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Water supply systems are vital arteries in the operation of any city, yet 

here the age old adage "out-of-sight, out-of-mind" is particul.arly apropos. 

The nonhazardous nature of water combined with l.ow retail. water prices 

contributed to an attitude where l.arge system l.osses were traditional.l.y 

tol.erated. Today, however, problems of deteriorating infrastructure and 

costl.y capacity expansion have brought system losses under closer scrutiny. A 

program which continually monitors system performance in real time would aid 

in establishing a data base for pipeline repair/replacement decisions as well 

as conserving water when supply is limited or when the most readily available 

sources have already been utilized, These problems are not unique to 

utilities with ol.d systems or in isolated geographical areas. On-line 

computerized monitoring is thus considered for potential improvements in 

network operation and maintenance. 

To impl.ement computerized monitoring, the program must be both 

technically and economically viable. First, conventional methods of leakage 

detection are reviewed to recognize their underlying limitations and identify 

the possible advantages of the proposed scheme. A brief system description 

follows including the suitability of existing computer and instrumentation 

technology. Design hurdl.es and possible difficulties are also addressed. For 

economic justification, the benefits of computerized leakage detection must 

outweigh the associated costs. To determine so, the methodology for a 

benefit-cost analysis is outlined. Lastly, sensitivity of the ultimate 

cost justification to several important input variables is taken up. In 

conclusion suggestions for future work are offered, The objective through 

these steps is to integrate the relevant engineering and economic concepts and 
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evaluate computerized monitoring for leakage detection in municipal water 

supply systems. For a more in-depth treatment of the subject including causes 

of pipe failures see Blythe (4). 

METHODS OF LEAKAGE DETECTION 

Methods of leakage detection have ranged from laissez-faire to active 

audits and surveys done on an annual basis. Currently practiced detection 

methods will be discussed in order of increasing sophistication. 

The so-called "laissez-faire attitude" may perpetuate when the system 

performs "well". Despite apparent losses, supply meets demand and there may 

be little incentive to locate failures. In such a case, no organized 

detection program exists. The utility responds to customer complaints and by 

doing so establishes a passive pattern to its detection approach. Standard 

practice which responds to emergency items only can escalate the costs of 

later rehabilitation (22) and result in large water losses. 

A second approach relies on chance discovery. In municipal locations 

water mains are normally located in proximity of other utility lines such as 

electric cable, underground telephone, gas, fire, or sewer. Service workers 

in these areas may detect leaking or broken mains in conjunction with their 

work and report any failures. The same applies for highway related 

excavations. Additionally, visual surface inspection will prove to be 

unreliable since the number of leaks which surface constitute a small 

percentage of the total number occurring. 

Organized leakage detection programs can be aggregated into four major 

approaches. The first employs acoustic equipment; the second conducts a water 

audit; the third utilizes correlators, and the fourth applies tracer gases. 

The first two are traditional methods, the third incorporates the more recent 

state-of-the-art equipment, and the fourth is undertaken in special cases when 

other methods cannot be used. 

Acoustic devices work on. the principle of sound transmittal. Leaks emit 

a characteristic noise allowing identification by an experienced operator. 

The general survey is a two part process where distinction is made between 

bracketing and pinpointing, pinpointing equipment being of greater precision. 
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A district is typically covered by crews of one to three who listen at 

consecutive checkpoints in attempt to "bracket" or locate a leak. Several 

disadvantages should be noted. Accurate system mapping does not always exist 

which complicates the bracketing process (18). Detecting characteristic leak 

noises is a skill sometimes requiring 10 to 15 years experience before full 

development. Therefore, the use of experienced personnel will ultimately 

determine the program's effectiveness. 

Even when trained personnel are available, limitations exist. Problems 

of sound propagation may occur depending on pipe material (e.g., cast iron, 

concrete, PVC) and soil type (i.e., better transmittal in sands than clays). 

Large leaks with slow velocities may have a less intense sound and go 

unnoticed, while small leaks under high pressure might emit an intense noise 

and are detected even though much less water is being lost. Conventional 

equipment does not reconcile this pressure-velocity difference. Other 

practical difficulties arise because changes in the piping system and depth of 

cover will change the characteristic leak noise. In cases of multiple leaks, 

one may overwhelm the others and a single leak is perceived. 

Another serious problem occurs from background interferences. Traffic, 

subways, pumps, construction, and other ambient urban noises may render leak 

detection virtually impossible. In an attempt to alleviate these complica

tions, night surveys have been conducted. Overtime charges have increased 

the real costs of these maintenance programs, and by and large, they have not 

occurred in depressed or high crime regions. 

The second major approach taken in traditional leak detection programs is 

the water audit. In the audit check point scanning is replaced by flow 

metering, and failures are later pinpointed using sounding equipment. An area 

is divided into smaller districts and pitometers and/or master meter recorders 

are used to determine if a zone's minimum night ratio is above a prespecified 

expected level. One immediate shortcoming is that the cutoff ratio is 

selected from empirical observations and is not rigorously tested. The issue 

of zone decomposition is also an important factor which influences the 

accuracy of district metering but has received little attention. Addition

ally, a water audit will not provide accurate enough flow measurements 

5 
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to determine if inaccurate metering is a major contributor to the problem. 

Leak noise correlators represent more state-of-the-art equipment and have 

much higher accuracy in pinpointing leaks than tr-a.di tional sounding devices. 

The primary advantage of such systems is that they more effectively screen out 

background interference noises and are accurate within one to three feet (10), 

(31). Improved accuracy is valuable not only in locating leaks which were 

previously undetectable, but also in real cost savings through fewer 11dry 

hole" excavations. For example, dry hole excavations in New York City 

accounted for 10% of street openings (16). 

While leak noise correlations are more advanced than traditional 

equipment, several disadvantages should be noted. The equipment is expensive 

and time consuming which has limited its present use to applications where 

conventional equipment has failed or where conventional apparatus cannot be 

used. For example, at a rate of 3,7 miles/day, a complete survey is expected 

to take five years in Denver (39). Trained personnel are necessary and the 

equipment is bulky requiring van-mounting with an associated follow up crew. 

For a more detailed treatment of the principles of operation and equipment, 

further readings by Field (14) and Arnac (2) are suggested. 

