repaired prior
to reliable N1 tests is that the remaining background leakage (small undetectable leaks)
consistently showed N1 values close to 1.5.

How Significant are N1 Exponents in Practical Terms?  Using Eq. (10.4), consider how flow
rates of existing leaks in a distribution zone would change if management of excess
pressures produced a 20% reduction in average pressure (P,/P, = 0.8).
e IfN1=0.5,thenL /L ,=
e IfN1=1.0,thenL /L ,=

0.8)%% = 0.89, or an 11% reduction in leak flow rates.
0.8)10 = 0.80, or a 20% reduction in leak flow rates.
e IfN1=1.5,thenL /L, =(0.8)""=0.72, or a 28% reduction in leak flow rates.
e IfN1=2.0,thenL /L =(0.8)*°=0.64, or a 36% reduction in leak flow rates.
e IfN1=25,thenL /L =(0.8)*°=0.58, or a 42% reduction in leak flow rates.

~ o~ o~ o~

N3 pressure consumption exponent N3 is used as a coefficient for changes in consump-
tion flow or volume due to changes in pressure. In most cases, the change in consump-
tion for the direct pressure use components will correspond to the traditional square
root relationship of N3 = 0.5 and the volume use components will correspond to an
N3 = 0 (invariant). If volumetric and direct pressure consumption was evenly distributed
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a first estimate for a compound N3 value could be N3 = 0.25. In this case, the impact of
reduction in leakage will mostly be proportionally greater than the impact of reduced
demand. In some cases, reduction of demand might actually be desired as in the case of
water conservation projects.

10.6.4 Modeling Break Frequency Factor BFF’

The need for a better understanding of the influence of maximum system pressure on breaks
has recently been addressed by the IWA Water Loss Task Force’s pressure management team.
An extended data set of 112 systems from 10 countries as reported by Thornton and Lambert
in IWA Water 218 is summarized in Table 10.10. The following can be noted:

¢ “Before” pressure (meters) ranges from 23 to 199, median is 57 and average 71.
¢ Percent pressure reduction ranges from 10 to 75%, median 33%, average 37%.
* Percent reduction in breaks ranges from 23 to 94%, median 50%, average 53%.

* The data shows no significant difference between average % break reductions
on mains and service connections.

The data from Table 10.10 are also shown in Fig. 10.2 as a plot of % reduction in
pressure versus % reduction in new break frequency, for mains and services together.

A simple interpretation, likely to give generally conservative predictions, is to
assume that the % reduction in new breaks = BFF x % reduction in maximum pressure,
where BFF is a break frequency factor, this can be checked against the data in Fig. 10.2.

The average value of BFF for mains and services together from Fig. 10.2 is 52.5%/
38% =1.4, so a line drawn through the data in Fig. 10.2 with a slope of 1.4 gives an average
prediction.

An Upper line, with a BFF of 2.8 (twice the average) encompasses all but two of the
data points which give larger reduction in new break frequencies

A ‘Lower’ line, with a BFF of 0.7 (half the average) encompasses all the data points
which give smaller reductions in new break frequencies

When applying this simplified prediction approach, it is important to ensure that in cases
where both the BFF and the % reduction in maximum pressure are both large, the prediction
does not reduce the break frequency below the values used in the UARL formula.

10.6.5 The Latest Conceptual Approach

The latest conceptual approach currently being used by the Pressure Management Team
of the IWA WLTE in attempting to develop an improved practical understanding of
pressure /break frequency relationships, is shown in the following series of figures.

In Fig. 10.3 the X-axis represents system pressure and the Y-axis represents failure
rates. When a new system is created, mains and services are normally designed to with-
stand maximum pressures far greater than the range of daily and seasonal operating
pressures for a system supplied by gravity. The system operates with a substantial fac-
tor of safety, and failure rates are low. Even if there are pressure transients in the system
as shown in Fig. 10.4, the maximum pressures do not exceed the pressure at which
increased failure rates would occur.

As the years pass, adverse factors based on age (including corrosion) gradually reduce
the pressure at which the pipes will fail as shown in Fig. 10.5. Then, depending upon local
factors such as traffic loading, ground movement, and low temperatures (which will vary
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Number
of Assessed Average %
Pressure Initial Reduction Average % | Mains
Water Managed Maximum | in Reduction (M) or
Utility or Sectors Pressure Maximum in New Services
Country System in Study (m) Pressure Breaks (S)
Brisbane 1 100 35% 28% M,S
60% M
Australia Gold Coast 10 60-90 50%
70% S
Yarra Valley 4 100 30% 28% M
Bahamas New 7 39 34% 40% M,S
Providence
i 59% M
Bosnia | Grocanica | 3 50 20% -
Herzegovin 72% S
58% M
Caesb 2 70 33%
24% S
Sabesp ROP | 1 40 30% 38% M
80% M
Sabesp MO 1 58 65%
29% S
Brazil 64% M
Sabesp MS 1 23 30%
64% S
50% M
SANASA 1 50 70%
50% S
30% M
Sanepar 7 45 30%
70% S
23% M
Canada Halifax 1 56 18%
23% S
50% M
Armenia 25 100 33%
50% S
Colombia
Palmira 80 75% 94% M,S
Bogota 55 30% 31% S
45% M
Cyprus Lemesos 7 52.5 32%
40% S

TaBLe 10.10 The Influence of Pressure Management on New Break Frequency from 112 Systems in

10 Countries




Modelling Water Losses

Number
of Assessed Average %
Pressure Initial Reduction Average % Mains
Water Managed Maximum | in Reduction (M) or
Utility or Sectors Pressure Maximum in New Services
Country System in Study (m) Pressure Breaks (S)
Bristol 21 62 39% 25% M
Water 45% S
England
United 10 47.6 32% 72% M
Utilities 75% s
Torino 1 69 10% 45% M,S
Umbra 1 130 39% 71% M,S
American 1 199 36% 50% M
Water
Total number of systems 112
Maximum 199 75% 94% All data
Minimum 23 10% 23% All data
Median 57 33.0% 50.0% All data
M&S
0, 0,
Average 71 38.0% 52.5% together
Average 36.5% 48.8% Mains
only
Average 37.1% 49.5% Services
only

Source: Ref. 7

TaeLe 10.10 (Continued)

from country to country, and from system to system), at some point in time the maximum
operating pressure in the pipes will interact with the adverse factors, and break frequen-
cies will start to increase. This effect can be expected to occur earlier in systems with pres-
sure transients or with pumping, than in systems supplied by gravity.

If the system is subject to surges or large variations in pressure due to changing head
loss conditions, and has a relatively high break frequency, then introduction of surge control
or flow or remote node pressure modulation may be expected to show a rapid significant
reductionin the new break frequency. The average pressure in the system may be unchanged,
but the reduction of surges and large variations means that maximum pressures do not
interact to the same extent with the adverse factors as shown in Fig. 10.6.

If there is excess pressure in the system at the critical point, over and above the minimum
standard of service for customers, then permanent reduction of the pressure by installation of
pressure management (PRV, subdivision of large zones, and the like) will move the range of
operating pressures even further away from the pressure at which combinations of adverse
factors would cause increased frequency of failure as shown in Fig. 10.7.
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Ficure 10.2 Plot of % reduction in pressure vs. % reduction in new break frequency (Source: Ref. 6.).

Pressure and Pipe Failure

Consider the situation when new mains and services are laid,
they are designed to withstand existing system pressures
with a large factor of safety, so failure rate is low

Failure

rate New pipes

Gravity system

T

Operating range —— > Pressure

Ficure 10.3 New system supplied by gravity operates well within design maximum pressure
(Source: Ref. 6.).

Pressure and Pipe Failure

If the new pipe system experiences surges or variations the
factor of safety is reduced, but the failure rate will remain quite low.

Failure

rate New pipes

system with surges

—

Operating range —— > Pressure

Ficure 10.4 New system with surges also operates well within design maximum pressure
(Source: Ref. 6.).
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Pressure and Pipe Failure

As the pipes deteriorate through age (and possibly corrosion), and other
local and seasonal factors, the failure pressure gradually reduces until
at some point in time, burst frequency starts to increase significantly

|

Failure Combination of factors
rate causes increased
failure ra

1 Al
- — IN VA
Operating rkmv/\/ \ — > Pressure

Ficure 10.5 Combination of adverse factors (including surges) cause increased failure rates
(Source: Ref. 6.).

Areduction in pressure variation and if possible a reduction in zonal pressure will increase
the factor of safety for the zone. A hypothesis as to why mains and/or service connections in
some systems show large % reductions in new break frequency with pressure management,
but in others the % reduction is only small, can be proposed using this concept.

If, before pressure management, there is already a relatively high break frequency
(point 3 in Fig. 10.8), then a relatively small % reduction in pressure may cause a large
% reduction in new break frequency (toward point 2).

But if there is already a relatively low break frequency before pressure management
(point 2 in Fig. 10.8), then any % reduction in pressure (from point 2 to point 1) should
have little effect on new break frequency, but will create a greater factor of safety and
extend the working life of the infrastructure.

Reduce Surges and Variations

The first step in pressure management is to check for the presence of
surges or variations; if they exist, reduce the range and frequency of both

|

Failure
rate Step 1: Reduce surges

Pl .
|

A

——  Pressure

Ficure 10.6 Reduction of surges and variations limits interaction with adverse factors and
increases factor of safety (Source: Ref. 6.).
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Reduce Excess Pressure

Next, identify if the stabilized pressures at the critical point are
higher than necessary; if so, reduce the excess to avoid
operating system at its failure pressure

|

Failure
rate Step 2: Reduce

excess pressure

Operating range —— > Pressure

Fieure 10.7 Reduction of average system pressure limits interaction with adverse factors and
increases factor of safety (Source: Ref. 6.).

What to Expect?

If the current failure rate is comparatively high (red circle), then quite a

small % reduction in pressure (to the blue circle) may produce a large

reduction in burst frequency. But if the burst frequency is already quite

low (blue circle), further pressure reductions may not greatly reduce
the current burst frequency, but may extend infrastructure life

T

Failure
rate

/Y
U

— > Pressure

Ficure 10.8 Percentage reductions in break frequency influenced by initial break frequency
(Source: Ref. 6.).

10.6.6 Consumption Analysis Model

Analysis of components of consumption forms an important part of any loss reduc-
tion or conservation program. The following model is a simple model made in a
spreadsheet to predict industrial restroom usage for industries with many employees.
This type of model may be used to see the potential benefit of toilet changeout for
water conservation or it may be used to predict the amount of water used for sanitary
purposes so that it may be broken out of a measured flow profile.

Table 10.11 shows an input table with estimations for volumetric use and fre-
quency of use for men and women within various different buildings within a
fictitious industry.

Figure 10.9 shows a resultant modeled estimation of sanitary use per shift.



Men flush 2 Urinal flush 2 Key

Women flush 4 Urinal volume 1 Blue user enter
Building Total Population L AT 33 Redicalculated I:::Le per
Distribution Volume wash 1 Black description person
Bldg. 1 414 No Volume/ Vol/ No Vol/ Vol/ No Volume/ | Vol/

Flushes | flush person flushes person person washes wash person

Men 207 2 3.5 7 2 1 2 4 1 4 13
Women 207 4 3.5 14 0] 4 1 4 18
50/50
Bldg. 2 65
Men 36 2 3.5 7 2 1 2 4 4 13
Women 29 3.5 14 4 4 18
55/45
Bldg. 3 | 40
Men 20 2 3.5 7 2 1 2 4 4 13
Women 20 3.5 14 4 4 18
50/50
Bidg. 4 200
Men 120 2 3.5 7 2 1 2 4 4 13
Women 80 3.5 14 4 4 18
60/40

Source: Water Loss Control Manual, 1st ed.
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Men flush 2 Urinal flush Key

Women flush 4 Urinal volume Blue user enter
Building Total Population Volume fiush 3.5 JEAEAEIIEED :z::rlne per
Distribution Volume wash 1 Black description person
Bldg. 5 270
Men 162 2 3.5 7 2 1 2 4 13
Women 108 3.5 14 4 18
60/40
Bid. 6 33
Men 20 2 3.5 7 2 1 2 4 13
Women 13 3.5 14 18
60/40

Source: Water Loss Control Manual, 1st ed.

TaBLe 10.11 Input Table with Estimations for Volumetric Use (Continued)
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Modeled Sanitary Use
35 4

30

25

20

15

10

O T
Shift 1 gpm Shift 2 gpm Shift 3 gpm

Ficure 10.9 Resultant modeled estimation of sanitary use per shift (Source: Water Loss Control
Manual, 1st Edition.)

Table 10.12 shows our input table again with the volume per flush changed to reflect
change out to a lower volume flush toilet, in this case the volume reduced from 3.5 gal
per flush to 1.6 gal per flush. (Excellent base information on usage can be found in the
AWWA end-user survey and in the U.K. managing leakage series).

Figure 10.10 shows the resultant modeled reduction in use per shift.

Modeled Sanitary Use
25 1

20

15

10

0 T
Shift 1 gpm Shift 2 gpm Shift 3 gpm

Ficure 10.10 Resultant modeled reduction in use per shift (Source: Water Loss Control Manual,
1st ed.)
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Men flush 2 Urinal flush 2 Key

Women flush 4 Urinal volume 1 Blue user enter
Building Total Population Volume flush 1.6 LRI BEIEE Iz::rlne per
Distribution Volume wash 1 Black description person
Bldg. 1 414 No Volume/ Vol/ No Vol/ Vol/ No Volume/ | Vol/

flushes flush person flushes person person washes wash person

Men 207 2 1.6 3.2 2 1 2 4 1 4 9.2
Women 207 4 1.6 6.4 0 4 1 4 10.4
50/50
Bldg.2 | 65
Men 36 1.6 3.2 2 1 1 9.2
Women 29 4 1.6 6.4 0 1 10.4
55/45
Bidg. 3 40
Men 20 2 1.6 3.2 2 1 2 4 4 9.2
Women 20 1.6 6.4 10.4
50/50
Bidg. 4 200
Men 120 2 1.6 3.2 2 1 2 4 4 9.2
Women 80 1.6 6.4 4 4 10.4

60/40




Bldg. 5 270 1.6 3.2 9.2
Men 162 1.6 6.4 18
Women 108

60/40

Bid. 6 33

Men 20 1.6 3.2 13
Women 13 1.6 6.4 18
60/40

(3]

Source: Water Loss Control Manual, 1st Edition

TaBLe 10.12 Flush Volume Changed to Reflect Conservation.
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10.7

Summary

In this chapter, we have shown models and theory covering a variety of different tasks,
which make up a water loss control program.

¢ Top-down water audit

¢ Component analysis of apparent losses
¢ Meter accuracy

* Meter sizing

¢ Component analysis of real losses

¢ Pressure management FAVAD and BFF

¢ Consumption analysis

In all cases, the important factor is the validity of the data being used and the knowl-

edge of the person operating the models. It is necessary that the operator understands the

limitations of the models and the data that they are
using and what impact that may have on the final deci- w

sion for intervention, budget allocation, and team hen modeling it is impor-
resource. tant to be accountable. Always

can be used whe.n queling and 95% confidence |and estimations along with
limits can be applied to input components and calcu-
lated for output results; however, it is important to

If good data is not available, then estimations |clearly mark all assumptions

the model goals and outputs.

carefully note any estimation so that others may
properly interpret the results.

References

1.

2.

Lambert, A.O., S. Myers, and S. Trow. Managing Water leakage—economic and technical
issues.: Financial Times Energy. 1998. ISBN 1 94083 011 5

Lambert, A., T. G. Brown, M. Takizawa, et al. A review of performance indicators for
real losses from water supply systems. Aqua. 48(6), December 1999.

. Thornton, J., Garzon, E, and Lambert, A. “Pressure-Leakage Relationships in Urban

Water Distribution Systems.” International Conference on Water Loss Management.
Skopje, Macedonia: ADKOM USAID GTZ, September, 2006

Hiki, S. Relationship between Leakage and Pressure. Journal of Japan Water Works
Association, 51(5):50-54, 1981.

. Thornton, J. Managing Leakage by Managing Pressure. IWA Publishing Water 21 ISSN

1561 9508, October, 2003.

. May, J. “Leakage, Pressure and Control.” BICS International Conference on Leakage

Control Investigation in Underground: Assets London, 1994.

. Thornton, J., and Lambert, A. Pressure Management Extends Infrastructure Life and

Reduces Unnecessary Energy Costs. Bucharest, Romania: IWA Water Loss, 2007.

. Thornton, J., and Lambert, A. “Managing Pressures to Reduce New Breaks.” IWA

Publishing Water 21 Magazine. ISSN 1561-9508, December 2006.



CHAPTER 11

Controlling Apparent
Losses—CGapturing Missing
Revenue and Improving
Consumption Data Integrity

George Kunkel, PE.
Julian Thornton
Reinhard Sturm

11.1 Introduction

Water losses in drinking water utilities occur as two distinct types: real losses are the
physical losses from distribution systems, mostly leakage but also water lost from tank
overflows. Apparent losses are the nonphysical losses that occur when water is success-
fully delivered to the customer but, for various reasons, is not measured or recorded
accurately, thereby inducing a degree of error in the amount of customer consumption.
When such errors occur systematically in an appreciable number of customer accounts,
the aggregate measure of water consumption can be greatly distorted and significant
billings can be missed.

