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This work provides a theory and nethods to guide the use of
custoner netering in utility industries. A variety of economc,
operations research, and mathenatical programmng nethods are
devel oped for the decision to inplement custoner metering, scheduling
installation of neters, planning meter maintenance, and setting both
metered and unmetered rates. These problens are examined in terms of
econom ¢ efficiency, equity, and profitability objectives.

These nmethods are applied to water supply systemmetering and are
contrasted with current netering theory and practice in the water
supply industry. In all cases, the methods devel oped are inprovenments
over existing techniques, particularly where metering is intended to
achi eve several objectives.

The results al so have theoretical inportance for utility pricing
and investnment timng and decision-making. Mjor short-comngs are
found with the use of |ong-range marginal costs for netering and

pricing decisions.
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CHAPTER | : | NTRCDUCTI ON

This thesis examnes problens of metering public utilities wth
special relevance to nmunicipal water supplies. Methods for analysing
the utility of metering are devel oped. Techniques for efficient neter
installation and naintenance are derived. Methods of pricing netered
and unnetered service connections are al so proposed.

Al'l ocating public service costs to consumers requires methods of
col lecting these costs. Cost allocation and collection based on ac-
tual service use requires netering. However, netering al so inposes
costs, frominstallation and repair to reading and processing of nea-
surenents. These costs may exceed the value of allocating and col -
| ecting fees based on actual consunption

Wil e netering has becone conmonpl ace for water supply cost ai-
location and is the official policy of the Averican Water Wrks As-
soci ation(AWW 1983}, many systens remain unnetered or partially me-
tered and discussion continues in the literature as to the val ue of
metering (Hanke, 1981a, 1982; Phillips, 1976). This inplies that the
wi sdom of universal water supply netering has not been entirely ac-
cept ed.

The inportance of this issue is not limted to water supply ser-
vices. Recent linmitations on landfill capacity have stinmulated many
muni cipalities to charge' collectionfees based on the nunber of trash
containers used, a formof metering. The nost recent and w despread

exanpl e of the inportance of metering issues is in the telephone
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i ndustry, where custoners may now choose either netered or unnetered
service (Lodwig and Ward, 1983). Qther metering problens are bridge
and turnpike tolls(Whl, 1972) and wastewater treatnment and el ectric-
ity billing.

In addition to determning the useful ness of metering, there are
other problens related to neter use. Selection of the |east-cost
schedul e for installing meters in a previously unnetered system poses
difficulties. This is particularly inportant when netering is justi-
fied primarily as a nethod for deferring expansion of capital fa-

cilities (e.g., treatnent plants). Metering also raises questions of

| east-cost neter maintenance. As water neters age, they tend to
under-read. This inposes revenue | 0sses to the water system but im
poses costs to repair. Is it better to systematically replace neters
over a given period(what period?) or to detect probable under-reading
meters through meter readings and repair only those meters?

Metering costs are also of theoretical inportance to nargina
cost pricing strategies. Mtering costs nust be endured before nar-
ginal cost pricing can be inplenented. |f netering costs exceed the
econom ¢ benefits of marginal cost pricing, this strongly advocated
price setting mechani sm becomes economically inefficient and raises
questions as to how service costs should be hilled.

The purposes of this thesis are to systematically evaluate the
val ue of metering, examne some inportant issues related to neter in-
stal lation and upkeep, and consider the inpacts of metering(or not

netering) on pricing strategies. Enpirical cost and reliabil ity data
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for water neters are taken fromthe literature and the city of
Seattle, shington.

Chapter 11 examnes the general metering problem as it applies
to any utility. This includes discussion of metering costs and ben-
efits, the decisionto meter with and without capacity constraints,
schedul ing neter installation, meter maintenance, and pricing netered
and unnetered services. Methods and approaches are outlined for sol v-
ing these general problens. These nethods are devel oped in detail and
applied to water netering problens in subsequent chapters.

Chapter III summarizes the [iterature on various benefits and
costs of water netering and gives quantitative estimtes of each. The
effects of institutional setting on the perception of benefits and
costs is al so discussed.

Chapter 1V devel ops a benefit-cost nethod for evaluating the use-
ful ness of netering for increasing economc efficiency, raising a

'utiIity's net revenues, and inproving the equity of water system cost
di stribution anong consumers. This chapter focuses on multi-objective
aspects of metering and specifies when netering is a non-dom nat ed
(Pareto optimal) choice.

Chapter Vv solves the neter installation scheduling problemthat
arises when metering isjustified primarily for deferring the expan-
sion of water supply capacity. The |east-cost schedule is found by
solving a small nunber of |inear programs. This nethod is also sup-
ported as nore appropriate than using |ong-run narginal costs for de-
termning the desirability of nmetering where capacity constraints ex-
i st.




Chapter VI examnes industry standards and strategies for sched-
uling meter maintenance fromthe perspective of maximzing a utility's
net revenues. Two common strategies are conpared and new superi or

net hods are suggested for scheduling maintenance within each strategy.

Chapter VI1 studies pricing aspects of netered and unnetered sys-

tens, proposing guidelines for inproving the economc efficiency,
profitability, and equity of both netered and unnetered pricing.
Finally, Chapter VII1 concludes with the work's major contribu-

tions and suggestions for further research and application




CHAPTER II: METER NG PUBLIC UTILITY SERVI CES

| NTRODUCTI ON

Custoner netering is commonplace in public utility managenent,
yet it is rarely studied in terns of meeting precise objectives. This
chapter outlines general nethods for determning the useful ness of me-
tering public services and optimally managing the use of neters to
-achieve conmon obj ectives. These nethods can be applied to any neter-
ing problem including: telephone, electrical, gas, water, wasewater
solid waste, and transportation services.

Treatment of the general netering problem begins wth discussion
of the benefits and costs of nmetering common to all public services.

A benefit-cost method is then devel oped for eval uating the
cost-effectiveness of metering a public service under equilibriumcon-
ditions.

Mat hemati cal programmng sol utions are suggested for determning
the cost-effectiveness of metering for deferring capacity expansion
projects, selecting | east-cost meter maintenance strategies, and opti-
nal pricing policies. This approach is denonstrably superior to con-
ventional |ong-range marginal cost analysis.

Subsequent chapters devel op these methods in detail for applica-
tion to water supply systems. These methods should provide a frarme-
work for analyzing public service netering problems and |ead to nmore

cost-effective metering prograns.




BENEFITS AND COSTS F METERING

A rational analysis of metering requires clear statements of its
benefits and costs. Metering benefits range from the tangible de-
crease in production costs from conservation accompanying metered ser-
vice to less tangible philosophical benefits associated with improving
the equity of the distribution of system costs among consumers. Me-
tering costs include financial costs to the utility to install and op-
erate meters and costs to consumers from lost water use.

The impact of these benefits and costs differs between a utility,
each individual consumer, and the society as a whole. The utility
sees the financial benefits and costs of metering, and not necessarily
changes in consumer satisfaction. The individual feels only the
change in his bill and the effects of metered rates on his consump-
tion. Society as a whole experiences only an increase or decrease in
its total wealth.

This section discusses the benefits and costs of metering used in
further analysis. These benefits and costs are then interpreted in
terms of two potential utility objectives, the public service objec-
tive of maximizing "social welfare" and the private firm's objective

of maximizing profits.

Equitable Distribution of System Costs
"Equity" involves the notion of a fair, reasonable distribution
of system costs among customers. Equity can be defined as presenting

all consumers with the same, equal price per unit consumed. In terms
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of social policy, it may also be defined as setting rates to reduce
disparities in income or wealth anong househol ds.

Setting a single price per unit of consunption is a traditiona
and wi dely accepted method of pricing. It is the way bread, butter,
and gasoline are sold. Selling utility services this way is then a
natural extension of a larger market system It seens fair, but can
hardly be an end in itself.

Anot her argument for pricing by service use is its greater versa-
tility at allocating production costs among consumers, perhaps for
pursuing some social goal of reducing disparities(inequalities) in
incone or wealth. However, this raises the question of which rates,
among an infinite variety, best allocates costs among consuners.

Two approaches are available for inproving the equity of a
society's income distribution. The first relies on a systemof taxes
and transfer payments to collect income fromwealthier househol ds and
distribute it among poorer households. |f these taxes and transfer
paynents are designed to |eave investment and expenditure preferences
unaf fected, the efficiency of the econony is unaffected, while equity
I's inproved (Tresch, 1981). Taxes on income, property, and purchases
do not neet this condition, however. If this approach were available,
then the equity inpact of metering is uninportant since equity is nost
efficiently produced by a systemof ideal taxes and transfer paynents.

The second approach relies on a systemof subsidies on goods pur-
chased by poorer househol ds(Fel dstein, 1972a). Wile these subsidies
al so subsi di ze the rich, they subsidize the poor more, but may not be

efficient. They often distort the market by encouraging excessive
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purchases of these goods. However, in the absence of an ideal system
of taxes and transfer payments, subsidies may inprove equity nmore ef-
ficiently than use of an inperfect systemof taxes and transfer pay-
ments. The equity probl em discussed here assunmes that this second ap-
proach nust be used.

The equity of a pricing schene is an al nost unanswerabl e question
which arises throughout much of the thesis. The approach taken here
Is not to seek the most equitable solution, but to determ ne whether a
given pricing schene inproves equity over an existing pricing schene.
It is particularly useful to know if metered pricing is nore equitable
than unnetered pricing. Several definitions of inproved equity may be
appl i ed as exanpl es of how a given definition of equity may be ap-
plied.

The equity benefit of metering is perceived often as redistribut-
ing the costs of production to those consum ng nore(Hazen, 1918).
Conpared to an unmetered flat fee, any netered rate structure wll do
this. A nore sophisticated approach asks that snaller service users
pay less with metered rates. Since there are usually financial costs
involved in netering, this differs fromthe earlier notion of equity.
A smal| customer who nust also pay for part of the cost of metering
may actually pay more with nmetered pricing, even though he pays a
smal [ er proportion of the systems total cost. Many criteria are sug-
gested for determining if a change inproves the equity of distributing
costs. Some of these are examned in Chapters III and IV for water

supply applications.
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Cost Savings From Use Curtailment

The major tangible economic benefit of metering is the reduced
consumption accompanying introduction of metered service. The initial
benefits of reducing consumption are reductions in the short-range
production costs. This cost reduction is equivalent to the change in
service use times the short-range marginal cost of service production.
These are virtually the only benefits of reduced use that may always
be counted, and they are often small.