The last method of leak detection discussed regards tracer gases. In 

general, use of these has been restricted to special cases and to times when 

acoustic methods can not be undertaken. Tracer gases are very expensive 

primarily due to highly sensitive detection equipment ·or dewatering 

procedures. Because tracer gas techniques are not practical ·as part of a 

regular maintenance program, no further attention is devoted here. 

GENERAL SYSTEM DESCRIPTION 

At this point we need a better idea of what computerized monitoring for 

leak detection entails and how the system would operate. The first major 

departure from conventional methods is that computerized monitoring utilizes 

on-line detection rather than periodic surveys. By installing pressure arid 

flow gauges at specified locations, a continual record of system operation is 

provided. Data becomes available on a 24-hour basis and departures from 

11 normal 11 operating levels can be alarmed or printed out. The contrast becomes 
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evident; the best of the traditional techniques undertook routine surveys on 

an annual basis while the frequency of other audits ranged from one to five 

7 

years. As has been well documented (30), (35) the possibility for large leaks 

going unnoticed over long periods (years) has resulted in huge water losses. 

A second.major distinction of computerized moni~oring is that all 

measurements can be signaled i.e. telemetered back to a central location. It 

does not require that work crews be sent out or scheduled during evening, 

early morning, or weekend hours. It also allows updated knowledge on the 

entire system rather than updated knowledge on a small segment {~5 miles) 

surveyed during any particular day. 

To implement a computerized failure identification program, the issues of 

instrument placement and system operation must be addressed. The location of 

monitoring sites and determination of normal operating pressure and flow 

ranges are the two design elements considered here. 

Specifying appropriate monitoring sites will depend on the system 
0 

configuration, network characteristics, and equipment limitations. Regarding 

the first, measurements will be required at all branch points, Otherwise, it 

would be impossible to preserve the continuity relationship between stations 

and determine where losses occur. Individual network features will also 

influence the location of monitoring sites. If it is known that particular 

zones experience large losses (i.e., geographic "hot spots"), then it will be 

more worthwhile to place monitoring devices in these troubled areas given a 

limited budget. Without prior information on areas with above average failure 

rates, a survey can be undertaken and monitors installed in pipes of greater 

importance, where priority ,is established by diameter. The remaining aspect 

of gauge placement regards placement density, Namely, how closely should 

monitoring stations be spaced, The separating distance will largely be 

determined by the equipment accuracy. Instrumentation will function reliably 

within a specified distance interval, and spacing will be limited by this 

equipment design range. 

The second and more difficult design area of computerized monitoring 

regards the actual detection parameters. Here we must answer the question of 

what are the appropriate alarm levels to indicate system failures while 
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allowing for normal variations in pressure and flow, To answer this, failures 

are segregated into the two component parts - breaks and leaks. The 

distinction is made because the two events differ in nature; breaks are abrupt 

while leakage is a gradual deterioration process. Identification of the two 

cases will differ, thus requiring both pressure and flow devices. 

Commencing with breakage, we need to alarm conditions 01•+.side of the 

normal operating range. Both pressure and flow in the network will fluctuate 

due to a roughly diurnal water demand schedule (8), (40). Furthermore, demand 

can be classified seasonally where summer outdoor uses often attribute to peak 

periods. Estimates of the mean and standard deviation demand schedules can be 

used to determine normal operating ranges. 

The basic idea of the failure detection mechanism is to examine whether 

each additional pressure or flow measurement lies outside a specified region 

around the estimate of the corresponding mean value (m). This region can be 

defined as a multiple of the associated standard deviation (s). If so, a 

possible failure event is identified. Subsequent observations will confirm 

failure and initiate an alarm. Otherwise, the system is considered to be 

operating normally, and the measurement is used to update the mean and 

standard deviation estimates. For a discussion and derivation of these 

statistics see Blythe (4). 

Turning now to the more gradual event of leakage, deterioration will 

occur more slowly over time than by a pronounced impact. Consequently, 

pressure changes may be too small to detect by short interval comparisons. As 

an alternative, simultaneous flow measurements at consecutive monitoring 

stations can be used to conduct a water balance where a difference in inflow 

minus outflow can be attributed to leakage. Based on pipe class, a threshold 

level above which leakage is unacceptable can be defined. 

Just as pressure levels fluctuate with the diurnal demand, flow and 

leakage rate will also follow the same characteristic pattern. To avoid 

repair/replacement decisions based on extreme data, focusing on average 

leakage should smooth out these fluctuations. Since, the effects will be more 

noticeable for longer periods, measurements should be averaged to record 

system decay over time (weekly, monthly, yearly). 
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As a final note on operation, computer downtime is sometimes mentioned in 

the literature as a significant handicap, However, the applications reporting 

problems have much more of a chemical control orientation and are usually in 

the treatment sector. Downtime in computerized monitoring results in a loss 

of information not quality degradation. The system performs no more poorly 

than before program implementation. Problems of downtime are further reduced 

by the decentralized nature and possibility to telemeter information to a 

central storage bank. In short, this criticism is not perceived to be a real 

problem for on-line monitoring. 

EQUIPMENT AND AUXILARY SYSTEMS 

The equipment requirements and related features of a computerized 

monitoring scheme are computer hardware, software, instrumentation (pressure 

indicators, flow recorders) and telemetry devices. The general movement in 

the computer industry in the recent past has been away from mainframes and 

towards the use of microcomputers, where the latter have already been 

successfully employed to alarm exceedance limits (15). Rapid technological 

hardware advances in this area have had several important consequences, a 

major one being a reduction in overall system costs. In response, a market 

for software has arisen leading to a variety of available packages at low 

costs, The implications of this progress on computerized monitoring in water 

supply networks favor a decentralized computer scheme which readily lends 

itself to a complex information network with transfers between many sites. 

Smaller capacity computer obsolescence is largely unanticipated for two 

main reasons. First, they will still be usable in their originally planned 

function and second, software compatibility developments, as have already 

occured, are expected to continue as larger memory capacity is achieved. 

Additional peripheral equipment has also been developed to extend the memory 

capacity of smaller models. 