This chapter explains the causes of apparent losses and describes the significant
impacts that they exert on consumption data integrity and revenue capture potential in
systems with metered customers. Chapters. 12 to 15 explain the major categories of
apparent loss and the means to control these losses to economic levels.

Apparent losses are defined as nonphysical losses, since no water is physically lost
from the water supply infrastructure. However, these inefficiencies in the accounting and
information-handling practices of the water utility can exert significant impacts. They are
caused by faulty, improperly sized or badly read meters, corruption of water consump-
tion data in billing systems, and water which is taken from the distribution system with-
out authorization. Apparent losses consist of three primary components:
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¢ Customer metering inaccuracies
¢ Systematic data-handling errors, particularly in customer billing systems

¢ Unauthorized consumption

Certain occurrences of apparent losses are easily identified; and assumptions can be
made to initially approximate the more complex components of apparent losses. Ulti-
mately, detailed components should be verified as bottom-up work (field investiga-
tions) is conducted and the water loss control strategy develops.

11.2 How Apparent Losses Occur

Apparent losses occur due to inefficiencies in the measurement, recording, archiving,
and accounting operations used to track water volumes in a water utility. These inef-
ficiencies result from inaccurate or oversized customer meters, poor meter-reading,
billing and accounting practices, weak policies, or ineffective management. Apparent
losses also occur from unauthorized consumption, which is caused by individual cus-
tomers or others tampering with their metering or meter-reading devices or other-
wise maliciously obtaining water without appropriately paying for the service. For
any type of apparent loss, it is incumbent upon utility mangers and operators to real-
istically assess metering and billing operations for inconsistencies, and then develop
internal policies and procedures to economically minimize these inefficiencies. It is
also important to clearly communicate to customers, utility executives, elected offi-
cials, financing agencies, and the media the problems of apparent losses and the need
to control them.

The specific ways in which apparent losses occur are many and varied and, particu-
larly with unauthorized consumption, always changing. Those taking water in unau-
thorized fashion do so for varied reasons. Some sincerely believe that water should be
free and it is their right to obtain water without paying for it. Others feel that they do
not have the financial resources to pay for the service. More often, however, such users
take water maliciously, always thinking of new ways to “beat the system.”

The water utility must therefore be vigilant in its effort to manage its product (water)
via effective meter management and rational billing, auditing, collection, and enforce-
ment policies in order to realize projected levels of revenue and maintain accurate mea-
sures of the water that it supplies.

A note regarding collections: As water utility financial managers know, not all of their
customers pay their water bill as required, or pay their bill on time. The collection rate is
a financial performance indicator that reflects the rate at which customers pay their
water bills. The collected payments are measured as a percentage of the money billed
each month for the utility’s services. Collection rates at the 30-day, 60-day and 90-day
milestones are typically tracked in order to provide a representative picture of the cus-
tomer population’s payment record. While the collection rate is a highly important
measure that represents the pace at which revenue is gained by the water utility, collec-
tions are not included in the water audit methodology detailed in this publication
because the collection rate measures payments based upon billed consumption, whether
or not all water has passed through customer meters, or was accurately measured. The
water audit methodology has as its terminal boundary the customer meter which gen-
erates the consumption data that is the basis for the customer billing. This publication
provides utilities guidance in maximizing the efficiency of their water billing process,
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while collections focus on payment efficiency, which is beyond the scope of this textbook.
The reader should consult publications on water rates and finance to obtain guidance
on tracking their collection rate and instituting policies that maximize collections.

11.3 Customer Meter Inaccuracy

Customer meters that inaccurately measure the volumes passing through them can be
a major source of apparent loss in drinking water systems. While most North American
drinking water utilities meter their customer consumption, a notable number do not.
For example, only 56% of all residences in Canada were metered as of 1999, therefore
many customers are unmetered and typically pay a flat-rate fee for water service.! In
unmetered water utilities, meter accuracy cannot be evaluated as an apparent loss;
although these utilities are behooved to use other methods to quantify the amount of
customer consumption and separate it from components of authorized consumption
and water losses.

Figure 11.1 gives the American Water Works Association’s (AWWA) policy state-
ment on metering and accountability. This publication supports AWWA's recommen-
dation to meter water supplied to distribution systems as well as all customer
consumption, therefore this discussion exists in the context of water utilities having
fully metered customer populations. Water utilities that do not meter their customers
can obtain an approximation of customer consumption by metering and data-logging
representative samples of customer accounts and statistically evaluating the results to
infer general customer consumption trends.

Customer meters provide valuable information on consumption trends for long-
term planning, and data needed to evaluate loss control and conservation programs.
Metering also elevates the value of water in the mind of the consumer by linking a price
with a volume. With highly capable metering, automatic meter-reading systems, and
data-logging technologies now widely available, customer consumption information
has become a critical element to better manage water utility operations and the water
resources of individual watersheds or regions.

The American Water Works Association (AWWA) recommends that every water
utility meter all water taken into its system and all water distributed from its
system at its customer’s point of service. AWWA also recommends that utilities
conduct regular water audits to ensure accountability. Customers reselling utility
water — such as apartment complexes, wholesalers, agencies, associations, or
businesses — should be guided by principles that encourage accurate metering,
consumer protection, and financial equity.

Metering and water auditing provide an effective means of managing water system
operations and essential data for system performance studies, facility planning, and the
evaluation of conservation measures. Water audits evaluate the effectiveness of
metering and meter reading systems, as well as billing, accounting, and loss control
programs. Metering consumption of all water services provides a basis for assessing
users equitably and encourages the efficient use of water.

An effective metering program relies upon periodic performance testing, repair, and
maintenance of all meters. Accurate metering and water auditing ensure an equitable
recovery of revenue based on level of service and wise use of available water resources.

Ficure 11.1 Policy statement: metering and accountability. (Source: American Water Works
Association)
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A thorough discussion of customer meters is beyond the scope of this publication.
AWWA provides excellent guidance in several manuals that cover all aspects of sound
meter management. The M6 publication, Water Meters—Selection, Installation, Testing,
and Maintenance, provides comprehensive information on the basics of customer meter
management.? The M22 publication, Sizing Water Service Lines and Meters, provides out-
standing guidance on customer demand profiling and sizing criteria, which are critical
for meter accuracy.?

A word of caution about data handling: Meter accuracy is only the first step in
obtaining customer consumption data. While the meter must provide an accurate mea-
sure, the subsequent processes—including meter readings (gathered manually or auto-
matically), data transfer to billing systems, and archival operations—must also be
handled accurately, or the actual customer consumption will be distorted, with the data
from some customer accounts lost entirely. In many water utilities, it is not uncommon
to find accurate meter data transposed erroneously, adjusted improperly, or incorrectly
archived. If any part of the data path lacks integrity, it is easy to misinterpret apparent
losses solely as meter inaccuracy, with potentially costly consequences if loss control
decisions (such as replacing large numbers of accurate meters) are based upon this
faulty assumption.

11.4 Data Transfer and Systematic Data-Handling Errors

The customer water meter is only the beginning of a sometimes complicated trail that
ultimately generates a large amount of customer consumption data. Since most water
utilities manage data for many thousands of customers, systematic data-handling inac-
curacies can easily be masked by the shear volume of the bulk data. Figure 11.2 gives an
overview of the typical steps existing in the data trail from meter to historical archive.

In any of the above steps errors can be introduced into the output data that is ulti-
mately documented as customer consumption. Some of the ways in which the integrity
of customer consumption data may be compromised are

* Data transfer errors
¢ Manual meter-reading errors
¢ Automatic meter-reading equipment failure

|1. Customer meter accurately registers water flow |

v

|2. Routine meter reading taken, manually or automatically |

v

|3. Meter readings are transferred to customer billing |

v

|4. Customer consumption is shown on water bill & archived|

v

|5. Aggregate consumption data summarized on reports |

Ficure 11.2 Metered consumption data archival path. (Source: Ref. 6.)
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e Data analysis errors
¢ Use of poorly estimated volumes in lieu of meter readings
¢ Customer billing adjustments granted by manipulating actual metered
consumption data
¢ Poor customer account management: accounts not activated, lost, or
transferred erroneously

¢ Policy and procedure shortcomings

* Despite policies for universal customer metering, certain customers are
intentionally left unmeasured or unread. This is common for municipally
owned buildings in water utilities run by local governments.

¢ Provisions allowing customer accounts to enter “nonbilled” status, a
potential loophole often exploited by fraud, or unmonitored due to poor
management.

* Adjustment policies that do not take into account preservation of actual
customer consumption.

* Bureaucratic regulations or performance lapses that cause delays in
permitting, metering, or billing operations.

¢ Organizational divisions or tensions within the utility that do not recognize
the importance or “big picture” of water loss control.

The above list provides but a few of the data-handling problems that might be
encountered in a drinking water utility. It is not exhaustive, however, and almost any
utility might identify an apparent loss situation that is unique to their organization.
Any action that unduly modifies the actual amount of customer consumption can be
considered an apparent loss. The IWA Water Loss Task Force did not specifically iden-
tify data-handling error as a source of apparent loss during the initial work published
by Alegre et al.; however subsequent articles published by IWA and AWWA clearly
define this category. The AWWA Water Loss Control Committee considers such manip-
ulations of data as apparent losses.?

11.5 Unauthorized Consumption

Unauthorized consumption occurs in virtually all drinking water utilities. It typically
occurs through the deliberate actions of customers or other persons who take water
from the system without paying for it. The nature and extent of unauthorized consump-
tion in a system depends on the economic health of the community and the emphasis
that the water utility places on policy and enforcement.

Unauthorized consumption occurs in many ways, including tampering of customer
meters or meter-reading equipment, illegal openings of fire hydrants, illicit connec-
tions, and sundry other means. Establishing the key features of a good accountability
and loss control program—water auditing being foremost—will inevitably uncover
situations where unauthorized consumption is occurring.

The water audit should quantify the component of unauthorized consumption
occurring in the utility. For first-time water audits, or where unauthorized consumption
is not believed to be excessive, the auditor should use the default value of 0.25% of the
water supplied value in the water audit. This percentage has been found to be representa-
tive of this component of loss in water audits compiled worldwide. For water utilities
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with well-established water audits, or those believing that unauthorized consumption
is excessive, the extent and nature of unauthorized consumption should be specifically
identified, as well as policy or procedural gaps that allow water to be taken without
payment. The opportunities for water to be stolen from the water utility are functions
of individual customers who either cannot or will not pay for the services they are ren-
dered. All utility systems are susceptible to the occurrence of unauthorized consump-
tion, and this occurrence is substantial for some.

A portion of the customers in any community may live with real economic hard-
ship, and the water utility should seek to strike a balance between service provision to
this group of customers and enforcement actions against those who can afford water
service but choose not to pay. A careful evaluation of utility policy is therefore necessary
to operate rationally to stem unauthorized consumption.

11.6 The Impacts of Apparent Losses

Because apparent losses under-record the volume of customer consumption, they gen-
erate two major impacts on water resources management:

* Apparent losses induce a degree of error into the quantification of customer
water demand, thereby impacting the decision-making processes used to
determine needed source water withdrawals, calculate the appropriate
capacities of water supply infrastructure, and evaluate conservation and water
loss control practices.

e Apparent losses cause water utilities to underbill a portion of the water
consumed by customers, thus a portion of the potential revenue is not
recovered.

Both of these impacts can be significant. If a high level of apparent loss exists in a
water utility, its recorded volume of customer consumption could be subject to a sig-
nificant degree of error. Consider a water utility that documents customer consumption
of 3.65 billion gal of water in a year [10 million gals per day (mgd)]. If routine water
auditing found apparent losses equal to 1 mil gal/d (10% of consumption) then actual
customer consumption during the year being audited was 4.015 billion gal, an addi-
tional 365 mil gal. Such a loss creates a distortion of the true customer consumption
volume; in this case under-stating it by 365 mil gal. Activities that rely on accurate cus-
tomer data are compromised by this degree of error. These can include efforts to evalu-
ate the success of water conservation programs, using consumption data to assign
demands in hydraulic models and evaluation of community drinking water require-
ments needed for regional water resource plans. Apparent losses therefore represent a
degree of error that is interjected into a wide range of analytical and decision-making
processes regarding water resource management. Given that the water industry in the
United States is highly fragmented, with many different sized water utilities existing in
any given region, the degree of error from apparent losses can be compounded by the
varying errors existing in many disparate water utilities. Gauging true customer needs
on a regional basis can be difficult without a reasonable assessment of the apparent
losses existing in the region’s water utilities.

From a financial perspective, apparent losses can exert a tremendous impact on the
water utility’s bottom line. Apparent losses cost utilities revenue, and can account for
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over 5% of a utility’s annual billing for water and wastewater service rendered to indi-
vidual customers. Many water utilities are confronted with increasing financial pres-
sures from a variety of forces and stand to gain from the revenue recovery potential of
apparent losses. Since apparent losses are quantified by the amount of water improp-
erly recorded at the customer’s delivery point, this water is valued at the retail cost that
is charged to the customer. Water rates frequently also include a waste water charge
that is also based upon the volume of consumption. The cost impact of apparent losses
is frequently higher than the impact of real losses, which are typically valued at the
variable production costs to treat and deliver the water. When water resources are
greatly limited, real losses can also be valued at the retail rate based upon the theory
that any water saved by real loss reduction can be sold to customers. Since the retail
rates usually include fixed and administrative costs, infrastructure improvement, and
debt repayment, this cost is typically much greater than the variable production costs
that water utilities incur to treat and deliver water. Therefore apparent losses can have
a dramatic financial impact to the water utility’s revenue stream.

Apparent losses also create a problem of payment inequity for the community.
Apparent losses occur when the actual amount of water delivered is understated.
Hence, a portion of the customer population obtains discounted or free water service.
This means that the paying customer population effectively subsidizes those customers
who are underpaying or not paying. This situation is particularly troubling as water
utilities encounter pressure to raise water rates, with the paying customers shouldering
an even greater financial burden for the entire water-using community. Reducing appar-
ent losses and recovering missed revenue can reduce the frequency of, or defer the need
for, water rate increases by identifying underpaying and nonpaying customers and
adding them to the active billing roles.

Apparent loss recovery can create a direct financial improvement to the water util-
ity, and many apparent loss occurrences can be recovered with relatively little cost. This
is important in terms of seeking early success and payback to the water loss control
program. Funds recovered early in the program in this manner can serve to seed further
activities in the long-term water loss control effort.

In summary, water utility managers can obtain a more realistic quantification of the
actual customer demand by identifying apparent losses. Controlling apparent losses
can result in the capture of significant missing revenue for the water utility. Hence, the
assessment of apparent losses has bearing on all quantitative aspects of accountability
and the water loss control program.

11.7 The Economic Approach to Apparent Loss Control

Figure 11.3 is a graph that represents a conceptual approach to water loss control, in this
case applied to apparent losses.® The center boxes represent three levels of apparent
losses, as defined below:

¢ The outer box represents the current volume of apparent losses that a water
utility can quantify using the water audit process.

¢ The middle box represents the utility-specific target level for apparent losses.
Conceptually, this is the economic level of apparent losses (ELAL), or the level
at which the cost of the apparent loss control efforts equal the savings garnered
from the apparent loss recovery.
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Customer Economic level of apparent
meter losses
inaccuracy

Unavoidable

_ annual apparent Data transfer errors
Unauthorized losses between meters
consumption and archives; poor

Potentially customer accountabi
recoverable apparent

losses

Data analysis

errors between

Current annual apparent losses archived data
and data used
for billing/water

balance

Ficure 11.3 The four pillar approach to the control of apparent losses. (Source: Ref. 6.)

¢ The inner box is the level of unavoidable annual apparent losses (UAAL). This
is a conceptual level of apparent losses representing the lowest level that could
be attained if all possible apparent loss controls could be exerted. Unlike the
unavoidable annual real losses (UARL) which has an established calculation,
an established formula or reference value for the UAAL does not currently
exist. Discussion on the means to develop a calculation for the UAAL continues
among the IWA Water Loss Task Force.

¢ The four arrows represent means to address the four significant causes of
apparent losses. The arrows indicate that, as targeted actions exert control over
certain components of apparent loss, the total annual volume of apparent losses
(outer box) can be reduced. The dual directional structure of the arrows reflect
that lack of control of these component areas results in the total volume of
apparent loss increasing.

Controlling losses in almost any field of endeavor is an effort of diminishing returns,
as many losses can never be completely eliminated. When losses are rampant, relatively
large reductions can often be gained early in a loss-control program; this is the “low
hanging fruit.” However, further loss reduction requires ever-greater cost and effort to
recoup ever-diminishing returns. Figure 11.4” provides an example cost curve for cus-
tomer meter replacement, with points plotted at replacement frequency (years) and
average cumulative consumption passed through the meters (million gal). It can be
seen that replacing meters at a high frequency results in less apparent loss due to meter
inaccuracy. However, a high replacement frequency means higher replacement costs.
So, when is the optimum time to replace meters?
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........... Replacement every 0.35 million gal (5 yrs)

........... Replacement every 0.7 million gal (10 yrs)
Replacement every 1 million gal (15 yrs)

Replacement:every
1.4 million gal (20 yrs) Replacement every
1.75 million gal (25 yrs)

Cost of meter replacement

Apparent losses due to customer meter
under-registrations (MGD)

Ficure 11.4 Cost curve for meter replacement programs. (Source: Ref. 7.)