In many cases, reduction in use enables capacity expansion
projects to be deferred. Creation of surplus capacity in distribution
systems through metering may arise not so much from metering's reduc-
tion in total demand but more from reductions in peak day and peak
hour demands. This may reduce substantially the costs of distribution
system construction and replacement. Such benefits are more likely to
be felt immediately in systems which are expanding to serve new areas
or where an older distribution system serves new land uses with larger

demands.

Costs of Metering

The costs of metering include the capital costs of initial meter
purchase and installation, operating costs of meter reading, repair,
and ultimate replacement, and the loss to consumers of the "useful”
value of services no longer used after metering.

The conservation benefit of metering implies that consumers are
taking actions to reduce service use. These actions are not free but

impose costs on consumers. In classical economic terms, these costs
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to consunmers are considered |osses in consumer's surplus (Marshall
1920; Dupuit, 1844). Consuner's surplus is the value of a good to a
consuner above the price paid for the good. If a consumer pays $10
for a service, but would pay as much as $15 for it, his consuner's
surplus is $5. Where the value the consuner places on the service
varies with the anount used, consumer's surplus is the area under the
demand curve and over the price. The loss of consuner's surplus
arising froman increase in marginal price fromzero is shown in fig-
ure 1.

Metering also incurrs direct financial costs to the utility.
Initial costs include purchasing meters, meter housings, and connec-
tion fittings and | abor costs. (perating expenses include the costs
of meter reading, processing metered billing, meter repair and re-
placement, and |osses of power to operate neters. Al of these may

not be significant in a particular application




1

Price

0 | | Q Q

Wat er Consunpti on

7.
41;2;;;? Loss of Consumer's Surplus

Figure 1. Loss of Consuner's Surplus Accompanying Metering
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Comparison of Benefits and Costs Over Time

Comparison of these benefits and costs over time assumes that op-
portunity costs exist for economic benefits. The opportunity cost of
a delayed economic benefit or cost is given by the real interest rate.
The primary advantage of deferring a cost is the value of interest
payments saved or received on the amount of that cost over the period
of the delay. In the calculation of this benefit, the value of the
interest payments is also subject to opportunity costs making the ear-
lier payments more valuable than later ones.

This discounting of future benefits and costs usually follows
Equation 1,

-n
(1) P =F (1+r),

where P is the present discounted value of a benefit or cost of F

occuring n years in the future. The real annual interest rate is r.
The real annual interest rate differs from the nominal rate in

that the real interest rate is corrected for inflation. The relation

between the real and nominal interest rates and the inflation rates is

given by Equation 2,

(2) r =1 - f - ief,

where i is the nominal annual interest rate, f is the annual inflation

rate, and r is the real annual interest rate.

The present value of a series of annual costs is given by

where A is the annual cost, r is the real annual interest rate, and n

is the number of years over which payments are made. The present
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value of an infinite series of annual costs(n = =) reduces to P = Ar
(Abranowitz and Stegun, 1965). The real interest rate r wll be used
in al discounting calculations and will be assuned constant.

Values for the real annual interest rate have been estinated
variously between 1% and 5% for long periods of time(Shiller and
Siegel, 1977).  For short periods of time, the real interest rate has
been negative(Shiller and Siegel, 1977; Wlcox, 1983). A nore
typical value is approximately 3% per year

It is common in operations research to use a nore mathematically
convenient formof Equation 1,

-kt
(4) P=Fe,

where e is the base of natural logarithns (2.718...), t istine, and k
Is the real continuous interest rate. This equation inplies instanta-
neous conpounding of interest at the rate k. This continuous rate k
is found by:

(5 k=1n{1 +71),

where t is neasured in years.

The difference between real annual and real continuous interest
rates is mnor for lowinterest rates. So, the real continuous inter-
est rate will be considered to be essentially equivalent to the rea
annual interest rate over the range of 1% to T

These methods and rates of discounting are of great inportance in

subsequent anal ysis of metering practices, costs, and benefits.
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Costs, Benefits, And Purpose
The benefits and costs of netering are considered differently
depending on the notivation of the utility. |If the systemis seen as
a public service with the economc objective of "maximzing social
wel fare," benefits and costs will be felt differently than if the
systems purpose is to maximze net revenue (profit).

The previously discussed benefits and costs can be classified hy
their inportance to utilities with social welfare or profit maxim za-
tion objectives(Table 1). Mst costs and benefits can be aggregat ed
as financial costs or benefits, which are of concern to systems with
either objective. Equitable allocation of production costs and | osses
of consuner surplus are of little direct concern to utilities w shing
only to maximze net revenues unless it becones institutionally easier
to establish profitable rates under this system But these concerns
are inportant to a utility wishing to maximze social welfare.

O'ten the objectives of a utility are not pure. Even public
utilities seeking to maximze social welfare are often under financial
constraints to either pay their own costs or supply surplus revenue to
their parent juristiction, such as a municipality. This [eads to a
need to reaggregate costs and benefits to represent the multiobjective
probl ens of these mxed cases. Three conmon i ncommensurabl e obj ec-
tives are: 1) maximze net revenue, 2) maximze society's wealth(im
prove econom ¢ efficiency), and 3) inprove the equitable distribution
of production costs.

For purely private utilities, only the first objectiveis rel-
evant, maxinizing profit. The pure public service utility is con-
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cerned with the second objective of maximzing society's net economc
efficiency. These objectives differ only in the inclusion of |osses
in consuner surplus. The pure public service utility may also be in-
terested in the third objective of inproving the equity of the
distribution of systemcosts. The hybrid utility which nust also
cover its costs may choose to sacrifice some if its public service
purpose by neglecting | osses to consumer surplus and using metering to

i ncrease net revenues, adopting the first objective as well.

Table I Cassification of Metering Costs and Benefits
by System Qoj ective
Maxi m zation Qbj ective
Benefits: Soci al Welfare Net Revenue
Equity X -

Conservation X X

Cost s:

Meter Purchase X
Meter Housing & Fittings X
Meter Installation X
Met er Readi ng X
Billing Costs X
Met er Repair X
Head Loss X
Loss of Consuner Surplus X

FL A A T T . T 4
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THE DECISION TO METER

While the question of metering public services is an old one,
only recently has metering been examined in terms of its economic ben-
efits and costs (Middleton et al., 1978; Hanke, 198la, 1982). This
section examines the effects of metering on economic efficiency, eg-
uity, and net revenue maximization (profitability) objectives. A
benefit-cost method is used to evaluate economic efficiency and prof-
itability objectives over a wide range of common conditions. The re-
sults can then be used to establish the economic efficiency and prof-
itability trade-offs necessary to realize equity benefits from
metering. The method is applicable to both the decision to meter an
individual connection and the decision to meter a class of similar

connections.

The Benefit-Cost Method

For metering to be a rational choice, its benefits must exceed
its costs. A benefit-cost method is developed for the economic ef-
ficiency objective. This method is then adapted to evaluate the use
of metering to increase a utility's net revenues.

The economic efficiency of metering a connection or class of con-
nections involves all costs to all groups. The benefit-cost criterion
requiring the net benefits of metering to be greater than zero is:

(6) D[Q*MC] - D[M + CS] > O,
where D is the discrete difference operator with and without metering

(representing the change in costs with and without metering), Q is the
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service usage rate of the connection, MC is the marginal cost of sup-
plying the service, M is the financial cost of metering, and CS is the
amount of consumer's surplus. All of these are applied for a single
service connection or for a class of similar connections.

Any increase or decrease in the amount of payments for water by
consumers is irrelevant to the economic efficiency objective and rep-
resents an equity consideration in the distribution of system profits
or losses.

Equation 6 can be expanded to consider specific benefits and
costs:

D[Q*MC] MR + MD + MM + HL + CS
(7) ----=-- - MP - MB - MI - msmommmmeoeoeee- >0,

i _ i

where MC is the marginal service cost, MP is the cost of the initial
meter purchase, MB is the cost of the meter fittings, M| is the cost
of initially installing the meter and fittings, MR is the annual cost
of meter reading, MD is the annual difference in cost of billing a me-
tered system, MM is the annual cost of maintaining the meter, HL is
the annual additional system operating cost resulting from metering,
CS is the annual value of the change in consumer surplus, and 1 is the
real annual interest rate, assumed constant. The value of the
left-hand side of Equation 7 is the net present value of the increase
in economic efficiency from a decision to meter a connection or class
of connections. Division of annual costs by the real annual interest

rate is equivalent to their present value over an infinite planning

horizon.
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Wen the objective of netering is to increase net revenues (prof-
its), thecriterion in Equation 7 becones sinpler, as the termcs be-
comes zero. The relevant criterion for net revenue maximzation are
t hen:
@ " g R

| |

The | eft-hand side represents the present val ue of net revenues gained
by netering over a flat-rate price structure, assumng that the me-
tered price structure raises the sane revenue as the previous
flat-rate structure. \Wen netering is profitable under these circum
stances, it would result in a net transfer of wealth fromconsumers to
the utility. There are often other, non-netering methods of raising

revenues as wel |, such as raising flat unmetered fees.

Sensitivity Analysis

The sensitivity of the net value of metering is easily exam ned
i f Equations 7 and 8 are reduced to a dinensionless form Four dinen-
sionless variables are defined: 10 is theratio of initial metering
costs to the present value of utility's meter operation and mainte-
nance costs, Q01 is the ratio of marginal production cost savings to
the utility's meter operation and maintenance costs, and § is the ra-
tio of lost consumer surplus to the utility's meter operation and
mai nt enance costs. These are defined as:
10 = i(MP+MB+MI)/ (MR+MD+MM+HL),
Q01 = D[Q*MC]/ (MR+MD+MM+HL),

and
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6 = CS/(MR+MD+MM+HL).

The econom ¢ efficiency criterion(Equation 7) now becomes:
(9 Q01 - 1031 +6.
And the net revenue maximzation criterion in Equations 8 becomes:
(10) qo1 - 10 » 1.
These are shown in Figure 2. Inregion Ain the figure, it is neither
profitable nor efficient to meter. |Inregion Bit is profitable, but
not economcally efficient to neter. And inregion Cit is hoth prof-
itable and efficient to neter a connection.

The fol lowing decisionrules result: 1) if Q01 is less than 1 +
6, it is not efficient to continue operating existing neters, 2) if
Q01 is less than 1 it is no longer profitable or efficient for a util-
ity to operate existing meters, 3) if Equation9 is satisfied, it is
efficient to neter the connection, and 4) if Equation 10 is satisfied,
it is profitableto meter the connection.