The software transformation is equally noteworthy. Previously, programs 

were designed for a particular system or for the specific needs of one 

application causing large developmental costs and difficult debugging 

procedures. Now more general, documented software packages are readily 

9 
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available at low costs. The trend is away from in-house reliance on a systems 

programmer and towards operational ease by water resource engineers and 

operators, In fact, Marks and Noonan (20) suggest that at least 75% of 

present computing needs can be done without special programming, 

Desirable sensor characteristics are reliability, accuracy, little drift, 

and infrequent maintenance. Well documented· experience with pressure and flow 

instrumentation has occurred in the wastewater industry where the major 

problems have been due to "dirty" applications and instrument fouling, 

However, problems of this nature should not exist on the supply side, As a 

final note on instrumentation, Edwards (13) extends a basic warning regarding 

detection of erroneous data. Gradual drift and loss of calibration may go 

undetected for long periods if data is directly supplied to the CPU unless 

some validity check is incorporated in the process. Dual sensors are 

expensive and both may drift and still mutually agree, The suggestion is made 

to automatically incorporate calibration checks on-line, 

Having obtained•pressure and flow readings, data transmitted is the next 

concern. Operationally, a telemetering system connects data sources to a 

common location over communication channels. These channels could be 

telephone lines, radio links, microwave signals, or power lines, although 

phone lines have been most common, Given the number of monitoring stations 

and remote locations, water supply systems will involve complex telemetry. 

The system described thus far has focused on computerized monitoring, 

However, data acquisition only represents one aspect in the range of computer 

capabilities, A system might begin with monitoring applications, expand to 

analysis, and eventually include on-line control, Alternately, utilities who 

presently computerize some aspects of operation may augment their present 

functions to incorporate leakage detection. The notion of progressive or 

phased computerization is summarized by Figure 1 which also illustrates how a 

decision maker can use the results, 

In the initial phase (P-1) the automatically collected information can 

directly update the inventory of mains in the network on failure record and 

operating conditions, This updated inventory can then be used for phase two 

(P-2) analysis (e.g., failure rate vs, diameter, age, pipe material, etc.) as 
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well as input to the decision maker in modifying design criteria for pipeline 

replacements or in estimating and testing predictive models. These models can 

then be used to project future maintenance costs. Additionally, results from 

the analysis can be used in scheduling repair vs. replacement decisions. 

Maintenance can be prioritized according to actual losses on an immediate and 

as needed basis when system failures are identified. In phase three (P-3) the 

computer and instrumentation can automatically perform control functions. 

(e.g., valve or pump shut-off; pump motor speed adjustments). The same 

conductors carrying telemetering signals in one direcion can carry control 

information in the other, ·although the number of monitored and controlled 

points need not be the same. Some applications in the water industry are now 

examined to illustrate these points. 

COMPUTER AND INSTRUMENTATION APPLICATIONS IN THE WATER INDUSTRY 

computers, pressure sensors, flow meters and telemetry have all been used 

in wastewater treatment, water quality monitoring, and distribution. Some 

uses in the past were motivated by high energy costs. N9w as municipalities 

face the prospect of capacity expansion and unaccounted-for-water figures on 

the order of 30%, the economic climate may be ripe for computerized leak 

detection. Several domestic and foreign programs are examined to cite 

examples of the above and to identify future industry trends. 

A recent example of a flow monitoring program applied to a wastewater 

collection system can be seen by the St. Louis Metropolitan Sewer District 

(SLMSD). As part of the public works maintenance program, SLMSD implemented a 

low cost, long-term flow monitoring system (28) in response to sewer 

maintenance problems - 370 collapses occurred in 1981 alone. Flow sensors 

were selected to measure flow, and data were telemetered to a microcomputer 

(monitor) over phone lines. The system has been used in design, planning, 

infiltration/inflow studies, rehabilitation, and maintenance scheduling. 

Computerization has also been useful in water quality monitoring. The 

New York State Department of Environmental Conservation has applied a computer 

system to data collection, command transmittal, and alarming limits (7). The 

system operates under the management by exception principle where 
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deviations from prespecified norms are displayed for later correction, 

The business extensions of computerized systems have saved time, 

increased efficiency, and performed tedious calculations., Billing and 

accounting procedures have been greatly facilitated where reports p~eviously 

requiring days or weeks of preparation can be completed in minutes. An 

important use has been in conjunction with preventative maintenance. The Army 

Corps of Engineers undertook a study of the network in Buffalo, New York where 

a primary objective was to develop a computerized inventory file (11). Once 

the inventory is computerized, the network can be analyzed for failure rates 

and likely causes. The study also suggested which parameters to encode for 

each pipe (19). 

Domestically the following three case studies are considered in greater 

detail: Philadelphia, Atlanta, and Denver. In addition, selected applications 

in England, Japan, and Germany are also examined. Each of these has 

implemented forms of computer control in their distribution system. 

Development has proceeded in stages, for the most part, in much the same way 

as the phased process described in the general system description. Although 

specific classification may not follow the phase-one, -two, and -three 

breakdown shown in Figure 1, developmental sophistication increases in much 

the same way. 

The Philadelphia system is undertaking automation and computerization of 

its water and wastewater treatment plants. A central facility, called the 

Load Control Center (LCC), monitors and controls pump stations throughout the 

distribution system, Pressure, flow, water elevation, and chlorine residual 

data are telemetered to the LCC by microwave frequency multiplexing via remote 

satellite stations (17). Control commands are similarly sent by microwave 

radio signals to operate booster pumps, service pumps, and distribution system 

valves (9). The following are among the functions performed by the LCC: data 

logging, inventory of mains, computerized network mapping, trend analysis, 

leakage data analysis, an updating of predictive and a repair/replace model, 

s·tray current locating, and frost monitoring (41). The overall program is a 

phased development (5 stages) and proceeds from monitoring through complete 

automation. Control has focused on chemical feed (water quality) and pumpage 
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(energy savings) (27). Conservative estimates of chemical, power, and labor 

savings break even with the costs of automation at three to five years (1), 

(27). The management information system (MIS) approach to distribution 

planning is recommended as well as an infiltration/inflow (I/I) survey (29), 

Atlanta's water distribution system is remotely monitored and controlled, 

the primary objective being energy conservation and reduced power costs, The 

first computer system was installed in 1975 to monitor average and hourly flow 

rates and pressures (36), After two years of successful operation, the 

decision was made to fully computerize the distribution system which can be 

incremented as the network expands, In 1979 a dual computer system was 

installed to (i) monitor the system for pressure and flow rate and (ii) to 

control remote pumping. Data have been helpful in detecting main breaks, 

although this was mentioned as secondary. The central computer generates 

reports automatically and alarms high and low exceeded limits, No major 

maintenance or programming problems were reported, 

The last domestic application addressed pertains to automation in the 

Denver system. Denver has undergone a phased development since the 

1950 1 s when pump stations were automated. The first efforts focused on power 

conservation as in some cases above. Later phases were aimed at computer 

operation of the distribution system and automation of the treatment plant 

facility (7). The centralized system is broken down into two parts, data 

acquisition and process control. Dual computers divide the two functions and 

provide redundancy in the event of a power failure (25), Remote multiplexing 

has lead to faster response times. Economic justification was based primarily 

on power savings, process efficiency, and valid data collection. 