When setting an apparent loss reduction target there exists a breakeven point,
beyond which the effort to control the apparent losses costs more than the likely recov-
eries. In this case, further apparent loss control effort is not economic to pursue. This is
the ELAL, or the optimum target of apparent losses to seek. The ELAL for customer
meter inaccuracy is shown graphically in Fig. 11.5.7 In this figure, the meter replacement
cost curve is matched against the cost recovery line, which reflects the savings gener-
ated by apparent loss recovery. A third curve is generated by adding the two values and
plotting, thus a curve of total annual apparent loss cost is derived. The ELAL for appar-
ent loss due to meter inaccuracy is found by taking the level of loss at the minimum
point of this curve, as shown in Fig. 11.5. The optimum level of apparent loss reduction
at the ELAL is determined by reading back off the apparent loss reduction cost curve.
For apparent losses due to customer meter inaccuracy, the optimum frequency of meter
replacement can be determined by selecting the point on the meter replacement cost
curve that matches the minimum point of the total cost curve.

In setting out to generate a particular curve, the economic analysis should start by
determining the volume and cost value of the most significant sources of apparent loss.
For each apparent loss component, it is necessary to analyze the problem and determine
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Ficure 11.5 The economic balance for an apparent loss reduction solution. (Source: Ref. 7.)
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why these errors are occurring. It is then possible to consider various solutions to reduce
these losses. Possible solutions might range from improved auditing, new reports to
identify these errors, or better training as low-cost endeavors to replacement of the
entire customer meter population or a new customer billing system at the opposite end
of the cost spectrum. Solutions to reducing apparent losses due to meter reading errors
may range from better training for meter readers, improved auditing of meter readings,
and improved software on handheld meter-reading equipment to the implementation
of a complete AMR system as a long-term solution. The cost of each of these alternative
solutions should be compared to the projected revenue recovery from the reduction in
apparent loss, and the solutions ranked in terms of cost/benefit. Only those solutions
with a sufficiently attractive cost/benefit ratio or payback period should be included in
the apparent loss control plan. Clearly the scale and the shape of the cost curve for solu-
tions to the various components of apparent loss could be very different and will vary
from utility to utility. Also, comprehensive solutions, such as an AMR system, offer
many additional benefits in addition to apparent loss control. Until further research has
been undertaken, it is up to each water utility to develop appropriate utility-specific
costs and cost curves for the various apparent loss components that they perceive to be
significant.

The above approach illustrates two limitations in the current status of apparent loss
target setting. Firstly, in applying the method using cost curves, considerable data must
be generated. This can be a complex and time-consuming undertaking. Secondly, sepa-
rate cost curves must be developed for each of the components (and subcomponents) of
apparent losses that are deemed significant; one for customer meter inaccuracy, one for
meter tampering, one for unauthorized use of fire hydrants, and so on. Unfortunately,
there is no single, composite ELAL for a water utility. There will be an ELAL for each
apparent loss control solution considered and the overall ELAL for the utility will be the
sum of each solution to the different components of apparent losses selected. Therefore
the present means of rigorously developing the ELAL is a demanding task that cannot
be executed without considerable data. At this time, work is underway by the IWA
Water Loss Task Force to develop a simpler and more straightforward method of obtain-
ing the ELAL.

Clearly, the current approach to identify the overall ELAL is resource intensive and
time consuming. While work is undertaken to develop a simpler method to calculate the
ELAL, water utilities can still undertake a cursory analysis of their apparent losses and
identify approximate levels of desired apparent loss reduction. If a water utility is only
beginning to audit their water supply then it is very likely that considerable apparent (and
real) losses exist and it will be economic to recover a cost-effective volume of both real and
apparent losses. In lieu of a complex apparent loss analysis, the following recommenda-
tions are offered as standard starting points for water utilities in apparent loss control.

¢ Flowchart the customer meter reading and billing process—understanding this
process and identifying any lapses or loopholes that allow apparent losses to
occur are fundamental to the management of all apparent loss components.
Additionally, this exercise can be conducted largely in a table-top manner with
limited resources and costs, and may identify a number of loss components that
are quickly and inexpensively corrected by policy, procedural, or computer
programming changes. See Chap. 14 for details on flowcharting.

* Unless the customer meter population is very young and well documented,
perform annual meter accuracy tests on a sample of customer meters. This can be
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| 1. Conduct bottom-up audits to confirm extent of losss |

v

| 2. Identify relative impacts to revenue and data integrity |

v

| 3. Identify corrective actions to address prority impacts |

v

| 4. Confirm cost-benefit ratios of corrective actions |

v

| 5. Set an action plan for apparent loss control interventions |

Ficure 11.6 Establishing an apparent loss control strategy. (Source: Ref. 6.)

as few as 50 meter tests per year, with 25 randomly selected meters and 25 meters
that have registered high cumulative consumption. Data from this testing will give
a preliminary representation of the accuracy status of the current meter population,
and the yearly trend will ultimately reveal the points at which meters lose accuracy
significantly due to cumulative volumes passed through the meter.

The above first steps are manageable in terms of effort and expense and can provide
good data and possible recoveries that can get apparent loss control efforts started pro-
ductively. Once water auditing has been performed for several years, additional bottom-
up data from field investigations should become available and a more robust assessment
of existing apparent losses can be undertaken.

Figure 11.6 identifies a sequence of steps to take to develop and implement the
apparent loss control strategy after the initial top-down water audit has been compiled.
These steps, starting with the bottom-up auditing activity, should be followed in
sequence in order to assure that intervention actions are economically justified and well
planned. Bottom-up activities for apparent loss control include detailed investigations
of metering, accounting, and billing functions. Flowcharting the billing system process
is an important bottom-up activity described in Chap. 14 as the recommended first-step
action. Meter accuracy testing also falls under the heading of bottom-up activities.
These activities also include field investigations of customer properties to inspect con-
nections for possible meter tampering, illegal connections, or other forms of unauthor-
ized consumption. Many other similar activities could be conducted to track down
apparent losses. Any activity that delves into the specific conditions of suspected appar-
ent losses can be considered bottom-up activities. Bottom-up activities require more
work to conduct than top-down activities but they specifically identify individual
losses, allowing intervention actions to be strategically targeted to known losses and
more reliable data to be generated for the water audit.

11.8 Developing a Revenue Protection Program
to Control Apparent Losses

The most significant impact of apparent losses for water utility managers is uncaptured
revenue. The label revenue protection program is used to identify the collective activities
used to protect the utility’s revenue base by controlling apparent losses. As noted above,
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a number of distinct components, and subcomponents, of apparent losses occur in
water utilities; therefore a revenue protection program must be tailored to the individ-
ual needs of the water utility. Figure 11.7¢ shows an example revenue protection plan
for the fictitious water utility County Water Company (CWC). Revenue protection
plans should be developed by considering each of the major components of apparent
losses: customer meter inaccuracy, data transfer error, systematic data-handling error,

SAMPLE REVENUE PROTECTION PLAN
Name of Utility: _ County Water Company Date: _7/10/2007

I. Revenue Protection Plan Approach

After completing County Water Company’s (CWC) first annual water audit the CWC manager determines to
create an ongoing revenue protection program that identifies causes of the most significant apparent loss
components, and launches efforts to begin to reduce these losses to economic levels. After initial gains are
evaluated, additional, less significant occurrences of apparent loss will be evaluated for reduction.

The CWC water audit quantifies apparent losses as:

Residential meter under-registration 134.33 Mil Gal @ $556,395
Industrial/commercial/agricultural meter under-registration 29.97 Mil Gal @ $108,701
Systematic data transfer error 12.57 Mil Gal @ $49,589
Systematic data analysis error 8.72 Mil Gal @ $34,400
Data policy/procedure impacts 11.63 Mil Gal @ $45,880
Unauthorized consumption (default 0.25% of water supplied) 11.0 Mil Gal @ $43,395

Total apparent losses 208.22 Mil Gal @ $838,360

(Composite customer retail cost is $3,945/Mil Gal; total cost to operate the water system is $9,600,000)

From this summary the cost impact of customer meter inaccuracy is $556,395 + $108,701 = $665,096. This
is equal to 6.9% of the total cost of running the system ($665,096/$9,600,000). The three sub-components of
systematic data handling error add to a total cost impact of $129,869 or 1.3% of the total cost of running the
water system. Unauthorized consumption is believed to be a very minor occurrence in the CWC system and
is estimated using the default value of 0.25% of water supplied. From the results of the water audit, the
Revenue Protection Plan should focus primarily on customer meter inaccuracy, with a secondary focus on
systematic data handling error. In following the recommended first step in addressing apparent losses, the
Manager of CWC plans to flowchart the workings of the customer billing system in order to ascertain the
integrity of the customer consumption data and identify occurrences of systematic data handling error.

Il. Customer Billing Process Analysis

ll-a. The Manager determines to assign one CWC billing analyst to work part time over a period of 2 months,
in conjunction with a billing system consultant, to analyze the customer meter reading and billing process.
From these findings, any apparent loss that is deemed to be readily correctable will be implemented. Such
corrections are recognized as relatively minor procedural or programming changes; an example of which
might be a programming lapse that inadvertently left a two-year old housing development of 50 homes off of
the meter reading/billing roles. The cost of this effort is basically the human resources to implement it.

II-b. Staffing costs, including wages and benefits for CWC personnel
Number of CWC staff 1 Cost, $/hour __33.50 $/day 268.00
Number of consultant staff 1 Cost, $/hour _75.00 $/day 600.00

Total, $/hour 108.50 $/day 868.00

Il-c. Duration
Days, per project task Flowcharting/Analysis  Corrections Total days Total project costs, $
CWC staff 14.00 4.00 18.00 4,824.00
Consultant 25.00 7.00 32.00 19,200.00

Total 39.00 11.00 50.00 24,024.00

Ficure 11.7 Sample revenue protection plan. (Source: Ref. 6.)
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lll. Customer Meter Accuracy Testing

lll-a. The water audit for CWC estimates that customer meter inaccuracy caused under-registered
consumption worth $665,096 of revenue during the audit year. This amount represents the majority of the
revenue recovery potential in CWC. During the water audit process CWC undertook customer meter testing
on a sample of meters—50 random residential meters and 5 random large (industrial, commercial, and
agricultural) meters. The findings of this meter testing were extrapolated to the entire meter population to
determine an estimate of the entire apparent losses attributed to customer meter inaccuracy. Based upon
the value of this testing, the CWC Manager determines to continue such testing on an annual basis; both to
continually gauge meter accuracy, and to also observe the rate of long-term degradation in accuracy with
increasing cumulative consumption. CWC does not have its own meter testing facility, therefore they utilize
contracted testing services. The metering supervisor and one staff person participate by identifying meters
for testing, rotating meters from customer properties, and performing the administrative and analysis work.

Ill-b. Staffing & testing service costs, including wages and benefits for CWC personnel
Number of CWC Staff _2
Supervisor cost, $/hour 35.00 $/day 280.00 # of days _3 Cost, $ 840.00
Service worker cost, $/hour  27.50 $/day 220.00 # of days 15Cost, $ 3,300.00
CWC Staff Cost, $ 4.140.00

Ill-c. Estimated Costs of Meter Testing Program-55 annual meter tests
Meter Testing Services cost, $/small meter  35.00 Cost for 50 meter tests, $ 1,750.00
Meter Testing Services cost, $/large meter 250.00 Cost for 5 large meter tests, $ 1,250.00
Meter Testing Service Cost, $ 3,000.00

Ill-d. Total cost for annual meter testing program, $ 7,140.00

IV. Revenue Protection Program Summary

IV-a. The total cost of the two components of the initial revenue protection program are given below:

Customer Billing Process Analysis,$ 24,024.00
Annual Meter Testing Program, $ 7,140.00

Total Revenue Protection Program Cost, $ 31,164.00

IV-b. Economic level of revenue recovery

During its first year of its new revenue protection program, CWC anticipates spending $31,164 to launch the
program. In order to recover the cost of this program, CWC would need to recover revenue equal to this
amount. By applying the composite customer retail billing rate of $3,945/Mil Gal of customer consumption,
an equivalent volume of consumption can be determined, as shown below:

$31,164.00
Breakeven Recovery Volume = --------=------ =7.90 Mil Gal

$3,945/Mil Gal
If CWC’s initial revenue protection efforts recover merely 7.90 mil gal of consumption, then the revenue
protection program will have paid for itself in its first year of operation. This level is only 3.8% of the total
apparent losses of 208.22 mil gal quantified in the water audit. Since apparent losses are valued at the
customer retail rate, recovering these losses can be highly cost-effective. CWC has strong potential to more
than recoup its first year revenue protection program costs in its first year. If this level of revenue recovery is
met or exceeded, then CWC will be well on its way to creating a very cost-effective apparent loss control and
revenue enhancement program.

Ficure 11.7 (Continued)

and unauthorized consumption. Data from the water audit should be evaluated
to assess the relative impact that each component exerts on the water utility. In
the CWC example in Fig. 11.7, CWC estimates that very little unauthorized con-
sumption occurs in its system, so this component is not included in its initial
revenue protection program.

As shown in Figure 11.7, the cost impact in lost revenue to CWC due to appar-
entlossesis $838,360, which is 8.7% of the total annual operating cost of $9,600,000.
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In following with the above recommendations, the CWC manager determines to launch
a revenue protection program that will analyze the customer billing process and insti-
tute annual customer meter accuracy testing.

The billing process analysis (flowcharting) is envisioned as a 2-month project cost-
ing $24,024. This cost includes the analysis and any low-cost apparent loss corrections
that can be immediately incorporated into the process. CWC conducted accuracy test-
ing of a sample of customer meters during the compilation of its initial water audit and
determines to continue testing a sample on an annual basis in order to track the accu-
racy of the customer meter population and monitor degradation of accuracy over time.
The projected cost of this effort is $7,140 to test 50 residential meters and 5 large meters.
The total first-year cost of the two component revenue protection program is estimated
at $24,024 + $7,140 = $31,164. By applying its composite customer retail billing rate of
$3,945/million gal, CWC need only recoup 7.90 million gal of apparent loss to break
even during the first year of program operation. This is only 3.8% of the total apparent
loss volume of 208.22 million gal quantified in the water audit. If each residential cus-
tomer consumes 800 cubic feet/month of water (71,808 gal/year), then the equivalent
of recovering 110 missing accounts from the billing roles would meet the cost-effective
breakpoint of 7.90 million gal recovered. This is less than 1% of the total of 12,196
accounts in the customer billing system. It is evident that recovering losses valued at
the customer retail rate offers a swift and high payback.

During the early phases of a revenue protection program, significant recoveries
may be recouped with less costly programming and procedural refinements. However,
as the program matures, the water utility will ultimately consider more extensive and
costly improvements to control apparent losses. Such efforts can include wholesale
meter change-out, installation of automatic meter reading (AMR) systems, or imple-
mentation of a new computerized billing system. The economics of such long-term
improvements should be carefully considered, but with a mature program, sufficient
data will exist to provide a basis for rational decision making.

11.9 Apparent Loss Control: A Summary

Apparent losses distort the measure of the volume of customer water consumption and
cause water utilities a loss of revenue. Controlling apparent losses, however, can be
very cost-effective since initial corrections may require relatively little work with poten-
tially high payback. It is often advantageous to target apparent loss control early in the
water loss control program in order to quickly generate recoveries that can seed further
water loss reduction activities, particularly real loss reduction. Loss control in almost
any endeavor is an effort of diminishing returns, but it is likely that many water utilities
have significant apparent losses which can be cost-effectively recovered to enhance the
utility’s revenue stream and further promote the water loss control program.
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CHAPTER 12

Controlling Apparent
Losses—Gustomer
Meter Inaccuracy

George Kunkel, PE.
Julian Thornton
Reinhard Sturm

12.1 Customer Meter Function and Accuracy

Metering production flows and customer consumption is standard practice in many
water utilities throughout the world. Even in countries where metering is not univer-
sal, such as the United Kingdom, there is a strengthening movement to make customer
metering standard practice. The role of metered data is also increasing due to improved
technology to record, communicate, and archive the data. While customer meters con-
tinuously register water flowing through them, meter readings are traditionally gath-
ered on a periodic basis to determine water consumption over a 30- or 90-day period
for billing purposes. Rapidly developing technologies are now being used in many
systems to gather customer-metered data more frequently, or continuously, via data-
logging systems or fixed network automatic meter reading (AMR) systems. In fixed
network AMR systems, customer consumption can be recorded every few minutes,
giving the water utility a detailed profile of the consumption variation throughout the
day. Such granular data can be used to indicate leakage in customer premises, to
develop water consumption profiles to assist hydraulic modeling calibration and a
number of other operational purposes. Given these multiple uses of customer-metered
data, in addition to its fundamental purpose of generating accurate water bills, it is
critical that the meter population be maintained at a high level of functionality and
accuracy.

