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Abstract

Many water utilities lose significant amounts of treated water (and the
revenue that does with it) through pipe breaks or undetected leaks in their
underground distribution networks. To help utilities understand their water loss,
the American Water Works Association (AWWA) developed a water audit
software program (Water Audit Software) which calculates lost volumes and
system performance indicators based on input supplied by the water utility.

To make the Water Audit Software a more useful tool for a greater number
of utilities and the states that mandate auditing, additional fields should be added
to the Water Audit Software to collect data about system pipe materials, main line
breaks categorized by pipe material, and their average break isolation and repair
times. This data should be used to calculate two new Pls: 1) a dimensionless

Break Rate Index (BRI) which compares system main line break data to



published national break averages, and 2) a dimensionless Repair Time Index
(RTI) that compares system main break repair time averages to best practice
repair times.

Including the BRI and RTI in the audit will identify slow repair times and
the types of pipe in a system that have the highest failure rates, thereby providing
utilities with immediately useful, actionable information upon the completion of
the audit that can be used to improve the distribution system and reduce real
water loss. It would also result in the creation of a large-scale main break and
repair data set that could be used by local, regional and/or national authorities to

develop utility standards.

Vi
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Chapter 1: Introduction

Water utilities distribute water to their customers through underground
pipe networks called water distribution systems. All water distribution systems
leak to some extent and billions of gallons of treated water are lost each day in
the United States through pipe breaks and undetected leaks. (National
Resources Defense Council, 2016) These breaks and leaks result in a significant
loss of the product (treated water) and the revenue that goes with it. Growing
awareness of these losses, and the realization that it is necessary for water
utilities to be good stewards of water resources, has caused utilities to work
harder to reduce real water losses from pipes.

While the need for water conservation has been part of public awareness
for decades, and conservation efforts have focused on utility customers, the
water industry has realized it has to be more responsible for the water leaking
from the pipes. As water systems in the US have turned their attention inward,
they are focusing on “accountable and efficient management of water supplies.”
(AWWA, 2016b) This accountable and efficient management is termed “water
loss control” and the specific activities that make up a utility’s program differ from
system to system, and region to region, based on a number of factors including
system finances, cost of treatment, supply issues, etc. Some systems with
abundant supply may want to optimize the water loss reduction versus cost of
reduction equation, while others in drought-prone areas may need to reduce real

water loss to an absolute minimum due to supply constraints or for other



environmental or societal reasons. One of the primary tools available for
determining the scope of real loss in a water system is the water audit: a system-
wide mass balance exercise.

The American Water Works Association (“AWWA”) “promotes water
auditing as the best practice for assessing water losses.” (Water Research
Foundation, 2019) Since 1990, the AWWA has published the M36 Water Audits
and Loss Control Manual (“M36 Manual”), which details the generally accepted
method for performing water audits in the United States.” To further help utilities
understand their water loss, and to standardize the water auditing process, the
AWWA released an Excel-based water audit software program in 2006 (the
“Water Audit Software”). The Water Audit Software is currently on its 5" version
and a 6™ is under development with an expected release date of 2020.

The Water Audit Software uses the AWWA’s M36 water audit
methodology and, based on input supplied by the water utility, generates a water
balance categorizing system inputs and outputs, and presents several
performance indicators (PIs) with which utilities can evaluate their operational
performance and frame their water loss control efforts.

Water auditing is mandatory for systems over a certain size in 11 US
states and basic water loss reporting is required in at least 22 more. (AWWA,
2016a) Most states that require water audits mandate use of the M36
methodology and Water Audit Software, though a few have slightly modified the

methodology and/or software requirement.

1 M36 is based on research by and has been developed in coordination with the International Water
Association (“IWA”).



Integral to the water audit and Water Audit Software are several efficiency
Pls including:

1) Current Annual Real Losses (“CARL”) - the volume of real losses

calculated by subtracting all measured and estimated system outputs from

all measured and estimated system inputs;

2) Unavoidable Annual Real Losses (“UARL”) - a model of theoretically

attainable, system specific, low levels of real losses that is based on

system characteristics and is calculated using an empirically derived
formula (detailed further below); and

3) the Infrastructure Leakage Index (“ILI”) - a dimensionless index

comparison metric which is the product of a system’s CARL divided by its

UARL.

The M36 Manual states that the ILI is the “performance indicator designed
for comparisons among water utilities and for benchmarking performance.”
(AWWA, 2016b)

To paraphrase the British statistician George Box, “all models are wrong,
some models are useful.” Though both the UARL and ILI are touted as highly
accurate in the Water Audit Software and M36 manual, it will be shown that 1)
the UARL, when applied to water systems in the US, is likely inaccurate and 2)
the ILI (which is based on the UARL) compounds that inaccuracy. Further,
neither metric assists utilities with the assessment of the system-specific causes
of real water loss. Because the UARL and ILI do not include directly actionable

information about the sources of real water loss, the water audit process and



Water Audit Software are not as useful as they could be. Even if the underlying
principle behind these Pls is sound, refining them in any meaningful way would
likely require a data set that does appear to yet exist and would not overcome
their major flaw: they do not present directly actionable information to the system
being audited. Therefore, their importance should be de-emphasized, their
inaccuracy should be clearly stated, and they should be supplemented with break
and repair rate Pls that would provide comparisons of some of the causes of real
water loss in systems such as main line leaks and breaks, and the time it takes to
repair them. Adding such Pls to the Water Audit Software along with basic
component analysis features would provide actionable information to systems
using the Water Audit Software and would permit additional meaningful

performance comparisons between systems.

1.1  Objective

The objective of this thesis is to investigate methods for water utilities to
improve the assessment of real water loss due to breaks in their distribution
systems. To achieve this objective,

1. The origins of the UARL and ILI are examined as are the ways the

UARL and ILI are used by water utilities. The purported accuracy of the
UARL and ILI are evaluated in light of their underlying assumptions,
recent studies and real system data.

2. Water distribution system pipe materials, break rates and main break

repair times are analyzed to determine whether they are sources of



actionable information for water utilities to identify and combat real
water loss problems.

3. Itis demonstrated that incorporating break and repair time Pls into a
standard water audit will provide water utilities with more actionable
information to address some sources of real water loss than the UARL

and ILI Pls.

1.2 Data Sources and Methodology

This assessment involved a review of scientific literature, and several
thousand water audits from US water systems. Additionally, GIS water main
network maps and work order break and repair data from four water utilities in
New Mexico were analyzed. This smaller data set was used to develop the

proposed break and repair time Pls and demonstrate their effectiveness.

1.2.1 Water Audit Data Sets

An initial review of water audits was conducted using collated water audit
data obtained from:

The AWWA Water Audit Data Initiative (covering 2011 to 2017)

The Tennessee Comptroller of the Treasury (covering 2015 to 2016)

The Texas Water Development Board (covering 2010 to 2015)

The Delaware River Basin Commission (covering 2012 to 2017)

The Georgia Department of Natural Resources (2013)

The Wisconsin Public Services Commission (covering 2017)



1.2.2 GIS Data and Work Order Data Sets

GIS databases and/or shapefiles containing water distribution system
components were obtained from four New Mexico water utilities. Each of these
sets of data was imported into ESRI's ArcMap 10.5 GIS program (ArcMap) and
separate water main maps were created for each utility including (among other
things) pipe material, diameter and location. All data sets were either delivered
in, or were converted to, the appropriate State Plane projection for the area of
New Mexico in which the municipality was located. Although the data provided
by each of the four New Mexico water utilities was similar, there were some

differences which are cataloged below.

1.2.2.1 System 1 Data

System 1 provided a GIS database containing its water distribution
network assets. Break data for the periods 1995-2009 was obtained from a
study done by the Southwest Environmental Finance Center (SW EFC) on behalf
of System 1 in 2009. More recent data came in the form of Excel spreadsheet
downloads from System 1's Maximo database. This Excel data was sorted,
reduced to a list of main leak- and break-related work orders, and exported as a
comma delimited “.csv” file containing all of the available work order attribute
data. The exported .csv file was then imported into ArcMap as a table. Each
entry in the imported table had a physical address associated with it representing
the approximate location of the line break covered by the entry. These

addresses were used to assign GPS coordinates to each table entry using the



georeferencing tool built into ArcMap. Once the individual addresses were
georeferenced, the table was converted to a layer file in ArcMap, and the
resulting layer points were associated with distribution system mains by using the
ArcMap “Near” tool which moved them to the closest main. After this association

was completed annual pipe break statistics by material were calculated.

1.2.2.2 System 2 Data

System 2 provided a series of ArcGIS shapefiles cataloging its water
distribution pipe network assets. System 2’s break data, which covers the period
2014 to 2017 came in two forms: 1) a GIS shapefile containing water main work
order GPS points that referenced individual PDF forms containing work order
details by file name, and 2) the work order PDF forms themselves, which
contained all of the work order details. System 2 uses a single form for all water
distribution system work. In order to separate breaks and leaks from other work
orders, the individual PDF forms were combined into a single PDF file and data
including the individual PDF file names was scraped from the combined PDF into
an Excel file using an open-source, online software tool called Tabula (available
at Tabula.com).

Once this Excel file had been created, it was saved as a comma-delimited
.csv file. This .csv file was then imported into ArcMap and joined to the work
order GIS layer file using the work order PDF file name reference field common
to both. This joined attribute data was then sorted and reduced to break and leak

related work orders, after which the points were moved to the nearest main using



the ArcMap “Near” function in a manner similar to that used with the System 1
data. As above, pipe break statistics were calculated after the work order and

pipe layers were joined by intersection and segregated by calendar year.

1.2.2.3 System 3 Data

System 3 provided a series of ArcGIS shapefiles cataloging its water
distribution pipe network assets. System 3’s break data covering the years 2011
to 2016 was provided in the form of a 5-year leak report as well as an Excel
spreadsheet containing water main leak data with addresses. The procedures
performed on the System 3 break data followed the basic outline listed above for

System 1 above.

1.2.2.4 System 4 Data

System 4’s break data came from a copy of their Microsoft Access work
order database (System 4 Work Order Database) covering the period 2015 to
2017. All entries in the System 4 Work Order Database were exported into
Excel, sorted, reduced to a list of main leak- and break-related work orders, and
exported as a comma delimited “.csv” file containing all of the available work
order attribute data. This file was then imported into ArcGIS and the same
procedures detailed above were followed.

Examples of the pipe break statistic tables created with the data above are
contained in Appendix 1 where the “Count_" field represents the number of

breaks per pipe segment.



Chapter 2: The Current State of Water Loss Auditing in the US

To frame the discussion of Pls in this thesis, it is necessary to review
water auditing practices in the US using the M36 methodology and Water Audit

Software.

2.1 The Water Audit is a Mass Balance

Water auditing is an annual, “top-down” analysis used by water utilities to
quantify volumes of water and cost values in various categories.? The audit is a
mass balance: the volume of water entering a distribution system must equal the
volume leaving the system when in-system storage is accounted for. Of the
water that enters a distribution system, most (hopefully) will be transmitted as
intended to customers, some (designated as “apparent loss”) will appear to be
lost water but in actuality is the result of metering or accounting errors, or
incorrect estimates of unmetered water, and some (designated as “real loss”) will
be water that is physically lost through system background leakage, line breaks,
and storage tank leaks and overflows.

Mathematically simplified, the water audit mass balance can be presented

as follows (where each bracketed term represents a volume of water):

2 Water audits are typically completed for a calendar year though a fiscal year timeframe may be used.
The fiscal year option is more convenient when a utility’s fiscal year does not run from Jan 1 to Dec 31
because of the cost accounting elements of the water audit.



0 = [Accumulation]
= [Water Supplied] — [Authorized Consumption]
— [Apparent Losses] — [Real Losses]
Where,

Water Supplied = [Water Produced] + [Water Imported] — [Water Exported]
Authorized Consumption

= [Billed Metered] + [Billed Unmetered] + [Unbilled Metered]

+ [Unbilled Unmetered]
Apparent Losses

= [Unauthorized Consumption]

+ [Customer Metering Inaccuracies]

+ [Systematic Data Handling Errors]
Real Losses = [Main and Service Line Background Losses]

+ [Main and Service Line Break Losses] + [Tank overflows]3

It is generally understood that real losses in a water system will never be

zero. All water systems leak, and it is technically impossible to locate and repair
every leak in a water system. (A. O. Lambert, 2009) This is an area in which
perfection is neither necessary, desirable, nor even attainable as the expense of
trying to stop every system leak would outweigh the savings resulting from the
efforts. Practically, it is a matter of keeping leakage to an economically and

environmentally reasonable and sustainable minimum as defined by the utility.

3 While the Water Audit Software calculates a sum for real losses (CARL), it does not categorize those
losses into its constituent components.
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There are many potential sources of error in the water audit mass balance
calculation including summation errors made by the auditors developing the
various data points, as well as potential errors resulting from the use of Water
Audit Software default values for uncertain volumes such as theft, and systematic
data collection error. Positive system input error and negative system output
error both lead to higher calculated volumes of real loss. Conversely, negative
system input error and positive system output error lead to lower calculated real
loss volumes which can, in extreme circumstances, show up as negative real

loss* - and a signal that significant data error is present in the audit.

2.2 The Current US Water Auditing Legislative Landscape
2.2.1 States That Require Some Form of Water Audit

As of the date of publication water auditing is required for systems
meeting certain size requirements in California, Georgia, Hawaii, lllinois,
Pennsylvania, Tennessee, Texas, Washington and Wisconsin, and in areas of
Delaware, New York and New Jersey under the jurisdiction of the Delaware River
Basin Commission (DRBC). Auditing is incentivized in New Mexico. (AWWA,
2016b) All of these jurisdictions use the M36 methodology and Water Audit
Software with the exception of Washington and Wisconsin which use a modified
methodology and reporting scheme, and Texas which uses the M36

methodology, but has its own reporting software. (AWWA, 2016a)

4 While it is possible that negative real loss could physically result in a case of infiltration contributing to
an extra, unmeasured input, it is highly unlikely that this would occur in a fully pressurized water
distribution system.
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2.2.2 The Water Audit Software only partially meets the Goals of Water Audit
Legislation

The stated goals of the various jurisdictions that require water auditing
vary somewhat but generally “aim to evaluate regional water loss, encourage
utilities to proactively pursue water loss control, and defensibly allocate financial
and educational resources.” (Water Research Foundation, 2015) For example,
the DRBC revised its Comprehensive Plan and Water Code in 2009 “to improve
the quality of information available to both utilities and Regulators.” (Water
Research Foundation, 2015) The DRBC has also stated that “[t]he purpose of
the water audit is to track how effectively water is moved from its sources to
customers’ taps and to ensure that public water systems quantify and address
water losses.” (K.F. Najjar & J.K. Barr, 2016) Indiana’s enacting legislation
refers to disruptions from water main breaks and states that “[rlegular auditing of
water volumes is a necessary foundation for the adoption of cost-effective
strategies to reduce the level of non-revenue water to economically reasonable
levels.” (Indiana General Assembly, 2016) In Hawaii, enacting legislation
requiring water auditing references constitutional requirements to “protect,
control, and regulate the use of Hawaii's water resources for the benefit of its
people,” and further states that “[a] water audit helps a utility understand how
much water is lost from a distribution system through the detailed analysis of
data, which the utility can use to make informed decisions to reduce real or
apparent losses.” (Legislature of the State of Hawaii, 2016) Colorado’s enacting

legislation requires its water resources and power development authority to

12



consider validated water audits before rendering financial assistance to utilities
who apply for it. (“HB 16-1283 - Colorado 2016 Regular Session,” 2016) Finally,
the NRDC Model State Legislation for Utility Water Loss Audits (which is being
considered by several jurisdictions) states that “a water loss audit allows a utility
to identify water loss control measures that can rapidly save the utility money.”
(“Model-State-Legislation-for-Utility-Water-Loss-Audits.pdf,” n.d.)

As will be shown below, these goals are only partly achieved by
completing water audits using the Water Audit Software. While the Water Audit
Software does estimate volumes of non-revenue water (NRW), presents the user
with an approximate scale of their real loss problem through the ILI, and lists
basic actions a utility can take when its ILI is within specific ranges, it only
focusses on real water loss symptoms — not their causes, and provides little

indication where a utility should look to begin to address real losses.

2.3 The AWWA M36 Water Audit Methodology and Water Audit Software
2.3.1 Water Audit Data Entry

The Water Audit Software uses summary data from a water system to
model and graphically display system performance. Water system input and

output data is entered into a Reporting Worksheet (see Figure 1), as are various
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Figure 1: Sample Water Audit Software Reporting Worksheet

Section 2.1

above) of course cannot be determined directly and is calculated by subtracting

the combined outputs, including apparent losses, from combined inputs.

2.3.2 The Impact of Data Entry Errors on Water Audit Results

The accuracy of the real loss volumes calculated by the Water Audit
Software depends on the accuracy of the data entered for the calculations (which
is, of course, true for any calculation). The Water Audit Software uses summary
system data for all inputs and calculations. A single value is input to (or
calculated for) each of the 20 data points that the Water Audit Software uses.

For example, if a system has several metered wells as water sources, it must
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aggregate the annual volumes pumped from all of the wells in order to derive a
single value for system input volume. Similarly, a single weighted average
metering error must be calculated to account for all metering error present in that
summarized input volume. Summarization errors are a common factor of real-
world auditing, and the author’s experience, a source of significant errors in

completed water audits.

2.3.3. Water Audit Results
2.3.3.1 The Water Balance

The Water Audit Software uses the system input data to create a
diagrammatic Water Balance that tracks input volumes through the system, an

example of which is shown below in Figure 2.

Watar Audit Report for; | << Please antor system detalls and contact information on the Instructions tab >>

Reporting Year: {2015 [1/2015 - 1272015
Data Validity Score: |88
Watar Exported Ravonue Waler
filed Watsir Exports
,.___“.!" - Billad Walsr Ex d 5910
Billed Metered Conaumplion (water exportad is
liled Ravermme Water
26,825.158
Aurthorized
Own Sourcos P 25,829,158 Elllad Unmetered Consumplion 26,529,159
(Adjuntad bor knewn 0.000
errara) 27.362.575 Unbiiiad dc . o0 Unbillod Matered Cormumption == HNon-Revenuo Woatnr
28,674.101 34,417 Unbsllied Unmatersd Cansumpion
116,097
Syslom npul Water Suppliod Unautharlsed Consumption LBIR.0ZS
28,674,101 Apparsnt Lossas 10007
28,668.182 g5 Customer Mataring Inaccuracles

o.000

Systemalic Dats Handling Erroes

Watar Losses 75135
Leakage on Transmission and/er ewibution
Water Imported 1.304,007 Maina
Ropi Lowses Not brokem down
4319455 Leakage and Overfiows a1 Utlliny's Sterage
o.000 ! Tanks
Not byskern down

Lawkaae on Sarvics Connactiona
Not broken down

Figure 2: Sample Water Balance showing categorized volumes of system water
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The Water Balance tracks all water from input through output and
categorizes the output volumes broadly as water that produces revenue
(“revenue water” or “RW”) and water that does not produce revenue (“non-
revenue water” or NRW”). RW includes:

e Billed Water Exported — water sold to other systems through metered
connections;

e Billed Metered Consumption — water sold to residential and commercial
customers through metered connections; and

e Billed Unmetered Consumption — water sold to residential and commercial
customers through unmetered connections (the volumes of which must be
estimated).

NRW includes:

e “Unbilled Authorized Consumption” - water the utility knowingly provided at
no cost through either metered or unmetered connections, or water the
utility used in the course of operations (e.g. flushing);

e “Apparent Losses” — water that reached an end user but did not produce
revenue due to meter under-registration, theft, systematic data error or
similar accounting failures, and

e “Real Losses” — water physically lost from the system through main and

service line background loss, breaks, leaks and storage facility overflows.
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2.3.3.2 The Water Audit Software Dashboard

In addition to the water balance shown in Figure 2, the Water Audit
Software provides a dashboard that shows both the volumes and costs
associated with the different categories of NRW based on the operating costs,
variable production costs, and retail pricing information submitted on the
Reporting Worksheet. Samples of the dashboard graphs are shown below in

Figures 3 (cost), and 4 (volume):

AWWA Free Water Audit Software:

Dashboard

Water Audit Report for: << Please enter system details and contact information on the Instructions tab >>
Reporting Year: 2015 112015 - 1212015
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the
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s0%
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vater ngoried Untited Aueh, Cons
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sl Losses sl o b st Vi, o, Con)

Figure 3: Water Audit Software Dashboard - Cost of Non-Revenue Water
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Figure 4: Water Audit Software - Volumes of Non-Revenue Water
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The cost of Real Loss is typically valued at a variable production rate — the
rate to treat the next million gallons of water which typically includes only energy
and treatment costs, and the cost of treated water if water is purchased from
another system - but users can select to use Consumer Unit Retail Cost by

checking a box on the reporting worksheet.