In the late 1950 1 s a 15 year program was designed in Sugarbrook, England 

to minimize costs for the East Worcestershire Waterworks Company (EWWC) supply 

network. Today the system is fully automated where minicomputers are used in 

monitoring and remote control (21). Telemetering successfully utilized radio 

links (where only one 12 minute interruption occurred in 10 years). The aim 

of the control scheme was to minimize pump costs, and 5% order of magnitude 

savings were noted. Operators supervise and check for abnormalities such as 

main bursts. However, before automation progresses to this area, it was felt 
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that further study was required. 

The Wessex Water Authority (England) extends the aim of minimizing pump 

costs to include locating and reducing water loss by pressure and flow control 

(21), Although the pump control scheme is not as sophisticated as that of the 

EWWC, prediction is also applied to pressure and flow control with "striking 

results in savings on distribution losses", 

Other on-line computer systems have been implemented in England, One 

fairly sophisticated system in Hamburg utilizes multi-processors (12), 

Routine tests performed include data scanning and limit checks of all 

monitored inputs, Exceeded limits are alarmed and logged. The system can 

recognize pipe ruptures, initiate corrective action through pump and valve 

control, and compute fault frequency statistics. 

Ongoing British research in automation is being conducted by the Water 

Research Centre for the utility industry. A five year'program was established 

by the National Water Council, a large part of which addresses leakage and 

detection in distribution systems. Particular focus is being given to 

accurate measurement of pressure and flow distributions and to automatic 

analysis of leak data. Full-scale facilities in water distribution, 

treatment, and sewage treatment to test instrument control and automation 

specifications are planned. The potential for on-line leakage detection has 

also been recognized in Japan where the need to incorporate preventive 

maintenance control into a computer hierarchy has been emphasized (26). 

Work in Germany has applied leak detection and localization to both 

compressible and incompressible fluids. Small leaks in gasoline pipelines 

have been isolated using pressure drop and flow rate measurements, and the 

technique can also be applied to water mains (33). Utilizing cross 

correlation, this technique has been implemented on a microcomputer and tested 

on a gas line under actual operating conditions (34). Setting up an 

artificial leak to obtain system specific data is suggested. This application 

represents the closest parallel to computerized monitoring for leak detection 

and a strong evidence of operational feasibility. 

To conclude this section on applications, what we can extract from 

experience in the water industry is that the technology exists, that it has 
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been successfully implemented in varying degrees of sophistication, and that 

expected future trends will proceed along the lines of expanded automation. 

In the next section the benefits and costs of computerized monitoring are 

identified to determine if financial incentive is provided. 

BENEFIT-COST ANALYSIS 

In evaluating the program's economic viability, two perspectives can be 

taken depending on the utility's ownership, namely municipal (government) or 

investor (private) with the breakdown in the U.S. being roughly 70-30 

respectively (32). In the government owned case, maximizing social welfare is 

the appropriate criterion while under an investor owned scenario net gains to 

shareholders determine worthwhile investments. The real difference between 

these perspectives is not so much a generic identification of benefits and 

costs but rather a question of where the boundaries are drawn. In either case 

maximizing net present value will measure the economic gain. 

The net present value criteria measures economic viability through 

monetary benefits exceeding the costs. Future dollars are discounted to 

account for current investment opportunities. The discount rate can also 

account for risk in that a safe dollar is worth more than a risky one. 

Additionally, risk can be incorporated by taking a range of benefits and costs 

with an associated probability density function to arrive at an expected 

value. 

Benefit-cost analysis forces one to define and quantify the benefits and 

costs associated with the project. Transfers should not be included while any 

externalities should. Benefits and costs are classified as direct or 

indirect, direct being a primary result of the project while indirect 

measuring secondary impacts. Benefits and costs are assessed using market 

data where available. Where market inefficiencies occur or when no market 

exists I shadow prices can be employed to reflect 11 true costs". This can be 

particularly important in valuing water which has traditionally been 

underpriced. In the absence of a market, impacts such as water quality, human 

health, or inconvenience may be exceedingly difficult to quantify. These 

indirect effects, however, may be important, and an analysis which avoids 
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mentioning them at least qualitatively will under or over state the actual net 

benefits. Using creative measurement techniques, some of the problems can be 

avoided. 

Traditionally, a variety and a combination of investment criteria have 

been used in deciding if a project should be undertaken and how to prioritize 

or establish rank among competing alternatives. These criteria include 

payback, average book return, internal rate of return, the benefit-cost ratio, 

and net present value (NPV). Limitations of the first four are well 

documented (6), and we conclude in support of NPV. 

To measure NPV, the benefits (Btl and costs (Ctl in each period tare 

projected. Since we are interested in improvements generated by the project, 

aggregate benefits must be greater than total costs. To compare this net 

effect today, future forecasts are weighted by an appropriate discount rate 

(r), Net present value is thus given by 

where 

NPV 

t -

t ~ 

NPV 

B - C 
0 0 

Bl - Cl 
+ ---- + l+r 

0 initial period, 

n project life (typically 

> 0 + Project adds value 

years). 

to the utility or 

NPV • 0 .. Project does not change the existing 

NPV < 0 + Project contributes no net gains. 

n B - C 
L t t 
t•o ~• 

increases welfare. 

status quo .. 

It is not the intention here to create NPV as the panacea of investment 

decision making. Cash flow estimates may be difficult to reliably forecast, 

and there is the never ending debate on selecting an appropriate discount 

rate. However, NPV is based on a sound theoretical framework and does not 

suffer from the shortcomings of other criteria, In the final evaluation 

sensitivity analysis is suggested to see how responsive the results are to 

changes in uncertain inputs. 