Managing a large population of customer meters requires knowledge of meter and
meter reading equipment as well as billing policies and customer relations. Policy and
procedures regarding the sizing and installation of customer meters also play a role in
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water supply efficiency and these should be reviewed to ensure that inappropriate
meters are not installed inadvertently due to policy shortcomings. The benefits of
accurate customer metering, however, continue to evolve as consumption data is rec-
ognized as critical to evaluate conservation programs, loss control efforts, and eco-
nomic efficiency.

Many highly accurate brands of meters are available to the drinking water industry.
Installation and upkeep of meters should be included as part of the ongoing functions
of the water utility, therefore funds should be budgeted to accommodate regular testing
and rotation of customer meters. Implementing a program that routinely tests groups
of customer meters is an efficient and economical way to keep a meter population cur-
rent, and provides essential data to develop a rational long-term meter change-out plan
for the customer meter population.

12.2 Customer Meter Demographics and Consumption Record

Water utilities that employ best management practices for meter management usually
have a thorough understanding of their customer meter demographics and the accu-
racy of the different meter types in their system. Many water utilities, however, are not
current with the status of their meter population. It is not uncommon for an incoming
water utility manager to inherit a meter population that was installed 15, 20, or 25 years
ago but hasn’t experienced ongoing meter testing, rotation, or right-sizing. In many
such cases, the size, type, make, and performance of the meter population are poorly
documented. The important first step in this case is to compile existing customer
account and meter data to establish the basic demographics and accuracy levels of the
meter population.

Meter demographics: If the customer meter population characteristics are not well
known, the auditor can conduct research using purchase and installation records, bill-
ing records, customer complaint histories, and meter accuracy test results to compile
information on the sizes, types, brands, ages, and cumulative consumption levels of
customer meters. Additionally, new procedures can be instituted to require customer
service and/or meter service workers to gather specific meter and account information
at customer sites as they conduct their work assignments; this information can be input
into the data archival system. Table 12.1 is a summary table displaying the customer
meter demographics for the fictitious County Water Company (CWC).! Reports can be
generated in a manner similar to this table to display the characteristic of the meter
population.

Since meter technology is always improving, new types and models of meters are
frequently introduced to the water market. Many water utilities purchase meters in lots
in a competitive bidding process and, over long periods of time, gradually install a
variety of makes and models in their system, particularly in the large customer meter
classes. It is important that the auditor have a reasonable sense of the meter population
demographics in order to formulate a sound meter testing, right-sizing, and rotation
strategy.

In addition to the meter demographics shown in Table 12.1, consumption summa-
ries are a useful management tool to track metering trends and note any unusual pat-
terns. Table 12.2 gives the summary of consumption for County Water Company for
calendar year 2006.! The total consumption in each customer class is tallied and shown
in a monthly breakdown. It is important that water utility managers monitor consumption



Meter Number Percent Percent of
Size, of of Total Manufacture Ave Age Metered
(in) Meters Meters Type (No.) (No.) (yrs) Consumption
5/8 11,480 94.1 PD" (11,480) Badger (11,480) 13 71.2
3/4 10 0.08 PD (10) Rockwell (10) 26 0.1
1 338 4.4 PD (338) Badger (250) 18 2.8
Neptune (88) 11
11/2 | 124 1.0 PD (124) Badger (18) 18 2.8
Neptune (106) 9
2 216 1.8 PD (216) Rockwell (54) 28 11.7
Badger (146) 22
Neptune (16) 20
3 15 0.12 Turbine (15) Sensus (15) 15 6.6
4 7 0.05 PD (2) Sparling (2) 26 2.2
Turbine (5) Sensus (5) 15
6 6 0.05 Turbine (2) Sensus (2) 15 2.6
Compound (2) Sparling (2) 29
Propeller (2) Hersey (2) 40
Total 12,196 100.00 100.0

* PD—Positive displacement.

Source: Ref. 1

TaBLe 12.1 Customer Meter Population Demographics and Metered Consumption for County Water
Company: January 1 to December 31, 2006

Metered Total for all
2006 by Residential Industrial Commercial Agriculture meters
Month (million gal) (million gal) (million gal) (million gal) (million gal)
January 146.6 35.8 8.1 0 190.5
February 162.9 35.8 8.1 0 206.8
March 162.9 35.8 8.1 0 206.8
April 179.2 39.1 8.1 24.4 250.8
May 211.8 42.4 8.1 57.0 319.3
June 228.1 48.9 8.1 74.9 360.0
July 260.3 48.9 8.1 57.0 374.3
August 266.5 48.9 8.1 74.9 398.4
September 228.1 45.6 8.1 65.2 347.0
October 162.9 35.8 8.1 0 206.8
November 162.9 35.8 8.1 0 206.8
December 146.6 35.8 8.1 0 190.5
Annual total 2,318.8 488.6 97.2 353.4 3,258.0
Daily average, 6.35 1.34 0.27 0.97 8.93
MGD

Source: Ref. 1

TaBLe 12.2 Metered Water Consumption by User Category for County Water Company
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patterns using tables such as Table 12.2. Consumption data should be carefully tracked
on a monthly and annual basis in order to detect data anomalies as they become evi-
dent. A table similar to Table 12.2 can be constructed showing monthly consumption
totals broken down by meter size.

12.3 Flow Measurement Capabilities of Customer Water Meters

In general, meter accuracy is influenced by two principal factors: the physical perfor-
mance of the flow sensing mechanism of the meter, and the appropriate sizing of the
meter to fit the customer’s consumption profile.

Water utilities provide service to a wide variety of customers, from residential ser-
vice (5/8-in meters typically in the United States) to large industrial sites (up to 12-in
meters). Many accurate and reliable meter types exist to measure flows in this variety
of settings; each with distinctive features or advantages in performance. Displacement
type meters, as shown in Fig. 12.1, are most common for smaller, residential service.
Compound, turbine, or propeller meters are employed to serve large commercial or
industrial connections larger than 1 in. Turbine meters are designed to accurately
record flows that occur steadily in a moderate to high rate of flow. Compound meters
are designed with two registers to record flows that alternate between high and low

Ficure 12.1 Displacement meter for residential service. (Source: Neptune Technology Group.)
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Ficure 12.2 Compound meter with dual registers used to meter consumption that varies
between high and low rates of flow. (Source: Neptune Technology Group.)

levels. A compound meter is shown in Fig. 12.2. Fire connections should be metered
separately with appropriate fire meters that do not restrict flow. A fire service meter
with bypass line is shown in Fig. 12.3. Technology is always advancing with single jet
meters, an example of a more recent innovation. Most meters available on the commer-
cial marketplace provide good accuracy for a given application. However, any type or

Ficure 12.3 Fire service meter with bypass piping. (Source: Neptune Technology Group.)
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brand of meter can suffer a loss of accuracy due to a variety of reasons. Some of the
common causes of loss of meter accuracy include:

o Incorrect installation, particularly meters installed vertically or askew
¢ Build-up of scale or deposits due to aggressive water quality

e Debris in the water

e Air entrained in the piping/meter

o Excessively high or low velocity of the flow through the meter

¢ Manufacturing defects

¢ Extreme environment: high or low temperature, humidity, vibration, and
the like

e Vandalism or destruction

Properly installing appropriate meters and maintaining them by testing and rotation
should ensure a high level of accuracy of the customer meter population.

Even under the best of conditions meters wear from long-term flow registration and
eventually reach a threshold beyond which they will appreciably lose accuracy, some
meter types deteriorating more quickly than others. Therefore meters must be tested,
repaired, or replaced with new or refurbished meters (meter rotation) on a structured
basis.

Historically, AWWA guidelines recommended that water meters be rotated on a set
time schedule based upon meter size with small 5/8-in meters every 20 years and the
largest of meters rotated as often as every 4 years. This approach has merits in terms of
planning for mass deployment of meter rotation personnel and commensurate budget-
ing, planning, and so on. However, water meters experience different consumption
patterns and, after 20 years of service, some may have lost appreciable accuracy, while
others can offer many more years of reliable service. Rotating customer meters based
upon fixed time intervals may have significant economic drawbacks, particularly in the
large meter classes since these meters are expensive and require much more effort to
rotate than small meters.

The current thought on meter rotation strategy bases meter rotation scheduling on
the cumulative water volume that has passed through the meter, rather than a fixed
time interval. Cumulative flow registered by a meter is the most important factor in
long-term accuracy of the meter. Targeting meter rotations based upon cumulative
measured volume is similar to automobile maintenance, where the 3,000 mi oil and
filter change occurs not at any set time, but only when the 3,000 mi odometer reading
is reached. This approach can be more efficient since heavily used meters will see a
timely rotation that will ensure accuracy is maintained, while lightly used meters will
not waste resources by rotating the meters too soon. Decisions regarding meter rota-
tion based upon cumulative consumption should be formulated in conjunction with
crew deployment scheduling realities, since it may be advantageous to have crews
rotate multiple meters in a given area all at the same time, even if some of the meters
have not yet reached their cumulative volume target. Small meter rotation scheduling
may be best guided by a combination of cumulative volume target and geographic
proximity, while large meter rotations are perhaps better formulated around cumula-
tive volume targets and the characteristics of the individual meters and consumption
profiles.
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Davis describes an assessment conducted for the Metropolitan Domestic Water
Improvement District, a small water supplier serving communities northwest of
Tucson, AZ.? The methodology included meter test-
ing on randomly selected and high-cumulative vol-
ume residential water meters. Meter accuracy was Targeting meter rotations
plotted versus cumulative volume for individual |pased upon cumulative mea-
low-, medium-, and high-flow rates. The best linear
fit of the data was determined and the weighted
meter accuracy was plotted versus the cumulative
volume. Calculated lost revenue from meter inac-
curacy per year was plotted versus the cumulative .
volume and economic analysis was used to deter- |S€t time, but only when the
mine the optimum cumulative volume for meter |3,000 mi odometer reading is
replacement. For the District, the optimum cumula- | reached.
tive volume was determined to be 1,420,000 gal per
residential meter. Prior to the assessment, the district was replacing customer meters
at the relatively frequent interval of every 10 years. Many of the district’s customer
meters do not achieve 1,420,000 gal of cumulative volume in 10 years, therefore the
district was able to implement a meter rotation strategy that greatly improved the cost-
effectiveness of its customer meter management.

sured volume is similar to
automobile maintenance,
where the 3,000 mi oil and
filter change occurs not at any

12.4 Customer Meter Sizing

Water meters must be properly sized in accordance with the actual customer con-
sumption patterns in order to accurately register the flows at all levels of consump-
tion. Historically, water utilities sized customer service connections and meters based
upon the peak flow rates that the meter was expected to encounter. Since peak flows
occur only on rare occasions, most of the time meters sized in this manner registered
flows in the low end of their design range. Many meter types are less accurate in the
low end of their flow range with very low flows not captured at all. Current wisdom
focuses on sizing the meter to accurately capture the flow range most usually encoun-
tered, not seldom-occurring peak flows. Many water utilities have recovered consid-
erable water and revenue by right-sizing oversized customer meters. Between 1990
and 1992, for example, the Boston Water and Sewer Commission’s meter downsizing
program recovered over 100,000 cubic feet of additional water per day in apparent
water loss, which translated into millions of dollars in subsequent additional billings
and revenue.?

Data-logging technology and fixed network AMR technology (discussed in Chap. 13)
provide the means to obtain detailed customer consumption profiles in increments of
minutes or hours for periods of days, weeks, or months. By using this detailed data,
meters can be sized to fit the individual consumption profiles of customers. Applying
this user-specific approach can promote superior meter accuracy, particularly in large
water utilities with widely varying user classes. As described in the AWWA M22 pub-
lication Sizing Water Service Lines and Meters, accurate data-logging for meter sizing is
dependent on the resolution of the data.* Data resolution is a function of the water
volume per pulse logged and the data storage interval. Both should be as small as pos-
sible so that actual flow rates are recorded, as opposed to just a collection of average
flow rates, which may not accurately reflect the consumption profile. Examples of
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Ficure 12.4 Graph produced from customer consumption meter data-logging showing minimum/
average/maximum flow rates. (Source: F. S. Brainard & Co.)

customer consumption profile graphs derived from data-logging are given in Figs. 12.4
and 12.5.

If large meters have been in service for many years, current customer flows may not
match the water demand variation occurring just after the meter was installed. Low
flows may not be registered by some large, old meters and data-logging may prove the
need to downsize the existing meter to an appropriate size. In regions with changing
demographics and economies, customer consumption patterns can change significantly
and this can affect water meter accuracy. For example, a 6-in turbine meter that reliably
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Ficure 12.5 Graph produced from customer consumption meter data-logging showing minimum/
average/maximum flow rates. (Source: F. S. Brainard & Co.)
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measured consumption in a small factory using a steady volume of water becomes
much less accurate when the factory building is converted to office space with much
lower water consumption. The consumption profile in the office setting will likely moti-
vate a switch to a smaller meter—perhaps several sizes smaller—in order to ensure that
flows throughout the high and low ranges of the consumption profile are measured
accurately. In order to determine whether or not meters are properly sized for existing
customers, consumption profiles for a representative sample of large meter accounts
should be obtained via data-logging or fixed network AMR. Data-logging devices can
be attached to the customer meter and record individual meter pulses in order to
develop a detailed customer consumption profile showing consumption variation at
short time intervals. Meters with consumption consistently occurring in the low range
of the meter suggest that the existing meter is oversized and downsizing would be ben-
eficial to more accurately register the total flow. Figure 12.6 presents graphically cus-
tomer meter test data gathered under a wide range of flows.> As shown, meter error
increases rapidly at very low flow rates. At very high flow rates the meter can under-
perform due to excessive wear. The shaded area on the graphic represents flow rates
that should be avoided in selecting the proper size of the meter.

When obtaining customer consumption data to develop a usage profile, recognize
that it is very important not to base the decision only on 24 hours of data. A customer’s
consumption can vary greatly on a daily, weekly, or seasonal basis. Care should be
taken to locate seasonal use information and also to understand the type of consump-
tion for each specific case. Data should be gathered for at least several consecutive days,
preferably 1 week. Separate weekly data collection periods may need to be scheduled
in order to obtain consumption data from high- , medium-, and low-demand seasons.

Residential properties in warm climates often incur a significant seasonal increase
in water consumption that reflects the hot weather and irrigation needs of residential
landscapes. It is not unusual for more than 50% of warm climate residential consump-
tion in industrialized nations to occur from outdoor irrigational use. Yet the high out-
door irrigation demand may only occur for 4 to 6 months out of the year. Similar swings
in consumption might also occur in vacation properties that are unoccupied in the off

10

Water Water meter is too small
meter is 1 A
0 ttoo Ia7c ?
-10 /
-20 /
-30 /
- \/ /
-50

Qmin Flow rate Qmax

Error (%)

Ficure 12.6 Range of appropriate sizing of a customer consumption meter to ensure necessary
accuracy. (Source: Ref. 5)
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season and heavily utilized during the peak season. Care needs to be taken when gath-
ering consumption data so that consumption profile(s) are obtained to reflect the varia-
tions in demand that the customer property will incur. In many communities water
consumption is notably higher during the warm or hot months of the year. Much of this
increased water consumption goes to outdoor irrigation, but additional showers and
bathing also occur during this time of year. Peak period consumption patterns can have
a big impact on any potential meter sizing decision. When looking at consumption pro-
files in vacation or resort areas, obvious care has to be taken with the season. When
considering the consumption profile of a large apartment block during winter and sum-
mer, the occupancy rate could change from 10 to 100%. Again the volume used will
change dramatically, however most of the use will be at peak times, as people prepare
for the day or evening ahead.

Large meters (1-in diameter and larger) are typically installed in multiunit residen-
tial buildings as well as commercial, industrial, or agricultural settings. Water demand
profiles can vary widely among the different types of building uses and /or manufactur-
ing processes that occur in some of these properties. Normally the largest variations are
seen in commercial or industrial properties between weekday use and weekend use
with minimal weekend consumption since business

is closed during this period. Seasonal consumption
Seasonal use variations of| Variations depend upon the type of manufacturing
customer properties should be | ©F business process. Certain manufacturing pro-
cesses may incur steady water consumption through-
out the day, and maintain this pattern continuously.
Other processes may utilize large quantities of water
in batches, with high volume flows alternating with
periods of minimal use. Some factories shut down processes during nights and week-
ends or may close for several weeks during holiday periods. The water utility manager
should inquire about the water usage patterns of a particular facility before determining
which periods of time to analyze using customer water consumption profiles.