2.3.3.3 System Attributes and Performance Indicators Presented in the Water Audit

Software

The Water Audit Software also includes a tab of calculated system
attributes and Pls (see Figure 5) on which the following values are presented:
volumes for real and apparent losses and millions of gallons per year (MG/YR);
UARL volume in MG/YR (for systems that meet the definitional requirements), an
annual cost of apparent losses and an annual cost of real losses in dollars; NRW
as a percent by volume of water supply; NRW as percent by cost of operating the
system; several operational efficiency metrics including apparent losses per
service connection per day, real losses for per service connection per day, real
losses per length of main per day (for systems with densities of fewer than 32
connections per mile), real losses per service connection per day per PSI

pressure, CARL in MG/YR, and (when applicable) the ILI.
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AWWA Free Water Audit Software:

stem Attributes and Ferrormance Indicato - - - m,; 014, Al Rights Reserved,

Water Audit Report for: |<< Please enter system details and contact on the tab >>
ingYear:. 2015 || 1/2015-1212015 |

*** YOUR WATER AUDIT DATA VALIDITY SCORE IS: 85 out of 100 **

System Attributes:
Apparent Losses: 93.152 |MGIYr

+ Real Losses: 1,211.455 |MGIYr
= Water Losses: 1,304.607 |MG/Yr

Unavoidable Annual Real Losses (UARL): 1,085.42|MG/Yr

Annual cost of Apparent Losses: $380,060
Annual cost of Real Losses: $531,271 Valued at Variable Production Cost

Retum to Reporting Worksheet to change this assumpiton
Performance Indicators:

Non-revenue water as percent by volume of Water Supplied: 6.4%!
Financial:

Non-revenue water as percent by cost of operating system: 2.9%| Real Losses valued at Variable Production Cost

Apparent Losses per service tion per day: 1.22|
Real Losses per servi tion per day: 15.81|
Operational Efficiency:

Real Losses per length of main per day*: NIAJ
Real Losses per service connection per day per psi pressure: \ 0.26|

From Above, Real Losses = Current Annual Real Losses (CARL): | 1211 ,45]mi||ion
Infrastructure Leakage Index (ILI) [CARL/UARL]:

* This indicator applies for systems with a low service ion density of less than 32 service ! ile of pipeline

Figure 5: AWWA System Attributes and Performance Indicators Tab

2.3.3.3.1 CARL — Current Annual Real Loss

As stated above, CARL is simply
Technically Unrecoverable

L
the calculated annual volume of real loss 5008

for the audited System- AS iS Shown in Losses Not Economic To Recover

Figure 6, CARL is understood to consist

Economically Recoverable Losses
of three components: 1) some level of  Figure 6: CARL Components

economically recoverable losses, 2) an additional volume of real losses that are
not economic to recover though their recovery is technically possible, and finally
3) some volume of technically unrecoverable losses. (AWWA, 2016b) The
economically recoverable loss is the portion of CARL that a system can
realistically impact through the implementation of water loss control techniques

and practices. The benefits of real loss recovery or reduction do not only include
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monetary considerations. Viewed through the lens of a “triple bottom line” which
includes financial, environmental and societal considerations, instances may
arise where loss recovery that is not supported by purely financial considerations
will nevertheless be undertaken because it is supported by environmental or
societal considerations (or a combination of all of the above). Thus, a system in
a drought-stricken area under severe supply constraints might be willing to invest
money into real water loss control that exceeds the economic value of the lost

water, while a system in an area where water is plentiful may not.

2.3.3.3.2 UARL — Unavoidable Annual Real Loss

The UARL purports to calculate a theoretically achievable low-level
threshold of unavoidable losses for any utility that meets specific minimum
requirements. Although numerous studies have demonstrated that a multitude of
factors such as pipe materials, size and age ((Patricia Gomez-Martinez,
Francisco Cubillo, Francisco J. Martin-Carrasco, & Luis Garrote, 2017) water and
air temperature covariates (Balvant Rajani, Yehuda Kleiner, & Jean-Eric Sink,
2012) impact water utility line break rates and therefore real loss volumes, the
standard UARL formula® uses only four system characteristics:

days
UARL = (5.4L,, + 0.15N, + 7.5L.) X P X 3657

Where

L,, = main and hydrant lead length in miles,

®> Though originally derived using metric units, this paper uses the Imperial unit version of the
UARL formula presented in the M36 manual.
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N, = the number of active and inactive service connections,

N )
5280ft”’

L. = the total length of private service line = L, X

=~
Il

» = the average (the average length of private pipe in feet),

P = system pressure in PSI.

UARL was developed empirically in the late 1990s “using international
statistics for burst frequencies on mains and service connections” (A.O Lambert,
M. Takizawa, D. Weimer, & T.G. Brown, 1999),% and later tested and validated in
other locations. The size of utilities that the UARL formula can be applied to has
changed somewhat since its creation and continues to expand to smaller and
smaller systems. (A. Lambert, Koelbl, & Fuchs-Hanusch, 2014) The minimum
requirements for UARL calculation per the Water Audit Software as of the date of
publication are: L,, + N, = 3000, and P > 35 psi, and a minimum connection

density of 16 connections per mile. (AWWA, 2016b)

2.3.3.3.3 ILI — Infrastructure Leakage Index

The ILI is the dimensionless ratio between a system’s CARL and UARL:

CARL

L= 3oRL

¢ It is worth noting that Lambert’s original citation for these statistics includes only 2 references —
UK Water Industry, Managing Leakage, Report E: Interpreting Measured Night Flows, WRc,
Swindon 1994, and Hirner, W. personal communication. Report E appears to only include data
from the UK.
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The ILI is touted as the “best indicator for comparisons among systems... best
applied only after sufficient water audit data validity is achieved and all justifiable
pressure management is complete.”” (AWWA, 2016b) In other words, the ILI is a
comparison metric, not a process metric, designed to benchmark performance
between water systems with different characteristics. The standard validation
method for ILI has been to calculate it for well-documented audits in well-run
systems and have the best performing systems fall at or slightly above 1. (A.O
Lambert et al., 1999) At least one major study of water audits in the US
discarded all audits with ILIs below 1 (17.4% of the total) deeming them
‘implausible.” (Water Research Foundation, 2015) This was done despite the
fact that ILIs below 1 are possible, particularly in small systems. (A. Lambert et

al., 2014)

2.3.4 Typical Water Loss Control Activities Undertaken by Utilities

As a practical matter real loss attributable to pipe breaks and leaks can
only be reduced with by lowering system pressure, replacing pipe, and/or quickly
locating and repairing pipe breaks and leaks as they arise. Thus, systems
combating real water loss generally engage in four types of activities:

1) active leakage detection and control

2) optimizing repair activities

" The “after pressure management is complete” caveat is included because of the large weight
system pressure has in the UARL formula and the impact that lowering pressure has on
calculated ILIs. This topic is discussed further in section 3.7.3 below.
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3) pressure management, and

4) system rehabilitation and renewal.

Although activities 2 and 3 can often be undertaken without significant cost
and without identifying specific system problems related to real loss, activities 1
and 4 are best attempted when the system has determined that system breaks,
leakage, and/or deteriorating infrastructure are problems. Unfortunately,
although the Water Audit Software presents the system with a purported
summary volume, and an estimate of the scale of reducible real loss in the form
of the ILI, it does nothing to categorize those losses or indicate with any
specificity what the sources of real losses might be. In other words, when the
system looks at its CARL, UARL, ILI and other Pls after an audit, it cannot
without further component analysis (using for example the tools developed under
WRF Project #4372), determine whether those losses are the result of data error,
background leakage, mains leakage, service line linkage, or, more likely, a
combination of all of the above. Performing a detailed component analysis is the
accepted method of making such determinations and tools exist to do so, but use
of these tools is not mandated in any US jurisdiction that requires water auditing.

The Water Audit Software is an extremely useful tool for any system
investigating real and apparent water loss. It requires a system to calculate
volumes for the various audit inputs, evaluate their policies procedures in data
collection and retention practices in a very systematic way, and presents an
estimate of the scale of the system’s real and apparent water loss volumes. But,

despite its general usefulness, the Water Audit Software has serious deficiencies
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and de-emphasizes the likely error in two of its Pls — namely the UARL and ILI.

These deficiencies are discussed in the following chapter.
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Chapter 3: A Critical Evaluation of UARL and ILI Pls

3.1 The UARL Definition has Changed Over Time and is Not Consistent

While the UARL formula has remained basically unchanged in the past 2
decades, the definition of what it calculates has evolved. There are at least 3
different definitions for the UARL. Lambert originally defined UARL as the “real
losses to be expected in a system with good infrastructure condition,
intensive active leakage control, and rapid and effective repairs of all leaks
and bursts.” (A.O Lambert et al., 1999) (emphasis added) Two slightly different
definitions are presented in the M36 manual. The first indicates that while UARL
is a “reference value” that “does not refer to a specific type of leakage occurring
in the water distribution system” (AWWA, 2016Db) it

“represents the minimum level of leakage that is calculated in a system-

specific manner for a water utility. It represents the theoretical-low limit of

leakage that could be achieved in a system that is well managed and in
good condition at a given average pressure level. (AWWA, 2016b)

(emphasis added)

A few pages later the M36 manual uses this slightly different definition citing the
IWA:

“A theoretical reference value representing the technical low limit of

leakage that could be achieved if all of today’s best technology could

be successfully applied.” (Water Audit Software — Definitions) (AWWA,
2016b) (emphasis added)

While the first M36 definition implies that any “well managed” system in

“good condition” could achieve the UARL results at a given pressure, the later
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definition indicates that this is only achievable by successfully implementing “all

L TS

of today’s best technology.” “Today’s best technology” is certainly vague, and
available technologies vary over time. Does this mean that a leakage level equal
to the UARL is only achievable if a system uses the latest developed tools such
as satellite-based leak detection®, or in-pipe, multi-channel magnetic flux leakage
detection?® Probably not, but the definition is imprecise. This second M36 UARL
definition, which is presented in the Water Audit Software as well, implies a level
of unattainability that arguably discourages attempts to attain water loss
reduction to near UARL thresholds, and implies that those standards are
extremely low, when (as will be shown below) at least with respect to break

related leakage components, the UARL is likely to underestimate what is actually

economically achievable.

3.2 UARL and ILI have Very Limited Application

Over time the UARL and ILI have been applied to ever smaller water
systems (A. Lambert et al., 2014), but the UARL and ILI Pls as generally
accepted are not applicable to the vast majority of US water systems.

2010 US Census data indicates that average household size is 2.53
persons, and, assuming each household equals a connection, a service
population of approximately 7590 is an approximation for 3000 connections (a

rough shorthand for the UARL/ILI threshold). Per 2009 Census data only 3852

8 As has been developed by Hydromax USA and Utilis
https://www.waterassetmgmt.com/pdfs/presentations/s3-3-advanced-leak-detection-technology.pdf
9 See, e.g., Pica Corp’s See Snake tool https://www.picacorp.com/Services/Water-Main-Inspection
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out of 167,833, or 2.3% of US PWSs served populations over 10,000. (US
Census Bureau, 2009) Assuming that all of the 4,684 systems serving between
3,301 and 10,000 persons could meet the UARL threshold that would mean that
numerically, only 5.1% of US water systems can use the UARL and ILI Pls, but
the actual number is likely lower than that." It is worth noting, however, that this

5.1 % of US water systems serves approximately 90% of the US population.

3.3  Mass Balance Theory of UARL vs its Empirical Calculation

As was shown above, CARL (which cannot be metered or measured
directly) is calculated directly using a mass balance approach. The UARL (which
includes background losses and loses due to main and service line breaks) is, in
concept, a component of CARL, but it is not calculated via the mass balance in
the Water Audit framework.'" Instead, it is an estimate using the empirically
derived formula detailed above in section 2.3.4.2.2. Because these two values
are calculated independently, instances occur where a calculated UARL is
actually greater than a verified CARL leading to an ILI below 1 (which certainly
calls the name choice of the UARL into question). The M36 manual indicates
that such situations are indicative of world class water loss controls, when it is

possible that some systems, due perhaps to their construction, maintenance or

101n New Mexico, a relatively rural state, the UARL and ILI can likely only be calculated for approximately
19 of the 632 CWSs in the state — or 3% of the systems.

11 Although it should be possible to derive a volume representing unavoidable background loss by tracking
all loss volumes due to found breaks leaks and subtracting that volume from CARL, leaving a remainder
that represents background losses, the Water Audit Software doesn’t have that capability.
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age, simply have very low leak rates, and the UARL formula simply doesn’t
estimate unavoidable losses correctly in those situations.

In such cases, barring any obvious indication that data inputs are wrong
(such as a negative water loss result) it is difficult to evaluate the accuracy of the
UARL, or to reconcile it with the CARL without performing an intensive, bottom-
up component analysis to calculate real loss volumes based on main and other
system break run times (in other words — continuing and refining the mass
balance exercise beyond the audit itself).

The M36 manual presents the concept of Leakage Component Analysis
(LCA) as a follow-on exercise to the CARL determination and promotes WRF
Project 4372a, and its companion spreadsheet tool the Leak Repair Data
Collection Guide. (AWWA, 2016b) But while the LCA tool itself does a very
good job of standardizing terminology related to leaks so that data collection is
uniform, it too is incomplete, as the only break-related metrics provided look at
system-wide values and obscure useful granular information about the condition
of water distribution network pipe matrixes. Thus, Project 4372b provides a
useful data collection tool, but only provides very basic break-related analytical
tools with the package. Further, it is not mandated in the jurisdictions that require

water auditing.
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3.4  Problems with the UARL Coefficients
3.4.1 There are an overabundance of assumptions underlying the coefficients

The coefficients in the UARL formula are based on break, repair and flow
rate allocations from 20-or more-year-old research, primarily conducted outside
of the US. The UARL formula coefficients contain a series of assumptions about
average break rates, flow rates, and leak discovery and repair time frames which
are categorized as 20 different average allowances tied to three main
infrastructure components: 1) mains and pipelines, 2) service connections from
main to curb stop, and 3) service connections from curb stop to meter.’?> For
each infrastructure component, allowances are broken into three categories: 1)
background (undetectable) leakage, 2) reported leaks and breaks, and 3)
unreported breaks and leaks.

Background (undetectable) leakage is defined as leakage that cannot be
discovered through typical leak detection approaches (e.g., acoustic scans) and
is described as the “weeps and seeps at joint (sic) and fittings that occur at very
low flow rates but may exist pervasively across the water distribution system.”
(AWWA, 2016b) Reported leaks include all leaks that are discovered without
needing to use additional tools to find the leaks (e.g., the water from the leak was
visible on the surface or some other indication of the leak was present)
regardless of who reported the leak. Finally, unreported breaks and leaks are

those leaks that are found by the utility using active leak detection practices and

12 0n its face, the sheer number of allowances would seem to make this formulation suspect when
applied to anything but relatively homogenous systems with minimal differences in material make-up and
pressure.
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technology. A detailed list of the UARL allowances is listed in Table 1 below

which is adapted from the M36 Manual.
Table 1: Component values of UARL Allowances at 70 PSI

Background

Infrastructure (undetectable)

Reported Leaks and
Breaks

Component

Unreported Leaks and
Breaks

Leakage

0.2 breaks/mi/year at 50

e s gpm for 3 days duration

Mains or Pipelines

2.25 leaks/1000 service
connections at 7 gpm for 8
days duration

Service connections,
main to curb stop

0.33 gal/service
connection/hr

Service connections,
curb stop to meter or
property line (for 50 ft
ave. length)

1.5 leaks/1000 service
connections at 7 gpm for 9
days duration

0.13 gal/service
connection/hr

0.01 breaks/mi/year at 25
gpm for 50 days’ duration

0.75 leaks/1000 service
connections at 7 gpm for 100
days duration

0.50 leaks/1000 connections
at 7 gpm for 101 days
duration

Annualized, these allowances equate to the values listed in Table 2 below.

Table 2: Annualized volumes of UARL Allowances at 70 PSI

Background

Reported Leaks and

Infrastructure Breaks

Component (undetectable) Leakage

Unreported Leaks and
Breaks

Mains or Pipelines 74,460 gal/milyear 43,200 gal/mi/year

Service connections,

main to curb stop 2891 gal/conn/year

181 gal/conn/year

Service connections,
curb stop to meter or
property line (for 50 ft
ave. length)

1139 gal/service
connection/year

136 gal/service
connection/year

25,200 gal/milyear

756 gal/conn/year

509 gal/service
connection/year

UARL does not categorize those losses, even though it is based on assumptions
about them. Nor does the Water Audit Software in any clear way indicate to the
user whether those allowances bear any resemblance to typical break and

leakage rates, or what'’s actually going on in the system in question. Further, the
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Water Audit Software does not permit users to alter these assumptions in any

way.

3.4.2 UARL Main Break Allowances Are Likely Too High

While the allocations (and thus formula coefficients) used in the UARL
calculation have remained static, water utility management techniques and leak
detection technologies have not. If, as the definition states, the UARL represents
“a low limit of leakage that could be achieved in a system that is well managed
and in good condition at a given average pressure level,” then the allowances it
is based on should bear some resemblance to the actual break rates and
reasonable best practices regarding leak detection and repair times in the
jurisdiction in which it is being applied. There is, however, evidence that at least
some of these allowances do not correspond well to rates and practices in the
usS.

The UARL allowance for reported Mains Reported Breaks and Leaks is 20
breaks/100 miles/year, or 0.20 breaks/mile/year. This value does not align with
values published in two recent studies from Utah State and other published
values. Further, by presenting a single rate, the UARL does not take into
account that water distribution systems across the US have very different pipe
material matrices, and that these different pipe materials have very different
average break rates. Estimating system break rates monolithically as the UARL

does is simply the wrong way to do the analysis.
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3.4.2.1 How leak categories are defined in various studies

There is no national database of water main breaks or failures. (Blaha &
Zhang, 2016) Further, the various North American studies reviewing water main
failures do not use a consistent definition of failures, with "leaks” being used to
generally include all failures and “breaks” or “bursts” being used for structural
failures. Blaha defines “failure” as "an event that has occurred that requires a
utility to respond to the pipe or pipe appurtenances to address water leaking out
of a pressurized potable water system” and does not differentiate between leaks
and breaks (Blaha, 2016). This broader definition of failures suffices for this
thesis but for simplicity all reported failures that would be classified as “Reported
Leaks and Breaks” by the UARL are referred to herein as “breaks.”

3.4.2.2 AWWA Break Rate Values

The AWWA Partnership for Safe Water posits a break rate of 15 breaks
per 100 miles of mains (or 0.15 breaks/mile) as a goal for a fully optimized water
system which is 25% lower than the UARL reported break rate allowance.

(AWWA Partnership for Safe Water, 2011)

The 2018 AWWA Utility Benchmark document defines a “break” as
“‘physical damage to a pipe, valve, hydrant or other appurtenance that results in
an abrupt loss of water,” and a “leak” as “an opening in a distribution pipeline,
valve, hydrant, appurtenance or service connection that is continuously losing
water.” (AWWA, 2018) While these definitions don’t match the UARL reported

break related allowance definitions exactly, they appear to correspond to the
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UARL category of reported breaks and leaks. For the reporting period 2017, the

combined leaks and breaks/100 miles were as follows'3:

Table 3: 2017 Aggregate data for combined leaks & breaks/100 miles of pipe

75" percentile Median 25" percentile | Sample size Egcgldaﬁ? Count
Water Utilities 4.7 12.5 19.2 41 2.8 26
Combined
Utilities — 1.8 18.2 36.4 76 2.7 53
Water
operations

While the median value of 18.2 breaks/100 miles (or 0.18/mile) for
combined utilities is close to the allowance used for the UARL, the 75" percentile
(arguably a better indicator of “well run” and “good condition”) is 11.8/100 miles
or 0.12/mile — almost half of the UARL allowance. And when one considers the
category of “only water utilities” that number drops to a quarter of the UARL
allowance, though there is no indication why there should be such a large
discrepancy between them. (Tables breaking out leaks and breaks separately

are contained in Appendix 2.)

3.4.2.3 Wisconsin Break Rates

Wisconsin is one of few states that requires utilities to report the number
of main and service line repairs per year. It should be noted that there is no leak
detection requirement, so these values are assumed herein to represent reported
breaks. It should also be noted that the reporting requirement is for repaired

breaks, thus any unrepaired breaks may not be included. Finally, like the AWWA

13 Separate tables breaking out leaks and breaks per 100 miles into separate categories are contained in
Appendix 4. There is no breakdown by pipe material or size.
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benchmarks, breaks are not categorized by pipe size or material or cause. The
data is however worth reviewing. Table 4 summarizes the break data collected

by the State of Wisconsin for 2016.
Table 4: 2016 Wisconsin Main Break Data

The 2016 mean was 0.127 breaks

Total Mean Main Breaks per mile: 0.127 . . .
per mile (very nearly identical to the
Total Median Main Breaks per mile: 0.071
AWWA benchmark 75" percentile), with a
Small System Mean Main Breaks per mile 0.125
Small System Median Main Breaks per mile 0.061 med|an Of 0071 breaks per m||e The
Large System (over 10000) Mean Main Breaks per mile 0.140
Large System (over 10000) Median Main Breaks per mile 0.104 data also ShOWS some dlfference |n

median and mean break rates between small systems (those serving populations
of 10,000 or fewer) and large systems (those serving populations greater than
10,000), with small systems mean break equaling 89% of the large system value
and the median break rate equaling 59% of the large system value. While this
is only representative of a single years’ breaks, the median and mean values are

all significantly less than the break rate allowance in the UARL.

3.4.2.4 Utah State Break Rate Survey Values

In 2018 Dr. Folkman at Utah State University published a study that
surveyed 170,571 miles of water mains in the US and Canada representing
12.9% of the total. (Folkman, 2018)" The failure rate results therefrom are

summarized below in Table 5.