A specific evaluation can only be done for a particular municipality. 

The results and ultimate decision are subject to system dependent inputs where 

the economic justification ia determined by the level of leakage, water 

pricing, water treatment and pumpage (energy) costs. The results from one 
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city (utility) can not be applied to another unless the basic inputs are 

analogous, Additionally, depending on whether a public or private perspective 

is appropriate, values for discount rate, benefits, and costs will differ. 

Consequently, an overall methodology to carry out a detailed analysis is 

undertaken here, 

To present this overall methodology, a general slate of benefits and 

costs generated from computerized monitoring is defined, and steps for their 

measurement are itemized, Benefits are taken up first, for certainly if these 

are found to be insignificant, there is no need to conduct detailed cost 

estimates, The discussion of costs follows with the same progression from 

direct to indirect, 

Direct Benefits 

The direct benefits of computerized monitoring are considered as the 

potential cost savings over existing practice. When compared to conventional 

methods, these primary benefits result from prompt failure identification, 

Leaks and breaks which could previously go undetected for years and lose vast 

quantities of water (on the order of 106 gallons per day; (30), (35)). This 

brings us to the first direct benefit considered - the value of water saved. 

The value of water saved is based on two dominant variables: (i) the 

quantity of water lost and (ii) the price of water, Estimating the quantity 

of water lost is addressed first, and water pricing is discussed in the 

sensitivity analysis section, The quantity of water lost depends on the 

number of system failures, the leakage rate, and the time until detection and 

repair. Two levels of maintenance programs are considered, active and 

passive, to show how the amount of water lost can be estimated for each. 

We begin with the simpler case of an active leak detection program where 

good maintenance records have been kept, Given this data, the number of 

system failures can be estimated, If a sufficiently long historical record 

exists, it can be used for parameter estimation of a model predicting the 

expected number of failures in future years, The records should also contain 

the approximate leakage rates which can then be used to come up with an 

average leakage rate (gpm) for the system, Knowing the approximate number of 
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failures and average leakage rate, the last required estimate is duration. 

In general, the time to detection will depend on the failure intensity 

and the method of detection. For major breaks or serious outages customer 

complaints will be reported even without·a monitoring program; the event is 

assumed to be so severe as to be noticed within hours. However, the smaller 

magnitude leaks may go undetected for long periods and it is primarily these 

where monitoring will make a real difference. Once identified, the repair 

time is taken to be the same with or without on-line monitoring and therefore 

it is not pertinent in the comparative analysis. 

With respect to maintenance programs, detection time is a direct function 

of survey frequency. For example, if a sounding program is undertaken every 

two years, then an upper bound on the maximum time before detection is 

provided (ignoring deficiencies of surveys and sounding devices). A more 

realistic approach might use the average time between surveys and is suggested 

here. In the next section, we examine the economic feasibility vs. the 

quantity of water lost which will be a very useful measure in light of the 

duration argument above. 

Greater difficulties are encountered in passive maintenance programs due 

to the lack of data and routine surveillance. A rough way to quantify the 

amount of water lost is through the unaccounted-for-water (UFW) estimates. By 

examining the fraction of total UFW attributable to leaks and breaks and 

having defined the degree of "allowable" leakage (i.e. that level below which 

it is uneconomical to detect and repair), an estimate of economically 

recoverable water loss can be obtained by the difference. The main problem 

with this method is that total UJ<'W estimates may be very inaccurate and the 

fraction assigned to failures even more so. 

As an alternative to deriving a water loss estimate from UFW, some 

engineering studies have derived results based on different assumptions. In 

the Boyle study (5), the number of leaks and average leakage rate were based 

on agency interviews and a demonstration project. A two-year duration was 

assumed in calculating benefits. Using utilities with detection programs as a 

reference, the rationale given was that small leaks could go longer without a 

detection program while large leaks would be detected sooner. In 
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the absence of better data, this duration assumption does not appear to be 

unreasonable. In Boston's MDC Demand Management Report (37) only losses from 

main breaks were directly estimated, The number of breaks used was obtained 

from city records, While these numbers may be justified for main breaks, 

lower level leakage is not included in this category, No attempt was made to 

estimate each of the quantity components (number, rate, duration), Instead a 

variation on the UFW approach was taken (called a flow profile in that 

context). An aggregate estimate for savings from 10 communities was derived 

rather than individual assessments, despite the wide variety in maintenance 

programs, 

Given a lack of data, what can be said about intercity comparisons and 

extracting information from one city for use in another? If statistical 

information is based on pipes of the same characteristics (e.g., material, 

diameter, age, or age span} and if operating environments are similar, then 

data on the number of breaks per length should be useful in the network 

lacking data, Likewise, average leakage rates should be transferable, On the 

other hand, the time until detection should reflect the particular maintenance 

program. This approach offers advantages over the UFW estimates since the 

potential for errors in the latter is large, It also provides more reliable 

and justifiable estimates than by straight assumptions. 

Lacking reliable data, information from actively maintained systems can 

be transferred to systems of passive maintenance, Instead of reducing water 

loss estimates to a single number, one can obtain (by regression analysis of 

break frequency on significant variables) the most likely range of variation 

for a given class of pipe and evaluate the effects on a probabilistic basis, 

Uncertainty in the estimate is therefore 'directly encoded. 

Once the quantity of water saved has been established, two other direct 

benefits can be computed as a result of these savings, These are reduced 

energy and chemical costs which will vary for different utilities, Typical 

cost estimates are sometimes quoted but should be verified for a particular 

system, The estimates, however, are straightforward to obtain, 

In addition to the above, the last direct benefit discussed is delayed 

capacity expansion. Construction of new facilities can be deferred because 
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the water savings are like an effective decrease in total demand. 

Alternatively, this can be viewed as an effective increase in capacity 

allowing the postponement of capital expenditures. Given investment 

opportunities, the value of deferred system expansion can be approximated for 

a community of projected growth rate and future demand. Potentially 

preventing lost water, saves on power, chemical, and capacity expansion 

costs. We now turn to the indirect benefits which indeeq are numerous. 

INDIRECT BENEFITS 

One area for benefit realization is reduced infiltration/inflow (I/I). 

Leaks from the water supply network find their way into the storm and sewer 

system thereby increasing the required waste handling and treatment capacity. 