The economics of meter right-sizing must also be taken into account. The water rate
or tariff structure of most North American water utilities includes several component
charges. A water charge is typically based upon consumption, with variations for class
of customer as well as for volumes of consumption; typically increasing block charges,
declining block charges or other billing structures. A separate waste water charge, or
even storm water charge, may be included for water utilities that provide these addi-
tional services. Most water utilities also assess a fixed service charge to cover the admin-
istration expenses of metering, billing, and other overhead functions. Many water
utilities base the service charge on the size of the customer meter, with the charge increas-
ing dramatically with meter size. In downsizing from a larger meter of poor accuracy to
a smaller meter of high accuracy, the water utility can more reliably capture the volume
of water consumption and increase revenue from the usage charge. However, in reduc-
ing the size of the meter, the water utility could lose some revenue due to a smaller ser-
vice charge. The net change in revenue to the utility, therefore, depends upon the amount
of recovered revenue due to improved accuracy, offset by reduced service charges. Each
customer account being considered for downsizing should, therefore, be carefully
reviewed to determine the exact economic impact to the water utility. The Greater Cin-
cinnati Water Works reported on the success of a structured large meter downsizing
effort, but noted the dilemma of downsizing certain large meters when anticipating a net
loss of revenue due to a significantly lower service charge.®

carefully checked when sizing
meters.
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Meter downsizing decisions should be approached with sensitivity when it appears
that a reduced service charge makes the downsizing decision uneconomic for the water
utility. Keeping a customer account with an oversized meter means that the recorded
flow remains understated and the apparent loss is not reduced. Also, it becomes evi-
dent that the customer is paying a higher service charge than necessary since they could
function (more accurately) with a smaller water meter. Water utilities that specifically
avoid downsizing in this manner risk customer dissatisfaction should this information
reach the customer. If many customers perceive that they are being overcharged by the
water utility, a public relations backlash could result in negative media attention or
fines if such actions violate any regulations. If the water utility manager maintains a
"“big picture” perspective of the value of meter accuracy and apparent loss reduction, he
or she can tolerate the uneconomic downsizings of some large meters in order to pro-
vide equity to its customers and strive to optimize its apparent loss reduction from
meter sizing improvements.

Meter right-sizing initiatives typically address large meters in settings where cus-
tomer consumption patterns have changed due to building occupancy changes, or
where an inappropriately selected or sized meter was originally installed. However,
accurate and reliable small meters also incur low flow limitations in which a portion of
flow is not registered. No meter is 100% accurate. While most meters have limitations
only at very low flow rates, such unregistered flows can occur in hundreds or thou-
sands of customer meters in a water utility, therefore the cumulative volume of unmea-
sured water can be significant. A common occurrence in North America is of flows
below detectable limits (BDL) occuring from toilet leaks. Slight leaks in toilet flapper
valves allow a continuous trickle of water to pass into the toilet and drain to waste. It is
very common that these flows are so slight as not to be registered by many reliable
brands of water meters. A similar low-flow condition has been documented in Europe
in communities where it is common for individual buildings to have small roof tanks.
The slow closing of ball valves included in the roof tanks results in flows that are lower
than the starting flow of the customer water meter. One device that has been created to
address metering low flow limitations is the unmeasured-flow reducer (UFR) which
changes the flow regime passing through the water meter to batches that the water
meter can measure.” In this way, only flow rates that are sufficient to be registered by
the meter are passed through the meter.®? Innovations in meter technology, data-logging,
AMR, and devices such as the UFR continue to offer water utilities the means to mea-
sure water consumption with ever-improving accuracy. It is incumbent on the water
utility manager, however, to assess the overall accuracy and reliability of their customer
meter population and seek to improve where needed.

12.5 Developing the Customer Meter Accuracy Testing Program

In order to assess and maintain good physical accuracy of the customer meter population,
many water utilities operate their own meter test facility and equipment, and perform
ongoing accuracy testing of meters that have been rotated out of service. For these opera-
tions, testing of targeted groups of meters can be readily accommodated. Water utilities
that do not have their own facilities can outsource their testing to specialty companies.
Total customer consumption meter error includes meter errors from all meter sizes,
including residential, industrial, commercial, agriculture, and others. In general, meter
error can be assessed for small meters (5/8 in and 3/4 in), which are typically employed
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for residential use, and all other (larger) meters which include industrial, commercial,
agricultural, and meters for other applications. Testing can serve both the general pur-
pose of providing information to the water audit on the system-wide level of apparent
loss due to customer meter inaccuracy, and to identify the accuracy of individual meters,
thereby allowing meter improvements to be implemented where needed.

AWWA'’s guidance manuals on meters give excellent instruction on meter accuracy
testing. These include the M22 publication and the M6 publication, Water Meters— Selection,
Installation, Testing, and Maintenance, the latter of which provides comprehensive informa-
tion on the basics of customer meter management.® Generally, accuracy tests should be
conducted at low, medium, and high flow rates. For small, residential meters sample
groups of meters can be tested. A randomly selected sample of several dozen to several
hundred meters (depending on the size of the meter population) can be selected and tested.
A separate sample of meters with high cumulative consumption should also be tested.
Results of the latter testing can help to develop a long-term meter change-out strategy
based upon the level of cumulative consumption at which accuracy begins to decline.

Because there are hundreds or thousands of customer meters in a drinking water
utility, it is impractical to inspect and test every one each year. Instead, the water utility
manager can identify sample numbers of customer meters of various sizes and types
for inspection and testing. The results of such sample tests give a reasonable indication
of the status of the entire customer meter population.

Residential (small) meter testing: Many utilities operate meter testing and rotation
programs. Particularly for small meters, it has become more cost-effective to replace
meters than to repair them. Random or specific testing to determine the accuracy of
installed customer meters can be conducted to monitor the wear of meters. A represen-
tative sample of newly purchased residential meters should also be tested to confirm
the acceptability of the newly delivered meters. All of this test data represents a good
source of information to infer the overall degree of inaccuracy existing in the customer
meter population. In this way the level of apparent loss in the system can be quantified
for the water audit. Test a random sample of residential meters, 50 to 100 is a sufficient
number, but the optimal number to be tested depends upon the size of the customer
meter population, the degree of confidence required in the test results, and the variance
in the actual test results observed. Residential meters may be tested on a test bench or
sent to the factory or a testing service contractor for testing.

Tables 12.3 to 12.5 give an example of calculations using small meter accuracy test
data to determine the level of apparent loss from small meter inaccuracy included in the
water audit for County Water Company (AWWA 2008).! Weighting factors for small
meter flow rates are given in Table 12.3. The weighting factors reflect common percent-
ages of time that flows are found in the low, medium, and high flow ranges, respec-
tively, with flows existing most often in the medium range for most properly sized
meters.”” In the example 50 randomly selected residential meters are tested for low,
medium, and high flows with summary test results shown in Table 12.4. These results,
shown as a percentage of accuracy, are used to calculate the total meter error at average
flow rates. Table 12.5 demonstrates how to use existing meter test data to calculate total
residential meter error. The resulting residential (small) meter error for County Water
Company is given at the bottom of Table 12.5 as a value of 134.33 million gal for calen-
dar year 2006.

Industrial/commercial (large) meter testing: Large industrial, commercial, and agricul-
tural meters register a much greater portion of consumption and produce a much larger
share of revenue per account than do residential meters. For many water utilities over
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Percent of Time Range, gpm Average, gpm Percent Volume*
15 Low 0.50-1.0 0.75 2.0

70 Medium 1-10 5.00 63.8

15 High 10-15 12.50 34.2

* Percent volume refers to the proportion of water consumed at the specified flow rate, as compared to
the total volume consumed at all rates. In this example, only 2.0 % of the total water consumed occurs
at the low-flow range of approximately 0.5-1.0 gpm.

Instead of using the percentage of volumes shown here, you may compute your own percentage
volume data. Using special dual-meter yokes and recording meters, you can determine the actual

flow rates for your water meters.

Source: Ref.1

TaBLe 12.3 Weighting Factors for Flow Rates Related to Volume Percentages for 5/8- and 3/4-in

Water Meters

Test Flow Rates

Mean Registration, percent

Low flow  (0.25 gpm)
Medium flow (2.0 gpm)
High flow  (15.0 gpm)

88.8
95.0
94.0

Source: Ref. 1

TaBLE 12.4 Mean Meter Testing Data from a Random Sample of 50 Meters for County Water

Company
Total Volume at Meter
Sales Flow Rate | Meter Error
Percent | Volumet | (V) Registration | Meter Error (ME) (ME)
Volume® | (V&) (%VxVt) | (R)* ME = Vf/(0.01R) - Vf milion
(%V) milion gal | milion gal percent milion gal gal
2.0 2,318.8 46.38 88.8 [(46.38/0.888) — 46.38] 5.85
63.8 2,318.8 | 1,479.39 95.0 [(1,479.39/0.95) — 1,479.39] 77.86
34.2 2,318.8 793.03 94.0 [(793.03/0.94) — 793.03] 50.62
Total Residential meter error (HN€ 8).....eue e e 134.33

* From Table 12.3.

* Based on residential water sales data in Table 12.2.

¥ From Table 12.4.
Source: Ref. 1

TaBLe 12.5 Calculation of Residential Water Meter Error
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50% of revenue is received from less than 20% of customers accounts with large meters.
Therefore it is critical that these accounts are systematically reviewed to ensure that
they are being metered and billed correctly. Large meters should be inspected for proper
selection and sizing before installation. Additionally, large meters should be tested for
accuracy before they are used, since not all new meters are sufficiently accurate. In the
United States, meters sized 1 in and larger are typically considered to be large meters,
although the specific size convention can vary from one utility to another.

All water utilities, regardless of their number of customer accounts, should strive to
regularly inspect, test, and confirm appropriate sizing for the relatively small number
of meters serving the largest of water consumers. These meters provide the basis for the
largest billings in the water utility and every effort must be made to keep them accurate.
Inspecting and testing the top 10 largest users in the system on an annual basis will help
ensure that optimal customer billings are occurring. Ideally, a representative segment of
the large meter population should be tested each year, including 1-, 1%-, and 2-in
meters, a mid-range that sometimes is overlooked by utilities.

Tables 12.6 to 12.8 illustrate the use of meter test data to calculate total large meter
error.! The mean registration data in Table 12.6 are used to calculate the meter error for
large meters. The actual test results are shown in Table 12.7 and the resulting large
meter error for County Water Company is shown in Table 12.8 as 29.97 million gal. The
results of the individual large meter tests can be used to estimate the amount of revenue
to be gained by improving the function of large meters by applying the appropriate cost
factor.

12.5.1 Customer Meter Accuracy Testing: Methods and Procedures

Most water meters are mechanical devices. As such they wear and lose accuracy after
an extended period of operation. Unfortunately, many water utilities do not carefully
track the overall accuracy of their customer meters, resulting in unchecked, growing
apparent losses and their negative impacts. Small meters of size less than 1 in are usu-
ally applied in residential applications and have distinct advantages in testing since one
worker can easily remove and replace (rotate) the old meter and test it away from the
customer location: at the water utility test bench or that of a meter testing contractor. By
using this approach, water utilities ensure speedy service to their customers at their
premises and accurate testing of meters at a controlled testing site. Many water utilities
have moved away from testing small water meters at the installation site, just as they
have moved away from repairing these meters. Old meters rotated out of customer
properties and tested at the utility test facility provide meter accuracy data that allows

Flow Rates Percent of Volume Delivered
Low 10
Medium 65
High 25

* For this example, assume flow recordings were made for 24 hours in July and February to derive the
percent of volume registered by large meters at low, medium, and high flow rates.
Source: Ref. 1

TaBLE 12.6 Volume Percentages for Large Meters for County Water Company*



Mean Registration at Various Flow
Rates: (Designated as Percent of
. Registration)
Meter ID | Size Date of
Number (in) Meter Type Installation Manufacturer | Test Date Low Medium High
XYZ001 3 Turbine June 1991 Sensus Oct 2004 89 93 100
XO0ZAA 3 Turbine June 1993 Sensus Oct 2004 70 95.2 98
NB123 4 Displacement | July 1980 Sparling Oct 2004 95 99 102
NB456 6 Compound Sept 1977 Sparling Oct 2004 98 96.5 102
AA0O2 6 Propeller May 1966 Hersey Oct 2004 98 99 103
SuM Of MeEAN FrEEISTratiONS. .. e 450 482.7 505
Mean registration for five meters tested...... ..o 90 96.54 101

Source: Ref. 1

TaBLe 12.7 Meter Test Data for Large Meters for County Water Company

1] |
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Total Volume at Meter
Sales Flow Rate = Meter Error
Percent Volumet | (Vf) Registration | Meter Error (ME) (ME)
Volume' | (Vi) (%VxVt) | (R)* ME = Vf/(0.01R) — Vf million
(%V) million gal | million gal percent million gal gal
10 939.2 93.92 90.0 [(93.92/0.90) — 93.92] 10.43
65 939.2 610.48 96.54 [(610.48/0.9654) - 610.48] | 21.86
25 939.2 234.80 101.0 [(234.80/1.01) — 234.80] -2.32
Total Meter error for large meters (lIN€ 19)...cvuiiiiiiiii i 29.97
* From Table 12.6.
* From Table 12.2 sum of industrial, commercial, and agricultural metered consumption.
+From Table 12.7.

Source: Ref. 1

TaBLe 12.8 Calculation of Large Water Meter Error

the utility to keep statistics on accuracy levels versus the cumulative volume of water
registered for various brands and sizes of meters. Conversely, complicated logistics
usually require large meter accuracy to be carried out at the customer location. Due to
the significant portion of water consumption billings that are generated by large cus-
tomer meters, a formal large meter-testing program is recommended for the water util-
ity maintenance program. Many water utilities have published accounts documenting
that increased revenue and water accountability gains have substantially offset the ini-
tial investment and continuing costs of such testing programs.

It is important to keep detailed records of meter account histories and accuracy test
results obtained at the various flow rates. For an on-site test, remember to record the
meter’s registration before and after the testing so the customer is not charged for the
water used during the test.

As discussed in Sec. 12.3, meter accuracy test results and the water rates charged to
customers are needed to determine the target meter replacement rate based upon even-
tual drop in accuracy from high cumulative flows passed through the meter. Each util-
ity should attempt to establish the level of inaccuracy—and commensurate cumulative
volume—that prescribes when meters should be repaired or replaced. In order to obtain
sufficient data to determine the economic target, a reasonable number of randomly
selected and high cumulative volume meters should be selected for testing each year.

The Customer Meter Accuracy Testing Methodology

Meter accuracy testing can be performed on-site at the customer premise or at a testing
facility. When testing meters on-site, the methodology is to compare the accuracy of the
meter being tested with a calibrated meter tester used in the process. The calibrated
meter has its own performance characteristics and is not 100% accurate across its entire
flow range and should have an available compensation curve describing this. Meter
accuracy tests conducted at a test facility usually offer better validated results since the
volume of water passed through the meter(s) being tested flows into a tank of known
volume. Therefore the test process is well calibrated, since the volume passed through
the meter is known precisely. Photos of the large and small meter test benches of a
typical water utility are given in Figs. 12.7 and 12.8.
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Ficure 12.7 Water meter test bench for accuracy testing of water meters of size 3 in and larger.

On-site testing is usually necessary for meters of size 2 in and larger and is recom-
mended for all sizes of current (magnetic flowmeters) and compound type meters. Few
meter shops are equipped with sufficiently large tanks to handle the quantities of water
needed to test the larger meters. Furthermore, the accuracy of some current and com-
pound meters may be affected by the configuration of pipe and fittings directly ahead
of the meter, therefore it is appropriate to test these meters where they exist in service.