14 This was a follow on to a similar study published in 2012 which had similar findings, though the
rate of Cl main failures increased considerably between the two. Many of the other failure rates
(including PVCs) decreased slightly in the 2018 results.

34



Table 5: 2018 Utah State Water Main Failure Rate Study Results

%"':Z AC cl csc DI | HDPE | PVC | PVCO | Steel | Other | Unknown | Total
Miles | 51589 | 48471 | 4940 | 47595 | 867 | 37704 | 83 | 4765 | 1375 3182 170571
Surveyed
%oftotal | 13% | 28% | 3% | 28% | 05% | 22% | 0.05% | 3% | 0.8% 2%
# 2240 | 16864 | 152 | 2627 878 362 | 680 23803
Failures
Failure | 16 | 035 | 003 | 006 | 000 | 002 | 000 | 0.08 | 049 0.00
Rate/Mile
Weighted

‘}‘;‘?{:ie 0.013 | 0.099 | 0.001 | 0.015 | 0.000 | 0.005 | 0.000 | 0.002 | 0.004 0.000 0.140

Rate/Mile

Folkman’s study, which has by far the lowest median failure frequency of
recent studies “excludes failures due to joint leakage, construction damage, and
service line tapping which the author did not feel were failures of the pipe.”
(Blaha & Zhang, 2016) It also excluded mains below 3” in diameter. These
exclusions do not, however, necessarily require dismissal of the study by this
thesis which focuses on the portion of the UARL coefficients related to main
failures which Folkman’s definition and data appear to fall squarely within. Joint
leakage arguably falls into the background leakage category of the UARL.
Similarly damage due to service line tapping and construction is not
‘unavoidable” — it is induced damage that does not necessarily provide
information about the structural condition of the pipe (i.e., the pipe has not failed
on its own but has been compromised by outside forces).’™ Thus, it does not

seem unreasonable to use the Folkman studies when evaluating the UARL’s

5 While volumes lost from such damage should be accounted for to validate audit results,
repeated construction damage tells a utility much about line location and construction practices in
its area, but little or nothing about its pipe condition.
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reported main break allocations'® even though the UARL main break allocations
may include induced damage.

One would expect a system that is “well maintained and in good condition”
(to use the M36 language) to at least be “average” in terms of typical failure
rates. Assuming a normal distribution, half of the systems providing data to the
Utah State studies would have had failure rates below the average. The
weighted average failure rate for the total quantity of pipe covered by 2018 study
based on pipe material is 0.14 breaks/mile, which is approximately 70% of the
UARL allowance of 0.20 breaks/mile. However, with the exception of Cl and
Other pipe, the average break rates of pipe materials currently in use in the US
are consistently lower than 0.20 breaks/mi/yr. (Folkman, 2012, 2018) This
suggests that unless a US system is predominantly CI, the main break rate
allowance in the UARL calculation is an overestimate.’” Further, if a system is
primarily PVC, as many systems in the Southwest appear to be, that

overstatement could be by an order of magnitude.

16 Even if Folkman’s study does represent an under-reporting, it nevertheless demonstrates quite
clearly that there are different materials used in different US regions, vastly different failure rates
by pipe material, and that these rates also differ somewhat by region.

7 In order to generate a break coefficient equal to that in the standard UARL formula using the
average break rates from the Utah State study, a system has to consist of approximately 70% CI

pipe.
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3.4.2.5 There are Very Different Pipe Matrices in Water Systems Across the US

The Utah State studies demonstrate clearly that: a) there is significant
variation in pipe materials used in distribution systems in different regions in the
US; b) there are significant differences in the average break rates of different
pipe materials; and c) that those differences vary somewhat by region.®

Although it is obvious that the length of pipe surveyed by material in each
region does not represent the typical pipe material make up of an actual system
in those respective regions, it is instructive to use them as proxies for
hypothetical systems with differing materials matrixes to demonstrate the futility
of trying to develop a fixed standard for main line breaks without taking the
materials those mains are made of into account.

The full set of tables is contained in Appendix 3, but by using the length of
pipe material surveyed in each region as a proxy for a hypothetical regional
system pipe material matrix, and then creating a weighted average break rate

based on that makeup the following results:

'8 1t is important to recognize that, like the AWWA Benchmark/UARL comparison, the Utah
State/UARL break rates are also not quite “apples to apples” comparisons. The results of the
Utah break rate studies are average numbers of failures by pipe type across reporting systems,
not a low number representing breaks reported at “well run” utilities om “good condition”. There is
no information regarding the distribution of these failures by pipe type — only an average is given,
with the statement that the data had “considerable scatter.” (Folkman, 2018) Further, Folkman
did not segregate breaks the way the UARL calculation does: into reported and unreported
breaks. As Dr. Folkman put it “Obviously we did not care how the leak was detected.” (Folkman,
email communication, 2018). Thus, there is no way to differentiate reported from unreported
breaks in the Utah break rate study are included in the study. Finally, there is no pressure
information associated with the breaks in the Utah studies. To be conservative the author
assumes that the break rates reported by Folkman are equivalent only to the Mains Reported
Breaks and Leaks component of the UARL.
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Table 6: Hypothetical Weighed Average Break Rates if a System had a Pipe Material Mix Similar to that Represented
by Miles of Pipe Surveyed in Their Region using 2018 Utah State National Average Break Rates

Region Year 2018
9 (Canada) 0.133
8 (CT, DC, DE, MA, ME, ND, NH, NJ, NY, PA, RI, VA, VT, WV) 0.171
7 (AL, FL, GA, KY, MS, NC, SC, TN) 0.138
6 (IL, IN, MI, MN, OH, WI) 0.181
5 (AZ, AK, LA, NM, OK, TX) 0.100
4 (IA, KS, MO, NE, ND, SD) 0.170
3 (CO, MT, UT, WY)) 0.126
2 (CA, HI, NV) 0.107
1 (AK, ID, OR, WA) 0.170
Mean: 0.144
Median: 0.138
Standard Deviation: 0.030
Coefficient of Variation: 20.9

As is shown in Table 6 and Appendix 3, even in Region 6, the region with
the most CI pipe surveyed, a weighted average failure rate for a hypothetical
system with a pipe material mix represented by the pipe surveyed in that region
would be slightly lower than the allowance the UARL formula posits. But in
Region 5 (which includes the state of New Mexico and significantly more PVC
pipe) the weighted average failure rate for the hypothetical system is half that
considered in the standard UARL. This suggests that, while the UARL'’s single
break rate approach may be useful and accurate where water systems are
relatively homogeneous, it may not be as effective in the US where break rates
differ drastically from material to material, and the pipe types used differ from

region to region.
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3.4.3 UARL Main Repair Time Allowances are Likely Too High

The UARL allowance for main break repairs is 3 days for reported breaks.
Assuming that the response times indicated in the WRF Project 4695 Report
(Guidance on Implementing an Effective Water Loss Control Plan), published in
March 2019 are valid, the average high-end response and repair speed for
reported failures ranges from 3.5 to 46 hours (with an outlier of 2-12 days.)
Including the outlier results in a 2.38-day average which is 21% lower than the
UARL repair time allocation, which in turn leads to a 21% reduction in the
reported breaks and leaks allocation (and the real loss volumes associated with
those failures). Without the outlier, the average repair time was 18.72 hours
(0.78 days). This average response time — which is less than a third of the

allowance the UARL formula uses — appears to represent current best practices.

3.4.4 |Inits Current Format, the Water Audit Presents Little to No Actionable
Information for Real Loss reduction

The Water Audit Software is, in a very real sense, an incomplete tool.
States that have required water auditing using the Water Audit Software have
thus adopted an incomplete solution to the problems they are attempting to fix:
namely the reduction of NRW in general and Real Losses in particular. This is at
least partially confirmed by a review of the real water loss per connection values
for the 10 systems that participated in multiple years of the WADI study. As is

demonstrated in the graph in Figure 7 below, only two systems demonstrate
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reduced real loss per connection over the time period.

Sample Real Water Loss/Connection/Year from WADI Data

Set

70000
© —m— Albuquerque Bernalillo County
S 60000 Water Utility Authority
I}
o —@— Augusta Utilities
S 50000
B
Q Austin Water Utility
S5 40000
o <
O 0o
$ © 30000 Birmingham Water Works
e S Board
1%
3 20000 —— DC Water & Sewer Authority
[}
k& 10000
= —@— Greater Cincinnati Water Works
E 0
(O]
o

2010 2011 2012 2013 2014 2015 2016 2017 ®— Halifax Regional Water
Audit Data Year Commission

Figure 7: WADI Real Water Loss per Connection per Year

Of course, real water loss reduction does (for the reasons discussed
above) take time, and it may be that during the time frame covered by the graph
in Figure 7 more focus was paid to bettering data than reducing real loss, or that
the initial years results represent a significant underestimation of real loss.

Nevertheless, the results imply that auditing alone is not enough.

3.4.5 The UARL Does Not Make Any Meaningful Distinction Between Systems
with Varying Break and Repair Rates

Perhaps the biggest flaw in the UARL calculation method is that, by using
fixed allowances for break rates and repair times, it (and thus the derivative ILI)

treats a low break rate system with slow repair time as an operational equivalent
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of a high break rate system with a fast repair time. Assuming identical flow rates,
a system with a 0.02 break/mile/year rate (the current average failure rate for
PVC) could not make repairs for 31.5 days for reported leaks and 505 days for
unreported leaks and still fall within the UARL parameters for the main break
component of the UARL formula, when the standard formula contemplates 3-
and 50-day repair rates respectively for reported and unreported leaks. This
does not make sense. Operational efficiency metrics carry implications with
them. What the UARL effectively implies is that a break rate of 0.20
breaks/mile/year combined with a repair time of 3 days, is equal to a break rate
of .02 breaks/mile/year with a repair time of 31.5 days. While this may be
mathematically true in terms of volume of water lost, it is not an operational
performance equivalence. One cannot reasonably argue that a water system
that takes 31.5 days to repair a reported leak is operating as efficiently as one
that takes 3 days, particularly when (in this hypothetical at least) the former
system is dealing with an order of magnitude more leaks.

But because the actual system break and repair time rates are not
considered in the UARL or ILI metric (nor indeed anywhere else in the Water
Audit Software) a system with a low ILI and a break rate/repair combination of
0.02 breaks/mile/year and an average repair time of 31.5 days could, by the Pls
presented, be given the impression that they have effectively neared
economically achievable perfection despite abysmally slow repair times. This is
not a message that should be sent to utilities. If a 3-day repair time is reasonably

achievable, systems should be presented with that best practice standard to
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determine whether they are limiting their losses to “unavoidable” annual losses -
or at least be made aware that their practices are sub-par. Otherwise systems
that, due to climate, construction or any other variables are inherently less prone
to mains breaks are not being held to the same standard and the UARL is
decidedly mis-named, as there is nothing “unavoidable” about real losses
resulting from sub-standard repair practices.

Of course, simply because a standard exists does not mean it should be
followed blindly in all circumstances. Speeding repair time may increase repair
costs that may not be offset by the value of the water saved and is thus an
economic decision each system has to make for itself. Legitimate economic
arguments for not repairing some leaks quickly can be made. But the value of
the water lost is not the only factor to be considered here. Presenting best
practice standards for comparison can help a system evaluate their operations,
and should they decide for whatever reason not to meet the standard, it creates a
level of transparency about their actions for them, their customers and for

regulators.

3.5 Practical Problems with the Pressure Variable Render the UARL and ILI
Calculations Suspect

Examining the UARL formula presented above in section 2.3.3.3.2, it is
apparent that system pressure is a linear variable, and that it dominates the

calculation. As shown in Figure 8, graphed leakage vs increasing pressure using
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the UARL formula is a straight line.

Sample UARL Calculation at Different Pressures in PSI
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Figure 8: UARL vs Pressure Graph

The fact that pressure is the dominant variable in the UARL formula
presents several problems, not the least of which are that average system
pressure for a water system over an entire year is difficult to calculate, and that
many US systems do not have accurate pressure models. Further, even if
accurate pressure models were consistently available, many systems have
multiple pressure zones that may experience different break rates.

Small pressure miscalculations can have a significant impact on the
resulting UARL value and thus the interpretation of water audit results. Pressure
overestimates increase the UARL value which in turn reduces the ILI, minimizing
the apparent scale of reducible real loss in the system. For example, a 2 PSI
increase in the pressure variable for System 1’s 2015 water audit results in a

3.3% increase in UARL (36.2 MG).
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Lambert states that the “UARL consists of [unavoidable background
leakage] plus losses from detectable Reported and Unreported leaks and bursts.”
(Lambert, 2009). In other words, the linear UARL is comprised of two basic
components — background leakage and leakage resulting from service line and
main breaks.’® But, despite the fact that both background losses and the losses
due to pipe failures have been demonstrated to follow power laws with respect to
pressure, the UARL formula is linear and does not present a simple way for

systems to accurately compensate for higher or lower pressures based on the

break types they most commonly experience.

3.5.1 The UARL’s Background Leakage Component

Lambert’s formula for unavoidable background leakage (UBL) which has
been adopted in the M36 Methodology follows a power rule with respect to

pressure:
gal . 1.5
UBL thousanda = [(0.20 x L,;,) + (0.008 X N,.) + (0.34 X L.)] X (P,,/70)

or
gal
UBL <th0uscmd —)
yr

=[(0.20 X L,;) + (0.008 X N,) + (0.34 x L,)] X (P,,/70)~5 x 365d

/yr

19 The formula for estimating background leakage that is adopted in the M36 Manual is not included in
the Water Audit Software.
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A comparison of calculations of background leakage using the UBL
formula and the background leakage portion of the UARL formula for systems
with meters located at the curb stop (i.e. where there is effectively no private
service line between the curb stop and meter as is typical in New Mexico)
however, shows that while in a range of 70 to 80 PS| average system pressure
the two values are within roughly 5% or less of each other. As pressure exceeds
80 PSI the gap between the values increases substantially.

For example, Figure 9 below shows the variance between UBL and the
background component of UARL for a system with Lm = 1258, Nc = 56842 and L.
= 0 at pressures ranging from 58 to 139 PSI. This example is based on the
characteristics of Ashville, NC, which runs at a reported average pressure of 138

PSI and was taken from the 2016 WADI Data Set.

Comparisons of UARL, Background Leakage Component of
UARL and UBL Volumes at Different Pressures in PSI
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Figure 9: Comparison of UARL, Background Leakage Component of UARL and UBL Volumes at Different Pressures in
PSI
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Thus, if one assumes the UBL calculation is valid, the UARL systematically
underestimates background leakage at pressures over 70 PSI.

Reported average operating pressures vary widely in the audit sets
obtained for this study but a review of Tennessee data is informative. In the
Tennessee 2016 audit set, the average reported operating pressure of the 255
systems for which a UARL could be calculated was 81.3 PSI, and fully 177 of the
systems reported average operating pressures over 70 PSI, with the average
pressure in this group being 125 PSI. Thus, there would be significant variations
between the two background leakage calculations for almost 70% of the audited
systems in Tennessee.

A comparison of calculated UBL values and calculated values of the
background component of UARL for all of the systems in the 2016 Tennessee
data set for which a UARL can be calculated at their reported average pressures
showed an average difference of 8% with a maximum difference of 29%. (See
Appendix 4).

3.5.2 The Break-Related Leakage Component

Leakage volumes (L) can vary with pressure (P) according to power laws
where L varies with PN'. (Thornton & Lambert, 2005) However, with leakage
from reported and unreported breaks N1 typically ranges from 0.5 to 1.5 with
circular holes and ring cracks at the low end and variable length splits (such as
might occur in flexible plastic pipe) at the higher end, but can be as high as 2.5.

(A. O. Lambert, 2009)
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But, despite the fact that the UARL is a combination of background loss
that can be calculated using a formula that scales with pressure to the power of
1.5, and failure-related volumes that may scale with pressure anywhere from the
power of 0.5 to 2.5 or more, the UARL formula assumes that a conglomeration of
the background and failure related leakage will be linear with mixed pipe
systems. (A. O. Lambert, 2009) While this assumption may be valid in many
cases, it may not if the system in question is not running at or near the reference
pressure of 70 PSI, if the system pipe isn’t as “mixed” as Lambert contemplates,
or if the majority of a system’s break related real losses are the result of higher

power value failures such as variable length splits.?°

3.6 Possible Error is De-emphasized in Water Audit Software
3.6.1 Data Validity Grading is a Poor Proxy for Confidence Levels or Value Ranges

Despite the fact that statistical methods for reducing error in the Pls exist
(B. Babi¢, M. Stani¢, D. Prodanovi¢, B. Dzodanovi¢, & A. Duki¢, 2014),m the
Water Audit Software does not present a quantitative assessment of data
accuracy in the form of a confidence level and/or error range. Instead, data
accuracy in the Water Audit Software is communicated qualitatively through a
Data Validity Score (“DVS”) which (in theory at least) “reflects the extent to which
the water utility employs best practices in collecting, managing and analyzing

water audit data.” (Andrews & Water Research Foundation, 2016)

20 For example, in 2016 41% of System 3’s main breaks involved lateral splits on plastic pipe.
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The PI tab of the Water Audit Software (Figure 5 above) lists a composite
DVS (some value out of 100) which is a weighted score based on individual data
grades of 1 to 10 given to each data input in the system’s water audit. (A full list
of the criteria is attached in Appendix 4 in a format developed by the SW EFC.
While the format is slightly different than that presented in the Water Audit
Software, the content is identical).?’

The accuracy of all of the Pls calculated by the Water Audit Software is of
course impacted by any input data error, because the Pls are generated using
the volumetric data, costs and infrastructure information entered the Reporting
Worksheet. But the existence of this error is only cursorily acknowledged in the
Water Audit Software through the qualitative DVS.

While the choice to use DVSs appears to have been made with good
intentions, it is problematic for a number of reasons. First, while a high DVS
would tend to imply a high degree of Pl accuracy and a low DVS would indicate a

low degree of Pl accuracy, the individual data grades are highly weighted toward

21 “When the first version of the AWWA software was developed (around 15 years ago) the
AWWA water loss control committee discussed whether 95% confidence intervals should be
included or not. Unfortunately it was decided against it.” (Liemberger, 2019)

Per the AWWA M36 Publication Subcommittee Chair, “The AWWA Software Subcommittee felt
that confidence intervals (a statistical method) were deemed to be [too] mathematically complex
and abstract for use in USA water utilities where many thousands of water utilities are small
systems with limited staff time and limited funding to hire consultants if that is what they believed
was needed to compile the annual water audit.

The data grading capability (grades 1-10) and Data Validity Score (DVS) (scale 1-100) were
designed to be simple to employ, particularly since written grading criteria was included in the
Software. Also, the criteria is "process based" and provides a direct link for the water utility to see
what additional actions they can take for any water audit component to improve the validity and
grading. In this way a dual focus on data quality and process quality is emphasized.”(Kunkle,
2019)
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automated systems (with no clear indication why the data so produced is
necessarily better) and some of the categories contain confusing or apparently
contradictory criteria. Where default values are permitted (for example for loss
volumes related to theft and systematic data errors) systems are automatically
given a data grade of 5 for choosing the default value.

The Water Audit Software thus incentives the adoption of default values
by systems who don’t have accurate data for these data points by automatically
assigning a data validity grade of 5 out of 10 for any default value used while at
the same time obscuring the potential error that may thus be induced into the
audit results. Further, a review of the data grading scheme quickly reveals that
there is no direct correspondence between qualitative DVS and any quantitative
error range or confidence level. Thus, one cannot say that a DVS of 60 equates

to a confidence level and/or error range of “x”, while a DVS of 80 equates to a
confidence level and/or error range of “y.” Of the at least 14 commercially
available software packages available for water auditing, the Water Audit
Software is the only one to take this qualitative approach. (Water Research
Foundation, 2014) Thus, possible insight that utilities could gain from displayed
(or acknowledged) confidence levels in the Water Audit Software appears to
have been traded for ease of use and adoption.

The DVS is a qualitative proxy for confidence level, but an imperfect one.
A 2015 WREF study found that "utility self-scoring of data validity does not actually

capture true data validity,” and that audits with implausible data had a higher

average score than audits with plausible data. (Water Research Foundation,
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2015) Although the DVS does shed light on the likely accuracy of the Pls
presented by the Water Audit Software, it is vague, and the way the Pls are
presented (as values without acknowledging that, due to uncertainty in the
underlying data, they are actually within some undetermined range of values) the

Pls implies an accuracy that is lacking.

3.6.2 Likely errorin Pls is Glossed Over by the Water Audit Software

As presented in the Water Audit Software, the ILI appears to give the
system being audited specific information about the magnitude of its real water
loss problem. The ILI is presented to two decimal places giving the Water Audit
Software user an impression of extreme accuracy when, given the vagaries of
the underlying calculations, the standard UARL may be off by up to + 15% when
compared to a UARL calculated using system specific break, flow and duration
data and the CARL itself may be off by as much as £20% when ILIs near 1 are
calculated. (A. O. Lambert, 2009) The ILI (CARL divided by UARL) compounds
these errors. Using a sum of squares approach this results in a possible error
margin of +25%.

The ILI is a comparison metric, but if one is trying to rank systems by ILIs
that have an unquantified error the results are bound to be inaccurate. If there
are penalties associated with not meeting certain ILI targets, the obscured error
may lead to inequity in the application of legal standards. For example, if a state

uses hard cut offs for performance, such as Texas with its minimum ILI
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requirement of 3, a calculated ILI of 3 could in reality be as high as 3.75 or as low
as 2.25, potentially allowing some systems that haven't really met state

requirements to “pass” and others who have, to “fail.”