Were metering is efficient, it is also profitable. But where it
is profitable, it is not necessarily efficient. [f netering is con-
ducted solely to inprove econom ¢ efficiency, the new netered rate
structure nust raise |ess revenue than the previous flat rate to main-
tain the same net revenue to the utility. |f netering is conducted
solely to raise revenue, it may cone at sone cost to overall economc

efficiency.

Econom ¢ Equity And The Decision to Meter
Anal ysis of the equity of netering requires precise definitions
of when equity is inproved. Chapters III, IV, and VI propose and ap-
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ply several such definitions to metering public water supplies. Gen-
erally metering can always be made equitable when it is efficient, but

may not be equitable where it is inefficient.

"1I0

r

L ]

Qo1

Figure 2 Dinensionless Conditions for Profitable and
Efficient Metering
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Lintations of the Benefit-Cost Method -
The above nethod works wel| where no capacity constraints exist. |
Short and long range marginal costs (M) are identical under this cir-

cunstance. Were there is a capacity constraint that may be allevi-

ated at sone cost, short and long range marginal costs differ (Turvey,
1969).  This inposes some technical difficulties in applying nargina
costs.

Short range marginal costs generally exclude any valuation of ca-
pacity costs and include only those costs experienced in the very near
termassociated with producing a snall additional anount of good or
service. Therefore enploying short range marginal costs neglects the
savings due to deferring capacity expansion. This biases the decision
agai nst metering where deferring a capacity constraint is a major ben-
efit of metering.

Long range marginal costs are usually cal culated by adding to the
short range marginal cost the change in the present val ue of capacity
expansi on cost associated with a unit increase in denmand (Turvey,

1969). This inplies that all demand is permanent and cannot be re-
duced (Turvey, 1969; Hanke and Véntworth, 1981).  For nost utility
services, recent conservation efforts have shown demand to be inperna-
nent. Use of long range nmarginal costs then biases the decision in
favor of netering since the decisionto neter in the short termmay
have no affect on capacity needs in the [onger term Unless nmetering
I's dictated based on short range marginal costs, there is no actua

need to meter until the constraint is actually binding (WIIiamson,
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1966). It may be inefficient to meter before this tine because of
avoi dabl e | osses of consuner surplus and pre-nature metering expenses
(interest costs).

This is a particularly inportant probl emwhen netering capacity
(capital) intensive utilities, where alleviating capacity constraints
incurs a large expense. This would be the case with water,
wast ewat er, or highway services. For more operationally intensive
utilities, capacity constraints are | ess expensively alleviated and
most metering decisions may be based on short-range marginal cost sav-
ings. This mght be the case with bus services.

A capacity constraint adds a tenporal dinension to the decision
to meter, inplying a need to plan and schedul e the installation of
neters over tine. This may be poorly handl ed using conventiona
benefit-cost or marginalist economc nethods. The problemis ad-

dressed using more general mathematical programm ng sol utions.

MATHENATI CAL PROGRAMM NG VERSUS MARG NALLST PLANN NG

The mat hematical programmng fornul ation of the general planning
probl em consi sts of objectives and constraints. \Were the objectives
and constraints are continuous, anal ytic functions, optinal solutions
can be found by calculus. These results formthe basis of nost con-
ventional, marginalist economc theory (Hrschl iefer et al., 1960)
Wile this theory can be broadly applied, it should not be applied
uni versally.

\WWere objective functions and constraints contain significant

di scontinuities, numerical nethods are often enployed to find optinal
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sol utions (\lgner, 1975). These solutions may not satisfy ms-applied
conventional econom ¢ maxins, but are demonstrably superior to those
resulting fromconventional economc theory.

Several metering problens can be addressed using nathenati cal
programmng. These include the decision to meter with a capacity con-
straint, the more general question of |east-cost scheduling of meter
installation, |east-cost neter maintenance, and pricing netered and
unnet ered services. Some of these problens require numerical solution

et hods.

Least-Cost Scheduling OF Meter Installation

The decision to meter with a capacity constraint falls wthin the
nore general question of selecting the |east-cost schedule for in-
stalling meters. If the cost of installing meters al ways exceeds the
val ue of deferring a capacity expansion project, then metering shoul d
be avoi ded.

Typical l'y this problemnust be sol ved using nunerical nethods
since the solution nust balance continuous netering costs against the
benefit of deferring a discrete capacity expansion expense. The ob-
jective of scheduling neter installation is to mnimze the net
present val ue costs of both installing neters and capacity expansion.
This objective can be expressed mathematically as:

IS
e )

(1) MN m s M -rt -rs
S 2 [(el; WM, t c2. )e ] -CP(e
j=1t=o 1 3F Ty Tyt

0

where there are m classes of service connections that could be me-

tered, year sy is when capacity expansion woul d be required if no
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neters were installed, cly I's the cost of metering a new connection of
class j, €2 Is the cost of metering an existing connection of class
j, r istherea continuous interest rate, CPis the capacity expan-
sion cost, hM@t IS the nunber of newclass j connections to be netered
inyear t, Qv IS the nunber of existing class j connections to be
netered in year t, and s is the nunber of years in the netering pro-
gram
The decision variables for this scheduling problemare s, the

length of the installation schedul e, NM.4 s and oM, The val ue of s

£
i's bounded between sy and n, where nis the year in which all connec-
tions are netered and there is no surplus capacity.

The decisions are al so bounded by the capacity constraint every
year, the availability of newconnections to be metered each year, and
the stock of existing connections available to be metered. These are
expressed in the foll ow ng mathenatical constraints:

m
(12) (a1, (Uo; + l\/oJ tIN,

)
j=1 J t

-(qI.J - (25) (MO, +t%$Nm.t+ CM?t])} < CAP, for al t <n
(13) NMsy < Ny for al t <nandall j
t t
(14) tEJ)G\/Ijt + Nh/gtl < U0 +t§ONJ.t, for al t <nandal j
wher e al; IS average service use per unnetered class-j connection, 02;
IS average service use per netered class-j connection, N(5 is the num-

ber of initially metered connections in class |, LK% i s the nunber of

initially unmetered connections in classj, hﬁ I's the nunber of new
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class-j connections in year t, and CAP is the capacity constraint
without the expansion project.

This mathematical program may be solved by a series of linear
programs. For each s between $o and n, a linear program can find the
least-cost installation schedule of length s. Solving n - Sy such
linear programs therefore gives the least-cost s, Nth, and Oth'
Chapter V applies such a series of linear programs to solve a meter
scheduling problem for a water supply system and develops some more

.detailed conclusions regarding this method.

Least-Cost Meter Maintenance

The problem of meter maintenance varies between different types
of utility services. The cost and performance characteristics of wa-
ter meters and toll booths can be quite different. Thus formulation
of the maintenance problem will likely vary considerably between dif-
ferent types of public utility.

In general, however, the maintenance problem seeks to minimize
the sum of discounted repair costs and losses of revenue from meter
failure and inaccuracy over an infinite time horizon. This is done by
optimizing when new or re-built meters are installed and when specific
meters should' be checked for failure.

Two maintenance strategies are common for customer flow meters.
The first replaces all customer meters on a block-by-block basis over
a regular time interval. The second replaces each meter individually,
using meter readings to detect pre-mature failure and specifying an

age at which working meters should be replaced.
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Repl acing neters on a bl ock-by-bl ock basis somewhat reduces the
cost of renoving ol d meters since workers can systematically nove
through a nei ghborhood in an efficient way. However, meters which
fail pre-maturely go unrepaired until the regular replacement period,
perhaps resulting in great revenue | osses.

The regul ar replacement period is often called a "change-out pe-
riod". Selection of the | east-cost change-out period for an infinite
planning horizon is a regeneration probl em(Churchman et a., 1957)
modi fied by incorporating both the prbabilities and costs of conplete

neter failure and gradual |oss of meter accuracy over time. This

problemis solved by first defining the expected present value of the
costs of an individual neter going unrepaired until time T. This is:

-rT
(15) Cc(T) = Re

T
' [PQ[P(flt) o (1-P(F|1))EPUR(E) o dt

0
where CRis the present value cost of replacing a neter, Pis the
price of the service per unit of consunption, Qis the average con-
sunption per unit of time, P(fi{t) is the probability of the meter be-
ing failed at timet, EPUR(t) is the expected proportion of flow unre-
ported due to loss of neter accuracy at timet, and r is the rea
continuous interest rate

If the meters are replaced at time T in perpetuity, the expected

val ue of maintaining neters on a given connection is then
(Friedenfelds, 1981):
(16) C(T) = Cc(T)/(1 - exp(-rT}).
The | east-cost change-out period T mninm zes C(T).
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The second strategy schedul es maintenance for each meter indi-
vidual ly. Each neter reading is used to detect meter failure. |[f the
meter has failed, it usually registers little or no flow A replace-

nent or change-out age may al so be specified if gradual |osses in

meter accuracy accunulate over tine. This strategy is nore conplex to
admnister, since it requires regul ar analysis of each neter's perfor-
mance. The cost of removing an ol d meter is also higher, since indi-
vidual renoval requires greater transportation costs. However, if
revenue | osses due to neter failure are great, this strategy limts
those | osses to I ess than the average revenue generated during a

met er-readi ng period.

This strategy uses recorded neter flow and age to determne
whet her a neter shoul d be repaired, inspected, or left alone. This
decision is made on the basis of a Baysian decision analysis using
each new neter reading to update the expected present val ue mainte-
nance cost of netering the connection if the present meter is re-
paired, inspected, or left alone. The action with the smallest up-
dated expected val ue mai ntenance cost is chosen. Meter readings
provide an uncertain status report since a given recorded flow nay re-
sult fromeither normal variation in service use or failure of the
neter between readings. Failure shortly bhefore a reading registers a
fl ow al most indistinguishable fromthat of a neter working at the tine
of reading.

Each mai ntenance option(repair, inspect, or |eave alone) updates

the prior expected meter maintenance cost for the connection over an
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infinite tinme horizon WF(T). This prior expected cost is a function
of the change-out age
The change-out age is selected to mnimze this prior expected
mai ntenance cost over an infinite horizon. This is more conplicated
than selection of aleast-cost change-out period and involves consid-

eration of losses of revenue hetween failure and failure detection and
the average nunber of failures occuring on a connection before a neter
exceeds the change-out age, as well as cost, failure, and accuracy
loss characteristics of the meter. The detailed nethod for finding
the | east-cost change-out age is devel oped and appied in Chapter M.