Ficure 12.8 Water meter test bench for accuracy testing of water meters smaller than 3-in size.
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Prior to testing it is necessary to know what the typical accuracy curve is for each
specific brand, model, and size of meter being tested. This information may be obtained
from the meter manufacturer’s literature. A local chart can be made up which lists the
flow rates at which each type of meter should be tested in order to properly assess its
operating condition. Techniques for performing the tests, selecting the appropriate test
flow rates, determining the accuracies, and reaching conclusions must be known and
carefully followed to obtain valid test results. For positive displacement meters, which
are typically the small residential meters, the AWWA M6 publication provides the three
flow rates (low, mid, and high), which apply to all meter brands. For turbine and pro-
peller meters, which are used in large meter applications, either the M6 publication or
the manufacturer’s meter literature should be consulted; an example of the latter is
shown in Fig. 12.9. Compound meters are used in large meter applications where the
consumption varies from high flows to low flows. These meters have two registers: a

DISPLACEMENT METERS (AWWA C700)

Maximum Rate Intermediate Rate Minimum Rate Maximum
! (All Meters) (All Meters) (New and Rebuilt) © (Repaired) @
Size oy Test Quantity Accuracy | Flow Test Quantity Accuracy | Flow TestQuantity | Accuracy | Accuracy
in. Rate al s Limits Rate al e Limits Rate al 73 | Limits Limits
gpm gal. . percent gpm gal. ! percent gpm gal. ! percent |percent (min.)
508 15 100 10 98.5-101.5 2 10 1 98.5-101.5 1a 10 1 95-101 90
58 X 34 15 100 10 98.5-101.5 2 10 1 98.5-101.5 1a 10 1 95-101 90
34 25 100 10 98.5-1015 3 10 1 98.5-101.5 2 10 1 95-101 90
1 40 100 10 98.5-101.5 4 10 1 98.5-101.5 3 10 1 95-101 90
1-12 50 100 10 98.5-101.5 8 100 10 98.5-101.5 1-1/2 100 10 95-101 90
2 100 100 10 98.5-101.5 15 100 10 98.5-101.5 2 100 10 95-101 90
) Maximum Rate Intermediate Rate Minimum Rate
Size | Fioy Test Quantity | Accuracy | Flow Test Quantity | Accuracy | Flow Test Quantity | Accuracy
n. Rate al g Limits Rate al Y Limits Rate Al Y Limits
gpm gal. . percent gpm gal. ! percent gpm gal. ! percent
A 1-12 80 200 20 98-102 35 100 10 98-102 12 100 10 98-102
R R 2 120 300 30 98-102 50 200 20 98-102 16 100 10 98-102
A A C70 3 250 500 50 98-102 75 300 30 98-102 24 100 10 98-102
4 400 1000 100 98-102 125 500 50 98-102 40 100 10 98-102
6 1000 2000 200 98-102 200 500 50 98-102 80 1000 100 98-102
8 1500 3000 300 98-102 300 1000 100 98-102 140 1000 100 98-102
10 2200 5000 500 98-102 500 1000 100 98-102 225 1000 100 98-102
12 3300 7000 700 98-102 700 2000 200 98-102 400 1000 100 98-102
A 1-1/2 90 300 30 |985-101.5 10 100 10 [98.5-101.5 4 100 10 |985-101.5
RB R 2 120 300 30 |985-101.5 10 100 10 [98.5-101.5 4 100 10 |985-101.5
A A C70 3 275 600 60 |985-101.5 20 100 10 [98.5-101.5 8 100 10 |98.5-101.5
4 500 1000 100 [98.5-101.5 20 1000 100 [98.5-101.5 15 100 10 |98.5-101.5
6 1100 2500 250 |98.5-101.5 40 1000 100 [98.5-101.5 30 1000 100 [98.5-101.5
8 1800 4000 400 |98.5-101.5 50 1000 100 [98.5-101.5 50 1000 100 [98.5-101.5
10 3000 6000 600 [98.5-101.5 75 1000 100 |98.5-101.5 75 1000 100 | 98.5-101.5
12 4000 8000 800 |98.5-101.5 100 1000 100 [98.5-101.5 120 1000 100 [98.5-101.5
Maximum Rate Intermediate Rate @ Minimum Rate

COMPOUND 90-108
METERS 90-103
(AWWA C702) 90-103

(Test at intermediate rate g&} 8%

not necessary.)

90-103

TURBINE MAIN LINE TYPE WITHBY-PASS @ TURBINE MAIN LINE TYPE WITH BY-PASS @

Meter Minimum Rate Cross-Over Rate Maximum Rate Minimum Rate Intermediate Rate Maximum Rate

Size (95 percent min. (90-103 percent (98.5-101.5 percent (95 percent min. (98.5-101.5 percent (98.5-101.5 percent
in. accuracy limit) accuracy limit) accuracy limit) y limit) y limit) accuracy limit)
FRIow Test Quantity FRIow Test Quantity FRIow Test Quantity ;Iow Test Quantity FRIow Test Quantity Elow Test Quantity
ate ate ate ate ate ate
I | ft3 I ft3 I | ft3 I | ft3 I ft3 I | ft3
gpm | % gpm | gpm | % gpm | ¥ gpm | ¢ gpm | %
4 ® 100 10 [25-35 [ 1000 | 100 750 | 2000 | 200 4 10 | 1000 | 100 20 | 1000 | 100 750 | 2000 | 200
6 ® 100 10 [50-60 | 1000 | 100 | 1500 | 5000 | 500 6 20 | 1000 | 100 40 | 1000 [ 100 | 1500 | 5000 | 500
8 3 100 10 [50-60 [ 1000 | 100 | 2500 | 5000 | 500 8 30 | 1000 | 100 50 | 1000 [ 100 | 2500 | 5000 | 500
10 3 100 10 [55-65 | 1000 | 100 | 4000 | 8000 | 800 10 35 | 1000 | 100 75 | 1000 | 100 | 4000 | 8000 | 800
(@ A rebuilt meter is one that has had the measuring element replaced with a @ The values listed are for Sensus meters only.
factory-made new unit. A repaired meter is one that has had the old measuring @ Flow rate for FireLine 1-1/2 - 3" gpm depending on bypass meter. Flow rate
element cleaned and refurbished in a utility repair shop. for UL/FM Compact at 3 gpm.

® Cross-over flow rates vary depending on meter model and brand. These values
are for Sensus (Rockwell) Compound Meters. Consult manufacturers for other brands.

Ficure 12.9 Test flow rates. (Source: Water Loss Control Manual, 1st ed.)
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high side and a low side to capture the high and low flows, respectively. For compound
meters, it is important to know the level of the “crossover” flow, or the level where flow
switches from the high to low register, or vice versa. If the customer consumption rate
occurs frequently at flows in the crossover range, poor meter accuracy at this level could
result in a great loss of flow registration. Therefore, the crossover flow should be deter-
mined and the meter specifically tested at this rate in addition to the high and low
flows. The manufacturer’s accuracy curve is a proper information source as different
brands of compound meters offer variant crossover flow rates. This information is not
currently available in the AWWA M6 publication.

The test equipment and methods for determining the accuracy of small meters are
not applicable to accuracy tests on larger meters. The larger meters require specialized
test equipment which can handle a wide range of flow rates and provide accurate, valid
data. These devices may either be purchased as a manufactured assembly or fabricated
by the water utility.

The equipment for large meter testing is available as a portable test package,
installed on trailers, or mounted in a van or pickup truck. Regardless of the style, these
testers all contain certain basic elements, which are required to properly test turbine,
compound, and propeller meters. Because of the wide flow ranges involved, a tester
includes at least two, and sometimes three, calibrated test meters of varying capacities.
A shut-off valve is typically located downstream of each meter to control the flow rate
during the various tests. A pressure gage is required to check both the line pressure and
the residual pressure at the tester. Sometimes resettable registers and/or flow raters are
included to reduce the time required to conduct a complete test.

Flexible hoses are required to connect the test equipment to the test connection of
the meter being tested. Due to static pressures and hydraulic forces present, all hoses
must be in good condition and positioned as straight as possible between the two
meters. For the larger testers, it is important that the tester itself be anchored by means
of a vehicle, or similar restraining method, since significant hydraulic forces will impact
the meter tester during the test. The master meters used on the testers should be pro-
tected and handled with care. They should also be tested and recalibrated periodically
to ensure accurate measurement is being maintained.

Unfortunately large meters are often ignored as long as they continue to record
consumption. While large meters are usually relatively few in number in water utilities,
they account for a significant amount of revenue. If large meters mean so much to a
water system’s financial health, why are they not maintained to provide peak perfor-
mance? The explanation is multifold. Large meters are difficult to repair, spare parts are
expensive, assemblies are sometimes complex, and a relatively high skill level is neces-
sary for the service personnel to maintain them. The largest sized meters are very heavy
and difficult to handle and transport. Maintenance work is hindered by meter installa-
tions in crowded or cramped spaces and/or piping compromises have to be made.
Many times there is no bypass piping to continue supplying water to the customer dur-
ing a meter accuracy test, or it is difficult to dispose of the water discharged during the
test. Also, work space around the meter may be restricted and unsafe. Liability, safety
issues, and span of control of the testing personnel can sometimes be a concern to the
system’s management. Because many large meters are very important to the overall
billings, their operating condition must be monitored on a systematic and timely basis.
One common approach is testing large meters on-site by qualified test personnel.

Large customer meters may be tested on-site or at the water utility’s facilities. There
are certain advantages to testing large customer meters at the water utility test bench;
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however, in the majority of situations, on-site testing is more economical in terms of
time and resources. From a technical standpoint, the piping configuration surrounding
the meter can have an appreciable impact on the meter’s accuracy, and such impacts
can be detected and evaluated when the testing is conducted on-site.
Both on-site and test bench testing of large
meters rely on a large volume of water being passed
On-site testing of large| through the meter being tested. When tested on a
meters is often the preferred| testbench in the shop, water is passed into a tank of
method as the customer site| known volume. In conducting on-site testing, the
flow registered by the meter being tested is com-
pared to a meter that has been previously calibrated
and known to be accurate. The two meters are con-
nected in series, and the test water is discharged to
waste. Since the calibrated meter is not 100% accurate on all flows, it may be necessary
to adjust for its accuracy variance at different rates of flow, in order to ensure proper test
results. One very important point to remember in field-testing is that both meters must
be full of water and under positive pressure with all air removed. The control valve for
regulating flow, therefore, should always be on the discharge side of the calibrated meter.
Avalve on the inlet side of the meter being tested or one located between two meters for
controlling rates of flow should not be used, as inaccurate results may occur.

One acceptable method of maintaining proper performance for certain types of
larger meters is to replace the operating components and assemblies while leaving the
meter body in place. For such meters it is also recommended that an on-site meter accu-
racy test be conducted at the time of installation to confirm that the composite metering
unit is functioning as designed. If the measurement and registration functions are
within one integral assembly, no accuracy tests are required at the time of installation,
and the entire unit must be tested at the regular maintenance intervals.

Some larger meters have built-in test plugs while others do not. For installations
requiring test outlets, these can be fabricated in a number of ways. Service saddles
and reducing tees are the most frequently used approaches. These need to be installed
according to the recommendations of the meter manufacturer and located so that the
connecting hose to the on-site tester is correctly located downstream to the meter. To
facilitate periodic testing of the meter, it is suggested that, as part of the original
installation process, a short length of pipe be permanently attached to the test outlet,
along with a shut-off valve, which can be locked into position. These features will
allow for quick, efficient testing at regular intervals throughout the life of the large
meter.

The piping configuration around the meter must include valves to positively isolate
the meter, while still maintaining an adequate flow to the end user through temporary
or permanent bypass piping. If either of the isolation valves fails to seal tightly, an inac-
curate test result may occur. Similarly, if leakage occurs at either of the valves or at the
meter connections, the integrity of the accuracy test may be compromised. The lower
the test flow rate, the higher the significance of any such leaks.

Large meter settings are relatively expensive and require considerable preliminary
planning. These meters are heavy and removal of the meters for servicing or testing is
costly and time-consuming. Therefore on-site testing of large meters is the preferred
method in many instances. When small meters are rotated out of service, the water
supply to the customer property is halted for the typically brief period of time that is
needed to remove the old meter and install the new meter. Such outages are usually

is tested for suitability as well
as the meter for accuracy.
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easily tolerated by the residential customers supplied by the small meter. This is not
the case for large meter customers. Buildings serviced by large meters include facto-
ries, hospitals, military installations, shopping centers, and many important facilities
that cannot easily tolerate the lengthier water supply interruption that accompanies
the replacement of a large meter. Similarly many such buildings must be provided fire
service capability with minimal interruptions. Many large meter installations are
designed with a bypass line and valve that are used to allow continuous supply water
to the customer while the meter is being serviced or tested. For nonfire line meter
applications, the bypass should be sized one nominal size smaller than the meter being
tested down to the 2-in size. For fire line metering applications the bypass line size
should be the same nominal size. The bypass line provides the capability for a cus-
tomer with critical water supply needs to receive continuous service. Without bypass
lines the meters serving these customers cannot be tested or repaired which may result
in the loss of significant revenue. Typical bypass line configurations for large meters
are shown in Figs. 12.10, 12.11, and 12.12.

Preassembled meter packages are designed to provide the necessary equipment for
the complete meter installation and help provide for fast, easy installation. These pack-
ages are supplied by most meter manufacturers and are especially valuable to many
utilities that may not have the tools or equipment required to handle the installation of
large meters.

Most meter manufacturers recommend that a spool piece of piping be installed
downstream of the meter. The length of the spool piece should be at least twice the
diameter of the pipe. This feature is used to eliminate any turbulent flows on the exit

This coupling does not
restrain axial pipe movement

Smith-Blair coupling

Smith-Blair flange coupling
adaptor w/anchor studs Air bleed

(optional f/flexibility) / screw

Downstream Upstream

=i o s Xy
/ L—y—" Sensus Full-open
Full-open As required for  Sensus SRH strainer 5 Dia. minimum  9ate valve
gate valve gate valve, test  built-in test straight pipe
outlet access outlet recommended

Ficure 12.10 Installation recommendations for compound meters. (Source: Water Loss Control
Manual, 1st ed.)
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1o 3 pipe Test outlet

Dia. min.  w/locking
ball valve 4 ] o Sensus
Sensus DR fireline assembly
turbo meter &
——
Sensus This coupling does not
strainer | restrain axial pipe movement

Smith-Blair coupling

Meters w/o built-in

Test outlet
test outlet

w/locking
ball valve
Smith-Blair flange coupling Test outlet
adaptor w/anchor studs
(optional f/flexibility)

Bypass valve closed

w/locking during meter use

ball valve

Downstream

Upstream

Bypass tee Sensus DRS turbo

meter (shown)

Bypass tee

3 Dia. minimum
straight pipe Full-open
recommended gate valve

5 Dia. minimum
straight pipe
recommended

Ficure 12.11 Installation recommendations for turbo meters. (Source: Water Loss Control
Manual, 1st ed.)

3 pipe Test outlet
Dia. min.  w/locking
ball valve
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turbo meter

Sensus
fireline assembly

/ Sensus This coupling does not i | | =
. . . . " K,
[:.d r r strainer | restrain axial pipe movement . _’l"‘-:_
§ £ Smith-Blair coupling a'[u‘
L= w 3
Meters w/o built-in Test qutlet
test oullet

w/locking
ball valve
Smith-Blair flange coupling

Test outlet Bypass valve closed
adaptor w/anchor studs w/locking during meter use
(optional f/flexibility) ball valve

Downstream

Upstream

Bypass tee Sensus DRS turbo

Bypass tee
meter (shown)

3 Dia. minimum
straight pipe Full-open
recommended gate valve

5 Dia. minimum
straight pipe
recommended

Ficure 12.12 Installation recommendations for fire line meters. (Source: Water Loss Control
Manual, 1st ed.)
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side of the meter’s measuring element. A tagging saddle, brass nipple, and ball or gate
valve should be installed on top of the spool piece. These devices are used during the
field-testing of the meter. Most compound and fire service meters have test plugs built
into the meter casings. Many 4- and 6-in sized meters typically have 2-in test plugs,
while 8-in and larger meters often have 3-in test plugs. Prior to installing the meters the
test plugs should be removed and replaced with brass nipples and either ball or gate
valves to facilitate field-testing of the meters. The ball or gate valve is needed to safely
relieve pressure from the meter before opening the main casing. There have been
numerous accidents where the test plug has blown out during removal when the main
gate valves were leaking and the meter was under pressure. Use great caution as meters
can encounter working pressures of well over 100 psi, which can impart destructive
forces if weak or corroded fittings fail and are expelled.

Nearly all turbine meters manufactured prior to 1992 offered no test outlet in the
meter body and required a separate spool piece and test nipple installation downstream
of the meter. When test plugs are fitted in the meter bodies, a separate test tap is not
needed. Test outlets typically range in size from 1 to 2 in, depending on various meter
sizes. Additionally, some commercially available fire line meter assemblies and com-
pound meters can be provided with a test riser outlet assembly with a locking ball valve
and fire hose coupling for proper testing. See Figs 12.10, 12.11, and 12.12 for installation
recommendations for compound, Turbo (turbine), and fire line meters.

The Customer Meter Accuracy Testing Process

In conducting meter accuracy testing, it is of critical importance that personnel assigned
to perform the tests are properly trained and have the appropriate test equipment.
Meter testers are often designated as skilled field specialists or technicians in work
specifications, and training should be of sufficient caliber to reflect this skilled trade.
Appropriate techniques and procedures should be followed when using test equip-
ment. The consequences of discharging large volumes of water at high flow rates must
be understood, appreciated, and considered specifically for each test. Improper use of
the equipment may be harmful to testing personnel, the meter, the surrounding area,
and the general public. The meter pit must have adequate space in which personnel can
operate safely. In the United States, safety requirements published by the Occupational
Safety and Health Administration (OSHA) should be followed.

Prior to running any test, determine the make, model, and manufacturer of the meter
in question and document this data on the meter test sheet as shown in Fig 12.13.

In planning on-site testing of large meters, the technician must assess a number of
factors that are critical in conducting a safe and accurate meter test. A checklist of the
steps of the large meter testing process is given in Table 12.9. The technician must care-
fully identify the impacts of the large volume of water that must be passed through the
meter tester to run the test. One thousand gpm is not an uncommon rate to test the larg-
est of meters. Suddenly extracting such a high rate of flow from the water distribution
system could reduce the supply pressure in the local water supply grid and/or release
debris in the service line to the customer or adjoining water mains. The technician must
also assess where to safely discharge the large volume of flow that is passed through the
meter during the testing process. An uncontrolled discharge can cause considerable
damage to landscapes or private property, or create a safety hazard to vehicular or
pedestrian traffic. Discharge water must be safely disposed of in a manner than does
not cause any damage or violate any environmental regulations.
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METER EFFICIENCY TEST WORKSHEET

Date of Test

Name of Account

Location of Meter

Meter Data: Size

Type
Manufacturer

Serial No.