3.7 Additional Problems Associated with the ILI
3.7.1 The llLlis Frequently Misused in Practice

While the ILI was designed to be used as an international comparison
metric, in the author’s experience it tends in practice to be used by many utilities
and water loss consultants as a shorthand for audit results and system
performance. Because (as will be shown below) real loss reduction due to
pressure management may not show up in the ILI this misuse of the PI can

obscure real progress made in real loss reduction.

3.7.2 Metering Error Problems Can Skew Results

Metering error (particularly on system input master meters) can pose a
significant problem in water auditing, because of the manner in which real loss is
calculated. A review of US audits, (including those validated water audits in the
AWWA'’s WADI data set), demonstrates that metering error, both on system
inputs and outputs, is a significant issue in the United States. Such errors make
much of the volumetric data supplied to and calculated by US audits unreliable
and will likely continue to do so. If the volumetric data is unreliable, so are the

Pls generated using that data, and comparing or ranking systems by their ILI
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becomes problematic. Even in the WADI data set, which includes only Level 1
validated water audits with data validity grades above 50, the primary suggestion
for audit improvement in almost all cases relates to improvements in source
metering practices and procedures. For example, the 2017 WADI data (covering
the audit year 2016) which includes 16 audits with an average data validity score
of 80, offers up “Volume from own sources” or “Water imported” as Priority Area
#1 for most of the audits. Priority Area #2 is dominated by “Customer metering

inaccuracies,” “Billed metered” values and “Unauthorized consumption.”

In other words, despite high individual data validity grades, and high
overall data validity scores, accurate system input and output metering is actually
a significant issue with many, if not most US water audits. This lack of reliability

suggests that other, non-volume related, Pls may be needed in the Water Audit

Software.

3.7.3 Utility Real Loss Prevention Actions Taken Don’t Always Show Up in ILI

Though the ILI is “best applied only after sufficient water audit data validity is
achieved and all justifiable pressure management is complete,” (AWWA, 2016b)
there is no way to indicate in the Water Audit Software that pressure
management is complete, or that it has even been attempted. One could make
the argument that an ILI should not even be displayed until a system has
affirmatively indicated that pressure management activities are complete, or that
there should be a warning that the number should be not be relied upon unless
pressure management is complete. Instead of highlighting this issue, the

definition section of the Water Audit Software leaves the caveat out, stating only:
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“The ratio of the Current Annual Real Losses (Real Losses) to the Unavoidable
Annual Real Losses (UARL). The ILI is a highly effective performance indicator
for comparing (benchmarking) the performance of utilities in operational
management of real losses.” (Water Audit Software, Definitions)

This is problematic because pressure related real water loss control
activities may not be reflected in the ILI. If, for example, a system reduces
average system pressure in order to reduce real loss, there is the possibility that
the actual reduction in real losses that result from the pressure reduction will not
be captured by the ILI simply because the UARL and ILI must both be
recalculated at the lower pressure. Because pressure reduction typically results
in lower real loss, and the UARL is calculated independently of the mass balance
and is highly influenced by the pressure variable, reduced system pressure will:
a) likely reduce real loss captured in the mass balance CARL, but b) also, reduce
the total value of the calculated UARL. Thus, both the numerator and the
denominator in the ILI will be reduced. This can in some instances result in no

change in the ILI, or even a higher ILI value after pressure reduction despite a

reduction real loss, which gives the impression of decreased performance.

3.7.4 Artificially Low Calculated ILIs May Disincentivize Water Loss Control
Activities.

The UARL (or denominator in the ILI ratio) purports to calculate a
theoretically achievable low limit of loss for the system being audited. Thus, a
water system with an ILI value near 1 (in other words when real losses are close
to equal to the calculated UARL), appears to have reached the attainable low-

level of real water loss. An ILI value of 1 would seem to indicate perfection, and
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is likely to signal to any system receiving such a score that further attempts at
water loss reduction will either be pointless or at least not cost-effective — even if
that indication is untrue, and despite that fact that the ILI is not meant to be a
performance metric. If the UARL formula does systematically underestimate
economically achievable low leakage levels (by for example using break and
repair time allowances that are too generous), it is essentially setting the water

loss control bar too low.

3.7.5 ILIs Below 1 are Common

While ILIs typically range between 1 and 10, lower ILIs are possible. (A.
Lambert et al., 2014) Approximately 18% of the water audits reviewed by the
author for which a UARL value can be calculate have ILI values below 1,
sometimes significantly so. And while many reviewed results can be attributed to
data error (as evidenced by impossible results such as negative water loss) it is
possible that many of these results are valid.?? Recent studies in Austria have
shown that valid ILIs below 1 are realistically possible to achieve economically?®
particularly in smaller systems or systems where leaks tend to surface quickly.
(A. Lambert et al., 2014) Further, as Table 7 demonstrates, the AWWA'’s own

WADI data set, which covers a 5-year period and includes only Level 1 validated

22|t is worth noting that some reviews of water audits (including one done by the EPA) simply discard all
ILI values below 1 out of hand deeming the results implausible. This may be due to the methodology used
by Lambert et al to validate the ILI which essentially involves choosing “well run” systems engaged in
active water loss reduction activities, auditing them and taking an ILI value near (but above) 1 as
confirmation that the UARL formula is valid.
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audits that have undergone some basic scrutiny, has a significant number of

systems with ILI with values near or below one.

Table 7: WADI Data Set ILI Values

Year Total Systems Systems with % of Systems Systems with ILI % of Systems
Participating ILI<1.2 with ILI 1.2 <1.00 with ILI < 1.00
2016 16 3 18.8 1 6.25
2015 29 5 17.2 3 10.3
2014 33 2 6.1 1 3.0
2013 26 1 3.8 1 3.8
2012 26 4 15.4 1 3.8

Further, the 2018 AWWA benchmarks show a median IL| of 1.48 and a
75™ percentile value of 0.90. (AWWA Benchmarks, 2018). All of these point to
sub-ILIs being less of an exception, and becoming instead, a more common
occurrence, particularly as more states mandate auditing, and more systems
engage in water loss control activities. The lower the ILI boundary goes, the

more confusing the meaning of that Pl gets.

3.8 Impact of Alternate Break and Repair Allowances on the UARL and ILI

One could argue that the UARL should use a weighted average break rate
allowance (WABRA) based on low level break rates for the types of pipe in a
given system (and only use a monolithic value when that pipe makeup is
unknown), and that incorporating best practices for repair times would also help
recalibrate the formula. The concept of a system specific UARL calculation is not

a new one?* and modifying the standard UARL formula to reflect WABRAs and

24 Allan Lambert developed and distributes an excel worksheet that a system can use to develop
system specific coefficients for the UARL calculation — but it has never been included in the
Water Audit Software and is only referenced in the M36 manual. A SSUARL calculation may have
been omitted for convenience — to make the audit process as simple as possible to encourage
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best practice repair time could have a dramatic effect on the UARL, but the ability
to make such calculations has been left out of the Water Audit Software.
Incorporating a WABRA approach to the UARL would arguably present a
more accurate representation of what a “well run” system “in good condition,”
with the pipe matrix it has in place, could achieve, particularly if combined with
repair time allowances that reflect current best practices. This in turn could
provide a better estimate of the value of lost water falling between the actual
CARL and the hypothetical UARL. But all of the other flaws in the UARL
calculation as presented in the Water Audit Software remain. There are many
other assumptions, there is no real indication of the likely error in the calculated
Pls, and the resulting improved Pls still would not be actionable. All one would
have is a theoretically slightly better approximation of the scale of real loss with

no clear indication where it was coming from, or what to do about it.

widespread adoption; or because the SSUARL calculation was deemed close enough for its
purposes. Mr. Lambert has indicated that a SSUARL is unlikely to differ from the standard UARL
calculation by more than 20%, but 20% is significant.
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Chapter 4: Proposed Alternatives to the Current Water Audit Approach

4.1  Adding Component Analysis will make the Water Audit Software more
useful

The best way to validate water audit results is to perform a bottom-up
leakage component analysis (LCA) in which leak and break event data (along
with data about flushing and other activities) is analyzed and compared to the
water audit results, but there are no LCA fields in the Water Audit Software and it
is unclear how many systems actually engage in component analysis because it
is not mandated.

Should systems choose to perform an LCA, the tools developed in WRF
Project 4372 do calculate estimates of break related and background loses, and
compare total main line frequency failures to rates of 15 and 25 breaks/100
miles/year discussed above in order “to make this determination more valuable.”
(Water Research Foundation, 2014) But these comparisons also fall short in their
effectiveness because, despite the fact that the data for more granular analysis
can be collected with the WRF Leak Repair Data Collection Guide, the LCA tool
only provides an analysis looking at leaks and breaks as a monolithic value,
when breaks are not typically uniformly distributed throughout a system,
particularly a system that has mixed pipe materials of varying sizes. Thus, a
useful granular level of analysis, and related Pls are missing.

The WRF Component Analysis Model also collects repair time data and
contains a “What if” tab that allows systems to determine the impact of

shortening leak location and repair times — but it does not present a standard

57



best practices value against which current repair times can be evaluated, and it is
not mandated.

Systems that track operational data, particularly break and repair time
data, are the position to make data driven decisions with that data. Facilitating
comparisons of break rates and repair times to a regional or national standard by
modifying the Water Audit Software would let systems know how their
performance compares to that of other systems, and also present evidence of
best practices that could be adopted and implemented. Including LCA data entry
fields relating to a system’s pipe matrix with the Water Audit Software itself would
encourage (or in some cases force) data collection and would enable the
calculation of additional useful Pls for systems to evaluate their performance and
audit results by, thus rendering the Water Audit Software a more practically

useful tool for real water loss analysis.

4.2  Incorporating Pipe Failure Rates into the Audit will Provide Actionable
Information
4.2.1 Activities that Reduce Water Loss

As was stated above there are 4 basic actions a system can engage in to
reduce real water loss: active leakage detection and control, optimizing repair
activities, pressure management and system rehabilitation and renewal. But
there are no Pls in the current form of the Water Audit Software that address
such actions directly. In and of themselves, neither the UARL not the ILI

provides any guidance for systems to engage in these activities except
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(assuming against the evidence) that if the UARL is correct it provides a low level
target volume with which a system can evaluate the cost of potential water loss
control activities and compare them to the value of the water to be saved by real

loss reduction.

4.2.2 Actionable vs Non-Actionable Information

In the near short-term many, if not most, water systems are stuck with
what they have in the ground. While simply replacing all leaky pipe in a system
might be a laudable goal, it is usually not economically possible (or prudent) and
given that the current US pipe replacement cycle is about 125 years (Folkman,
2018), not very likely. Pinpointing and replacing leaky pipe, reacting quickly to
breaks, and (where possible) reducing system pressure are, however, the
quickest ways that a system can make an immediate impact on its real losses.

The inclusion of a break rate and repair time index Pls in the Water Audit
Software would provide additional clarity regarding the sources of the real water
loss by introducing a basic element of component analysis into the audit, and
would in many cases provide actionable information that points to potential
solutions in a way the current Pls do not. Such Pls would also provide systems
with feedback that could be immediately acted upon and provide them with a
high-level validation of their CARL calculation. If the audit can demonstrate that
a system is not completing repairs in a reasonable time frame, it immediately
presents an action item (more timely response) that any system can act upon,

and that is guaranteed to produce positive results by reducing water loss if acted
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upon. Similarly, if an audit could demonstrate that a system has high failure
rates in one or more classes of pipe, the system would have information with
which to begin formulating a plan to address those specific pipes, either through
increased leak detection, or strategic pipe replacement.

Further, by including this data as part of an audit, State authorities who
collect water audits could build a better picture of failure rates, repair times and
real water loss in their jurisdictions and could use that information to develop
standards and/or allocate funding resources. Collection of this data by states
would also create a database of information that would lead to regularly updating
the average break rates by material. Finally, if it can be determined that
normalized break rates for large and small systems are comparable, these
indexes would be valuable to, and could be calculated for, systems of any size —
thus overcoming another of the UARL and ILI Pls limitations. If the rates are
determined to be different, the Pls could be calibrated for systems of different

sizes.

4.3 Alternative Performance Metrics Based on Component Data: Break
Rate Index and Repair Rate Index for Mixed Pipe Systems

It is suggested that dimensionless index Pls based on system main break
rates and repair times, instead of real water loss volumes, may be more
practically useful (and possibly more universally applicable) to US water systems
at this time than the UARL and ILI. Such Pls would not be based on potentially

suspect volumetric data and could thus be used to help interpret the audit results
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that are based on volumetric data. Such Pls would not only allow systems to
compare themselves to other systems, but would (if relevant data were
systematically collected and analyzed) be helpful for developing local, regional,
national and/or international standards related to failure rates and repair times
which could in turn be used to calibrate, validate, or invalidate the UARL and ILI.
Further, such Pls actually would be useful as comparison metrics AND process
metrics. They would let systems compare their actual performance vis-a-vis
breaks and repairs with other water systems, while at the same time giving them
specific information about aspects of their system that contribute to real water
loss — namely how often their mains are breaking, which types of pipe are
breaking, how quickly they repair those breaks, and whether their leak detection
and pipe replacement strategies are working — something that neither the UARL
nor ILI can do. If systems reduce and rapidly repair breaks and leaks, real water

loss reduction naturally follows.

4.3.1 BRI -Break Rate Index

A Break Rate Index (BRI) is proposed consisting of the dimensionless
ratio of a system’s annual main break rate divided by a weighted average break
rate factoring in that system’s material make up and national or regional break
rate averages:

System BRI = (TBl) - WABR
ystem =\am)

Where:

TB, = total number of main breaks occurring in system in last year
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MM = total miles of mains in system
WABR = weighted average break rate for your system [(ACBR X AC) +
(CIBR x CI) + (CSCBR x €CSC) + (DIBR x DI)+ (PVCBR x PVC) +
(SBR xS)+ (0OBR x0)] + MM
And:
AC = miles of asbestos cement pipe in system
CI = miles of cast iron pipe in system
CSC = miles of concrete steel cylinder pipe in system
DI = miles of ductile iron pipe in system
PVC = miles of polyvinyl chloride pipe in system
S = miles of steel pipe in system
O = miles of other pipe in system
As of the date of publication the values for the various material break rates (taken

from Folkman, 2018) are as follows:

ACBR = 0.104
CIBR = 0.348
CSCBR = 0.031
DIBR = 0.055
PVCBR = 0.023
SBR = 0.076
OBR = 0.124

The break rates values listed above were used for the system specific
calculations in Section 4.4 below.
In addition to the System BRI, individual material BRIs for each of the 7

pipe materials listed above are calculated as follows:
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annual # of breaks for pipe material
miles of pipe of that material in the system

Material national average per mile break rate

Material BRI =

The system BRI and

Sample 2015: System and Material BRIs

Steel:
25.0

individual material BRIs

20.0

are displayed using a

15.0

Entire

Cast Iron:
System:

radar graph giving the
system both an overall
visual snapshot of their

system wide break rate

PVC: Duct\\.e Iron

compared to national

averages, and individual

Asbestos
Cement:

BRI values by material. e Brcak Rate Index (BR) Average Break Rate Index Value
(See Figure 10) Figure 10: Sample BRI Radar Graph
Companion graphs comparing the percentages of distribution system pipe
broken down by type, and the percentage of system breaks for each pipe type
along with a theoretical number of breaks calculated using national average
break rates will aid systems in the interpretation of their BRI values. Examples of
these graphs are included in Section 4.4 below.

From such graphs a system would be able to determine for example, that
their system BRI was below the national average, but that they have higher than
average break rates on specific types of pipe; or that a high break rate is

associated with specific diameters of pipe that is not likely to result in significant
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water loss. This is actionable information because it points the utility to the types
of pipe that are causing the most problems instead of merely verifying that a real
loss problem exists.

For smaller systems, or for a longer term of analysis, the basic BRI

formula could be modified to use an n-year rolling average of system breaks:

TB,
nyears
MM

BRI, = + WABR

Where:

BRI, = BRI value for the time period covering n years

TB,, = total number of main breaks occurring in system in last n years
and all other values are the same as above. Using a 5-year rolling average
would allow for smoothing of break rates over time, particularly in very small
systems where a few breaks in the course of a year could drive the annual break
rate to an extremely high level that is not representative of longer-term trends.

Using a material based weighted average national break rate for the BRI
denominator would ensure a) that the break rate standard would not be set
unrealistically high, and b) that systems would not be penalized for simply having
a distribution system made up of more break prone materials — such as Cl or DI.
The calculation would only consider what they actually have in the ground. If,
over time, significant regional differences in material specific failure rates were
demonstrated to exist, national averages could be replaced by regional

averages.
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Of course, the BRI will not show a utility exactly which piece of pipe to
address, but it will give the utility a frame of reference within which to evaluate
the different types of pipe in their system and it can be done without a GIS
analysis using a simple spreadsheet (though GIS, of course, makes the analysis
easier and would help a system pinpoint the specific sections of pipe in any

material class that need attention).

4.3.2 RTI - Repair Time Index:

The companion to the BRI is a Repair Time Index (RTI), a dimensionless
index consisting of an annual average system repair time in hours, divided by an

agreed upon repair time standard, also in hours:

RTI = 28L
RTS

where
ART = Average system repair time in hours, and

RTS = Repair Time Standard in hours.

An RTI of 1 would indicate

Best Practice vs System Repair Time Index

12

that the system is meeting the

established best practices repair

0.8

time standard, and could be

m Best Practice RTI
0.6
m System RTI

Repair Time Index

presented either as a simple index

0.4

value or be accompanied by a
) . Figure 11: Sample Repair Time Index Graph
simple bar graph where the national

average index value is 1, and the
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system value is presented next to it for greater visual effect as shown in Figure
11.

Two values suggest themselves for the initial RTS value. The first of
these is 72 hours (3 days) based upon the 3-day repair time used in the creation
of the standard UARL equation. This value, however, does not appear even
close to best practices currently observed in the US. It is suggested that the
18.7-hour best practice repair time identified above in Section 3.4.3 above be

designated as the initial RTS value.

4.4 Analysis of 4 New Mexico Systems Using Proposed Performance
Metrics

To demonstrate the usefulness of the proposed BRI and RTI and their
interpretive graphs, data from 4 New Mexico water systems was analyzed and
the results of this analysis are presented below. System 1 includes data
covering several years. The remaining analysis focuses on a single year per

system.

4.4.1 System 1:

System 1 has a long history of water auditing. For the period 1995 to
2003 (well before the implementation of its Asset Management Plan) the

weighted average break rate allocation for System 1 based on its actual pipe
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material makeup, and the average national break rates reported would have
been 0.196 breaks/milyr, effectively the same value that the UARL contemplates.
System 1’s break rate during the 1995 to 2003 period was driven almost
entirely by a small amount of Steel pipe breaking at far greater rates than the
nation average. However, nothing in a standard water audit would have provided
System 1 with this information. Instead, a relatively sophisticated GIS analysis
was used by the Southwest Environmental Finance Center (SW EFC) to
demonstrate that Steel Pipe was the major component in System 1’s breaks.
Similar results could have been found using a spreadsheet of basic break
data that included information about the system’s pipe matrix breakdown, the
pipe material being repaired, the leak report time and data, the leak isolation or
repair time and date, and the BRI Pl as will be shown below using data from four
time periods: 1995-1999, 2000-2003, 2004-2009 and 2017. Note that the miles of
distribution system pipe that were analyzed in each successive period increased

from 2553 in the period 1995-1999 to approximately 3245 miles of pipe in 2017.
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4.4.1.1 BRI:

The graph in Figure 12 clearly demonstrates that over the 1995-1999
tlme frame Whlle SyStem 1,S System 1-1995-1999 BRI Radar Graph

total weighted average break Asbestos Cement:
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rate was significantly lower

8.0

than the national average for e syt 52 Cast & Ductile
. Iron:
4.0
a system with its material 0.2
2.0
. . 0.4 0.1
matrix (the System BRI is 0.4) oS
02 11
including extremely low break
Steel: 7.2 Other:

rates for Cl and PVC, its
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Figure 12: System 1-1995-1999 BRI Radar Graph

Steel pipe break rate is more

than 7 times the national average. The interpretive graphs in Figures 13 and 14

reinforce the BRI graph indicating that 5% of the System 1 network (the Steel

pipe) accounts for 49% of the breaks. They also show that during this period

System 1’s Cl break rate was very low compared to the national average.
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Using summary data from the period 2000-2003 we get the results shown
in Figure 15.

These

System 1 - 2000-2003 BRI Radar Graph
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Figure 15: System 1 - 2000-2003 BRI Radar Graph
despite an 11%
decrease in the amount of Steel pipe in the system. It is easy to determine from
comparisons of the two radar graphs that a) the overall break rates went up
slightly, and that the Steel pipe remained the biggest problem despite the
removal of some Steel pipe from the system. As is shown by Figures 16 and 17

the Steel pipe only made up 4% of the system, it represented 40% of system

breaks during this time frame.
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For the period 2004-2009, after which System 1 had the results of the
initial SW EFC break data study covering the period 1994-2003, System 1 began
to make serious headway on removing the leakiest sections of steel pipe. The

System BRI had
System 1 - : 2004-2009 BRI Radar Graph
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decreased slightly & Concrete
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hand were on the
Figure 18: System 1 - 2004-2009 BRI Radar Graph
rise, but as shown by
Figures 19 and 20,
PVC contributed a very low number of breaks to the total. Figures 19 and 20

also demonstrate that System 1’s low system break rate was driven primarily by

low Cl break rates.
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System 1 - 2017 BRI Radar Graph
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Figure 21: System 1 - 2017 BRI Radar Graph
System 1

continued to have a lower than national average break rate for the entire system,
its System BRI had increased to 0.7. This value was still well below a weighted
national average and is a single year value that may not be indicative of longer-
term trends.