If the neter is repaired, the updated cost is the expected cost
of repairing the meter plus the prior expected neter maintenance cost
assunmng a new meter was just installed, WF(T).

|f maintenance action is deferred, the updated naintenance cost
nust consi der both the possibility that the neter has failed(and gone
undet ected) and continues to work. |f the neter has in fact failed,
the utility suffers | oss of revenues, the meter nust al so be repaired
later, and the prior expected maintenance cost wll apply to the pe-
riod after the meter is repaired. |f the meter continues to work, the
prior must be nodified for the age of the existing neter as it ap-
proaches its change-out age. These two possibilities are weighted by
their probabilities and summed to give the expected update to the
prior maintenance cost arising fromdeferring action

I nspecting the neter updates the prior meter maintenance cost by
~summing a certain cost for conducting an inspection and the expected

present val ue costs of finding the meter needs replacement and finding
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the meter is functioning. These expected costs vary with their prob-
abilities, the age of the meter, and the neter's change-out age. The
probability of failure is a function of both the neter's age and its
nost recent recorded flow.

Wth T specified, |east-cost maintenance actions can be found for
each registered flowQ and meter age t. This can be formulated as a
set of maintenance rules. Such a set of rules is illustrated in Fig-
ure 3.

Chapter VI devel ops these methods in detail and applies themto

cust omer water neters.
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Figure 3 Hypothetical Rules for Meter Maintenance
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Pricing And Metering

Metering is fundanental ly a pricing mechanism So it is appro-
priate to consider pricing policies with and without netering. Direct
application of nathematical programmng techniques to this |arger
pricing problemis relatively rare(Dandy et al., 1984). Cenerally,
mar gi nal i st econom ¢ anal ysis is applied to these problens
(Hrschl iefer et a., 1960; Hanke, 1972).

The mat hematical programm ng approach to pricing is conpl icated
by multiobjective aspects of the problem Typically, the objectives
of rate setting include sone conbination of revenue generation, eco-
nomc efficiency, equity, and simplicity. Multiobjective programm ng
techniques may be applied to this problemto find Pareto optimal so-
lutions for several objectives(Cohon, 1978; Cohon and Marks, 1975)

Chapter VII applies these multiobjective techniquesto rate set-
ting problens. Methods are devel oped and applied to find optinal
prices for metered and unmetered, as well as capacity constrained and
unconstrained conditions. The nethods are applied to a three-part
rate structure, but are appropriate for any rate structure and can be
used to conpare the optimality of different rate structures.

The flexibility of several different rate structures are conpared
in terms of achieving these objectives. Generally, more conplex rate
structures with more individual rates(paraneters) to set can better
achi eve nore objectives. The conplexity of the rate structure is |im
ited mainly by the common desire for rates to be sinple and easily un-

derstood by custonmers.




32

CONCLUSI ONS

The use of custoner netering in public services is rarely exposed
to systematic analysis. This chapter outlines several techniques that
can be applied to the decision to neter, the scheduling of meter in-
stallation, meter naintenance, and rate setting. These techniques are
Targely adapted fromexisting benefit-cost, econonc, and mathenmatica
programm ng techni ques applied to other problens.

The fol | owi ng chapters devel op these techniques in detail and ap-
ply themto water supply metering problens. In all cases these tech-
ni ques are denonstably superior to techniques currently used for man-

agi ng wat er supply netering.




CHAPTER III - BENEHTS AND QCBIS OF METERNG

"There are two reasons for the use of water meters. The

first is that selling water by measurement is the only

logical and fair wey of conducting business. It is the only

wey that does not result in gross inequalities and

discriminations against some takers, and in favor of others.

The second reason is that metering water is the onlv

practical method yet found for restricting excessive waste."

Allen Hazen (1918

The analysis of water metering requires clear statements of its
benefits and costs. Benefits include both tangible savings in water
production costs from conservation and less tangible philosophical
benefits from improving the equity of the distribution of system costs
among consumers. Metering costs vary from the capital and operating
costs of the meter to loss of the "useful” value consumers place on
the water they no longer use since the installation of metered ser-
vice.

Water utility, each individual water consumer, and the society as
a whole each feel costs and benefits differently. The utility sees
financial benefits and costs, but not necessarily changes in consumer
satisfaction. The customer feels only changes in his water bill and
the effects of metered rates on his water consumption. The entire
society experiences only increases Or decreases in its total wealth.
These concerns can be expressed as profitability, equity, and economic
efficiency.

This chapter describes the benefits and costs of water metering

and attempts to quantify them for use in future analysis.
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EQUI TABLE DI STRI BUTI ON CF SYSTEM COSTS

"Keepi ng accounts is at the foundation of an econom ca

conduct ~of an% business, and to keep accounts in the

wat er-suppl y business, the water must be measured, that is,

netered.” O enens Herschel (1895)

As discussed in Chapter II, the approach to equity taken here is
to define when an action inproves the distribution of systemcosts
among customers, |essening the proportion of costs borne by snaller
consuners. Many definitions are available to describe when an action

improves equity. Some of these are examned bel ow

Voting Definitions of Inproved Equity

If aswtchto metered rates favors all consuners, it is cer-
tainly equitable. And if no consumer is favored by switching to
netered rates, it is certainly inequitable. Voting definitions of
| nproved equity specify a proportion of the popul ation which must be
satisfied for a measure to be considered equitable. This is often the
approach used to determne if a water district should be founded,
based on a sinple majority vote

The primary difficulty with voting definitions of equity is that
a change is always judged equitable if the wealthiest 50% of the
consumers woul d be satisifed. Such an approach may make poorer

consuners less well-off, a result which hardly seens equitable.

WIlig's Definition of Inproved Equity
In a different approach, WIlig (1981) postul ates that any
proposed policy change inproves equity if three conditions are net:
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1) At least one household favors the change, leaving others
indifferent (the Pareto Principle),
2) The society is indifferent to a reversal of the incomes (wealth) of
any two households (Anonymity), and
3) The society prefers that any income transfer not go from poor to
rich (Regressive Transfer Aversion).

Willig finds that under these conditions a policy change improves

equity among a group of n households if:

k k
(17) = Zli » Z.70i,
= i=1
for all k =1, ..., n, where Z0j is the utility index value of the ith

poorest household prior to the proposed change and Zli is the utility
index value of the ith poorest household after the proposed change.
While this method does not specify if a particular change is the
"most" equitable one, it does set a reasonable standard for whether a
given change is equitable relative to a prior situation.

In applying this approach to the equity of metering or cost
allocation it is generally assumed that poorer households, with
smaller lawns and fewer water-using appliances, use |less water. The
values of Z0i and ZIi are also restricted to consider only the
individual household's expenditures for water and their loss of
consumer's surplus arising from metering (as discussed later). This

reverses the inequality in Equation 17.
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Harberger's Definition of Inproved Equity
Har ber ger (1971) considers a change to be equitable if those that
gain by it could conpensate |osers. This inplies that a change is
equitable if it adds to the society's overall wealth(is economcally
efficient). This is equivalent to satisfying WIlig's criterionin
Equation 1 only for k equals n.

Rawls’s Definition of Inproved Equity

Rawl s (1971), in a very different definition, considers a change
to be equitable if it inproves the wealth of the | east well -of f
person, with no regard for economc efficiency. This is equivalent to

satisfying WIlig's criterionin Equation 17 only for k equal s one.

Wilig's definitionis the most stringent of these definitions,
requiring that a change be both efficient and not transfer income to
weal t hi er househol ds from poorer ones. Were the mean incone is |ess
than or equal to the median, WIlig's approach also requires that a
mejority of consunmers would vote for it (Tideman, 1972). WIlig con-
cludes that satisfying his criteriatherefore inplies that a change is
"social welfare dominant". These definitions of equity are applied in
Chapters |V and VII.
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COST SAVINGS FROM USE CURTAI LMENT

et ST TELEE TS e

meter on every service pipe." John R Freeman (1900)

The nost tangi bl e benefit of netering is the reduction of water
use acconpanying introduction of metered service. This reduction has
been estimated between 6%(Phillips and Kershaw, 1976) and 50%(Berry,
1972) of unmetered use. Estimates of reduction fromvarious studies
of domestic metering are detailed in Table 2 A 20% reduction seens
fairly typical. Estimates of the origins of these reductions are
shown in Table 3 for a residential area.

Asimlar study of the effects of netering residential areas in
Boul der, Col orado estimated the average annual reduction of water use
for lawn irrigation at 50% and for in-house uses at 36%( Hanke,
1970a).

Average unnetered use per househol d usual |y ranges between 50 and
160 ccf/year(Linsley and Franzini, 1979). Six to fifty percent
reductions frommetering would result in a range of savings between
roughly 3 ccf/yr. and 80 ccf/yr.

Changes in water use with the installation of meters seens to
vary with climtic and economc conditions. These decreases seem|ess
related to the level of the new marginal price of water than to the
new marginal price of water being non-zero. This inplies that much of
the conservation experienced accrues fromeither |owval ue uses of
water (e.g., deferring leak repair and extensive [awn irrigation) or
psychol ogi cal factors arising froma new causal relation between water
use and billing(Hanke, 1970a, 1970b; Sins, 1978).
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Table 2. Estimates of Use Reduction from Véter Metering

dty Year % Reduction Ref erence

Ki ngston, NY 1958-63 20% C oonan, 1965
Phi | adel phi a 1955-60 28% d oonan, 1965
Boul der, @O 1960-65 A% Hanke % F ack, 1968
Boston, MA  1900-30 23% Russell, et al., 1970
various, WA 1963-65 4% Howe % Linaweaver,1967
Israeli apts. - 14-34% Darr et al., 1975
Mal noe, Saeden 1980 34% Horth, 1982
Sol omon s, 1969-70 50% Berry, 1972
Fylde, UK  1970-72 10% Snith, 1974
Mal vern, UK - 20% Snith, 1974

Mal vern, WK 1970-75 6% Phillips & Kershaw,1976
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Tabl e 3: Estinated Or|g| ns of Use Reductions from Metering
(from Howe and Linaweaver, 1965)

Demand (qal/day/dwelling)

ke Metered  Unnetered Reduction
Annual Average

Leakage 25 36 30%.
Househol d 247 236 - 59+
Sprinkling 186 420 56%
Tot al 458 692 34%
Maxi mum Dai |y 979 2,354 58%
Peak Hour 2,481 5,170 52%
Max.Daily/Annual Av. 2.1 3.4 38%
Peak Hour/Annual Av. 5.4 7.5 28%

* This increase is slight and may be due to nmeasurenment error,
changes over tine, or Other factors.