On a nationwide basis it has been estimated that one-half of all wastewater 

treated is attributed to I/I (28), a fraction of which is due to leakage. 

While the previous focus has been on the supply side utility, the treatment 

industry will also benefit from the program. Sometimes these two utilities 

fall under the same jurisdiction in which case reduced I/I would be a direct 

benefit. The cost savings will depend on the amount of reduced I/I and the 

associated treatment costs. 

A second area for utility cost savings can result from fewer lawsuits. 

Liability for property damage has varied with the case, but the established 

precedent has been ·to prove a utility's negligence. With a monitoring program 

in place, not only should there by less ensuing damage but the utility will 

also have stronger grounds to win its cases. The costs of litigation are high 

and difficult to predict. To estimate cost savings, previous legal fees 

(attorneys, courts, and awarded claims) should be examined. Depending on the 

degree of on-line implementation, an average of previous expenses could be 

reduced by roughly the same propo.rtion as program development. This procedure 

assumes that damages are virtually eliminated which is not unreasonable if 

data are frequently reported and repairs are prompt. 

Another benefit to the utility includes increased revenues. Increased 

revenues represent income from water which would otherwise be lost, provided 

that demand exceeds supply (as in the western U.S.). An estimate can be 
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derived from the retai1 price of water times the potentia1 water savings. If 

demand is satisfied at the existing price 1eve1, then recovered 1osses wi11 

not increase revenues. The water savings allow the total number of consumers 

to increase without making current c1iente1e any worse off. 

Other benefits to the uti1ity include increased re1iabi1ity and fewer 

service interruptions. overa11 system operation wi11 improve as a consequence 

of 24-hour monitoring. Specific measures of re1iabi1ity are not considered at 

this time. However, one possibi1ity wou1d be the expected decrease in 

emergency maintenance costs. The remaining benefits discussed qualify as 

intangible for our purposes. The effects are either deemed too difficu1t to 

measure, or they are mentioned as peripheral benefits but are unlikely to make 

a significant difference in the analysis. 

Improved water quality would result from 1ess infiltration/inflow and 

better repair scheduling both of which reduce the 1ike1ihood of contamination 

before and during repair. Valuing water quality is a near impossible task if 

one were to ask individuals for their personal assessments. Since water is a 

pub1ic good, individuals have an incentive to over-value quality in hopes of 

enjoying better grade water but avoiding the associated costs. Alternative1y, 

a reduction in chemical treatment costs on the utility's behalf would measure 

the quality change, but it is unlikely that this effect would be large enough 

to notice or could ever be separated out from general reduced chemica1 usage. 

Repair costs should also be 1ower as a result of timely failure 

identification. Leaks and breaks detected and repaired at an early stage wi11 

not have the chance to magnify and bring about future deterioration, but these 

effects are very difficult to measure before program implementation. After 

the fact, actual repair records can be compared (normalized to account for a 

greater number of identified failures). However the valid comparison is with 

vs. without computerized monitoring not before vs. after. 

An additional public benefit from the business sector is discussed but 

not quantified. Businesses have suffered economic hardship from water main 

bursts, and a reduction in failures of this magnitude can represent 

significant savings. It has been reported that on average two water main 

breaks per day occur in New York City which have sizeable impact on businesses 
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(23). In many instances commercial/retail shutdown is temporarily required. 

The devastating effect of a main break during a seasonal peak period in New 

York City's garment district exemplifies this point (26). Numerous other 

instances could be sited, but the locations and durations all lead to 

different displacement and damage costs. Having convinced ourselves that the 

potential benefits are indeed significant, we now consider the corresponding 

costs. 

DIRECT COSTS 

The direct costs of computerized monitoring are fairly straight-forward 

to identify generically and are attributed to equipment purchases, 

installation, operation and maintenance, and staff training. All of these 

primarily focus on detection. Leakage control requires that identified 

failures are corrected, and the corresponding repair cost should also be 

considered. In general, the direct costs like the direct benefits will be 

system specific depending on the project design, system size, and degree of 

implementation. 

computer hardware costs will primarily be a function of the number of 

decentralized and central read out units where estimates can be obtained from 

equipment manufacturers. An examination of existing software packages will 

determine suitability of different equipment brands. Many of the computerized 

applications include cost summaries, but these either differ too widely or are 

too outdated to be useful. 

Pressure sensors and flow recorders are the next major items on the cost 

schedule where cost depends on the number for optimal placement throughout the 

system. Once it has been regionally decided where to implement monitoring, 

costs can be solicited from manufacturers. Since excavation for placement 

will be a large component, the comparison should be made on installed basis. 

The third major area of cost appraisal involves telemetering. Once the 

number and location of monitoring sites are known, the telemetering equipment 

options can be examined, Many of the most economical applications cited in 

the literature have multiplexed over rented phone lines. In the absence of 

nearby lines, other communication channels must be examined and priced out. 
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Additional costs include related equipment such as multiplexers and 

transmitters. Again costs and options can be obtained from manufacturers. 

In conjunction with installed equipment costs, opera ting and maintenance 

(O+M) cost estimates should be estimated. These estimates can then be 

compared to manufacturer's actual service records for similar applications 

where available. While an analogous system is unlikely to exist, 

installation listings should reveal parallel components in other systems where 

service histories and repair records can improve cost estimates. Any 

additional wages of operators should also be included. 

Failure correction is the last direct ·cost considered as part of the 

network maintenance program. Having identified leak/break locations, they 

must be fixed either by repair or replacement for the overall plan to be 

effective. There is no reason to believe that the repair or replacement costs 

for computerized monitoring should differ from other leak detection methods. 

Departures occur in the method of detection not the corrective action taken. 

Walski (38) has approximated these cost functions for water supply systems, 

INDIRECT COSTS 

The indirect costs identified are not numerous but capture important 

consequences such as possible displacement or disruption to the public and 

difficulties the utility might experience in implementation. The first two 

may be quite significant and the last items are included for completeness. 

Perhaps the most important externality to the public reg~rds the method 

of financing. If the government (state or federal) provides any grants or low 

interest loans, this is a subsidy which occurs at the taxpayers• expense. The 

utility receives a direct benefit, but taxpayers pay the bill. Because this 

situation represents a transfer, it is not quantified. However, the 

distributional effect should be overlooked. 