While System1 continued to make progress removing break prone Steel
mains between 2009 and 2017, Figure 21 shows that the Steel BRI increased in
that period, having almost tripled since 2009. Figure 22 shows that Steel pipe

only made up 1.4% (46.45 miles) of the system in 2017 but was responsible for

74



21.4% of main breaks. Figure 23 demonstrates that System 1’s low break rate

is still driven predominantly by low CI break rates.
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However, System 1 is reportedly currently replacing mains at a rate of
>2% per year and it is not unreasonable to believe that all 46 miles of Steel pipe
(or some other sections of Steel and other leaking pipe that are in worse shape)

could be removed in a relatively short period of time. Such changes made over
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time eliminating that Steel pipe would also be plainly evident in the BRI radar
graph as the Steel pipe category would disappear.

Tracking breaks by pipe type and combining that information with system
pipe matrix information as shown above in the BRI calculation would have
produced similar results to the GIS analysis done by the SWEFC if System 1 had
data in a suitable digital format for such analysis, pointing to the high Steel pipe
break rate as a major problem.?> A comparison of the first two graph sets also
shows that the methods used by System 1 to address its break rates through
pipe replacement in the 1995-2003 time frame were not working: though some
Steel pipe had been removed from the distribution network, what remained still
counted for almost half of the system breaks. Focusing Steel pipe replacement
on the leakiest sections after the 2003 time frame has produced results. It should
be noted that the amount of pipe in the System 1 distribution network has
increased dramatically in the period since 1994 and that total numbers of annual
breaks has also increased, but the BRI normalizes that to a breaks/mile

standard.

5 |t should be noted, however, that System 1 did not have its break in a format that would have allowed it
to complete a BRI analysis at the time. SWEFC staff spent a significant amount of time and effort
converting paper records into a digital format that could be used for the GIS (or BRI) analysis.

76



4.4.1.2 RTI:

System 1 has an extremely

System 1 - 2017 Best Practice vs System Repair Time Index

fast average main break repair 12
time of 13 hours. While this is not ! :
the fastest repair time reported, it 0s

M Best Practice RTI

o
o

is significantly faster than the

m ABCWUARTI

Repair Time Index

author’s suggested best practice 04
repair time of 18.75 hours. Figure 02
24 shows that System 1’s 2017 0

Figure 24: System 1 - 2017 Best Practice vs System Repair time
Index

RTl is 0.7 indicating that slow
repair time is not a likely not

currently a major cause of real water loss in the System 1 distribution network.

4.4.2 System 2:
4.4.2.1BRI:

System 2 has a higher than average system break rate as is
demonstrated by its 2017 System BRI of 3.1. (See Figure 25) Interestingly, the
individual Material BRI values are very close to each other, ranging from a low of

2.9 for PVC, to a high of 4 for DI and Other.
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However, as is shown in the graphs in Figures 26 and 27 the highest

proportion of System 2 - 2017: System and Material BRIs
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breaks, and thus Figure 25: System 2 - 2017 System and Material BRI Radar Graph

would present a good starting point for further analysis, but the uniformly high

BRIs may point to a more systemic probem (or problems).
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4.4.2.2 RTI:
Estimating System 2’s RTI required making some assumptions as 3 of the
50 main break work order records were missing completion dates and scraping

time data from the work order PDFs proved impractical. Work orders that were
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completed the same day that the main break they covered was reported were
assigned a completion time of 0.5 days. Time for work orders not completed on
the same day they were reported were calculated by subtracting the completion
date from the report date. For the three records where the report date or the
completion date was missing a value of 0.5 days was assigned. Using this
method, System 2’s average main repair time in 2017 was approximately 0.8
days.

When using the suggested RTS of 0.78 days System 2’s 2017 average
repair time yields an RTI of 1.02 (see Figure 28) suggesting that System 2 is
currently meeting the best practice standard for mains repairs, and that slow

repairs are not a likely a significant contributor to real losses.

System 2 - 2017 Best Practice vs System RTI
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Figure 28: System 2 - 2017 RTI Graph

However, System 2’s 2015 RTl was 1.4 and its 2016 RTIl was 1.7 thus it is

difficult to say whether the 2017 RTI is representative of improved performance,
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or whether the low value is simply due to the 2017 main breaks not being as
severe as in prior years, or to incorrect estimates being made or the RTI

calculation.

4.4.3 System 3:

System 3 is actively engaged in with real water loss control, has a long
history of water auditing. However, it has been documented that in addition to its
high main break rate, the utility has struggled for years with service line breaks -
to such a degree that all of the service lines in the entire network are being
replaced. In the period Jan 1, 2011 to Dec 31, 2015 System 3 experienced 185
main breaks, and 4040 service line leaks. In that same period 3014 service lines
were replaced indicating that main breaks may not be System 3’s primary

concern, yet.

4.4.3.1 BRI:

System 3 2016 BRI Radar Graph
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Figure 29: System 3 - 2016 BRI Radar Graph

the national average. Figures
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30 and 31 reinforce this. As System 3 gets its service line break situation under
control, it may begin to focus on determining the cause source of its high PVC
break rates. Further categorization of pipe types within the PVC category and

GIS location analysis may yield clues.

System 3 - 2016 Actual Breaks vs National Average
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The work order data provided by System 3 yielded an average response

time during 2016 was 1.42 days (34.1 hours), which equates to an RTI of 1.8
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(see Figure 32)

System 3 - 2016 Best Practice vs System RTI
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is, however, suspect and must be taken with a grain of salt. While each main
repair had three time stamps: reported, responded, and repaired, all but 4 of the
entries had identical time stamps for responded and complete, and six records
had time stamps that indicated the work was completed before to the indicated
response time. While this may be due to a faulty export of work order data from
System 3’s database, it suggests that developing better work order record

keeping or export protocols may be required to get a better understanding of the

utility’s main break response time.

4.4.4 System 4:

Real losses are a significant issue for System 4. System 4’s latest draft
water audit covering the period 7/2017-6/2018 showed 266.49 MG/YR or 44.7%
of water supplied to the system as CARL. The calculated UARL was 108.06

MG/YR and ILI was 2.47.
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The fact that System 4’s main break rates are many times the national
average in all material categories (as shown by the BRI graph below) tends to
corroborate high calculated real loss volumes on a macro level — higher than
average break rates logically equate to higher real loss numbers.

Further, the BRI and accompanying interpretation graphs will provide
insight for System 4 to begin prioritizing its leak detection efforts as it will give
them information about their system’s condition that the water audit alone will
not: namely break rates by material with a comparison to national averages and
a graphic display of breaks by pipe size & material which indicates which pipe
classes are the most problematic, and which are likely to contribute significantly
to real losses. An evaluation of this information will enable System 4 to judge the
severity and impact of its various categories of breaks and determine how to

begin implementing both leak detection and pipe replacement.
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4.4.4.1 BRI:
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astronomical 22.2 times the national average. (See Figure 33)
The data graphed in Figures 34 and 35 shows that and that the main

drivers for the high system BRI were PVC and Galvanized Steel pipe.
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These pipe types should be monitored for leaks and investigated to
determine the failure causes. System 4 runs its water distribution system at a
relatively high average system pressure — 100 PSI or more. Pressure (both
typical system pressure and pressure transients), deterioration and other causes
such as installation, should be investigated to determine the reason for high
Galvanized Steel, AC, and PVC failure rates.

System 4 plans to invest in leak detection equipment during FY2019. The

BRI and accompanying interpretation graphs provide insight for System 4 to
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begin prioritizing its leak detection efforts as they give System 4 information
about their system’s condition that the water audit alone will not. An evaluation
of this information will enable System 4 to judge the severity and impact of its
various categories of breaks and determine how to begin implementing both leak

detection and pipe replacement.

4.4.4.2 RTI:

The break data System 4 provided did not allow the calculation of an RTI
value. Work orders from the early 2000s (which were not analyzed in this study)
seem to indicate that the vast majority of repairs done on work orders related to
main leaks are completed in less than a day, but the work order entries covered
in this section were not time stamped and there is no completion date field from
which one could calculate the duration of the main leak report to isolation or

repair cycle.

4.45 Analysis Summary

BRI/RTI analysis can point systems to physical and operational sources of
real water loss (such as break-prone Steel pipe in the case of System 1, and
slower repair times in the case of System 3) — thus giving systems targets for
water loss control activities. BRI/RTI reviews provides an inexpensive, low-tech
means of corroborating calculated real loss values from a water audit at a macro

level without relying on the volumetric data contained in the audit. High break
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rates and slow repair times naturally lead to higher real loss that low break rates
and fast repair times.

Though a BRI analysis will not show a system exactly which pieces of pipe
are the leakiest, in a mixed pipe system it can help identify classes of pipe in a
system that are more break-prone — and thus are candidates for leak detection or
replacement. Done over time the BRI analysis will show increasing break rates
by material and can thus point the way for more in-depth, location-based analysis
of break patterns — either on paper or using a more sophisticate method like GIS
analysis. A BRI analysis can be done with a minimum amount of data, using
basic spreadsheet tools, and does not require the use of GIS programs, though
GIS can greatly simplify the analysis, and provides the additional location specific
pattern analysis element that a BRI analysis alone cannot do.

While a BRI analysis may clearly show problems in a mixed pipe system,
in a single-material system, or a system with only a few types of pipe such as
System 3, the predominant sources of main break-related real loss may not be
so easily identified. But the analysis is still useful, as it will let a system know how
their break rates compares to national averages, and the analysis format could
be adapted to evaluate other factors such as age, or pipe diameter as more data
is collected.

An RTI analysis provides a simple way for a system to determine whether
a system’s main break isolation and repair procedures measure up to industry
best practices. Improving leak isolation and/or repair speeds is a simple way to

reduce real water loss. The shorter a leak’s run time, the less water will be lost.
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Of course, the decision to speed up repairs is not without cost and determining
the optimal repair time is a system specific determination that will include more

factors than real water loss.
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Chapter 5: Conclusion and Recommendations

5.1 UARL and ILI should be supplemented by BRI and RTI

The UARL and ILI — at least in the US context — may be disincentivizing
water loss control actions by US water utilities that are engaged in auditing by
presenting a theoretical low loss level standard that is too high. They may also be
giving regulators an incorrect impression of economically attainable low loss
limits for water systems under their jurisdiction, and just how well those systems
are meeting their water loss goals. The number of underlying assumptions in the
UARL formula, the underlying uncertainties of the calculations, and the fact that
major variations in the combination of flow rate, repair time and break right can
yield the same results are all problematic. In its current format, the Water Audit
Software Pls such as the UARL and ILI provide a call to do better with regards to
real loss, without a clear indication of how to go about that. While such
indications can be uncovered by doing additional LCA, it is unclear how many
systems actually engage in such activities after (or concurrent with) their water
audit process. Adding the BRI and RTI Pls to the Water Audit Software would be
a relatively simple way to introduce systems to basic LCA that can point to break

prone pipe types and slow repair times in water systems.
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5.2  Changing the Audit Format to Include BRI & RTI Will Make Audit
Results More Actionable

The Water Audit Software in its current format gives the auditing system
very little actionable information that can be used to address sources of real
water loss. Though the Water Audit Software calculates the volume and cost of
CARL and gives a theoretical scale of the problem through the UARL and ILI
calculations, neither the UARL nor the ILI gives either utility any indication about
what their real problem is. Of course, UARL and ILI proponents are likely to
respond “So what? That’s not the function of the UARL or the ILI, or even the
audit itself - its purpose is to estimate volumes,” to which the author’s response is
“Why not?” The whole purpose of the water audit process is to help systems
identify real and apparent losses with the idea that systems will then do
something about those losses. The easier it is for systems to identify and
categorize real loss and its sources, the easier it is for them to determine what
actions they could take to impact those losses - particularly if the audit itself can
point to likely culprits.

Incorporating the BRI and RTI into the Water Audit Software structure can
accomplish just that. Systems will be prompted to collect break and repair time
data — which in and of itself contributes to operators and managers knowing
more about their systems. The data they collect, when input into the Water Audit
Software and analyzed via the BRI and RTI will provide them with actionable
information — by demonstrating via the RTI when their repair times are slow, and

by indicating via the BRI and accompanying radar and interpretive graphs which
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types of pipe are breaking most in their system, and which are breaking at higher
than average rates. The system of course still must undertake an economic
analysis to determine if and how to address its results — but the important thing is

that the water audit results would give them a target for action.

5.3 Increased Reporting is Not a Significant Burden

If additional data fields related to actual main line failures and repairs were
added to the Water Audit Software for the purpose of calculating BRI and RTI,
systems would be incentivized to collect data that they, as well-run systems
should already be collecting: namely break data, repair time data, and loss
estimates.?® The additional reporting burden in jurisdictions that require auditing
would be minimal, but the value of the data collected would be immense.
Including pipe break and repair time data in the audit would provide the seed for
developing a national main break rate database by collecting significant amounts
of data in a uniform format.

Data for BRI and RTI calculations that is submitted to jurisdictions
requiring water audits would provide a treasure trove of uniform information that
could be used to develop regional or national main break databases for further
study. Such information could be leveraged in many ways to benefit a vital
component of our national infrastructure: our water distribution systems. It could

be mined to monitor regional and national trends relating to water system main

% Indeed, some states, such as Texas and Wisconsin, already require basic reporting of main break data.
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breaks by material, size and other variables. From it tools to further evaluate
individual distribution system condition could be developed.

States that require auditing using the AWWA software would gain valuable
insight into both the actual break rates prevalent in their jurisdictions and the
typical repair time frames utilities are working under. This information could over
time, both allow minimum standards to be developed, and would also permit
state authorities to identify systems that are paragons in the area of water loss
control, and also those who are in need of assistance in implementing best
practices.

This is not to suggest that minimum standards be developed as a way to
punish underperforming systems. Instead the data gleaned through such a data
collection scheme could be used to identify statewide training needs, and could
also potentially be used to promote healthy competition between systems, and to
allocate funding in the form of grants or low interest loans, as state authorities
would be able to determine which systems are in the need of most help and

which systems are performing well in the arena of water loss control.

5.4  The BRI and RTI Provide a Bridge to Larger-scale LCA

The problem of systems not doing separate LCA would be mitigated by
changing the audit format to include some of the LCA data points on which the
BRI and RTI calculations are based. While this would make the water audit a
slightly more involved process and thus might discourage the completion of water

udits in areas where it is not required, this alone is not reason enough to exclude
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basic LCA from the audit itself. Systems auditing voluntarily are looking to
improve their water loss control and will likely make the effort. Systems that are
required to audit by legal mandate will have no choice but to comply.

The incorporation of the BRI and RTI, and associated data would add a
basic level of LCA into the audit process, and provide insight to the systems into
whether failure rates and repair times were a likely and significant cause of real
losses, and more importantly point to the types of pipe in their actual systems
that is performing well or poorly. As systems collect more data, and see the

usefulness thereof, larger scale LCAs will seem less daunting.

5.5 Suggested Further Research

This thesis only addressed the reported mains breaks and leaks
component of the UARL and ignores the service line break components of the
UARL. In New Mexico meters are typically located at the curb stop and utilities
are not responsible for the real losses that occur after the meter on the service
lines. Butin many areas of the US meters are not located at the curb but are
instead located further away (such as in basements as is typical in colder states
such as Michigan). In such cases, real losses on the service lines before the
meter accrue to the utility. This volume can make up a substantial portion of the
real loss volume and can be greater than losses on mains. Thus, regional and
national data should be developed for service lines as well, and if possible,
metrics similar to the BRI and ILI should be developed from that data to help

water utilities evaluate their service line breaks rates and repair times.
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Appendix 1: New Mexico System Main Breaks by Main Material and