I ncone
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The initial benefits of reducing water use are reductions in the
short-range marginal costs of punping and chemcals. These are
virtually the only benefits of reduced water use that may always be
counted, and they are often small. For a water systemof 1,200 people
in Pennsylvania, Bhatt and Col e(1985) calculated that a 20% reduction
inwater use only resulted in a 2% reduction in total water system
costs fromsavings in punping and chemcals. |f water is bought from
a larger regional supplier, the price of this water is its narginal
cost to the community in question

Additional short-range narginal benefits may al so accrue from
savings in punping and chemcal costs for wastewater collection and
treatnent or purchased wastewater services. Estimtes for the
short-run marginal costs of water and wastewater appear in Tables 4
and 5 For conservation of outdoor water use there is |ess savings of
wast ewat er costs since much out door water use is remved by
evapotransporation and infiltration

In many cases, reduction in water use enables capacity expansion
projects to be deferred. Water supply facilities which may be af-
fected by these benefits include transm ssion and distribution mains,
reservoirs, treatment plants, and water sources. WAstewater
transmssion and treatnent facilities(pipes, punping stations, and
treatment plants) are generally |ess susceptible to such benefits as
they are generally sized for stormflows greatly exceeding domestic
wast ewat er requirements and occuring off water use peaks(which

general ly arise fromlawn watering).
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Creation of surplus capacity in water distribution nmains and
reservoirs through netering arises not so much fromnetering's re-
duction in total water demand but nmore from reductions in peak day
and peak hour demands. As seen in Table 3, metering substantially
reduces annual peak flows, which generally occur during the |awn wa-
tering season. This may reduce substantially the costs of water main
and distribution reservoir construction and repl acenent, assum ng
these flows are significant relative to fire flowrequirenents. Such
benefits are more likely to be imediately felt in systens which are
expanding to serve new areas or where old water mains are having to

serve new | and uses demanding | arger amounts of water.

Tabl e 4 Short-Run l\/hrgi nal Costs of \Water

($ per 100 cubic feet)
Cost Type  Cost Range Conment s
Punpi ng 0 - 0.015 Distribution Costs Only
0-0.22 V¢l | Source Costs
0 - 0.085 Treated Source
Chem cal 0.003 - 0.046 hlorination Only
0. 036 Chlorine and Alum

(to add GAC)+0.075 -+0.224 €1, Alum Filtration, GAC
Tot al 0-0.28

Pur chased 0.27 - 0.60
Vit er

Sources: Seattle Water Department, 1985; Bhatt and Cole, 1985; Gty
o; Ke%841982; Or, 1984; Cark, 1982; Gark, et al., 1984; Martin, et
al..
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Table 5: Short-Run Marginal Wastewater Costs
($ per 100 cubic feet)

Cost Type Cost Range Comments

Pumping 0 - Collection
0 - Primary Treatment
0 - 0.10 Secondary Treatment
0-011 Tertiary Treatment

Chemical 0.05 - 0.10 Primary Treatment

Secondary Treatment

0.06 Tertiary Treatment
Total 0-021
Purchased
Wastewater
Services

Sources: Holmes, 1985; Robbins and Ehalt, 1985, Metro, 1985
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COSTS OF METERI NG
The costs of netering include the capital costs of initial meter
purchase and installation, operating costs of meter reading, repair,
and ultimate replacenent, and the | oss to consuners of the "useful"

val ue of water no |onger used after metering.

Loss of Consumer Surplus

The conservation benefit of metering inplies that consumers are
fixing leaks, curtailing lawn watering, and taking other actions to
conserve water. These actions are not free but inpose costs on
consumers, for exanple, the labor and material costs of |eak repair or
installing | ess water-intensive appliances, having a | ess-green | awn,
and driving a dirtier car. In classical economc terms, these costs
to consuners are considered | osses in consumer's surplus (Marshall
1920) .

The | oss of consuner's surplus arising fromnetering can be as
much as half the total cost of meter installation(Hanke, 1981, 1982)
It is estimated by assumng a |inear demand curve between consunption
at a marginal price of zero and the new marginal price. The |oss of
consumer surplus is the area beneath the curve between the new and ol d
| evel s of consunption. This is easily calculated as half the new
marginal price of water tines the change in water consunption(Turvey,
1974). This is illustrated in Figure 4. Retail water prices usually
vary between $0.10/ccf and $2.50/ccf for urban water systems. The
hi gher figure usually includes wastewater service charges as well.
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Q Q,
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L
// 4d Area of Estimated Loss of Consumer's Surplus

Figure 4 Estimted Loss of Consuner's Surplus Acconpanying
Metering
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Table 7: Meter Box and Setter Costs

Bax Box

Meter Size Construction Price
3/4%5/8 Cast Iron $80
Plastic $12
1" Cast Iron $80
Plastic $12
2" Cast Iron -

Setter
Price

$23-24
$23-24
$40
$40

$178

Total Cost
$103-104
$35-36
$120 .
$52

Source: Seattle Water Department, 1986 (bid and price records)




Initial Meter Installation

The | abor required to initially install a meter is an initia
capital cost of netering. This cost includes any initial testing of
the meter, installation of meter fittings and neter box, recording the
| ocation of the newmeter, and initial placement of the neter itself.
These costs are much greater if the meter is added to an existing
connection, often requiring digging, pipe cutting, and tailor-nade
joining. Installation of meters into apartnent buildings or
condom nia may be extrenely expensive if water |ines serving water
fixtures are run vertically, with each apartnent being served by

several incomng pipes.

Met er Readi ng

The cost of neter reading is experienced each tine a meter is
read, but varies with the way meters are installed and the nethod
selected for reading. If al neters are installed outside of
bui | dings and | ocked property, a utility enployee can quickly gather
readings and inspect neters. In cold regions or heavily devel oped
areas, neters are often located in basenents or other |ocked areas.
Wth increases in 1abor-force participation by wonen, reading neters
installed inside hones hecane nore difficult, requiring expensive
attenpts to make appoi ntnents to read neters. These difficulties led
to greater use of renote-reading neters or, in sone cases, custoners
reporting meter readings by post card or tel ephone. Estimates of

neter reading costs appear in Table 8
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Table 8: Estimated Meter Reading Costs _ .
(times in minutes/reading and costs in $/reading)

Bitbren T e bl ange  Cotb/hesding
curb 1.2-2.5 $0. 48-0. 72 $0.70
basenent $4.50

remote read 1.2-2.5 $0. 48-0. 72 $0.70
central read - $0 - 0.30

Post Card - $0.30+

Tel ephone - --

(SWD average meter-reading cost = $0.72/readi ng for all meters)

* Manual reading is costed at between $12 and $20/hour.

x Tyfical meter reading is costed at $18/hour(inc. transportation
costs

Sources: Freshman, 1981; AWM, 1985; Te%gatz and Otesen, 1984,
Seattle Water Department, 1985; Seattle Vter Department Tine
Standards, 1975; Carlson, 1977
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Processing Metered Billing

Once a neter has been read there may be a small cost of entering
the reading into a conputer and processing this information for bill-
ing. In nost areas this cost is neglegiblefor residential readings
since neasurenents are recorded directly onto conputer-readable cards.
Smal| water systenms relying on manual conputer-entry or nmanual cal -
culation of hills wll have small additional costs per bill. (These
costs shoul d dimnish as conputerized billing becomes even nore
Wi despread. )

Met hods of billing for water use where donestic connections are
unmetered may be nore costly than metered billing. In Britain, domes-
tic water bills are determned by assessnents of estimated water use
based on property val ue, water-using appliances, and other property
characteristics. Such assessments nust be updated periodically, at
sone cost (Mddleton, et al., 1978; Smith, 1974).

Meter Repair and Repl acement

Once a meter is in use, it nust be occasionally repaired or
replaced. Typical reasons for repair or replacenent include: the
meter not registering any volume, the meter systematically
under-readi ng vol umes, and adoption of a better type of meter. [ssues
related to | east-cost repair and replacement of neters are examned in
Chapter VI. Fromthis analysis, the estimated annual cost of neter
repair and replacenent is between $1 and $5 per neter, with $3 being a

typical val ue.
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Heed Loss

The installation of meters reduces the pressure available beyond
the service connection. In cases where the factor governing the
pressure of the system is fire-flow from distribution mains before the
meter, this is not a problem. However, if pressure is required for
fire-flow requirements oan the downstream side of the meter (as would
be the case for mawy large institutional meters) or for acceptable
flow from a smaller customer's taps (which mey be on an upper storey),
head losses at the meter must be compensated for by maintaining the
distribution system at additional pressure. This implies some
additional pumping costs and additional |eakage before the meter.
Estimates of the costs of overcoming head loss are calculated in Ap-

pendix A.

COSIS BENEHATS AND RURFCEE

The benefits and costs of metering are considered differently
depending on the motivation of the water supply system. [f the system
s seen as a public service with the economic objective of "maximizing
social welfare,” benefits and costs will be felt differently than if
the system's purpose is to maximize net revenue (profit).

The above benefits and costs can be classified by their im-
portance to water supply systems with social welfare and profit
maximization objectives. This is done in Table 9.

Water utilities differ in their dedication to these goals. Pure
private firms seek only to maximize profits. Pure public service

utilities seek only to improve social welfare. But most private water
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vendors are regulated and most publicly owned water supplies are
self-financing. This implies that all utilities must consider both
objectives.
For later analysis, these two goals are broken into three ob-
jectives: 1) net revenue maximization, 2) maximization of overall
economic efficiency, and 3) improvement of equity. The next chapter

examines the effects of metering on these objectives.