A second major indirect cost regards public inconvenience during 

instrument installation. Monitoring devices are placed on-line in the 

distribution network which will require considerable disruption in heavy 

traffic areas. Customer service will be interrupted and it may take years to 

complete a full project implementation. No attempt is made to quantify 
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inconvenience or disruption here. However, these effects will be sizeable. 

(For a discussion of travel time inconvenience valuation see Mishan ( 24). )· 
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The next displacement considered is drawn from the investment side of the 

evaluation. Economic arguments have been made that a proposed project should 

consider the opportunity cost of public funds, and theoretically this is 

true. However, an opportunity cost rationale can be incorporated through the 

discount rate, where the opportunity cost is measured by the amount of 

displaced consumption and investment. Consequently, the opportunity cost is 

not tabulated as a cost in its own right but can be implicitly considered in 

discounting. 

As impedences to carrying out a computerized program, a.shortage of 

technical personnel and operator resistence are sometimes mentioned. With 

respect to the former, concern is justified in the short run, but training 

should eliminate some of the new demand for skilled labor. Regarding operator 

resistance, reorientation of present staff would hopefuly eliminate any 

employee fears and attempted barriers. 

This completes the discussion•of costs and benefits. Sensitivity of the 

analysis to uncertain or variable inputs is considered in the next section. 

SENSITIVITY OF THE DECISION TO INPUT VARIABLES 

Having identified the inputs for the benefit-cost analysis, we now 

examin, how these values will determine project feasibility. Namely, how 

changes in the inputs can alter the decision to go ahead with project 

implementation, If significant price changes occur, the net gains at some 

future time may be sizeable even if the project is not justified by current 

standards. First, changes in the value of water are considered by examining 

the amount of water lost and the price of water. Then, changes in computer 

equipment, energy, and chemical costs are discussed. Lastly, different levels 

of discount rate and project design life are incorporated by looking at the 

parameters over actual values for selected U.S. cities. 

For municipalities with low levels of leakage, present implementation is 

not likely to be justified, at least on a city-wide basis. If particular 

geographic 11hot spots" exist, then the program may be feasible for small scale 
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development, on the other hand, areas experiencing large water losses are 

likely to incur sufficient savings to offset the costs of capital investment. 

Insufficient current cost savings do not rule out future via.bility. Small 

leaks may undermine bedding, precipitate freezing, .or bring about greater 

system failures if uncorrected. In short, condition of the physical system is 

not static, and the decision may change in time or over geographic boundaries. 

One of the problems facing both public and private utilities is 

ineffective water pricing. The price of water in the majority of cases 

is set artificially low and does not reflect the true cost of providing 

service. By and large, water has not been viewed as an economic good, 

and the conventional approach has been to treat it as a requirement rather 

than a quantity demanded. Costs should be assessed on an incremental basis to 

insure price reflects the cost of the last unit consumed, otherwise known as 

marginal cost pricing. When water is underpriced, there will be little 

economic incentive to prevent system losses, and this in turn will influence 

the maintenance program. 

Additionally, computer costs enter the analysis as determinants of the 

direct benefits and costs, As technology expands and more software is 

developed, costs in the computer industry will decrease, Indeed, this trend 

has been observed in the past, and if prices drop, a program currently 

unjustified by the NPV criterion may be worth implementing at a future date. 

Changes in energy pumpage and chemical treatment cost levels should also 

be considered. Increases in these, which are likely to occur given 

inflationary pressure, will bring about greater cost savings as more water is 

conserved. 

Choices of project life and discount rate determine how benefits and 

costs are accrued. Project life specifies the period over which benefits and 

costs are forecasted, and discount rate establishes how heavily those benefits 

and costs are weighted. For long term projects differences in project life 

are expected to be small since the distant effects are most heavily discounted 

and thus contribute relatively little to the overall net effect. In the next 

.section a range of typical values for several of the above inputs is used to 

show how the decision to implement computerized monitoring might change. 
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EXAMPLE OF SENSITIVITY ON THE VARIABLES USING SELECTED U.S. CITIES 

We would like to define the threshold above which the best decision is to 

implement the project. The threshold marks the point of indifference where 

computerized monitoring just covers its costs but generates no additional 

savings (i.e., NPV = 0). Once project costs are known, they can be compared 

to the present value of benefits at particular levels of the variables to 

assess feasibility. 

In computing the value of water saved, the degree of unaccounted-for-

water (UFW), price of water !Pwl, discount rate (r), and expected project 

life (T) were all varied. UFW figures were obtained from the AWWA 1981 Water 

Utility Operating Data (3). A cross section of U.S. cities experiencing 

different levels of losses were selected. These cities represent a fairly 

diverse geographical area and are listed in Table 1 along with total UFW 

estimates. 

Table 1 Unaccounted-for-Water Estimates in Selected u.s. Cities 

Anchorage, AK 
Ann Arbor, MI 
Jacksonville, FL 
Wilmington, NC 
Richland, WA 
Clear Rapids, IA 
Albany, NY 
Topeka, KS 
Orlando, FL 
St. Paul, MN 
Omaha, NB 
Toledo, OH 
Rochester, NY 
Denver, CO 
Indianapolis, IN 
Birmingham, AL 
Louisville, KY 
Kansas City, KA 
Dallas, TX 
Seattle, WA 
Long Beach, CA 
San Antonio, TX 
Los Angeles, CA 
San Jose, CA 
El Paso, TX 
Detroit, MI 

Range 
(103 gallons/year) 

0 - 500,000 

500,001 - 1,000,000 

1,000,001 - 2,000,000 

2,000,001 - 4,000,000 

4,000,001 - 6,000,000 

6,000,001 - 8,000,000 

8,000,001 - 10,000,000 
10,000,001 - 12,000,000 

12,000,001 - 14,000,000 
14,000,001 + 

UFW 
( 103 gall.ans/year) 

295,600 
298,318 
308,967 
698,921 
731,722 
900,754 

1,000,000 
1,230,800 
1,785,417 
2,400,000 
3,254,000 
3,480,470 
4,471,678 
4,589,551 
5,069,820 
6,733,000 
7,035,000 
7,860,000 
9,226,775 

10,031,673 
11,307,536 
11,815,000 
12,700,000 
24,362,263 
31,330,143 
38,005,600 

As previously mentioned, system failures are only a fraction of total UFW. 