Diameter
Appendix 1.1 System 1 - 2017 Main Breaks by Main Material and Diameter
PIPE
PIPE EXTERNAL
OBJECTID 1 | PIPE_LENGTH | MATERIAL DIAMETER Count
90116 593.00 | AC 4 1
104069 47710 | AC 4 1
109258 285.85 | AC 4 1
7629 377.48 | AC 6 1
10611 96.80 | AC 6 1
11572 503.71 | AC 6 1
32392 268.92 | AC 6 1
48439 220.95 | AC 6 1
49432 679.66 | AC 6 1
51101 716.97 | AC 6 1
75729 30.75 | AC 6 1
77312 46.88 | AC 6 1
25 238.08 | AC 8 1
93150 959.00 | AC 8 1
121310 63.25 | AC 8 1
122031 154.99 | AC 8 2
81892 306.00 | AC 10 1
112377 207.54 | AC 10 1
112831 296.14 | AC 10 1
115662 453.00 | AC 12 1
15302 407.52 | AC 16 1
124008 111.62 | CCYL 10 1
108908 367.76 | CCYL 16 1
121878 347.00 | CCYL 16 1
48146 301.50 | CCYL 18 1
47741 380.83 | CCYL 20 1
74816 913.85 | CCYL 20 1
113525 608.38 | CCYL 20 1
89883 387.80 | CCYL 24 1
16913 250.00 | CCYL 24 2
19997 3737.57 | CCYL 36 1
22985 1128.25 | CCYL 36 1
45954 674.47 | CCYL 36 1
107674 2377.97 | CCYL 42 1
32856 258.97 | CI 2.25 1
103795 166.49 | CI 2.25 1
23692 202.88 | CI 4 1
31067 232.18 | CI 4 1
34574 1259.51 | CI 4 1
74475 221.02 | Cl 4 1
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78016 542.75 | ClI 4 1
80323 192.00 | ClI 4 1
81615 321.98 | CI 4 1
89588 214.67 | CI 4 1
112937 300.62 | CI 4 1
516 43.00 | CI 6 1
1245 24712 | ClI 6 1
3160 703.52 | CI 6 1
3921 424.30 | CI 6 1
4693 430.14 | ClI 6 1
6335 15.00 | CI 6 1
7035 88.00 | CI 6 1
7598 256.38 | Cl 6 1
8585 624.03 | CI 6 1
10366 574.36 | CI 6 1
10969 645.92 | CI 6 1
12194 260.01 | CI 6 1
13770 252.87 | ClI 6 1
14777 264.28 | ClI 6 1
16854 778.40 | ClI 6 1
17300 234.77 | CI 6 1
17664 409.24 | CI 6 1
18076 223.75 | ClI 6 1
18404 773.75 | Cl 6 1
23053 205.28 | Cl 6 1
26735 547.81 | CI 6 1
30288 304.40 | CI 6 1
30553 488.04 | Cl 6 1
31520 593.77 | CI 6 1
33404 68.12 | Cl 6 1
33914 401.00 | CI 6 1
36130 678.00 | CI 6 1
38354 762.13 | ClI 6 1
43835 646.00 | CI 6 1
50246 30.75 | CI 6 1
50467 295.32 | CI 6 1
52422 780.97 | CI 6 1
52869 1190.00 | CI 6 1
55358 393.80 | CI 6 1
60137 57.00 | CI 6 1
71687 788.67 | Cl 6 1
72053 353.82 | CI 6 1
73108 40.31 | CI 6 1
73486 174.38 | ClI 6 1
73514 566.15 | ClI 6 1
73797 456.52 | ClI 6 1
74352 307.98 | ClI 6 1
81333 577.57 | CI 6 1
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82013 942.95 | ClI 6 1
82383 286.63 | Cl 6 1
82510 576.05 | CI 6 1
83811 194.05 | CI 6 1
84092 419.25 | ClI 6 1
91830 248.25 | ClI 6 1
91986 125.00 | CI 6 1
92057 452.53 | CI 6 1
94123 389.03 | CI 6 1
95091 654.50 | CI 6 1
95182 506.00 | CI 6 1
100925 292.73 | ClI 6 1
102243 935.00 | CI 6 1
102538 443.72 | CI 6 1
102767 194.88 | ClI 6 1
103929 228.03 | ClI 6 1
105278 612.98 | CI 6 1
106646 70.63 | CI 6 1
107203 62.00 | CI 6 1
107918 31.51 | CI 6 1
109450 199.00 | CI 6 1
110907 551.20 | CI 6 1
111876 41.00 | CI 6 1
114015 449.25 | ClI 6 1
118074 465.14 | CI 6 1
120594 300.79 | CI 6 1
121032 522.80 | CI 6 1
122541 196.68 | Cl 6 1
122727 412.18 | CI 6 1
127373 578.75 | Cl 6 1
25007 550.78 | Cl 6 2
92118 472.89 | CI 6 2
96405 260.02 | ClI 6 2
106476 515.44 | CI 6 2
2322 537.41 | ClI 6 3
6818 34.78 | CI 6 3
27929 724.22 | ClI 6 3
105780 541.53 | CI 6 3
124880 159.60 | CI 6 3
2951 356.69 | Cl 8 1
13987 1127.65 | Cl 8 1
46293 258.74 | ClI 8 1
122236 434.68 | ClI 8 1
60614 153.99 | CI 10 1
92454 454.00 | CI 10 1
124121 127.45 | Cl 10 1
2760 37.67 | Cl 12 1
4185 541.00 | CI 12 1
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14988 219.31 | CI 12 1
15385 24.21 | Cl 12 1
26157 61.66 | Cl 12 1
47325 80.27 | CI 12 1
72594 304.07 | CI 12 1
73593 2528.23 | Cl 12 1
102636 511.29 | CI 12 2
38151 870.50 | CI 16 1
84277 139.51 | ClI 18 1
90005 3159.59 | CI 18 1
36299 816.34 | ClI 20 2
103948 226.41 | ClI 24 2
10293 81.00 | DIP 6 1
72857 630.38 | DIP 6 1
55262 60.10 | DIP 12 1
78354 789.00 | DIP 14 1
118457 365.28 | DIP 14 1
7189 158.28 | DIP 16 1
16386 1896.15 | DIP 16 1
86363 1618.22 | DIP 16 1
9173 511.51 | GSP 2 1
49457 715.62 | LWS 6 1
38100 86.52 | PVC 4 1
97738 PVC 4 1
2462 75.75 | PVC 6 1
3320 510.78 | PVC 6 1
8061 62.61 | PVC 6 1
9850 194.17 | PVC 6 1
13294 723.78 | PVC 6 1
20045 230.78 | PVC 6 1
22402 318.00 | PVC 6 1
24161 185.75 | PVC 6 1
24545 959.00 | PVC 6 1
24967 58.94 | PVC 6 1
29431 323.24 | PVC 6 1
43366 PVC 6 1
44539 10.00 | PVC 6 1
44953 2.00 | PVC 6 1
44990 4.00 | PVC 6 1
45047 40.00 | PVC 6 1
45051 36.00 | PVC 6 1
45078 334.00 | PVC 6 1
45144 825.00 | PVC 6 1
50720 52.50 | PVC 6 1
52974 449.00 | PVC 6 1
54039 379.06 | PVC 6 1
55985 250.91 | PVC 6 1
56435 504.00 | PVC 6 1
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57510 809.13 | PVC 6 1
58702 180.83 | PVC 6 1
65774 84.00 | PVC 6 1
65777 269.00 | PVC 6 1
66169 460.00 | PVC 6 1
68578 359.00 | PVC 6 1
68870 82.00 | PVC 6 1
69630 40.47 | PVC 6 1
70428 340.00 | PVC 6 1
72715 552.52 | PVC 6 1
73994 2.00 | PVC 6 1
76722 144.47 | PVC 6 1
77579 55.28 | PVC 6 1
78662 460.84 | PVC 6 1
81243 588.00 | PVC 6 1
81251 255.00 | PVC 6 1
90245 1268.00 | PVC 6 1
92026 306.00 | PVC 6 1
95534 2.00 | PVC 6 1
98782 14.00 | PVC 6 1
100414 1380.46 | PVC 6 1
101450 PVC 6 1
101987 53.60 | PVC 6 1
102988 349.15 | PVC 6 1
108136 254.69 | PVC 6 1
120531 290.84 | PVC 6 1
121002 309.00 | PVC 6 1
124634 188.32 | PVC 6 1
45021 525.00 | PVC 6 2
52009 49.45 | PVC 6 2
52821 584.00 | PVC 6 2
65843 638.00 | PVC 6 2
91179 220.43 | PVC 6 2
98830 307.00 | PVC 6 2
98779 727.00 | PVC 6 4
15706 309.37 | PVC 8 1
40553 268.00 | PVC 8 1
45062 229.00 | PVC 8 1
53102 872.56 | PVC 8 1
53690 239.00 | PVC 8 1
60687 43.93 | PVC 8 1
77124 307.72 | PVC 8 1
85059 181.67 | PVC 8 1
111312 510.75 | PVC 8 1
117312 231.32 | PVC 8 1
121877 119.00 | PVC 8 1
20358 190.00 | PVC 10 1
36862 53.26 | PVC 10 1
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40622 363.00 | PVC 10 1
52469 301.00 | PVC 10 1
92331 253.28 | PVC 10 1
93244 363.73 | PVC 10 1
45491 109.75 | PVC 10 2
129522 27.66 | PVC 10
129523 780.56 | PVC 10
13974 347.97 | PVC 12 1
15576 235.48 | PVC 12 1
17270 194.88 | PVC 12 1
21888 254.00 | PVC 12 1
54632 113.00 | PVC 12 1
61099 799.00 | PVC 12 1
63014 587.45 | PVC 12 1
66247 294.00 | PVC 12 1
74250 551.42 | PVC 12 1
117961 123.76 | PVC 12 1
52907 1930.16 | RCP 30 1
114318 207.37 | RCP 36 1
26038 503.80 | STL 2 1
3313 344.75 | STL 4 1
110400 479.91 | STL 4 1
125001 79.91 | STL 4 1
34889 224.93 | STL 5 1
13249 270.37 | STL 6 1
19473 359.55 | STL 6 1
22797 873.67 | STL 6 1
98940 1200.77 | STL 6 1
122259 414.69 | STL 6 1
126819 258.26 | STL 6 1
732 218.88 | STL 8 1
19142 43.56 | STL 8 1
80633 646.28 | STL 8 1
129358 337.20 | STL 10 1
45289 377.51 | STL 12 1
92328 1000.83 | STL 12 1
75583 511.13 | STL 12.75 2
51979 219.91 | STL 16 1
126395 2748.77 | STL 16 1
12634 4029.16 | STL 16 2
127553 1432.49 | STL 20 1
127615 119.49 | STL 20 1
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Appendix 1.2: System 2 - 2017 Main Breaks by Main Material and Diameter

Sum_EST

OBJECTID | Diameter | Material | Count_ | DAYS_TO_REPAIR | Shape_Length |
2069 1 0.5 43.3789306
2140 | 10" AC 1 1 2808.8325
1955 | 4" AC 1 0.5 598.0692072
1356 | 6" AC 1 0.5 1488.213559
1752 | 6" AC 1 1 1557.236243
1774 | 6" AC 2 1 1444.363848
1776 | 6" AC 1 0.5 166.7735592
1892 | 6" AC 1 0.5 542.7643678
1948 | 6" AC 1 0.5 1466.274249
1956 | 6" AC 1 0.5 728.8301273
2027 | 6" AC 2 1 993.4052654
2210 | 6" AC 1 1 498.8199644
2275 | 6" AC 1 0.5 830.5889719
2657 | 6" AC 1 0.5 550.0641471
2733 | 6" AC 1 1 518.574183
1309 | 8" AC 1 2 6243.574505
695 | 10" Cl 2 1.5 1641.366512
583 | 2" Cl 1 0.5 378.7356432
1486 | 4" Cl 1 0.5 720.8960819
1493 | 4" Cl 1 0.5 688.0110505
519 | 6" Cl 1 0.5 1132.959227
520 | 6" Cl 1 1 1908.758769
526 | 6" Cl 1 0.5 2167.166713
696 | 6" Cl 2 3.5 3106.996287
3019 | 6" Cl 2 1 255.3021235
710 | 8" Cl 1 0.5 353.3302175
689 | 10" DI 2 1.5 317.5272281
1236 | 14" DI 1 0.5 893.1978884
459 | 16" DI 2 1.5 976.7894127
497 | 16" DI 1 0.5 776.8892753
1404 | 16" DI 1 1 2610.508326
1986 | 6" DI 1 1 1116.002262
457 | 8" DI 1 0.5 2399.849178
3050 | 12" PVC 1 0.5 1796.065025
3056 | 16" PVC 1 0.5 3531.155353
513 | 4" PVC 1 0.5 1797.021129
1594 | 6" PVC 1 0.5 324.6963078
281 | 8" PVC 2 1 1308.409686
492 | 8" PVC 1 0.5 517.6736352
660 | 8" PVC 1 0.5 886.0456772
2039 | 8" PVC 1 0.5 9731.666424
704 | 12" STL 1 0.5 2528.042432
982 | 8" UNK 1 0.5 2738.646664
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Appendix 1.3: System 3 - 2016 Main Breaks by Material and Diameter

FID Material Diameter Shape_Leng Count

38 | PVC 3 24.353213 1

0| PVC 6 607.9197707 2

1] PVC 6 300.0562054 1

2 | PVC 6 1197.334787 1

3| PVC 6 884.4077741 1

4 | PVC 6 299.4356826 1

5| PVC 6 1962.739924 1

6 | PVC 6 877.7315669 1

9| PVC 6 210.8808244 1
10 | PVC 6 226.9172218 1
11 | PVC 6 309.9445133 1
13 | PVC 6 1000.296128 1
14 | PVC 6 313.5064749 1
16 | PVC 6 1372.673818 1
19 | PVC 6 417.2771416 1
20 | PVC 6 583.7679302 1
22 | PVC 6 1462.991216 1
25 | PVC 6 564.5932751 1
26 | PVC 6 1167.289462 1
29 | PVC 6 582.9547343 1
35 | PVC 6 268.610248 1

7 | PVC 8 763.5726271 1

8 | PVC 8 913.5686998 1
12 | PVC 8 291.7654271 1
15 | PVC 8 1611.58714 1
17 | PVC 8 320.1519427 1
18 | PVC 8 127.9300595 1
21 | PVC 8 1098.62642 1
23 | PVC 8 689.7235607 1
31 | PVC 8 571.6023325 1
33 | PVC 8 954.4036454 1
36 | PVC 8 155.8338955 1
27 | PVC 10 574.0031483 1
30 | PVC 10 73.18174516 1
37 | PVC 10 1313.903796 3
32 | PVC 12 584.6707383 1
39 | PVC 12 802.3085503 2
40 | PVC 12 1285.078339 3
24 | PVC 14 393.4787006 1
28 | PVC 16 372.6123343 1
34 | PVC 24 5650.379312 1
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Appendix 1.4: System 4 - 2016 Water Main Breaks by Main Material and Diameter

System 4 - 2015 Main Failures by Material and Pipe Diameter

FID LABEL DIAMETER MATERIAL LINEAR_FT Count

3 | P25-146 6 | AC 176.13 3
26 | P3-010 6 | AC 92.6 1
31 | P36-151 6 | AC 205.89 2
32 | P36-180 6 | AC 799.36 1
39 | P22-285 6 | AC 988.04 1
42 | P26-075 6 | AC 1311.63 1
51 | P36-111 6 | AC 234.18 1
53 16 | AC 16172.76 2

0 | P25-036 2 | ASSUMED 364.7 1

9 | P27-170 2 | ASSUMED 371.8 1
15 | P28-212 2 | ASSUMED 371.04 1
22 | P10-146 2 | ASSUMED 528.52 1
23 | P10-007 2 | ASSUMED 245.2 2
29 | P36-097 2 | ASSUMED 530.34 1
30 | P36-008 2 | ASSUMED 99.39 1
34 | P21-278 2 | ASSUMED 618.05 3
35 | P21-322 2 | ASSUMED 1117.27 2
37 | P22-173 2 | ASSUMED 763.84 2
40 | P22-318 2 | ASSUMED 984.59 4
41 | P22-320 2 | ASSUMED 896.48 1
50 | P27-007 2 | ASSUMED 472.86 1
54 | P20-101 6 | ASSUMED 1055.85 2

2 | P25-040 6 | Cl 128.41 1

6 | P25-156 6 | Cl 278.32 1
11 | P28-003 6 | Cl 580.65 4
38 | P22-225 6 | Cl 186.13 1
48 | P25-133 6 | Cl 359.93 2
49 | P27-146 6 | Cl 438.04 1
45 | P36-004 8 | DI 1468.11 1
12 | P28-388 12 | DI 1418.48 1
16 | P20-040 2 | PVC 378.68 1

1 | P25-196 6 | PVC 63.31 1

7 | P27-276 6 | PVC 730.2 1

8 | P27-287 6 | PVC 555.8 3
10 | P28-432 6 | PVC 690.05 1
13 | P28-279 6 | PVC 485.34 1
14 | P28-229 6 | PVC 270.41 1
18 | P10-153 6 | PVC 255.15 1
19 | P10-308 6 | PVC 793.44 1
20 | P10-016 6 | PVC 507.94 2
21 | P10-167 6 | PVC 489.32 2
24 | P10-501 6 | PVC 16.03 1
25 | P10-015 6 | PVC 142.99 2
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27 | P36-158 6 | PVC 1203.74 2
33 | P21-082 6 | PVC 607.68 1
36 | P22-171 6 | PVC 483.44 1
43 | P25-129 6 | PVC 115.45 5
46 | P34-003 6 | PVC 258.14 1
47 | P34-006 6 | PVC 354.91 1
52 | P36-178 6 | PVC 984.75 1
17 | P20-098 8 | PVC 72.32 1

4 | P25-057 6 | PVC AC 323.69 2

5 | P25-216 2 | PVC C900 110 3
28 | P36-005 2 | PVC C900 527.61 1
44 | P36-080 2 | PVC C900 36.85 5
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Appendix 2: AWWA 2018 Benchmark Break Data

2017 Aggregate data for leaks/100 miles of pipe

75" . 25 Sample Confidence
. Median . . Count
percentile percentile size Level (1-4)
Water Utilities 1.2 6.0 9.9 22 2.7 16
Combined Utilities 43 8.4 21.7 52 25 39
— Water operations
2017 Aggregate data for breaks/100 miles:
75" percentile Median 25" percentile | Sample size Confidence Count
P P P Level (1-4)

Water Utilities 1.2 5.6 11.8 23 3.0 15

Combined

Utilities — 3.4 7.9 19.4 59 27 41

Water
operations
2017 Combined leaks and breaks/100 miles:
75" percentile Median 25" percentile | Sample size Confidence Count
P P P Level (1-4)

Water Utilities 4.7 12.5 19.2 41 2.8 26

Combined

Utilities — 11.8 18.2 36.4 76 27 53

Water
operations
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Appendix 3: Hypothetical Weighted Average Break Rate by Region Based on
Length of Pipe Surveyed in Region and National Average Break Rates by
Material from 2018 Utah State Break Rate Study

Regions list:
Region: States included in Region:
Region 1 AK, ID, OR, WA
Region 2 CA, HI, NV
Region 3 CO, MT, UT, WY
Region 4 IA, KS, MO, NE, ND, SD
Region 5 AZ, AK, LA, NM, OK, TX
Region 6 IL, IN, MI, MN, OH, WI
Region 7 AL, FL, GA, KY, MS, NC, SC, TN
Region 8 CT, DC, DE, MA, ME, ND, NH, NJ, NY, PA,RI, VA, VT, WV
Region 9 Canada
2018
2018 Average Regional
Break Break Weighted Weighted
2018 Average Rate/100 Rate/ Average Average Break
Region Material Percentage Percentage miles/yr mile/year Break Rates Rate/mile/yr
Cl 29 29 34.8 0.348 0.101
DI 19 19 5.5 0.055 0.010
PVvC 36 36 23 0.023 0.008
9 CPP 3 3 3.1 0.031 0.001
Steel 3 3 7.6 0.076 0.002
AC 9 9 10.4 0.104 0.009
Other 1 1 124 0.124 0.001 0.133
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Cl 39 39 34.8 0.348 0.136
DI 36 36 5.5 0.055 0.020
PVC 12 12 23 0.023 0.003
CPP 2 2 3.1 0.031 0.001
Steel 1 1 7.6 0.076 0.001
AC 7 7 10.4 0.104 0.007
Other 3 3 12.4 0.124 0.004 0.171
Cl 28 28 34.8 0.348 0.097
DI 47 47 5.5 0.055 0.026
PVC 13 13 23 0.023 0.003
CPP 2 2 3.1 0.031 0.001
Steel 2 2 7.6 0.076 0.002
AC 4 4 10.4 0.104 0.004
Other 4 4 12.4 0.124 0.005 0.138
Cl 43 43 34.8 0.348 0.150
DI 43 43 5.5 0.055 0.024
PVC 7 7 23 0.023 0.002
CPP 3 3 3.1 0.031 0.001
Steel 0 0 7.6 0.076 0.000
AC 1 1 10.4 0.104 0.001
Other 3 3 12.4 0.124 0.004 0.181
Cl 15 15 34.8 0.348 0.052
DI 17 17 5.5 0.055 0.009
PVC 37 37 23 0.023 0.009
CPP 5 5 3.1 0.031 0.002
Steel 0 0 7.6 0.076 0.000
AC 20 20 10.4 0.104 0.021
Other 6 6 12.4 0.124 0.007 0.100
Cl 37 37 34.8 0.348 0.129
DI 43 43 5.5 0.055 0.024
PVC 1 1 23 0.023 0.000
CPP 1 1 3.1 0.031 0.000
Steel 13 13 7.6 0.076 0.010
AC 3 3 10.4 0.104 0.003
Other 3 3 12.4 0.124 0.004 0.170
Cl 25 25 34.8 0.348 0.087
DI 22 22 5.5 0.055 0.012
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PVC 33 33 2.3 0.023 0.008
CPP 2 2 3.1 0.031 0.001
Steel 6 6 7.6 0.076 0.005
AC 11 11 10.4 0.104 0.011
Other 2 2 12.4 0.124 0.002 0.126
Cl 14 14 34.8 0.348 0.049
DI 7 7 5.5 0.055 0.004
PVC 29 29 2.3 0.023 0.007
2 CPP 5 5 3.1 0.031 0.002
Steel 9 9 7.6 0.076 0.007
AC 35 35 10.4 0.104 0.036
Other 2 2 12.4 0.124 0.002 0.107
Cl 39 39 34.8 0.348 0.136
DI 34 34 5.5 0.055 0.019
PVC 13 13 2.3 0.023 0.003
1 CPP 2 2 3.1 0.031 0.001
Steel 4 4 7.6 0.076 0.003
AC 6 6 10.4 0.104 0.006
Other 2 2 12.4 0.124 0.002 0.170
Summary Data:
Year 2018 Weighed
Average Break
States in Region Region Rate/mile/year
Canada 9 0.133
ME, NH, VT, NY, PA, WV, VA, MA, RI, CT, NJ, DE, MD, DC 8 0.171
KY, TN, MS, AL, NC, SC, GA, FL 7 0.138
MN, W1, IL, IN, MI, OH 6 0.181
AZ,NM, TX, OK, AR, LA 5 0.100
ND, SD, NE, IA, KS, MO 4 0.170
MT, WY, UT, CO 3 0.126
CA, NV 2 0.107
AK, WA, OR, ID 1 0.170
Mean: 0.144
Median: 0.138
Standard Deviation: 0.030
Coefficient of Variation: 20.9

112




Appendix 4: Difference between UBL calculation and Background Portion of
UARL formula at different pressures

% Difference in Calculations of BGL using UARL partial
formula and UBL by system pressure, 2016 WADI Data Set
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@ City of Asheville
® Birmingham Water Works Board
Ellijay Gilmer County Water and Sewerage Authority
® Greater Cincinnati Water Works
® WaterOne
@® Consolidated Utility District (February 2017)
@ Augusta Utilities
@ Water & Wastewater Authority of Wilson County
@ Austin Water
@ The Region of Peel
@ City of Griffin
@ Halifax Regional Water Commission
® Orange County Utilities Department
® DC Water

City of Lloydminster
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Appendix 5: Sample Data Validity Criteria Worksheets

AWWA Free Water Audit Software Grading Matrix

“The tables listed on Ihe following pages reproduce the data grading criteria
for each input in the AWW Water Audit Sofware Reparting Worksheat
The data grades will be entered InmﬂmEaﬂdJnfmwwWhoa{h
denoted with a mduiannramﬂuirupwﬂghl-hmwmnsmmm .
image at the right: '
‘T salsct the correct data grading for each input, determine the highest
grade whais the uliity meets or excesds all critaris for that grade and all
grades batow it

Please note that, for soma inputs you will have the oplion to choose a
dafaull valoa, which will sutomatically be assigned & date grade of 5.

Adapied from the AWWA Waler Audit Software ver. 5.0 by the!

©

1 Uity i M Mpsin, s, WH BTL01
- T
D bty

ShuTHwEST
ENVIRONMENTAL
TINAKCE CENTER

Wersion: 010018

‘Volume from own sources
GRADE | + | DESCRIPTION

Selec! Inis grading only I the water ulility purchasesfimports all of iis waler résources (1.e. has no sources of s own)

Less than 26% of Mmmnmm, nlmaouwamw.mtnd
No regulsr meter accuracy testing o elacironic calibret

25% - 50% of treated water production soc ame mats; ‘uihar 1
Mo regular metar y tesfing or slacironic cailbration conducted,

wmu.mnzuu

ﬂ'mrs’i'&ﬁﬁm production sources ars malered, or at last 90% of the saurce Mow I8 derived from
|| matered sources.