Table 9: Classification of Metering Costs and Benefits
by Water System Objective

Maximization Objective

Benefits: Social Welfare Net Revenue
Equity X -
Conservation X X
Costs:

Meter Purchase X X
Meter Box & Setters X X
Meter Installation X X
Meter Reading X
Billing Costs X X
Meter Repair X X
Head Loss X X

Loss of Consumer Surplus X -




CHAPTER IV THE DECI SI ON TO METER

"Turning to the practical side, we should nention at once
that our earlier discussion neglected one inportant consid-
eration: the cost of metering and associated increase in
billing cost. It is clear that the additional cost of
nEters%espeC|allz for a great many small users) may well
exceed the possible gains fromthe rationalization of use
whi ch would fol low netering. Wile this question bears
further investigation, the domnant opinioninthe field of
muni ci pal water supply seems to be that universal netering
produces gains that are worth the cost." Jack Hrshleifer,
et al. (1960), p.45

"I't has frequently been suggested that netering should be

I ntroduced for domestic surpl|es,.as i's frequently done in

the United States. Prevailing opinionin the industry is

opposed to this, because it is felt that the cost of pro-

viding and installing neters, and-of regularly reading them

and naking out the brlls, would exceed the saving of expen-

diture on waste prevention. For PUbl i ¢ health reasons al so

it has been held to be undesireableto do anything to dis-

courage the freest use of water." J.F. Seenman (1955),

Scottish Journal of Political Econony
| NTRODUCTI ON

The netering of public water supplies is an ancient problem
(Frontius, 97). It was only in the later part of the 19th century
that innovations in nmetering technol ogy created the possibility of
cheaply metering water supplies to small custoners(Hazen, 1918)
However, the cost of netering donestic consunption still seens to he
too high for the Scots; only one town in Britain has donestic metering
(Phi1lips, 1983). Meanwhile, in the United States, universal metering
I's recormended for all water supply systems (AWW 1983). This
difference in professional practice does not have a strictly climtic
or economc rationale, but seems to vary by nationality. Mst nations

neter donestic water consunption(Shipnman, 1978). |Israel requires
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netering of all dwelling units, including individual apartnents(Darr
et a., 1975), while Britain and Norway do not generally meter
domestic water consunption(Shi pman, 1978).

Only recently has metering been examned in terms of the economc
benefits and costs of universal metering(Mddleton et al., 1978;
Hanke, 1981a, 1982). This chapter examnes the effects of netering on
econom ¢ efficiency, equity, and net revenue maxim zation
(profitability) objectives discussed in Chapter 111. The benefit-cost
approach advocated by Mddleton et al. (1978) and Hanke (1981a} i$S
used to eval uate economc efficiency and profitability objectives over
a wi de range of common conditions. These results are then used to
establish the economc efficiency and profitability trade-offs
necessary to realize equity benefits frommetering. The nethod is
applicable to both the decision to neter an individual connection and
the decision to meter a class of simlar connections.

THE BENEFI T-COST METHOD

For metering to be a rational choice, its benefits nmust exceed
its costs. A benefit-cost method is devel oped and applied to the
econom ¢ efficiency objective. It is then adapted to eval uate the use
of metering to increase a utility's net revenues.

The economi ¢ efficiency of netering a connection or class of
connections involves all costs to all groups. The benefits and costs
di scussed in Chapter III that are relevant to this analysis are cost
savings fromuse curtailment and costs resulting from purchases of

neters, meter boxes, and fittings, initial meter instal 1ation, neter




57
reading and billing, repair and replacement, head | osses, and | osses
of consumer surplus. The benefit-cost condition given by Mddleton et
al. (1978) and Hanke (198la) is:
(18) D[Q*MC] > D[M + CS + £],
where D is the discrete difference operator with and without netering
(representing the change in total water production costs with and
without netering), Qis expected water use at the connection, MCis
the marginal cost of water and sewage, Mis the present val ue of neter
capital and operating costs to the water system CSis the present
val ue of consuner surplus, and E is the direct cost consuners bear to
reduce water consunption.

In this formulation, E is redundant, however, and includes costs
experienced in the [oss of consunmer surplus twice. Losses in consuner
surplus resulting fromnetering are caused by the | oss of water
consunption that the consumer found useful when the marginal cost of
water was zero. This mght include the | oss of some of the green-ness
of alawn or the savings experienced by the consumer in avoiding
repair of a dripping faucet or running toilet. Wen the narginal cost
of water begins to exceed this value, it becones rational for the
consumer to endure these costs and use | ess water. It is
doubl e-counting to include the consuners's water conservation
expenditures twce, as lost consumer surplus and consumer paynents.

The true benefit-cost criterion requiring the net benefits of
metering to be greater than zero is:

(19} D(Q*MC) - OM + CS > 0.
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Expandi ng Equation 19 to include specific benefits and costs
di scussed in Chapter III results in:

DIQ*(MCw t MCs) MR+MD+MM+HL+CS
(20) ----- S - MP - MB - MI - T > 0,
where MCw is the marginal cost of water, MCs is the narginal cost of
sewage col lection and treatment, MP is the cost of the initial neter
purchase, MBis the cost of the neter hox and meter fittings, M is
the cost of initially installing the meter box, fittings, and neter,
MR is the annual cost of neter reading, MDis the annual difference in
cost of billing a netered system MJis the annual cost of maintaining
the meter, HL is the annual additional punping cost necessary to
conpensate for head | osses, CSis the annual value of the change in
consumer surplus, and i is the real annual interest rate, assumed
constant. The value of the left-hand side of Equation 20 is the net
present val ue of the increase in economc efficiency froma decision
to meter a connection or class of connections.

Wen the objective of netering is to increase net revenues,
Equation 20 is nodified to exclude consideration of changes in
consumer's surplus. The MCs termmay al so be deleted if the utility
IS not concerned with wastewater collection and treatment. The
relevant criteria for net revenue maxi mzation are then
(21)  D[Q(MCwiMCs)1/1 - [MP+MB+MI+{MR+MD+MM+HL)1/i > O,
for ajoint water and wastewater utility, and
(22)  DLQ MCw]/i - [MP+HB+MI+(MR+MD#HMEHL)])/1 > 0,
for a sinple water utility. |In Equations 21 and 22, the left-hand

sides represent the present value of net revenues gained by metering
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over a flat-rate price structure, assumng that the netered price
structure raises the same revenue as the previous flat-rate structure.
Wien netering is profitable under these circunmstances, it results in a
net transfer of wealth fromconsuners to the utility. Changes in
water rates could be made to avoid such transfers.

PARAMETER ESTI MATI ON

For brevity of exposition, the above benefit-cost method is only
applied to metering new single-famly houses. These connections are
assuned to use 3/4x5/8 inch neters. The values of paraneters for
Equations 20, 21, and 22 are discussed in detail in Chapter 111. The
follow ng sensitivity analysis is bounded by the val ue ranges
suggested in Chapter III.

Thi s anal ysi s exam nes only savings in short-run narginal costs
(punping, chemcals, and water purchases) for water and wastewat er
This is appropriate for a systemwth |arge anounts of excess capacity
relative to growth in water demands or steady or declining water de-
mands. The next chapter proposes a method for exam ning the
additional benefits of netering fromdeferring capacity expansion
proj ects.

SENSI TIVI TY ANALYSI S

The sensitivity of the value of metering is easily examned if
Equations 20, 21, and 22 are reduced to a dimensionless form Four
di mensi onl ess variables are defined: 10 is theratio of initia

metering costs to the present value of utility's meter operation and
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maintenance costs, Q01 is the ratio of marginal water and wastewater
savings to the utility's meter operation and maintenance costs, Q02 is
the ratio of marginal wastewater savings to the utility's meter
operation and maintenance costs, and 6 is the ratio of lost consumer
surplus to the utility's meter operation and maintenance costs  These
are defined as:

I0 = 1(MP+MB+MI)/ (MR+MD+MM+HL),

Q01 = DEQ(MCw + MCs)]/(MR+MD+MM+HL),
902 = D[Q MCs]/(MR+MD+MM+HL),
and

6 = CS/(MR+MD+MM+HL).

The economic efficiency criterion (Equation 20) becomes:
(23) Q01 - 10 > 1+ 6.
And the net revenue maximization criteria in Equations 21 and 22 be-
come, respectively:
(24) Q01 - I0 » 1,
and
(25) Q01 - 10 » 1 + 902.

The following decision rules result: 1) if Q01 is less than 1 +
6, it is not efficient to continue operating existing meters, 2) if
Q01 is less than 1 + 902, it is no longer profitable for a simple
water utility to continue operating existing water meters, and 3) if
Q01 is less than 1 it is no longer profitable or efficient for a
utility to operate existing water meters, 4) if Equation 6 is satis-
fied, installing new meters is efficient, 5) if Equation 24 is

satisfied, installing new meters is profitable for a combined water
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and wastewater utility, and 6) if Equation 25 is satisfied,
installation of newmeters is justified for a sinple water utility.

Fromthe paraneter val ues given by Chapter [il, conmon val ues for
the above dinensionless variables are 0.11 < 10 ¢ 2, 0.15 < Q01 < 12,
0<Q02 <3.2 and 0.15 ¢ § < 10. These values are reflected in
Figure 5 for the nost stringent case where Qo2 = 3.2 and § = 10

Although eval uation of metering for a given utility should be
based on |ocal cost estinmates, it appears that water netering is often
justified on the grounds of profitability. In many cases netering is
al so econom cal |y efficient. However, there are al so conmon cases
where netering is not justified by either objective. This inplies a
need to establish the optimality of netering on a case-specific basis.

Wiere nmetering is efficient, it is also profitable. But where it
is profitable, it is not necessarily efficient. [f metering is
conducted solely to inprove economc efficiency, the new netered rate
structure nust raise | ess revenue than the previous flat rate to
mai ntain the same net revenue to the utility. If nmetering is
conducted solely to raise revenue, it may cone at some cost to overall

econom ¢ efficiency.
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APPLI CATI ONS

The above nethod is applied to three cases, described in Table
10. The first duplicates the analysis of Hanke (1981a) of netering in
Perth, Australia. The second exam nes the optimality of netering in
\Wr chester, England (Phillips, 1972; Phillips and Kershaw, 1976). And
the third examnes the continuation of metering in Seattle,
\shi ngt on.

These cases are evaluated in Figures 6, 7, and 8, respectively.
For Perth, there seens |ittle doubt that metering is justified as both
profitable and economcally efficient (Figure 6. The present val ue
of increased economc efficiency fromnetering is $326/connection
($16.3/connection/yr.) Wi th an acconpanying increase in the present
val ue of net revenues of $556/connection ($27.8/connection/yr.).
These val ues arise partly fromfailure to consider maintenance and
replacenent costs, but netering remains optinal wth nuch higher
mai ntenance costs. The evidently high prior level of household
consunption in Perth is nore inportant for justifying metering. This
consunption approached an average of 4,000 |iters per unmetered
connection per day (1,050 gal ./connection/day). Hanke al so uses a
hi gher long-run marginal cost in lieu of the short-run narginal cost

appropriate for a short-range decision




65

4

eTIRIISNY ‘ylasd ur Burasilsy Jo A3TTRWrldg 9yl JO UOTIBUTWEXY :9 3In3Tg

y3lIag

0 = zZ0Ob
8°G =9
L]

S P E T T
- T
| 2

"oor

- ¢
i
L ¢




66

The useful ness of metering in \Wrchester, England is hindered hy
both relatively | ow househol d consunption and | ow estinates of
reduction in use. Metering is found to be neither efficient nor
profitable for the water utility(Figure 7. The decision against
netering i s al so somewhat hiased since no consideration is mde of
wast ewat er col [ ection and treatnent costs.