Furthermore, not all losses can be recaptured. In line with these 

considerations, it was assumed that 20% of total UFW represents recoverable 
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losses. This assumption was only made for illustrative purposes; recoverable 

losses must be assessed for a particular system. 

The retail price of water was likewise obtained by referencing the 1981 

Water Utility Operating Data (3) and different literature citations. A range 

of $0.50/1000 gal to $2.00/1000 gal (in $0.50 increments) includes the average 

rate of most cities. Since retail values alone can be misleading, marginal 

costs of 5.00, 10.00, and 15.00 $/1000 gal were assumed to include the costs 

of capacity expansion for illustrative purposes of the calculations. 

Similarly, these must be verified in an application. Since present value was 

found to be a linear ·function of the price of water (Figure 2), a marginal 

cost comparison can be done by extrapolation. 

A discount rate of 5 - 17.5% was selected to include reasonable estimates 

of both public and private sector evaluations. The lower range of 5 - 10% was 

chosen for public evaluations while the upper range of 10 - 17.5% should be 

reasonable for the investor owned case. Present value was estimated at every 

2. 5% interval. 

Lastly, given uncertainty on how long equipment will satisfactorily 

operate, sensitivity is carried out for the expected project life. A range of 

15 to 50 years was selected in 5 year increments. 

Results of the various present value calculations are summarized by 

Figure 2. To assess the sensitivity, one variable was changed while holding 

the others constant at a representative value. These values, considered to be 

the nominal case in the present value calculation, are as follows: 3 billion 

gallons UAW, 10% discount rate, $1/1000 gallons retail water price, and 25 

year expected project life. Other nominal values would result in a parallel 

shift of the curves. 

Looking at Figure 2, it can be seen that the decision strongly depends on 

discount rate and water price but is not very sensitive to project life. UFW 

estimates will also influence the outcome, but the magnitude of these is so 

large that errors of this scale are unlikely. To illustrate these 

sensitivities, we examine how much each variable must change to produce an 

equivalent impact on present value. 

A 5% error in discount rate (say from 5-10%) would result in a $3 million 
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underestimate of benefits in the present value calculations. The decision is 

thus highly sensitive tor at the low range encountered in public evalua

tions, Within the private realm discount rate is not quite so sensitive. The 

same 5% error (only this time in the 10-15% interval) results in a $1.5 

million underestimate which is still significant but not as critical. 

A $3 million present value misestimate can also occur from $0.50/1000 gal 

underpricing in retail water values, Given existing practice of artificially 

low water rates, this represents a serious problem if the evaluation is based 

on current price structure, As mentioned, an efficient evaluation would use a 

price equal to marginal cost strategy, Capacity expansion is thereby 

incorporated. (This is consistent with the concept of shadow pricing.} 

UFW follows the same linear pattern as water price; however, the 

horizontal axis differs in magnitude. The reference $3 million FV error would 

result from 1,5 billion gallon UFW inaccuracy. While the decision to 

implement is sensitive, it is unlikely that an error of this magnitude would 

occur. From Table 1, 1,5 billion gallons is larger than some of the total UFW 

estimates. For cities at the upper end of the loss scale, a 1,5x109 loss 

might be possible, (For example, this is approximately 4% of the amount 

reported for Detroit,) Care should be taken in reviewing total system losses 

before this sensitivity is applied or dismissed. 

Finally, expected project life is varied over a 15 to 50 year design 

period, The entire range roughly accounts for a $1.3 million PV difference. 

The change in benefits between 5 year intervals is not large or very 

significant provided equipment need not be replaced, These results make 

intuitive sense from the PV equation. Distant future events are more heavily 

discounted and therefore benefits (or costs) at this horizon make little 

contribution. 

CONCLUSIONS AND SUGGESTIONS FOR FUTURE WORK 

Given sizeable water losses in urban distribution systems, attention for 

corrective action focused on leaks and breaks since they are large 

contributors to the problem of unaccounted-for-water. Because UFW estimates 

can be very unreliable, future attention should also be directed towards meter 
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maintenance programs and towards more extensive metering especially in the 

public use category. 
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Conventional leakage detection techniques have some underlying 

limitations such as background noise level interference, reliance on operator 

skill, and infrequent survey frequency. With these limitations in mind, 

computerized monitoring was proposed. On-line detection offers the advantage 

of prompt failure identification and large corresponding water savings. 

Drawing on instrumentation experience and computer applications in other areas 

of the water industry, parallels to demonstrate technical feasibility can be 

drawn. 

Before detailed costs can be worked out, additional study is needed to 

make specific instrumentation and equipment choices. Basic pressure and flow 

sensors are well established, but detailed comparisons of individual types and 

models will be required for an application of the magnitude involved. 

Likewise, careful examination of telemetry options should be undertaken. 

Structuring the computer system will be a major effort needing future 

research. On-line monitoring is essentially an information network. How the 

network will be put together, the level of interaction between decentralized 

computers and a central data bank, and the number of pipes each computer can 

handle are all crucial but still undetermined design issues. 

Once the technical evaluation has been completed, the benefits and costs 

can be quantified to determine economic feasibility. Using the net present 

value criterion, benefits greater than costs justify program implementation. 

These benefits and costs were defined along with procedures for estimating the 

tangible effects. 

The largest expected benefit is the value of water saved, a quantity 

determined to be highly sensitive to discount rate (especially in the lower 

range of public evaluations), and to the price of water, Sensitivity to UFW 

can be considered as moderate and depends on the magnitude of losses. The 

expected project life beyond a 25 year design period has little effect on the 

decision to implement. The largest expected costs are associated with 

computer equipment and instrumentation. The final results and ultimate 

decision are system specific, Results for the same system may even change 
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over time as greater losses evolve or if price structure changes. 

To arrive at a definitive conclusion, the evaluation must be undertaken 

for a particular city. Computerized monitoring represents a potentially 

viable technique for failure identification and addresses the issues of 

technical and economic feasibility on a preliminary basis. What is now called 

for are more in-depth analyses on the specific design issues and cost 

assessments. As more information develops, we can look to developing 

standards for leakage measurement and better estimating techniques for 

"allowable" leakage. Here one step is taken in the direction of an effect! ve 

maintenance program and towards improved distribution control. 
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