Meter accuracy lesting andlor alacironio calibration of refaled instrumentation |s canducied annually.
me-ﬁuﬁo{mﬂmmmfomdmd% B X

Band 8

100% of iroated water product ara mitared

Mrmmng“mwmwnmmmmmm

| Less than 10% of meters are found oulside of +I. 8% scouracy

[Candiions babwren 8 and 10

| 100% of treated waler produciion sources dre matered,
Mgter accuracy testing and ek fibrafion of retated insin is L semi-annually, with [ess than

10 10% found ugmnﬁf 3% ) B

Procedures. are roviewed by a ihird party knowisdgeabie in fhe M3 mefhodoiogy

iiraian: 01-08-18
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Volume from own sources master meter and supply error adjustment
GRADE | ¥ DESCRIPTION
nia saaclwamtmswgyum;]lhohmmmnunmmof

q Imaniary rmrmamnmmrsandpmml;nr;ddwfmuWwWeﬂﬁmmlmmmmmam

No utomatic datalogging of preduction volumes; dally mdnga are seribed on paper records withowt any

|| accountability controls. T W U S — —}
2 I Fbwsimndbalmmﬂathwlur istribution syséam: tan e Es Are not employed in I
| ealculating the “Velume from own sources” compongnt and
- wmumm_mmw_ymw
3 Canditins belween 2
Production metar data fs loggsd automatically in alectronic format and mviewed al laast on a monthly basis with
4 | necessary comaclions implemunted. =
“Volurme fram own sources” tebulations include estimate of daly changes in tenka/storage faclities.
Mﬂiﬂ;@!&!ﬁm&*@s‘,wm dsta emmors ooour. or occasional meter tesling deams this necessary,
]
Hourly production matar data: mﬂdmmmmmmmmammm ol feast 3 waakly basis.
Dty is adjusted to comett gruss smor when muterinetrumentation squipment malfunction is delucted; sndfor srror is
8 | confirmad by matar acciiracy teating.
Tank/starage faclity slevation changes am automatically used In ealeclating a batanced "Valume from awn sources” |
componant, and
Data gape in the nrejteﬁ mmﬂMQ@gm@umm
7 Canditians bmwan
Continuoos gmm::n mm dats is jogged automatically & reviewsd gach businasa day.
Dala Is adjusted lo correct gross wror from detectsd meter/instrumentation sguipmant malfunction andior results of
B | metar accuracy testing.
| Tmuungng facility elevation changes are aulomatically used in "Volume from own sources” tabulations and
I dsta gaps in the archived data are comected on & daily basis.
9 @mmm and 10
L | Camputerized systam (SCADA or similar) sutomatlcally batances flows from all sources sndslorages, |
1 Results ara reviowsd sach business day. 1
10 I Tight nwﬂahimg controls ensure that afl data gaps that ocour in the archived flow data are quickly detected and
wersion; 010518 3

Water Imported |
GRADE | ¥ DESCRIPTION |
nia Seject nya if the water utility's supply xsexmnwelyhmnsnmwmf {re butk d/ imgp wiilar)
v |— m than 25% of imported watsr ane g s are
o reguilar mster accuracy lesting
2 | 26% - 50% of imported waler sowrces are muolered; othes spurces estimaled,
HNa regular moter accuricy testing
3 Conditions between 2and 4
4 . 80%- 75% of imported watar sources are matered, ather sources eslimaled.
Otcasional mater accuracy testing conducted
5 Canditions between 4 and &
Al lsast 75% of imponed waler sources are melersd,
& Meter accuracy testing andior slacironic calibration of related instrumeantation is conducted annually forall matar
Instaliations.

@m&wwawmm

8 rnlwr oty and mm ﬂbraum af related instrumentation is conducted annually,
tesg MEJL_E[E.!_HE.!!_@EEUE.@LM_HW
9 Conditions belwesn 8 0d 10
100% of imported walter sources dre metared,
10 mr accuraty tesling and electronic calibration of rolated Instrumentation i& conducted semi-annuslly for all meter

installations, -
| Lsss than 10% of accuracy tesis found oulside of +/- 3% accuracy.

Wersion, 01-09-18 4
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Water imported master meter and sgggy error adjustment

GRADE | | 'DESCRIFT)
Wa | —-Seisctnf i the mpoded W'W_.PB‘I! 15 unmetered,
wilh Imparted water quaniitias on the billing Invnlnns sant by the E. to the purchasing ULty
Imwmmwmmmmm lumnas exist but are late sndior in &
ibifeat o : £
1 mmmmha& et}
Writtan agi ) with wister Exporter{n) are missing or wrilten In visgue languegs conceming mster and
tusling.
No automatic datulogging of Imported supply volumes;
2 | Daiily readings are scribed on paper records without any accountability controls o confimm dets mocuracy and the sbsences
of armors and data gaps In moorded volumes.
1 Written sgresmard requires meder nocurscy testing bul & vagus on the deinils of how and who conducts the testing |
3| Condilions betwsen 2 and 4
| Irrmmudsu‘:dymtmdmuﬂalnmﬂdaummmmhmxammalmmamﬂym
|| by the Exparier wilh mw,mmmu
4 !_.:.M,%b.ﬁwﬂm_@mm_mm_ t errors are d
,_MM balh ine sedl '"ﬂ the Ll
| mwﬂywmdmw-m
JE T -
&
7
] | Continuous Imported _mmm.g-_h_u Ingged auipmatically & reviewed each business day by the Exparter,
| is adjusted Lo cormect gross e from detected meterfinsirumentation equipment malfunction andfor resulls of mater |
8 mw_w_aak
Ay dala arrorsigaps are delaciad and corrected on a dally basis.
A data trail existe for the process to proteet both he sefling and the purchasing Ll
a Condllinns between B and 10 +
_Cenw -MLSGADNm _llwﬂwm records data 8 is reviewed 2ach buniness day by e Exporer. |
10 [ bility /data gaps fhat ooout In the archived fiow data ane quickly detecied and
coﬂ'whd
[ A reliable data trall exists and contrac] provisions for meter lesting arid dala management are reviewed by the asling and
| I, purthagirg Lty # jesst once avery five yesms.
Viersion: 01-02-18
Water Exported
GRADE | ] DESCRIPTION
s S_a_ladnrnlllnn ity sells no’ bul:mmmw;muﬂmm_(w siles)

mmjy_wmmmmm

i e e e

1 of related instrumertation is conducted Ay,
| Iuml.lmn 10% of meters are found outside of +/- 6% aocuracy
] Conditions betwean 8 and 10

| 1100% of exported water sources are
10 [ [mularwmmm;wmdmmmmnhmmm-mm,wﬂm

Emmmmﬂgmmmmmmm*mm@m

Warslon G1-08-18
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Water exported master meter and supply error adjustment
DESCRIPTION

Saiact nin oniy 1 the water 1Ry faits 2 have matwrs gsmmg&my.mm_. e ——
Y on medars and pRper nscords of volimes exst bul nre Incomplale andiarin a vary

Wiitten o {s) with the utility purchasing the water are mizsing or written in vagus language conceming matar

managomont and

| No aulematic datalogging of exparted supply vhlumes,

Dally feadings ate saribed on paper rmcands without any szcountabiity cantrals ko canfrm date acouracy snd fhe absence ol

arrors and dats gaps in recarded volumes.
ritten

malered fiow dats Is logged = y in format and ul fmaat on @ monihly bass, with
corrctions

§') implomonted.
Meter data Is adjusted by the ulility selling (axporting) the water when gross data emons
hw!wnntdﬂlnlrlllmlﬂl(ﬁhhjmhguﬂﬂh%lﬂgh%amhm_ty

Written sty and Ees £ diital manEgemant,

Canditions betwean 4 and &

Hourly exporied supply metered data is ogged automatically & reviewed on ol least a weekly basis by ihe uliiity sailing the

| vertar,
[ Data Is acjusted fo cormect gross errar when metedinstrimentstion equipment maitunclion & detected, snd o correct for amar

ﬁ}e&'ah%]m-“ﬁﬁ”mm“mm»dmmammwm«

# coherent dolo trail exiats for thig o patn the ing ] wtility and the purchasing LitEty.

‘Gonditions botween B and &

mmmmmMm:-mu-mnw“mmmmwwhwmyww
[exporting] the vt
jﬁulsadumlnwrutwnm-u.w. I W madunction and any emar confirmad by
matar scoursty lesting

datn emorsigaps are dotected and corrected on o daly basls.

Any. —
Aeath i asiat e b piooss 1 onet e P seling [exforing] Uy &ng e pufciay U,

Cons
Computerized mhm {SCADA ar simliar) nltomatically reconds datn which is reviewed esch business cay by the wility sefing
eparting) the watar.
Tight accouniabllity cantrols ensure thilt all erocdats gaps that ecour in the archived Now data are quickly deteclsd and
cormactad.

Ammuhmumwmmpmﬂwmmrmuumdmmwmmwmmmumr and |
purchasing Utiity a1 eas! ance avery five years.

Version) D1-06-18

Billed Metered

GRADE | ¥

DESCRIPTION

nim (nat applicable). Balect nfa only I the entire customer poputlhm i not metered and & billed for watar sonvice on.a flatoc

fired rafe basis. |n uch § case the wﬂm‘.%_&
Lozs than 50% of customerns wilh wolumis-Desd Trom muter sesdingn; Mt o fed rate biling exists for the maiodty of

I cusiomee population
| Al feraat S0% of customns with velume-tesed il hnmmmﬂ,____m lﬂghramnrl

Manun! metar reading s conducted, with less 50% meter read sucoess rats, & i5
ol
| Limited melnr MMM;&L mtsr testing ar
Hilling dak

- recaros, with no awditing,

At lomst 75% of customers with volume-hased_ biling from matar resds: fial o fixed rin billing for remainig accourts.

Manual meter reading s conducted with st least 50% rter read success rats; consumplion for sccounts with falled readn s
asfimatas.

emegmm | with wolume-tised illing from m Nmmm.@rnmm_mm huelmlém._
mislor reading gives ot isast B0% cusiomer meter reading sucoess conaumplion for

_H_xmggggm' it |8 corducted for the cidest meters.
Computerized billing recards exist with annusl suditing of summary statistics conducting by wlility perscnrs|

Candiiong bolmen 8andB

Al beasl BT of castomans exist with volums-tiased biling from metes resds

Al faast 8% customer meder reading success rate; or at least B0% resd success mte with planning ang budgeting for iriais of

Audpmatic Mater Resding (AMR) or Advanced Metsring Infrastructure (AMI) in ane or mare pilo! arpas.
mﬂk_._

s ing guidess repiacement of walilicady ignifcant number of motars Sach yaar,
anmdllmntmmpumblllm Trecards for global and detolied orCun. y by Uity p and is
mmmnywm

| Reading [ANR], “tm mum.mﬂlm%m

Al st BS‘!G of customers sxist with volume-based billing from %m
Al least B5% customar moter raading sucoesa mite; of minimurm B0% mater reading success rati. with Automatic Mator

Siatistion! W0 program in place on i continuous basis.
Computertzad Mllnn-m rwﬂne mmnuoﬂm, Including fieia investigation of repressntative sample of sccounts

undenakan annually by will E[Ermnml Audit is conductad by third party auditors ot least ancs every thros yéars,

Verilon: 01-08-1E
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Billed Unmetered

GRADE | +

DESCRIPTION

Saloct n/a 1l 1 in the policy.of e water wtillty to mater ail customer connections and & Nas been confrmed by dotaiod audiing

Wi : il of fixed fee BiEng
Na dats is collectad mmmm
Tria anly attimatis of custamar populstion consumption malable are dermed from dita estimitiin muthods using avemge

ireait il eustomans do Iﬂuud e o wiler mater: Le. no intentionaly unmotersd acecunts st
ey utilt

| Waler ullity poiicy does not require gustomes n '“W“;r;iﬂ" fxed foe Bing & employed

Some melefod accounts oxst in parts of Ing system (piof areas or Diatrict Motored Arean) with consumphon read ponocscally

z ar recardedt on poriabi dalaloggers ovar ane, throe, or seven day penods,
_MMWHNMWWMMW"IWWQMM-
Slie specfic are used for unusual bulidingsAvaler uss:

2 and 4

Candilinns batwser
Wates ulility policy doas requira metering and volume based billing in genaral. Howaver, a liboral smount of sxemptions and o
tack of chearly witthen and communicated procedures result in Up 1o 20% of billed nccounts belleved o be unmetered by

axemglion, uuuwainumlgkawmm o biecaming fully metered, snd s large number of custorners rermain unmetered.
.meugh estimate of the annunt for al | B iy the annual water audit, with no
inspection of individusl unmatored

Condltions batween 4 snd

ﬁ?&"ﬁﬁﬁﬂmm metanng and valume basen biling bul estabiahea examplions mes for 8 poren of rceounts

_',.“"‘L!!.!!‘_WE!E!'
As many as 16% ofn'hn nmmmwmmmmnwmlmm difficuities.

Only & grodp estimatn of annual sonsumplion Ter all unmatared sccounta is incheded In the Bnnusl water sudil, with no

Irspect:on of indhid ual unmetarat aocounts.

Band§

Gonditiors
Wates utility uﬂwdm reuine: rrlohrlmm rnlmu blnd Billing foor il customer acsounts, However, less than 5% of biled

. Water ulilly poliy does require metering and volume based biliag for el customer accounts.
Less than 2%, of biled accounts ars unmeatored and axist because matar natallmion s hnderd by unusual circurmelances
The goai exists to minimize the number of unmatered accounts to the axtent that is economical

Ruiisbis astimaies of conkumplion are abtainad ol these Aecounts via sits specdic estmation metods. |

Verston; 01,0838 k4
Unbilled metered:
GRADE | ¥ DESCRIPTION
v Salpct réa If 84 bilin consumplion is unmelsred.

Billing practices exempt ceraln accounts, such as municipal bulldings, but wrtten policies do niot exist: and a reliable
court of unbliled metered socounts s unavilisble.

Meter and meter resding on'thess accounts is me and not considerad o priority.
Emmu_m;mm nf-a@mm!mmm far sl WMMM._
 directivas

| exdst to Justify this practice

Billing practices exempt certain sl Lt only scatt

A refisblo counl of muum metared accounts i unavallable.

Sporadic meler replecement and meler resding ocours on an & n—medar.lhesla
The total annual watar consumption for all unbilled, d baxsed upon approxmating the

number of accounts and M_wnwmﬂhn from actively billed amufms mater size.

l:‘.nnﬂlumhﬂngmd

Dated written procedures pomit billing exempfion for specif s, such as municipal properties, but are
unclear regarding certain other lypes of

| Metat m@!.hslﬂ.i‘!'ﬂ_wm di= ,PU_'?!E‘.
Cansumption is quantified from

matar readings where availabi

The total number of unbilled, unmetsrad accounts must be estimated along with consumption volumes. |

Canditions betwasn 4 and 8

Written riing biling sxemptions exist but adherance in i5
| Matering and maler reading for municipal buildings |s relteble bul sporadic for other tn'blllu.l metered ascounts.

Water cor mnmpﬁm i quantifisd directly from mohr readings where available, but the majority of the consumption s
estimated,

Condilions 6 and 8

Writien poficy ident ﬂfm Iha types of aocaunts granied a biliing exampiion.

Customur meter management and meter resding are considered secondary pr‘-urltlaa. but meter mudlnn s
mualmanmhmm@gm volumas for Irnmma! water audit

10

-

TWIWWMMsm&kWMMMdEMMhm

Version: 01.08-18

10
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Unbilled Unmetared

GRADE | ¥ DESCRIPTION

Total consum  quan| 3 I
Cleermnlof biliad, ur I bnla number of ovanis s randomly documeniad
2 each year, emrinmg axistence of such mnsumunun but witheut sufficient documentation 1o quantify an accurate

2 ar
Exinnt of unbilied, unmetered cansumplion is parially known, and procedures axist to document cartain evenls such
a5 misoellaneous fire hydrant uses.
Fanmulas is usad 0 qunnﬂl\r the mn‘nplh from such evenls (lme running mulliplied by typical flowrate,

_w uiat formmn farms ul’unmrred unmatered consumglion bul olners await closer evaiuation.
B d able eping for the ged uses exists and allows for annual wumbhaquimlﬁadby
infarance, but unsy sad uses am guosstimatoed.
7 Conditions betwaan & and 8

Chear polh:lasxmd nuod recordkeEaping exist for some uses (ex witer weed In parindic testing of unmetered firs
connections), but other uses (ax; miscellaneous uses of fire hydranis) have limited oversighl. Total consumplion is a
mix of well quantified use such as from formulae (tma nunning mulliplied by typical low, multiplied by number of

ovenia) or temporary metens, and relatively subjective estimates of loss requiated use.
a Candilions batwsan B and 10
Clear policied exist o identify permitted use of waler in unbilled, unmelered fashicn, with the intention of minimizing
. {.this typm of consumption.
L Good recards d cach and consumplion Is quariified via farmulae (ine running mulliahsd by

typical flow, multiplied by number of avents) or use of temporary mefers.

Varmon: 010518 11

Unauthorized Consumption

GRADE | ¢ DESCRIPTION
1 Eﬂuﬁdumﬂhnﬂmdm&mﬂmhunbmnﬁmbunﬂm%wﬂm haping. Total wne
consum|
Unauthorized cansus is @ known but fts extent is a mystery. There are no requirements o
2 document observed events, but periodic field reports capture some of these ocourrences. Total unauthorized
consumption I approximaled from this limited dats. .
3 Conditions between 2end 4

Procedures edst (o documan! some unauthorized consumplion such as observed upguthorized fire hydrant

4 :'ponhasj Usa formulas to quantify this consumption (time running mulliplad typica! fowsats, multiplies by numpaer
avants),

5 Default vaius of 0.25% of volume of water supplied 1s smployed

B

Coherent policies sxlst for some formts of unauthorized consumption (mare than simply five hydrant misuse) but

athérs awit closer svaluation, Rersonatie survellance and recordkeeping sidst for occurrancas that fall undar ine

Mqr.\’mm quandified lnr_himsg!mm TBEITS.
tions batwaen 6 &nd 8

Clawpurm"ndnmdaudilnhlammruhsagnnemlfwmmlnmntn[mcmwﬂh water meters, [liegal

B bypasses of customer maters), bul other sccurrences have imitad oversighl. Total consumption is a combiration of
volumes from formulse (time x tvpicnl flow) and subtedtive estimaies of unconfirmed consumption.
a Canditions batween B and 10

Clear policias exist 1o identify all known unauthonzed uses of watar. Staff and procadures eus! to provida
enforcement of policies and detect violations. Each octurrence s recorded and guaniified vla formulee (eskmaled
fimas running multiplied by typical Now) or similar mathods: All records and calculations should exist in a form that
gin be audited by & third parly.

10

Vrsion: 01-08-18 12
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Customer metering inaccuracies:

DESCRIPTION

nfa

| Sedect nfa only if the antire customer population is unmetered. In such & case the volume entered must be Zero.

Customer meters exist, but with unorganized mrmmm ne mater accuracy testing or mater

1. - ey hdM“_L-.n I"'w.'hm
inmceuraty i guos:

agement. Loss voiume dua to W&n metar

uesstimatied.
Poor r&uull:ﬂnuphg and ms meter oversight is recognized by watsr uHIity managament who has allotted staff and
lunding resources i am-nw MMMﬂndﬂmr socuracy testing.
and organized to pravide cursory disposilion af meter pop.

Existing paper recors ga
Cuslomear melers aremﬂfw acsuracy anly upon customer regquest

Rl .EMW%W infarmation is improving 28 meters are replaced, 4
Meter acouracy testing is conducted annually for & small number of matsrs (mare than Just customer requests, but
less than 1% of inventory). |

Alimited rumbsr of the cidest melers ars replaced each year.
Inaccuracy | an astimate, bul refined basad firm e

A refisble slachmon j tecardk Leglnn system lor meters exists.

The muter population includes 2 mix of new high parforming meters and dated metars with sispect accuragy.
Iauamuﬂm

Rautine, bul imited, metar sccuracy testing and metar rap

{

Ongoing mater repiacement and accuracy lesting resull in highly accurle customer meler populaton.

Testing is conducted on samples of meters of nranﬁrq age and accumulated volume of throughpul in determine
oplimurt rapla tima for various lypes of

Ongaing mefer | _w_ﬂm,%mﬁ.w in highly accurate customer meter populstion.
St il number of meters are tested in audit year,

This mﬂnn is copductad mmnhsdmmdvammmmumumm volume of throughput 1o deteming
.oplimum raplacament tima for these meters

Good records of all notive ackiva customer melers mmﬂ inciude 85 @ minimum: metar number, account
numberiipcation, type, size and manilacturer.

Ongoing meler repiscemeant occurs according lo 8 targeted and justified basks.

Ragular meter accuracy testing gives & refigble composite | y volume for the customer meter

population. J
Naw metaring technology is embraced Lo kesp overall sccuracy improving }

Pmowumarammm_yamhdgmmmmmmmmm }

Veruion: 01-09.18

Systematic Data Handling Errors; |
DESCRIPTION |

i

Note: all warler ufifies incur some amount of Mis smoe, Evan in wister ulilifes with unmatered customer popuiations &

fieerd rate biling, wrors cocur in annual billing tabulations. En n_(_FEIlIM valus l'qr_lgg_\g!r!u 4 ln_lnut ul'lﬂl"

Policies and procedurss for sctivation of naw
Billing data is maintained on paper records wmhummlu_gnwﬂ_am

Nnuudimn i conducted 1o confirm biling data

gmmmdmmn E_mrl billing diie 1o lack ¢ gk ol i

neran fumbiar of customar ssmowarsight,
Paliey & proceduras for @w cusiomer accaunts & evarsight of biling records sxiat but need refinemant. |
base_ l

aliy elegtronio datdbas
data handiing sfficie

Policy and procedures for new account and oversight af bﬂhng aralions exisl but needs

Computenzed billing system exists, but is dated or lacks nesded L lity.