Universal nmetering is currently practiced in Seattle. An
anal ysi s of the short-run narginal benefits and costs of netering
(Figure 8) shows that metering is neither profitable nor economcally
efficient. The present value of lost efficiency arising from metering
a new househol d connection is $1,790 ($54/year}. The present val ue of
net revenue | osses frommetering a new househol d connection is $200
($6/year). These are represented by Point 1 in Figure 8.

Wen existing househol d connections are examned, initial ne-
tering costs are elimnated. But even continuation of netering is not
justified by exam nation of costs and short-run marginal benefits
~(Point 2, Figure 8. The present value of |ost efficiency in this
case is $1,630 ($49/connection/year).  Continued netering is al nost
profitabl e under these circunstances with a present value of [ost net
revenues of $40/connection ($1.2/connection/year).

Two reasons account for the short-run inefficiency and
unprofitability of metering in Seattle. First, the short-run nargina
costs of water and wasterwater services are relatively lowfor the
Seattle. Punping is largely avoi ded because the regional water
sources are |ocated in upland watersheds and sewage treatment plants
are generally located at sea level. Water and wastewater treatnent




Tabl e 10:

Vari abl e

D[Q]
D[Q]/Q0
MCw
MCs

i

VP

MB

M

MR

D

W

HL

CS
Pw+s
I0

Qo1
Qo2

)

P.V. of

Ihckeased
Eficiency

P.V. of

| ncr eased

Revenues

Sources: Hanke, 1981a; SWD, 1986; Phillips and Kershaw, 1976
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Data For Exanple Metering Eval uations

Perth

217 cum/yr
15%
$0.15/cum

T
$T/yr
]

$11.5/yr
$0.11/cum
1.4
16.3

5.8

$326

$556

Seattle
43 ccf/yr
30%
$0.04/ccf
$0.06/ccf
%
$20
$130
$10
$2/yr
0
$3.5/yr
0
$47.7/yr
$2.22/ccf
0.9
0.8
0.5
8.7

-$1,790

-$200

V¥r chest er

6, 330 gal/yr
10%
0.3/1,000 g

0.3/yr

0.8/yr

0.6/yr

0

1.3/yr
0.42/1,000 ga
1.3

11

0.8

-65. 3

-39.3
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are also greatly reduced because of the isolation of the upland water
sources and the proximity of a large recieving water body for
wastewater (Puget Sound). And second, water use in Seattle is
relatively low as a result of its humid climate. Justification for
metering in Seattle arises mainly from its ability to defer capacity

expansion. This is examined in the next chapter.
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Figure 7. Exami nation of the Optimality of Metering in
Wor chester, Engl and
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Figure 8 Exam nation of the Optimality of Household Metering
in Seattle, Washington
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ECONOM C EQUI TY AND THE DEQ SI ON TO METER

Metering redistributes the burden of supporting the utility anong

individual consumers, raising water costs to sone consuners and

| owering water costs to others. This section examnes the equity of
this redistribution as a function of the economc costs of netering
(discussed above), the change in price structure acconpanying meter-
ing, the distribution of water use among consuners, and, of course,
the definition of equity used.

Al definitions of equity require some nmeasure of the change in
an individual's well-being. Anindividual's satisfactionwth
netering is assumed to be governed solely by changes in his own
financial outlay for water (his bill) and changes in his consumer's
surplus. He is not offended by the idea of paying by water use.

The individual's hill without metering is assumed to be a flat
fee where the amount billed B, = Py per billing period. The netered
rate structure is assuned to consist of two parts, a flat monthly fee
plus a charge per unit of water used (Lews, 1941). The two-part
price structure(discussed in Chapter VI) has the form
(26) By =Py +Q Py
where By is the amount of an individual's metered bill, and P, and P,
are constants. However, the individual's entire economc payment,
relative to the unnetered rate structure, includes his |oss of
consuner's surplus. This entire payment is:

(27) B, =P, tQP,+0.5QP,,
where the last termrepresents his [oss of consumer's surplus and 40

I's the reduction of water use acconpanying metering.
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The individual prefers the newstructure provided 8, is less than

By This condition becones:
(28) 0<Py-Pp- PZ(Q + 0.5 8Q), or
(29) Qt0.56Q< (Py - Py)/P,.

If the newrate structure is intended to raise the sane net
revenues as the prior flat fee Py, then the two-part price structure
I's constrained hy:

(30) Pt gbar P, = Py Cps

where gbar is the average consunption per connection and billing
period and C I's the average cost of metering to the utility per
billing period. C_ IS negative if netering is profitable(Equations
21 and 2). P, nust lie betueen zero and Py + C_ and P, nust [ie
bet ween zero and (Pg * C)/qbar. | f P approaches or exceeds Py
there is little point in netering. Incorporating Equation 30 into
Equation 29 results in:

(31)  Q+0.5 50 < qgbar (Py - Py)/(Py - Py + C)s

as the criterion a consumer uses to judge the favorability of the new
rate structure.

Certainly, if this conditionwere net for al the utility's
consumers, netering would be equitable. If it held for no consuner it
woul d not be equitable. Does this nean that if it held for 51% of the
consuners it would be "51% equitable"? (It mght better be called
popular.) Indeed, by varying Py and P, the proportion of satisfied
custoners may be increased or decreased, at the cost of lowering the
degree of satisfaction of some al ready satisfied customers. The

relative equity of metering depends on the new price structure.
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Applying the adaptation of Willig's criteria for improved equity,
as developed in Chapter III, gives a reasonable and standard procedure
for evaluating if the change to a metered rate improves the equity of
the distribution of water production costs. The criteria developed
for a group of n consumers are:

k k
32) 32l < 2704,

i=] J=1
for all k=1, ..., n, where ZOJ is the entire economic payment for
rater by the jth smallest consumer of water before metering and 211. is
the cost of water plus the individual loss of consumer surplus with a
metered price structure for the jth smallest consumer of water after
metering. Thus ZOJ = P0 and Zli = P1 + pZ(Qi + 05 6Q1.). Applying
this to the conditions in Equation 32 yields,

k

(33) (05 ¢ 0.560) < K(Pg - Pp)/Py,
for all k=1, ..., n, where 01. and 5{1i are the water use and water
conservation of theith smallest water consumers (ordered by
individual Q).

This is alarge number of equity criteria for a water system with
thousands of customers. Fortunately, Willig (1981) suggests
short-cuts for evaluating these conditions. First, he suggests that
the number of consumers can often be aggregated into representative
classes, reducing n. Second, he suggests that Equation 33 need only
be evaluated for k =1, kK =n, and for the value of k where 211. = ZOJ..
And third, if Equation 33 holds for k = n and the redistributed costs

increase with water use, the change. is equitable. This third
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sinplification applies when the proportion of water conserved by a
custoner is nore than proportional to water use after netering is
adopt ed.

Figure 9 examnes the range of equitable prices over a w de range
of direct netering costs (C_), where prices are constrained to make no
change in the utility's net revenues with metering and P, and P, are
not negative. Conservation is also assumed to be proportional to
netered consunption with prior use being 1.43 tines netered use for
all individuals. This is equivalent to a 30%reduction in use. The
figure shows differences in the equity of metering as judged hy
WIlig, Harberger, and Rawls.

Rawl s (1971) holds that a change is equitable if it inproves the
lot of the smallest water user. |In the extrene, if this customer used
no water before metering, P, nust be [ess than Py to satisfy him
This i's equivalent to satisfying Equation 33 for k equals one with @,
and sQ, equal to zero. \Were the direct cost of metering to the
utility is negative (C. <0, prices are further constrained by the
limtation on profit taking and the infeasibility of negative
incremental prices (P, 2 0). Under Rawls definition, then, it is
possible for netering to be equitable, unprofitable, and economcally

inefficient in the aggregate.
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L

- =1 -0.21 0O ' 1
Cm/P0

@ Metering is Equitable by Raws (Q = 0.

Figure 9 Price, Equity, and Metering Cost Relationships
for Net Revenue Neutral Metering
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Har ber ger (1971) holds that if those profiting by netering coul d
conpensate | osers, the change is equitable. This is equivalent to
defining a change as equitable if Equation 33 is satisfied for k
equals n. Under this definition, netering is equitable under a much
smal | er range of metering costs and prices. Metering cannot be eg-
uitable if the direct costs of netering are positive (€, >0 and as
P, increases (P, decreases) the value of |ost consumer’'s surplus
i ncreases, making netering economcally inefficient under some pricing
schenes.

Since a custoner's conservation is assumed to be proportional to
netered water use, the individual's benefits frommetered pricing
decreases as his consunption Q increases and WIlig's third
simplification can be applied. Metering is equitable by Wil ig’s
criteria, then, if Equation 33 holds for k = L(Rais's criterion) and
k = n(Harberger's criterion). In this case, this subset of equitable
prices coincides with that given by Harberger's criterion

Figure 10 examnes the same situation as Figure 9, but fromthe
perspective of identifying which conbinations of netering costs and
netered prices would | essen the costs felt by customers consumng |ess
than certain percentages of the average consumer's water use. This
shows the broadening of Raws's criterion frominproving the |ot of
the smallest user to inproving the | ot of users consumng |ess than a
certain level. As this level increases toward the average water use
it converges on the results given by WIlig's criteria. Such afigure
Illustrates the equity-efficiency trade-off under a wider variety of

equity definitions.
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Al'though selection of a definition of equity is a personal (and
perhaps political) rather than a professional question for engineers,
the analysis of the internal consistency and consequences of such
definitions is inportant for evaluation of public policies. Analysis
of equity criteriais therefore of direct relevance to the engineer

The relative "equity" of a particular redistribution of system
costs is difficult and controversial to assess. It is likely to be
assessed differently by different individuals and groups. Certainly
any netered rate wll drawa larger proportion of its revenues from
those using greater portions of water. To some extent this is nore
"equitable", but if this inprovenent incurs a large net cost, the
additional "equity" for smaller water consuners is |ost in higher

rates to cover additional netering costs.
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Q/Q=0.5

Figure 10: Equitable Price and Metering Cost Combinations
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EFFI G ENCY, PROFI TABILITY, AND EQUI TY TRADE-OFFS

This chapter has examned the conditions under which netering
furthers three objectives: 1) adding to the wealth of society
(economc efficiency), 2 adding to the wealth of the utility (net
revenues or profits), and 3) inproving the distibution of systemcosts
among individual consumers(equity).  Were metering furthers all
three objectives, there can be little argument about its usefullness.
But where metering furthers some objectives at the expense of others,
the retreat fromsone objectives becomes an additional cost.