Date of Last Test

Volume recorded on tester = Efficiency Rating

Test Data:
Volume recorded on meter*+
Low Flow! @ G.PM.
Mid Flow' @ G.PM.
High Flow' @ G.PM.

* If conversion from cubit feet
to gallons is required, multiply
cubic feet by 7.48

Use flow rate recommended
for meter size

Revenue Computation

Meter Efficiency Computation

1. Test meter at high, medium, and
low flow rates recommended for
meter size.

2. For each test, divide reading on
meter by reading on tester and
record the 3 meter efficiency
ratings.

3. Total the 3 ratings and divide by
3 to get average efficiency
rating.

4. Divide $ amount charged from
customer for recent 12-month
period by average efficiency
rate to get pot ential revenue.

5. Subtract $ amount charged from
potential revenue to get revenue

lost.

Total of 3 efficiency ratings

|| |
Average Efficiency Rating:

Repeat Avg. Rating

Potential Revenue

$ Amount charged customer
for recent 12-month period

Repeat amount charged

Lost Revenue $

Ficure 12.13 Meter efficiency test worksheet. (Source: Water Loss Control Manual, 1st ed.)

Care should be taken to select a test meter with sufficient capacity to deliver the
high rates of flow required for the maximum flow test rate. It is often necessary to use
a lower rate than that set forth for the maximum flow test of the larger meters. In many

instances the maximum flow rate may be limited to

ing this process.

Safety is a foremost con-
sideration in conducting large
meter accuracy tests as large
volumes of water under high
pressure are discharged dur-

500 gpm. This rate is usually sufficient to evaluate
accuracy in the high flows of all but the largest
meters. Lesser flow rates should be used only as an
expedient, and the established test rates should be
used wherever possible. It is safe to assume that the
test curve will flatten out after reaching peak regis-
tration, which is approximately 10% of the meter’s
rated capacity. Stay within the required limits for

registration.
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Large Meter Testing Checklist

1. Adhere to all instructions on the warning tag. Never deviate from the instructions on
the warning tag. The warning tag that is affixed to the tester has been developed from
extensive product testing in field situations.

2. Conduct a pretest inspection of the meter, meter pit or chamber, and adjacent area.
Are there test plugs? Is there a bypass around the meter? Are there isolating valves

on both sides of the meter? If any of these features don’t exist, a means must be
determined to safely perform the test in their absence, or they must be installed before
testing. Identify an adequate area for the safe discharge and run-off of water to be
passed through the meter tester. It is not unusual to discharge in excess of

10,000 gal of water in a large meter test segment. Make sure that water will not

run back into the meter pit while testing. Be aware of sidewalks and streets where
pedestrian traffic may occur. Even a moderate 300-gpm stream of water from a tester
can be dangerous to vehicular and pedestrian traffic.

3. Close the meter’s isolation valves. Close both upstream and downstream valves to
isolate the meter from line pressure. This must be done prior to removing any test
plugs. Take note as to whether the valves operate smoothly or with difficulty.

4. Bleed pressure from the meter. Bleed all residual line pressure from the meter
assembly prior to removing any test plugs. Generally, this is accomplished by loosening
a bleed screw found on the meter cover. If a bleed screw is not present, a main flange
or drain plug may be loosened to relieve any pressure.

5. Connect the meter tester. After ensuring that water pressure has been relieved to a
safe level, remove the test plug and connect the test pipe, hoses, and meter tester.
Be sure that all equipment is laid out across the ground in a straight manner with both
hoses (inlet and outlet) having no sharp and/or irregular bends.

6. Secure the meter tester. If high water pressure or flow rates are expected, chain the
tester to a fixed object and/or drive large stakes through the holes in the tester to the
ground to secure the equipment, thus preventing unsafe movement.

7. Inspect hoses and connections and purge air. Inspect the meter tester hoses and
connections for tightness and purge air from the equipment by opening the small valve
on the tester and slowly opening the meter supply valve. Continue until the equipment
is under full pressure and all air is bled from the assembly.

8. Begin the test from zero flow conditions. Slowly flush all air until maximum flow is
reached (maximum flow is achieved when either the valve is wide open or the tester
pressure gage drops to 20 psi).

9. Read and reset the registers and run the maximum flow as previously run for a
quantity of at least one sweep of the dial on the meter being tested. Repeat the above
sequence by doubling the flow rate used in the first test. Compare the first test’s
accuracy to that of the second test. The difference should not be greater than +/- 5%.
If greater, investigate possible causes for the difference, which might be attributed to:

(a) A malfunction with the test meter; running low flows may confirm this suspicion.

(b) The tested meter may have a badly worn register causing excessive pointer play.
Tapping on the register lens and observing the amount of pointer movement might
confirm this suspicion.

Source: Expanded version of Section 14.3.4 Control Manual 1st ed.

TaBLe 12.9 Customer Meter Testing: Procedure and Safety Checklist (Continued).



196

Chapter Twelve

(c) Air may be trapped in the hoses connecting to the meter tester. Flush the hoses and
rerun the tests.

(d) One or both isolation valves may be leaking, causing inconsistent tests. Check by
looking at the tested meter’s register low flow indicator for movement over a 1- to
5-minute period.

(e) The strainer is clogged with debris, or partially blocked.

(f) The test meter may be clogged with rocks or debris, or may have been damaged
during flushing.

There are many other causes for inconsistency of test data. Inconsistency problems must

be resolved before continuing or the validity of the test results will be questionable.

10.

Continue testing of additional targeted large meters by referring to AWWA M6 Manual for
test rates on specific meter types. Use the test flow rates from the meter manufacturer’s
literature if these are available. It is also recommended to perform one additional test

at the average customer flow usage rate. This will provide important information on how
efficiently the meter is operating in the primary revenue producing flow rates.

11.

When testing compound meters review the consumption rate at the changeover point
with the accuracy of the meter at that flow rate. Determining the exact crossover rate
requires use of a pressure gage and rate-of-flow display. Slowly open the rate control
valve. When a rise in the pressure gage needle is noted, the flow rate indicated by the
register is the crossover rate. If crossover is not detected, close the rate valve until the
gage drops back again. Repeat opening and increasing the flow until the crossover rate
is identified. This process may take practice but is worth the effort.

Source: Expanded version of Section 14.3.4 Water Loss Control Manual 1st ed.

TaBLe 12.9 Customer Meter Testing: Procedure and Safety Checklist (Continued)

Manufacturers of meter test equipment typically provide detailed procedures for
conducting accuracy tests. In general, the tester is connected and the line flushed. As a
preliminary step, a brief test should be conducted at a relatively high flow to determine
if there are any leaks or unknown taps in the pipeline. The flow rate should be set
approximately to 50% of the meter’s capacity and the test conducted for 10 sweeps of
the dial for adequate resolution. After determining the accuracy of the meter, the test
should be rerun for half the volume. The second accuracy test’s results should be within
1/2% of the first test. If not, a leak or other uncontrolled flow of water may be compro-
mising the test. If the meter in question has a flow indicator, it may indicate water
movement as a result of downstream isolation valve leakage.

When conducting tests, it is suggested that no test be less than 1 minute long and
that the meter’s sweep hand make at least one complete revolution. The residual pres-
sure on the tester should never be less than 20 psi when running a high-flow test. Also,
for safety, the tester should not be operated on lines with static pressure exceeding
80 psi unless provisions are made to secure the tester.

The formal testing sequence should then initiate, first in the low flow ranges and
progressing to higher flows. Experience has shown that, when most meters begin to
wear, accuracy is first impacted at the lower rather than the higher flows. If a meter is
performing accurately up through the lower 25% of its capacity, it will normally test
accurately through the rest of the range. This is especially true on very large meters.
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12.5.2 Evaluating Customer Meter Accuracy Test Results

Evaluating water meter performance requires both experience and confidence in the
operator’s skill and training in order to correlate testing results with appropriate correc-
tive actions for a given water meter. Included in the following discussion are examples
involving Sensus meters, including Table 12.10, which are provided for illustrative pur-

poses only.
Turbo Meter Evaluation
Meter Size Adj. Vane | Test Data Possible Cause
4" W-1000 +15° 90% @ gpm e Broken Rotor Blades
97% @ 100 gpm e Rotor Bearings and/or thrust bearings worn
99% @ 700 gpm e Debris caught on blade
4" W-1000 +5° 100% @ 10 gpm e Jetting from debris (in strainer or caught

103% @ 100 gpm on flow strainer)

105% @ 700 gpm | * Installation effects
e Air entrapped in line

e Coating on rotor and/or chamber

4" W-1000 +30° 94% @ 10 gpm e Adjusting vane moved to (—) from original test
98% @ 100 gpm e [nstallation effects
99% @ 700 gpm * |mproper repair

This meter could be recalibrated by moving the value to 0°.

Compound Meter Evaluation

Meter Size Test Data Possible Cause

Low Flow Tests

3"SRH 105% @ 0.5 gpm e |eaking downstream isolation valve
102% @ 3.4 gpm
98% @ 10 gpm

High Flow Tests

3"SRH 88% @ 25 gpm e Damage to propeller
94% @ 55 gpm e High flow chamber wear
99% @ 280 gpm e Coordinator wear
e \Vertical shaft binding and/or bushing wear
3"SRH 95% @ 0.5 gpm e High flow side geared too high
99% @ 3.4 gpm e Debris causing jetting
100% @ 10 gpm e |nstallation effects

106% @ 25 gpm
108.7% @ 150 gpm
108% @ 280 gpm

TaBLe 12.10 Evaluating Customer Meter Accuracy Test Results (Continued)
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Fire Line Meter Evaluation

Meter Size Test Data

Possible Cause

Bypass Meter

6"Compact fire line 192% @ 4 gpm
96% @ 45 gpm

99% @ 500 gpm

e Broken Rotor Blades

e Adjusting vane moved to (-)

e Rotor Bearings and/or thrust bearings worn
e Debris caught in blade

Detector Check Valve

e Worn seat
* Debris preventing closure

Large Meter

6"Compact fire line 100% @ 4 gpm
100.3% @ 45 gpm

105% @ 500 gpm

e Jetting from strainer and/or installation
e Adjusting vane moved to (+)
e Coating on rotor and/or chamber

6"Compact fire line 100% @ 4 gpm

* Leaking downstream isolation valve

103.3% @ 45 gpm
101% @ 100 gpm
100% @ 500 gpm

Bypass Meter

e Adjusting vane moved to (+)
e Coating on rotor and/or chamber

Source: Water Loss Control Manual, 1st ed.

TaBLe 12.10 Evaluating Customer Meter Accuracy Test Results (Continued)

To properly evaluate a tested meter, a high level of confidence is needed in the
integrity of the test data. It is, therefore, essential that meter testing procedures are fol-
lowed carefully in conducting the meter accuracy test. Sensus allows a +/— 1%2% accu-
racy spread on Turbo (turbine) meters, fire line meters, and compound meters tested at
normal operating ranges. At low flows and crossover flow rates on compound meters,
Sensus allows +1% to —5% accuracy. These limits are more stringent than AWWA stan-
dards. See AWWA standards C701, C702, C703, and C704 for additional guidelines."*

When meter accuracy test results indicate questionable meter performance, be cer-
tain to review whether the test process included testing at low, medium, and high flows
(manufacturer’s or AWWA recommendations), and confirm a minimum duration of
one sweep on the tested meter register. If these conditions were not met during the test-
ing, then the test process should be repeated with particular attention paid to these test
requirements.

When reviewing the meter accuracy test results, be mindful to look for:

¢ Normal operating range tests. Is the minimum flow test 95 to 101.5%? If either
one is not within the range, the meter should not be geared or adjusted to meet
specifications without repair. A complete meter replacement may be required.
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e Turbo (turbine) meters show a loss of registration first at low flows due to bearing
wear. Be certain that testing was performed reliably at the low flow rates.

¢ Compound and fire line meters have a crossover flow. Take time when testing
to determine this rate. Evaluate each side of crossover as a cause for failure
along with valve problems. Do not attempt to isolate measuring chambers and
conduct isolated tests.

It is important to remain objective when interpreting meter test results. As long as
you are following proper meter testing procedures, let the test results speak for them-
selves. Attempt to discern any anomalies by explaining the function and application of
the meter and be cautious not to quickly dismiss meter test results as poor testing pro-
cedure. Again, rely upon your training and expertise to evaluate and diagnose tested
meters; never stop looking, listening, and learning. Table 12.10 gives a listing of poten-
tial meter problems that can explain variant large meter accuracy test results.

When meter performance is not consistent, the meter should be inspected for any
significant change in the customer water consumption pattern and for any meter mal-
function. Actions to remedy a malfunctioning meter might include: repair the meter
(for large meters greater than 1 in), replace the meter if necessary with consideration to
replacement using a different size meter if necessary. When the performance of a meter
is in doubt, particularly if a meter has been in service for a number of years, it is best to
replace the meter. The meter is the origin of customer consumption data in the water
utility and it is very important that the water utility manager have a high level of con-
fidence in the function and accuracy of the customer meter population.
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CHAPTER 13

Controlling Apparent Losses
from Data Transfer Errors
by Leveraging Advanced
Metering Infrastructure

George Kunkel, PE.
Julian Thornton
Reinhard Sturm

13.1 The Customer Water Consumption Data Transfer Process

The majority of water utilities in North America provide meters on customer service
connections in order to register water consumption from individual customer accounts.
Historically, the justification for use of customer meters in water utilities has been to
periodically obtain measures of customer consumption that serve as the basis for billing.
Linking water consumption volumes to a price also serves as a basic means of water
conservation, since consumers are usually more judicious in their water use when its
impact on their spending is clear and explicit. Having accurate water meters in place is
the first in a multistep process to manage customer consumption data. North American
water utilities typically store customer consumption data in a customer billing system.
Errors can occur in the process used to obtain readings from the customer meter and
transfer this data to the billing system. Often such errors result in understated con-
sumption volumes, and represent one form of apparent loss.

Many opportunities for error exist in the customer meter reading and data trans-
fer processes of water utilities. Meters are usually read in one of two manners: man-
ual meter reading or automatic meter reading (AMR). Manual meter reading, with
meter reading personnel (meter readers) visiting individual customer premises to
visually collect readings, is the traditional approach and, as of 2007, still used by
more than 70% of North American water utilities. However, AMR, and a host of
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innovative end-user capabilities collectively referred to as advanced metering infra-
structure (AMI), are being implemented at a rapidly growing pace, giving drinking
water utilities highly capable technologies to minimize apparent losses from data
transfer error and improve their operational efficiency and level of service to their
customers.

13.1.1 Manual Customer Meter Reading

Manual meter reading can work reliably, but in many communities it encounters a
number of difficulties that hamper its efficiency and cost-effectiveness. Most notably
manual meter readers often find difficulty in gaining access to meters, particularly
those located inside customer buildings. A high rate of failed meter read attempts occurs
in many water utilities due to this problem. Also, manual meter reading is inherently
labor-intensive, with associated high staffing and deployment costs and issues. Because
of highly variable field logistics many customer meters cannot be read consistently. In
cold climates, water meters are typically located inside customer building premises,
often in hard-to-reach corners of basements, boiler rooms, or other subterranean areas.
See Figs. 13.1 and 13.2. It is not uncommon for property owners to store items in these
areas that block access to the meters. With growing numbers of working couples in
families, many properties have no one at home during business hours to let a meter
reader into the house. Because of security concerns, many customers are wary of allow-
ing strangers onto their premises at all. The Greater Cincinnati Water Works encoun-
tered such difficulties, which led to their decision to install an AMR system, as described
in a newsletter account.! “Because the utility employed a door-to-door manual read
system, employees were bogged down with the management of over 30,000 house keys
entrusted to them by their customers. In addition, an increasing number of people were

Ficure 13.1 Indoor 3-in turbine meter servicing a 100-unit apartment building in Philadelphia.
(Source: Philadelphia Water Department.)
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Ficure 13.2 Indoor 3-in turbine meter servicing a 100-unit apartment building in Philadelphia
showing location in underground basement of the building. (Source: Philadelphia Water
Department.)

unwilling to hand over a key to their home and unable to be there during the day to let
the meter reader inside.” It is clearly understood that the traditional means of using
manual meter reading is fast being outmoded by the more efficient, less labor-intensive
capabilities of AMR systems.

In warm climates not subject to freezing and frost, customer meters are usually located
outdoors in meter pits, or small, shallow chambers housing the meters. See Fig. 13.3. The
pits are usually located midway between the water main and the customer building and
often serve as the delineation between the service line responsibilities of the water utility
and the customer. Large meters serving industrial customers are typically located in
larger, deeper pits or chambers outside of the buildings that they serve; this is common
even in cold climates. While outdoor meters generally have less restricted access than
indoor meters, outdoor installations also suffer from problems of inhibited access. Many
outdoor meter pits are susceptible to flooding. Entrance ways can be buried or covered
by debris or parked vehicles. Outdoor residential meter pits often also require access to
private property, and the security apprehensions of private property owners. At sensi-
tive sites, such as hazardous industrial buildings or military installations, special secu-
rity clearances and/or escorts may be required, greatly complicating the process and
extending the amount of time to conduct manual meter reading.