Periodic, imited inferna! sudits conductad and confirm with approximate y the plian lostto
bitling lapees.

Conditiors between 4 and 6 OR Defeutt vaiue of 0.25 %ufvumnrm_umiuksﬂdqx_li 1

Pulg & procedurss for new account schivation and oversight of billing operations |s adequate & reviewod periodically. |

“—‘HHWMMIBMHIBNMDM:W available. |

Anym’uul t of bilfing ndj o moasured cmimﬂ:lhn Iimus is well nd d

Injermal checks of billing dat error conducipd annually.

Reawrnabhr accurata gmmmﬂandmnmm volurne lost to biling lapses is ob

and

—HM
Annual intemal checks corducied with third party sudd conducted ot least once every five years.

Accourtability checks flag billl

Consumption lost to biling lopess is wil quantifiad and reducing year-by-year.

_Conditians between 8 and 10 i

Sound whitlen and exist for new account activation and oversight of customer billing operations

Robust compulerized billing system gives high functionality and reporting capabilities which are ulllized, analyzed and |
{he results reporied each billing cycle:

Assasymient of poiicy arid data handiing errors are conducted intarmally and sudited by third party &t lesst ance every

thrai -BnGuiitg consum lost to bil Iz minimized and delaced as | ooous.

Varsion: 01-03-18

120



Length of Mains

T BEAAREON
Poorly msmblnfsd and malrilainad g pnpsr aa-bulll records of existing water main installstions miskes accurala

system p th mains (s guesstimated.
records in poor or uncarain IHm no annual of instaltations & abandonments). ]

Poor procedures o arsure that new waler mains installed by devilopers are accurataly docurnented,
Conditions betwaen 2 and 4

Sound written palicy and procedures exist far documanting new water main instaistions, bul gaps in marsgemen |
m@lnmmmm%whmhumdmlaﬁ

Candilions between 4 and & i
Sound written palicy and proceduras-axist for parmitling-and commissioning new water mains. }
& Highly accurate paper records with regular field vaiidalion; ar electranic records and assat managamant syatem in
| goad condition,
Intludes system hickup.
T Conditions betwesr & ahd 8

| Sound written pollcy and procedaires exst far permitting and commisslaning new water mains.

8| wumﬁhﬂaumun&qw hical Informalion System (GIS) and assel management system are |
used to slore and manage dals. [

] ‘Canditians batween § and 10

| Sound wnitfen poliey exisis for managing watar mains extensions and fepiacemants.
Geographic Ior;fwnaﬁan System (GIS) data and asset management dalabase mﬁaﬂd random field validation
alabases

L=

Varilon: 010818 15
. ________________________________________________________________________|

Number of active AND inactive service connections 1
Woke: The number of Service Connections does not include fire hydrant leads/lines connecting the hydrant to the water
main
GRADE | ¥ TESCRIFTION
Vapue parmitting {of new service connections) poiicy and poor paper recorakesping of cusiomes
1 ‘connections/billings result in sespact detarmination of tha number of sarvice connactions. which may be 10-15% in
erfor from actunl esunt
2 General pormiting policy exists bul papar mcords, procedural gaps, and waak. ght resull in i lotal
for numbeer of conneetions, whi wﬁl:h may vary 5-10% of actual count.
3 Conditions between 2 a
anamuﬂmﬂva glny__gucadume%hutvdmmngp_- pedo mmoe_s,@_om_ 1
b system is baing brought online io replace dated paper recordkesping
4 I !)'H@'l
Reasonably accurale tracking of service connection Installations & abandonmenis; but count can be up to 5% in
sirat from aciual tolal,
5 Corditiors between 4. Irrtd 3 I
Written new account activation snd overall billing policies and procadures are adaquate u@mmgﬂr_.
& Cam_puwind infarmation management system is in use with annual installations & abandonments totalad
Very limited fisld verifications and audits.
En'Dr |
7 | s betwean & and 8 |
Pdlcres and procadures for new acoount echvation and ovarall biling operstions are written, weli-struciured snd
reviewed ot laast biannually,
a Well-managed computerized information managemenl system exists and routine, panodic fisld mawmuuma!
| systam audils ane conducted.
Counts of connactions are no mere than 2% in srror.
8 mﬂ!ﬁnm between Band 0 |
Sound written policy and well managed and audited enmsurs refiable gamant of sarvice connection
.._.EE'_. on;
10 d inf system, © Blliing System, mdﬂmap}ﬂchfnmﬂmﬁyﬂam
Lt‘;_l__j Information wtﬂuh validation provas truth of detabases.
Count of connections mhslmnnnwblnssmgn 1% of the entire populstion.
Verson: 01-03-18 1
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Average length of customer service line:

Crneings 1-0 apgdy If cusieemnr if Ay incatad insids Me culemar bulding eremises, ar f M watar utility
g mnd s mmwwudumummpImmquthhmmudm In gy of these cases the dverngs dstance
btyennn i curb stap of bolmmdisry sspRaling ustoening respensRaty for mmmumlwﬂmmﬂmm Eeml) o B
wuntomer miter must bo quaniified. Gradings of 1 mmhmmmdwmmhmu valuo, {Sest the "Sarvice Cannection Osagmm®
TeRABE | 7| DEBBRPT!:N' =i
‘Note: ¥ cuntomar watr melgrs arm iocstod cutaide of Ihummn-mnunubh or toundary ty. than tha
mdifor shaokt armwar "Yed® umamuummmwmmw.mw. |rhmhm Nm“w‘.‘““m“ﬂm
;1Na1mmfuﬂumm;murm ennred ot 8 G # 10 Bes the Sarvice Connsction Dagram 1 lor 0 visual pressntation
i Wagus poicy oxisiy 1o oufine tha definaalion of watr Lty ewnest: and cusiarmes ownarship of e sorvion connecion plpmg. ______|
1 Curb shps sro parcaived as the Drsaknian! bul 1hasn hzve 1ot bebn well-mastained or docuranin. Most are burind or coocund. Treir
lecarlion vares widely Trom: sin-io-ste, and estimating this dstances |s ﬂhhhmm e
Poficy requints that the curt §op serves as the delineasion poir. bt “water ity o of the parvice
. cunnecton
2 Tﬂammmmuwmrmunwhmhummdhmumtrmhwmﬁnmhmmtnm
|| buiding s pwnec by iha cusiomr.
Curb stop locstionn arg not weil dotumanted nd the GiSUICS i Bassd upon a lirmited mambar of iooations mesesFad o e field
3 Coniinns bewean 2 and 4
GmdmpﬂymMmmwlmmnhmbmpmnlw“mmmwmwwwdl:-
B
4 Cuatty atnpa ave qunerislly inataled as eaded A A% reaAGnbly AOCmented,
Their location viries widsly from sitsio-gte. ang an estimats of this dstance s hindared by ihe avafablity of paper recoms of Imaeg
5 <t babvean 4 B
Gl writhan nsts fo define for sorvion connociion
8 Accurhty, wal-mal o biesic olectonic tecordhoeping 4yston: exista.
iy e checkssonti ping s o s f cunones prpries
7 i Conditions batwean & and &
cmmm_dwmmbmammmﬂmmmyolw InBtafsiGn.
8 m“ﬂm elachonic recos wiih pariodic el chatks 1 conflrm ncation of sanvics ines, cuth shocs and
N cuntarhar i E.
Fate ALMmDeY of customar propmies from Ihe custnmed ilng 3y3tam eicws. tor relable myErsging of s langth.
B! mm.:bmamdm
Eittwr of twd condfons can ta mes for 8 gmding o 10;
I)Cnmmrm-mm mnmmmmmwnﬂmwmm wilin dlity
savite conmsation piping. Illu atawer “res” 1 the question on tha Roparting Wrking asking about this condiben_ A walus of zafo
1 w-wmmmnuﬂm_
b} Maisrs axisd inaide ullgingn, or p In eifher case, anwwar "No® 10 The Reporing Wonishest queston
on mebar [ocation, and ertar n distarcn detummin .dbuh.ll.dlw Funmngﬂwmuknmwulmuulbhmborlml
‘Geagnaphic Informaties Sywam [GLS] and eonfirmd by a statuhieally yalld numbee of Said chacks
Varuon: 01-05-18 7

Average operating pressure
GRADE | ¢ DESCRIPTION
‘Available records ane poorly assambled and maintained paper records of supply pump ch d walor
distribution systsm oparafing conditions.

1 Awmmmﬂﬂw_ww
Widely varying distribution prussures dus o undulating terrain, high system head loss and weakleratic prssum
nun&nllﬁxﬂwwnpmmge uﬂﬂmnm"m
Limited station and water slomge lank sites provides some statis pressume
;ﬁ,_m_mbwuadmhmdwm

2 datn s ga

orudo data, unﬁnmwﬂﬂwlmmmwm
3
auross the systam,
4 ariga, and
e is calulaled using this mix of duta.

5 Gmmﬂpmwllnga

Reliablo pressuny controls sepamin distincl PresswIE Zonas, only vy cocasona! open boundary valvis i
R ﬁ.._.qmm.___mmm TN,
Ib‘lnpulﬁ’mmwmmwm[ml]hdmplnqmmluhmphrﬁlwmlh}m

& _'_WMMWM ..

Pressurn gathened goers al ﬂm and mlﬁnuluhm e pressure compiints arise. and
| during fire Nlow tosts und sysiem fiushing. i i
Averags pressure (s determined by usng this mix of reliabie date.

7 | Conditions betymen & and 8 i i
| Walt-ms digcrele ZONES. e fhuctuations. :

8 A current full-sosks SOA &mnuammmﬂlmmmwmmmmmmwuwmsm
and eoliect dats, including real time pressire readings s representative sites stross the system.

The avarage system pressure is determined from refisble moritonng systern data.

) Conditians between & and 10
Waoll-managed pressure districtufrones, STADA System and hydraulic model exist bo give very precise pressure data
uoross he water distritrtl

0 Average Irmmm _It rﬁ.‘hg_g_g-lq.l_l.glnd from exensive, reliable; and cross-checked data.
| Galculations are reparted on an annual basls as @ minimum,

Virslon! 01.0518 18
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Total annual cost of oparating watar system

GRADE bl
1 papar records and lack of financial amﬁmmmmmmm functions makes
calculation of waler system operaling costs a purs guesstimate
2 Reasanably malntained, but incompiete, paper or elecironic acgounting provides. data o astimate the major portion
costs.

Coni 4and B

Relisbla electronic, indusiry-standard cost accounting systam in place, with af pert waler systam op g
8 coals tracked,
Data aud
7 Condilions between 6 and
8

a

Raliable amﬁwmm cost accourting system in place, with sl pertinent water syslam operaling
1 Ehicuiad il 18ast annbally by Ullity personnal, snd i 18ast ofica every e years by fhird-party CPA
gpﬂlﬂnns betwean & and 10

Rahisble ;ﬁwnlc. industry-standand cost acoounting system in piace, with all perlinant water system oparating
10 | costs tra

| Dt sudited annizlly by ullity personnal and shnually aleo by third-party CPA

Warson: 0108-18 18
______________________________________________________________________________|

Customer retail unit cost (appligs_d_ _to_&pparant Losses):

GRADE | ~
| nis Cuslomer population MM_L!WFGB-SWTWM@"
Antiquated, e Is used. with perodic histaric amendments that were poorly
teed and im hmcn temi i of custome| billed inconsistant

Thaaaualwnpwntﬂmngmmuﬁmmmwmhwbuhadwmmmwm.hutulmu
audiling leaves the degree of eror Indeterminate.
Disted, cumbersome witer rate structure, not always employed mmm_@w blﬂ!g_pemﬂum

2 The actual composite billing rate s known to differ from tha published wata bl
ammwﬁmmufhdgg of eor is determined, allowing o mpomwrmﬁmwmqg ified
Gnndrlhmhdwmn 2and4

¥

in several

4  Billing mmmﬁmxam@!mmm
The composits biling rate i derived from & singls umlomsrdmmh &8 residantial cuslomes accounts,

qggi!g ng the effact of different rates from varying custome:

5 Condilions betweaend and &
Clgarly wnitten, up-to-data water rate structure is in force and Is spplied refebly in biling operations,
8 Cd;pﬂlﬂl cuslamer riti: |s determined using a weighted average residential mte using volumes of watar in gach |
rate block.
7 Candifions betwsen & and
| Effective weter rete suu:!um I8 In farce and i gg@ redisbly in bdllhgggfalbm
& Ean'rpaal‘bn customer riia lB ﬁnlarmmed tian rate, which
b (Cili mdwo#wdhﬁmwﬂnwdmuvdmh!hewwm
sh'uu\m,
9 Condifions betwaen 8 and 10
Current, affective water rate structure is in force and applled rellably in billing operations. .
10 The rate structare and calculations of composite rate - which Includes residantial, commercial, industrial,

insttutionai (Cll), and other distincl customar classes - ans reviewed by a third party knowladgeable in the M35
mathodology at least once avery § yesns,

Varsion: 01-02-18 20
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Variable production cost _(apgﬂed to Real Losses):

_GRADE | <]

Note: if the water

 Reparting Warkehse! with 5 grading of 1
Incomplate

1

mlluauﬂmmﬂmpmihanhmmwppb mmmwlpmmdﬂnwkmwmm

plparrsomdsmllﬂ of documentation on primary operating funclions (slnciric pawer and irsatment
costs most importanily) rmakes calouiation of variable production cosis a purs

2

Reasonably maintained, but incomplete, paper o electronic accounting provides data to mughly ssfimate the basic
operations costs (pumping power costs and irestment costs) and calculate a unlt variabie production cost. |

Conditions btwaen 2 and 4

| Elnctronic, industry-standind cost acoounting system in place.
Eleciric powar and treatment costs are relizbly tracked and aliow socurats weighted calouiation of unil variable

production costs basad on thess we Mo mmanﬂﬂ_mwpum coats (if applicablaj,

Conditions between 4 and B

| unit varisble production cost, as appiicable.

Rn!uhls alectran|c, industry-standard cost acoounting system |n place, with all peninent water system operaling

Ponﬁ'ml nﬂdllimll coEts Biyond power, trastment md wuhr i-nnurm ;u'mm uuuls {if applicable) such as
liability, residusin maragement, wasr and tsar on &g P g of supply, Bre includad in the

Thumuludl&udnthmmn@x by wtility personnel.

Condilipnz betwesn & and 8

Raliable ! system n pm with all pertinent primary anid secondary
| vartable production and wﬂlwhwhﬂgm@si[-mmlm
The data is audied af least annually by tlmlll;lI personnel, and &l least once emmr {hrem years by a thind-party

between & 10

Wrson: 01-05-18

| applicable) costs on an annual basis.or.

4] Third party GRA audit of ail pedinent prmary and semnwyndch‘e production and waler imported purchisss (if

2) Water supply i entiredy purchased s bulk water importad, and (he unit purchass cost - including all applicabés

marginal supply costs - serves as Iha variabla production cost. |! all applicabll marginal supply costs are not
Included in this figure, o grade of 10 should not be selectsd.

21
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Appendix 6: New Mexico System BRI Calculations

System 1 - 1995-1999

National National Break
% of System % of Main Average Average Rate
Mains by # of Breaks Breaks by Break Break Breaks by Index
System Main Materials # Feet # Miles Material by Material Material Rate/mile Rates Material (BRI)
Asbestos Cement: &
Concrete 2560800 485.00 20.6% 7 4.2% 0.01 0.088 43 0.16
Cast & Ductile Iron: 5596800 1060.00 45.0% 43 25.9% 0.04 0.348 369 0.12
Other: 960960 182.00 7.7% 32 19.3% 0.18 0.167 30 1.05
PVC: 2756160 522.00 22.2% 2 1.2% 0.00 0.025 13 0.15
Steel: 564960 107.00 4.5% 82 49.4% 0.77 0.106 11 7.23
Total: 12439680 2356 100.0% 166 100.0% 0.07 0.20 466 0.36
System 1 - 2000-2003
% of National National
System # of System % of Main Average Average
Mains by Breaks by Breaks by Break Break Breaks by Break Rate
System Main Materials # Feet # Miles Material Material Material Rate/mile Rates Material Index (BRI)
Asbestos Cement: &
Concrete 2914560 552.00 21.6% 15 5.4% 0.03 0.088 49 0.31
Cast & Ductile Iron: 6204000 1175.00 46.0% 89 32.1% 0.08 0.348 409 0.22
Other: 0 0.00 0.0% 48 17.3% 0.167 0
PVC: 3859680 731.00 28.6% 15 5.4% 0.02 0.025 18 0.82
Steel: 501600 95.00 3.7% 110 39.7% 1.16 0.106 10 10.92
Total: 13479840 2553 100.0% 277 100.0% 0.11 0.19 486 0.57
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System 1 - 2004-2009
% of # of National National
System System % of Main Average Average Break
Mains by Breaks by Breaks by Break Break Breaks by Rate Index
System Main Materials # Feet # Miles Material Material Material Rate/mile Rates Material (BRI)
Asbestos Cement: & Concrete 2962080 561.00 19.8% 22 8.7% 0.04 0.088 49 0.45
Cast & Ductile Iron: 6367680 1206.00 42.6% 146 57.7% 0.12 0.348 420 0.35
Other: 0 0.00 0.0% 0.0% 0.167 0
PVC: 5068800 960.00 33.9% 30 11.9% 0.03 0.025 24 1.25
Steel: 554400 105.00 3.7% 55 21.7% 0.52 0.106 11 4.94
Total: 14952960 2832 100.0% 253 100.0% 0.09 0.18 504 0.50
System 1-2017
% of National
System #of % of Main Average Theoretical Break
Mains by Breaks by Breaks by Break Break Breaks by Rate Index
System Main Materials # Feet # Miles Material Material Material Rate/mile Rates Material (BRI)
Asbestos Cement: 2003792.14 379.51 11.7% 21 7.1% 0.06 0.088 33 0.63
Cast Iron: 5450974.29 1032.38 31.8% 163 55.4% 0.16 0.348 359 0.45
Concrete: 1083234.67 205.16 6.3% 2 0.7% 0.01 0.043 9 0.23
Ductile Iron : 738235.66 139.82 4.3% 5 1.7% 0.04 0.055 8 0.65
Other: 63945.21 12.11 0.4% 4 1.4% 0.33 0.167 2 1.98
PVC: 7549195.2 1429.77 44.1% 36 12.2% 0.03 0.025 36 1.01
Steel: 245232.26 46.45 1.4% 63 21.4% 1.36 0.106 5 12.80
17134609.4 3245.1911
Total: 3 8 100.0% 294 100.0% 0.09 0.14 452 0.65
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System 2 - 2017
Theoreti Theoretical
cal % of Breaks
% of # of National Breaks by Material Break
System Breaks % of Main Break Average by Based on Rate
Mains by by Breaks by Rate/ Break Materia National Index
System Main Materials # Feet # Miles Material Material Material mile Rates | Average (BRI)
Asbestos Cement: 314386.27 59.54 33.5% 16 32.7% 0.27 0.088 5 11% 3.05
Cast Iron: 104375.49 19.77 11.1% 21 42.9% 1.06 0.348 7 14% 3.05
Ductile Iron: 142338.05 26.96 15.2% 6 12.2% 0.22 0.055 1 3% 4.05
Other: 8001.1 1.52 0.9% 1 2.0% 0.66 0.167 0 1% 3.95
PVC: 364316 69.00 38.9% 5 10.2% 0.07 0.025 2 4% 2.90
Total: 937153.42 177.491178 100.0% 49 100.0% 0.28 0.09 16 32% 3.14
System 3 - 2016
#of
% of System National National
System Main % of Main Average Average
Mains by Breaks by Breaks by Break Break Breaks by Break Rate
System Main Materials # Feet # Miles Material Material Material Rate/mile Rates Material Index (BRI)
Asbestos Cement: 21210 4.02 0.7% 0 0.0% 0.00 0.088 0 0.00
Cast Iron: 9402.53 1.78 0.3% 0 0.0% 0.00 0.348 1 0.00
Ductile Iron : 125894.25 23.84 4.1% 0 0.0% 0.00 0.055 1 0.00
PVC: 2897533.47 548.78 94.9% 47 100.0% 0.09 0.025 14 3.43
Total: 3054040.25 578.42 100.0% 47 100.0% 0.08 0.03 16 2.94
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System 4 - 2015

National Theoretical
Average % of
% of % of Number Breaks by
System # of Main National of Material Break
Mains Breaks Breaks Average Breaks Based on Rate
by by by Break Break by National Index
System Main Materials # Feet # Miles Material Material Material Rate/mile Rates Material Average (BRI)
Steel: 187136.45 35.44 19.2% 23 25.8% 0.65 0.106 4 4% 6.1
Cast Iron: 168295.53 31.87 17.2% 10 11.2% 0.31 0.348 1" 12% 0.9
Ductile Iron : 44090.45 8.35 4.5% 2 2.2% 0.24 0.055 0 1% 4.4
Asbestos Cement: 177989.93 33.71 18.2% 12 13.5% 0.36 0.088 3 3% 4.0
PVC: | 398850.57 75.54 40.8% 42 47.2% 0.56 0.025 2 2% 22.2
Other: 260.16 0.05 0.0% 0.0% 0.00 0.167 0 0% 0.0
Total: | 976623.09 | 184.96649 100.0% 89 100.0% 0.48 0.11 20 23% 4.4
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