Regardless of whether the meter is located indoors or outdoors, meter readers enter-
ing private properties encounter safety risks from aggressive dogs, dark or poorly
maintained spaces, hostile customers or crime-ridden neighborhoods. The stark rigors
of physically visiting dozens to hundreds of customer properties each day in all types
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Ficure 13.3 Typical outdoor meter pit installation. (Source: Neptune Technology Group.)

of weather and adversity carry a high potential for monotony-driven inattention,
fatigue, illness, and injury, conditions that frequently result in inaccurate or incomplete
meter readings and high staffing turnover.

In addition to access difficulties, many meter reading attempts suffer human error
of visual misreads of the meter register, or error in transcribing the meter reading to
handwritten paper records. Poor handwriting may result in the meter reading numbers
being transcribed incorrectly to the billing system. Additionally, less diligent meter
readers sometimes abandon all attempts at accessing difficult meters, instead fabricat-
ing meter readings and submitting them as actual reads. Occasionally, corrupt meter
readers may collude with dishonest customers and intentionally fabricate meter read-
ings to understate consumption and billings, and thereby defraud the water utility. All
forms of erroneous or fabricated consumption volumes create distorted consumption
records and apparent losses that usually cost the water utility a portion of the revenue
to which it is entitled.

Despite the above-mentioned difficulties, manual meter reading is still very com-
mon and generally effective in many water utilities, perhaps more often in smaller com-
munities with smaller meter populations, fewer logistical difficulties, and stable
demographics. But the improving capabilities of AMR systems continue to make cost-
effective business cases in a growing number of water utilities of all sizes.
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13.1.2 Automatic Meter Reading

Because of the many difficulties encountered in manual meter reading programs, meter
reading success rates have declined in recent years in many water utilities and a rapidly
growing number of these systems have installed AMR systems, which are usually more
accurate, less labor intensive, safer, and typically more cost-effective than manual meter
reading. AMR has greatly reduced the accessibility and safety problems that have
plagued manual meter reading programs. Many water utilities have achieved great
success in moving from manual meter reading to AMR, such as the account described
in Figs. 13.4 and 13.5. AMR has a successful history in the gas and electric utility indus-
tries, with implementation in the water industry growing rapidly since the mid-1990s.
AMR market penetration in the U.S. water sector stood at greater than 25% of customer
accounts in 2007 and is expected to reach over 40% by 2012.2 This is a good trend for the
drinking water industry as AMR offers advantages of improved accuracy, efficiency,
and cost-effectiveness.

AMR systems consist of a device that is mounted to the customer water meter. This
endpoint device has the ability to obtain a reading from the meter register and transmit
it via one of the variety of communication mechanisms offered by manufacturers. The
first generation of water utility ARM systems communicated the reading signal to a
meter reader walking by the property, either wirelessly or by plugging in a handheld
device to a port on the exterior of the customer building. Such handheld readings elimi-
nate the need to gain access inside the customer building; yet this method still requires
the labor of the manual meter reader patrolling a fixed route. In this approach, meter
reading success rate and efficiency is increased while labor costs are little changed or
only slightly improved.

A second common form of AMR is the drive-by method of communication, whereby
meter readers patrol the service area in vehicles to collect meter readings. Meter readers
need not leave their vehicle in order to collect readings. Dozens of readings can be
quickly collected, virtually at the same time, as the patrol vehicle drives slowly down a
street. Equipment in the vehicle sends out signals to awaken the AMR endpoint devices
attached to the meters and obtain the current meter reading. This drive-by method

The Benefits of Automatic Meter Reading Systems

Prior to the start of AMR installation in 1997, Philadelphia’s Water Department
and Water Revenue Bureau encountered such poor meter reading success that
only one out of every seven water bills issued was based upon an actual meter
reading; six were based upon estimates. With the installation of over 425,000
residential AMR units by 2000, the city witnessed a meter reading success rate
of over 98% in its monthly billing process using a mobile drive-by system. A
system of mostly estimates was replaced with a system of mostly actual meter
readings. This has greatly improved the confidence of customer consumption
data, lessened the number of customer billing complaints and aided the detec-
tion of systematic data handling error and unauthorized consumption in the City
of Philadelphia. Meter readers were assigned to new duties: no layoffs or termi-
nations occurred, and the project has been highly cost-effective. Philadelphia
envisions moving to fixed network AMR as its next generation system.

Ficure 13.4 The benefits of automatic meter reading systems. (Source: American Water Works
Association. “Water Audits and Loss Control Programs.” Manual of Water Supply Practices M36,
3rd ed., Denuer, Colorado.: AWWA, 2008.)
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ERT®
MODULE
MODEL 40W
BADGER

Ficure 13.5 Philadelphia Water Department’s AMR system: Typical Itron endpoint “ERT” (encoder,
receiver, transmitter) and 5/8-in residential meter from Badger meter. (Source: Itron, Inc.)

offers the same advantage of not needing access to customer properties to collect read-
ings as the “handheld” method. However, drive-by AMR offers the additional benefit
of needing fewer meter readers since the patrol vehicle can collect many more daily
meter readings than individual meter readers on foot. Handheld and drive-by meter
reading systems have been the most common form of AMR in use since AMR began
widespread penetration in the water utility sector. However, AMR in the water indus-
try is poised to move to the next generation of communication method: fixed network
AMR. Figures 13.6 and 13.7 show typical ARM endpoint device installations in a meter
pit for a fixed network AMR system.

Fixed network AMR refers to AMR systems that use a fixed communication net-
work of established tower, antennae, WIFI, or similar telecommunication networks to
send AMR signals when needed. Establishing a fixed network AMR system is certainly
more involved than mobile communication systems, since a permanent communication
system must be designed and constructed. Initial costs to construct such a system are
higher than handheld or drive-by systems. But, fixed network AMR largely frees the
water utility from the need to have permanent meter reading personnel in the field,
thereby offering a major savings on personnel costs and reduced staffing problems.
Fixed network AMR also provides the capability to obtain customer meter readings at
any frequency or time of day, since reading schedules don’t rely on staffing constraints.
Fixed network AMR provides the capability to obtain sufficient data to create customer
profiles by obtaining data at hourly intervals (or similar short times) and displaying the



Ficure 13.6 AMR endpoint device for residential meter in meter pit. (Source: Itron, Inc.)

Ficure 13.7 AMR endpoint device being installed in a residential meter pit. (Source: Itron, Inc.)
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variation of consumption throughout the day, week, season, or year. Meter readings can
be gathered and transmitted at short intervals via the fixed communication network.
Alternatively, some systems use data-logging AMR devices at the customer endpoint.
The data-logging equipment continuously gathers and stores meter readings at the
meter reading device. A customer consumption profile is then transferred to the central
data collection location on a periodic or as-requested basis. Variations in fixed network
or data-logging AMR systems give water utilities a variety of choices to consider in
finding the specific type of AMR network that will provide the granular customer con-
sumption that they desire.

Fixed network AMR requires investment in the construction of the fixed communi-
cation network, in addition to the installation of user endpoint devices, software, and
other standard components of the AMR system. The cost of a fixed communication
network is variable, depending upon the nature of the service area: urban versus rural,
hilly terrain versus flat, customer density, and other factors that affect the communica-
tion system requirements. The network typically requires a number of antennae or col-
lector units (see Figs. 13.8 and 13.9) spatially distributed in a manner that allows AMR
signals to be collected and forwarded to a central computer. The fixed communication
network in any given service area must be independently evaluated, designed, con-
structed, and tested to ensure that it meets the service level requirements of the utility

Ficure 13.8 AMR fixed network collector antenna. (Source: Itron, Inc.)
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Ficure 13.9 Fixed network AMR collector unit—collects and stores up to 10 days of hourly
profile data for up to 10,000 customer endpoints. (Source: Itron, Inc.)

AMR contract. Whereas fixed network AMR requires notable planning and design
effort, notable advantages are gained relative to mobile AMR from the significantly
lower annual staffing costs and the more sophisticated customer consumption data that
is obtained. Also, as described later in this chapter, the fixed communication network
provides the opportunity to gather more than just a meter reading at the customer end-
point, thereby furthering the business case for fixed network AMR.

Water utilities can reduce the likelihood of apparent losses due to data transfer error
via the use of AMR systems. AMR systems offer water utilities the current best practice
means for cost-effective and efficient collection of customer consumption data. The use
of AMR systems in water utilities will continue to grow significantly in coming years,
as will the use of fixed network AMR in lieu of mobile AMR.

Detecting and Quantifying Data Transfer Errors

While AMR is less susceptible to data handling error than manual meter reading, both
forms of meter reading can incur errors. Meter reading attempts can fail for many rea-
sons. The difficulties of manual meter reading were discussed earlier. AMR attempts
can fail due to a malfunction of the automatic meter reading device from causes such as
improper installation or calibration, or battery failure. AMR equipment that is improp-
erly installed or configured can result in erroneous readings. This occurrence can be
minimized by using a good quality control protocol during system installation.
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When a meter reading attempt is unsuccessful in obtaining an actual meter reading,
most water utilities bill customers using an estimated volume that is calculated based
upon a standard estimating protocol or the customer’s recent consumption history.
While these are reasonable approaches, multiple cycles of meter readings without an
actual reading greatly increase the prospect of inaccurate estimates. Over periods of
time, buildings are sold and new owners with vastly different water consumption hab-
its may become the permanent occupants. An estimate generated for a household of
two may be fine until the house is sold to a family of seven. Water consumption could
triple, but understated billings based upon the outdated estimate could continue for
some time. When an actual meter reading is eventually obtained, a large billing adjust-
ment will confront the new property owner, a scenario that commonly creates customer’s
ill will toward the water utility. Clearly, obtaining routine, accurate meter readings is
critical in maintaining sound oversight of customer consumption patterns and stable
billing and revenue collection functions.

Recognizing that some level of meter reading and data transfer error occurs to a
degree in virtually all water utilities, managers should designate staff time to periodi-
cally analyze meter reading and billed consumption data in order to detect trends of
irregular consumption stemming from data transfer error. A billing analyst should look
for trends such as successive cycles of “zero consumption” or other suspicious con-
sumption patterns. Accounts that register zero consumption for several successive
meter reading cycles should be sampled and investigated to determine if the zero con-
sumption is valid (which could occur if a building becomes unoccupied) or whether
AMR failure or tampering has occurred. The analyst should monitor the meter reading
success rate for both residential and industrial /commercial categories of accounts. The
number of estimates assigned should also be tracked and an approximation of the error
due to poor estimation should be attempted. Estimating protocols should be reassessed
if they have long been in use. Other sources of systematic data transfer error can exist
in any given water utility. Depending on available resources, investigations can be con-
ducted to assess any occurrences of data transfer error that are unique to the utility.

The auditor should attempt to quantify the major components of apparent loss due
to data transfer error and include them in the water audit. By investigating and analyz-
ing a manageable number of suspect accounts, the auditor should be able to identify
apparent loss volumes for a valid sample of the customer accounts in the water distri-
bution system. By extrapolating this value of apparent loss volume per account to the
entire customer population, the auditor can determine reasonable volumes for various
types of data transfer error. One type of potential apparent loss occurrence typical in
water utilities are accounts that have not been read for many billing cycles due to access
difficulties that prevent the meter reader from obtaining a manual reading. Special
efforts will likely be needed to gain access to these meters; perhaps written notices to
customers to arrange specific appointment times to allow for a meter read, or a request
to remove household items blocking access to the meter. If the local water regulations
allow—and the situation warrants it—the utility may need to send to the customer a
notice of violation that states that they must provide access to the water meter, or penal-
ties could be enacted, including, if permitted, shutting off water service to the customer.
Figure 13.10 gives an example of the calculations used to quantify volumes of apparent
loss due to data transfer error in the fictitious County Water Company.

Depending upon the size of the customer population, mode of meter reading, water
regulations or policies, and other circumstances unique to each water utility, the num-
ber of apparent loss subcategories due to data transfer error could range from as few as
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Example Calculation of Data Transfer Error in County Water Company (CWC)

The manager compiling the water audit for county water company has suspicions that
customer accounts with many billing cycles of estimates are a potential source of data
transfer error. He determines to field investigate 50 customer accounts that have not had an
actual meter reading in over 2 years. Estimates have been used in billing these accounts
over this 2-year period.

The manager’s first step was to obtain access to the customer premises in order to
obtain current meter readings. After sending violation notices to the customers and making
contact during the first month of this effort, CWC was able to gain access and obtain current
meter readings in 38 of the 50 properties. For the 12 properties that could still not be
accessed, more aggressive steps by the water utility—such as service disconnection—will be
needed in order to force access to the customer meter. For the 38 accounts that were
accessed, updated meter readings found that these accounts had been collectively under-
billed by 360 thousand gallons (kgal) during the 2-year period, or an average of 180 kgal per
year. Billing records show that the water utility had a total of 487 accounts that went without
an actual meter reading over the past 2 years. Based upon the findings of the 38 accounts

487
Apparent loss (2-year missing reads) = (180 kgal) g~ = 2,307 kgal

The value of 2307 kgal should be included in the water audit as one subcategory of
apparent loss due to data transfer error. Any other groups of suspicious accounts, such as
zero consumption accounts, should also be investigated and extrapolated over the customer
population to obtain a quantity of apparent loss due to data transfer error. Several
subcategories might be identified in any water utility and these should ultimately be included
in the water audit and totaled under apparent loss due to data transfer error.

Ficure 13.10 Example calculation of data transfer error in County Water Company. (Source:
George Kunkel.)

two to as many as eight or more. Subcategories that might be considered for investiga-
tion can include

* Accounts without actual meter readings for one year or longer
* Accounts showing zero consumption for three or more billing cycles

¢ Accounts suddenly evidencing a significant drop in consumption after a stable
history of higher consumption levels

* Accounts with confirmed AMR equipment failures

* Accounts known to have suffered from manual meter reading inaccuracy from
one or more meter readers confirmed to be inattentive or dishonest

* Accounts known to have suffered data distortion in transferring data from
handheld meter reading devices into the customer billing system

These are but several possible causes of apparent loss due to data transfer error. It
is incumbent on each utility to determine a reasonable extent of cause and volumes of
this form of apparent water loss. The key bottom-up activities in this regard are analy-
sis of billing records for unusual consumption patterns or missing meter readings, and
auditing/investigation of samples of suspect accounts to confirm actual volumes of
apparent loss.
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The ability of the water utility to minimize data transfer error also depends upon
the strength and clarity of its regulations and procedures. While the use of advanced
technology such as AMR certainly can improve effectiveness, necessary improvements
might only be gained in updating outdated regulations regarding customer service
requirements around the use of estimates, back-billing, entry to private property for
meter/AMR repairs and related activities. If regulations have not been reviewed in
recent years, it will be worthwhile for the water utility manager to work with commu-
nity policy managers to ensure that water service regulations are current in meeting the
water service requirements for customers, as well as ensuring efficient water utility
operations. Similarly, procedures for meter reading and data handling should be clear,
current, and monitored for compliance among staff. Training should be conducted on a
regular basis for new employees and as refreshers for longstanding employees so that
meter reading success and accuracy is maintained at optimum levels.

13.1.3 Advanced Metering Infrastructure

As AMR systems have gained substantial use in the drinking water industry—and
appear to be heading toward the most common form of meter reading in the future—
manufacturers have come to recognize the potential for significant new customer end-
point benefits. With fixed network AMR systems able to communicate water meter
readings automatically at established short intervals, the usefulness of the customer
endpoint as a data collection location has been greatly elevated.

The historical use of the customer meter—periodic meter readings—has provided a
valuable, but singular, purpose: providing a basis for billing based upon consumed
water volumes. When water meters are read manually, often considerable difficulties
are encountered in collecting meter readings such that conducting a single round of
meter readings every 30 or 90 days is a significant challenge. But, with fixed network
AMR, meter readings can be collected as frequently as every 15 minutes in an accurate
and cost-effective manner. Fixed network AMR provides the ability to collect granular
consumption data that can be used to develop customer consumption profiles which
show the hourly, daily, weekly, and seasonal variation in consumption flows, as well as
allowing for the traditional calculation of the consumption volume for the billing
period. Consumption varies in a repeatable pattern for many customers, typically with
low consumption during a portion of the day (often nighttime hours) and high con-
sumption peaks at one or more times of the day. Gaining detailed insight into customer
consumption patterns can provide benefits to water utilities in a number of ways. Uses
of detailed customer profile data are discussed in Sec. 13.2. Since fixed network AMR is
capable of obtaining detailed consumption information, why stop there? Other poten-
tially useful water system information also exists at the customer endpoint. Manufac-
turers have developed the capability to obtain information that includes

¢ Tampering with metering or AMR equipment

* Consumption trend analysis that sends alerts of leakage on customer piping

¢ Acoustic leak detection: on customer service connection piping, or leaks in the
neighboring water distribution system

e Backflow (flow reversal) detection

Various manufacturers have developed sensing devices for a number of these
parameters, and the future might see 