The sinplest case for evaluating netering is when it is eco-
nomcally efficient. Wen metering is efficient in the aggregate, it
is also profitable for the utility and inproves the distribution of
wat er systemcosts anong customers. The creation of additional wealth
through inproved economc efficiency and the ability to distribute it
with metered water rates make this possible.

Wiere nmetering is not economcally efficient in the aggregate, a
burden is added to the wealth of the water utility and its custoners.
The support of this burden cones at the expense of the utility or its
custonmer and is either unprofitableto the utility or unpopular to at
| east sonme custoners. Only under sone definitions of equity(Raw s,
1971) can this situation be seen as inproving the distribution of
systemcosts. Such situations are depicted in Figure 10.

Under some conditions, netering is inefficient in the aggregate
but profitable to the utility. Here, metering mght still be

equitable for some(Raws, 1971).  Under these circunstances, netering
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mght be supported by the utility and some customers and opposed hy
many ot her custonmers with both sides maintaining that while netering

is inefficient, it inproves "equity"

UNRESOLVED PRCBLENS

Two major problens remain. First is the unsettling lack of an
agreed definition of equity applicable to the decisionto meter. This
nust remain unresol ved.

Second is the examnation of capital cost deferral as a benefit
of metering. Metering and nost other conservation neasures are nost
often justified as a nethod of delaying or avoiding enlarging water
sources, transm ssion pipelines, storage or distribution reservoirs,
punp stations, and water mains.

These benefits defy the marginal cost analysis used in this
chapter as they occur in discrete units over time(Rordian, 1971).
Many anal ysts include these costs in the conputation of a |ong-run
marginal cost (Turvey, 1969, 1976; Hanke, 1981b; Hanke and \entworth,
1981). To evaluate the efficiency of metering, this |ong-run narginal
cost is then applied to Equation 20 as MCw and MCs (Hanke, 1981a,
1982).  In the short-run, this approach may be inefficient since
consumers Wil defer use of water which, in the short-run, costs |ess
than its value to consumers and nmeters may be installed earlier than
necessary. Since water use can often be readily and permanently
decreased by netering (Hanke, 1970a, 1970b), metering mght be better
added as the capacity constraint is nore closely approached (WIIi ans,

1966). |If an increase in water use is pernmanent, then use of |ong-run
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marginal costs would be appropriate for evaluating metering at that
connection (Turvey, 1969; Hanke and Wentworth, 1981).

The following chapter addresses this problem with a method to
schedule meter installation to maximize economic efficiency. This
method allows meters to be installed over time to optimally defer both
meter installation and capital expansion costs. The results of this
chapter are incorporated into this method since the left-hand-side of
Equation 20 gives the present value of metering a connection consid-
ering only short-run marginal benefits. Where this value is positive,
the connection should be metered immediately. But where it is
negative, the benefits of defering expansions will be least
expensively achieved 1 ¥the most connections with the largest
potential savings and the most positive net present values of metering

are metered first.

CONCLUSI ONS

The decision to meter should be based on an analysis of its
benefits and costs. This chapter has examined circumstances under
which metering single-family residences is economically efficient,
profitable for the utility, and equitable in terms of reapportioning
the costs of water service by actual water use. Metering i s not
always justified by any of these three objectives.

The economic efficiency of metering is a function of the costs of
installing and maintaining meters, the cost of producing water, the
marginal price of water to the consumer, and the amount of water

conserved by the consumer when metering i s implemented. 1In general,
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metering is less likely to be efficient if the short-run narginal cost
of producing water is |low, the cost of maintaining and operating
meters is high, and the value of water to the consumer is high.
Metering is sometines justified on the basis of reducing the cost of
production by nore than the costs of metering, but this is not always
the case. Mtering's benefit of deferring capacity expansion nust be
neglected for this analysis. This is a major drawback to the method
presented in this chapter and will be remedied in the next chapter

Metering is nore oftenjustified to increase utility profits.
This arises fromthe private utility's neglect of |osses of consuner
surpl us acconpanying metering. Metering can always be profitable if
it isefficient, but is not always efficient when it is profitable.

To take this profit, the utility cannot |ower the price of water
greatly.

The ability of metering to equitably redistribute the costs of
wat er production according to actual water use i s usually given as one
of its greatest benefits. It is alsothe most difficult benefit to
neasure. Metering is always justified as being equitable to someone
But as it is sought to | ower the cost of water to a greater number of
consuners the equity of netering becomes restricted to fewer
conditions (Figure 10. If meteringis efficient, nost definitions of
equity hold that metering is equitable. The equity of netering is
al so strongly a function of the metered price structure.

If the institutional setting of the utility affects howit views
netering, as discussed in Chapter II, private water utilities wth

profit maximzing objectives are nore likely to meter than public




82

utilities interested solely in the aggregate economc efficiency.
However, if the public utility is interested in equity, it may, under
some definitions of equity, prefer to meter when it is not efficient.
The inclusion of wastewater responsibilities my also affect an
institution's decision to neter service.

The inability tojustify metering under al circunstances and the
wi de variation of cost and use characteristics between individua
wat er systenms require that evaluation of metering be undertaken on a
‘case by case hasis. Thereis |ittlejustification for a universa
decision to neter or not to neter domestic connections over a large
national area. Indeed, the decisionto neter a single systemmght be
I nexpensively and profitably re-examned periodically, particularly if
an already metered systemexperiences declining or stagnant demand or
an unmetered systemfaces an increasingly expensive water supply. The
decision to meter and the scheduling of meter installation under this

latter circunstance is examned in the next chapter.
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CHAPTER V:  LEAST-COST SCHEDULING CF METER INSTALLATION

The cost of metering a water system may be reduced significantly
by distributing the installation of meters over time. This allows
connections to be metered immediately if the short-term benefits of
metering them exceed the costs of metering and allows the later
metering of other connections if metering those connections provides
greater savings by deferring capacity expansion projects.

The least-cost scheduling of meter installation is examined under
three conditions: 1) without capacity constraints, 2) with imminent
capacity shortages, and 3) with anticipated capacity shortages.
Scheduling becomes important primarily when the costs of metering
exceed its short-range marginal benefits and metering is justified
primarily as a means to avoid or defer expansion of treatment plant or
other facility capacity. These methods may be applied to either

improve economic efficiency or system profitability.

SCHEDULING WITHOUT CAPACITY CONSTRAINTS

Where large capacity surpluses exist or water demands are not
increasing, capacity considerations become unimportant and the
scheduling of metering is determined by considerations of savings in
short-range marginal costs and long-term reduction in operation and
maintenance costs. Meters are then installed on connections where the
costs of metering are less than these benefits. These connections are

found using techniques in Chapter IV for both economic efficiency and
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profitability objectives. This usually inplies that new connections
are metered before existing unnetered connections and |arge users with
more price elastic water use are netered before small users with |ess

price elastic water use.

SCHEDULI NG WTH | MM NENT CAPACI TY SHORTAGE

Wiere capacity shortages are inmmnent, metering can delay a
capaci ty expansion project by off-setting growth in water demand. The
nost economcal |y efficient meter installation schedul e adheres to
Theorem 1, given the follow ng conditions. There are mclasses of
connections, each connection in class j having a net efficiency cost
of Cey, @ net revenue cost of C“H’ and a quantity reduction in water
demand Ry The present val ue cost of the inmmnent capacity expansion
project is CP, the constant real continuous interest rateisr, and
the constant annual growth in water use is k. Val ues of Ce.J and Cmy
are found using techniques in the previous chapter.

Theorem 1 To most efficiently delay capacity expansion, me-
tering shoul d be schedul ed such that:
1) mlcmm%HOM\mmecg]gOSMMdbeimuMed I medi at el y,
and
2) the remaining connections should be gradual |y metered, so as to
maintain total demand at capacity, beginning with connections with the
hi ghest val ues of CP(1 - exp(-er/k))/Cej. Met ers shoul d continue to
be installed until either & all connections are metered or b) CP(1 -

exp(er/k)) < ng.
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Proof: Metering connections where Ce, < ¢ is justified without
expansion deferral benefits and shoul d therefore be metered
imedi ately. Meters with the highest values of cP(1 -
exp(-er/k))/Cej provide the greatest delay in project costs per
metering expense and should therefore be metered first. [If for any
connection CeJ >Rl - exp(-er/k)), the cost of metering that
connection exceeds its benefit of delaying the project, and the
connection shoul d not be netered. Finally, thereis no benefit to ne-
tering connections where Cej > 0 unless the capacity constraint is
i mm nent, since it would inpose interest costs on CEJ with no
addi tional benefit in delaying the project. Therefore metering shoul d
be conducted at a rate that just offsets growh in demand. Thisis
simlar to the proof for selecting capacity sizing and timng wth
constant returns to scal e(Mwnne, 1961; Friedenfelds, 1981).

For maximzing profit where total revenues are constrained to be
constant before and after metering and before and after the project,
the fol Towing corollary holds by an anal agous proof.

Corol lary 1: To maximze profit, metering shoul d be schedul ed such
that:

1) mlcmmwuomvmmec% < 0 should be netered inmediately, and

2) the remaining connections should be netered gradual Ty to maintain
wat er demand at capacity, beginning with connections with the highest
CP(1 - exp(-er/k))/ij. Meters should continue to be installed until
either @ all connections are netered or h) CP(1 - exp(-er/k)) < CNB'

General |y new connections, which are | ess expensively netered,

and high-use, nore price-elastic connections are likely to be netered
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first. Adding meters to old connections, however, is not necessary
until the capacity constraint is approached. If real interest rates
are significantly positive and demand growth rates are not too great,
there is a savings fromdefering metering these ol d connections unti1
use approaches the capacity constraint. As use approaches this
constraint, meters should be installed on these ol der connections at a
rate sufficient to reduce water demand enough to negate growth in
wat er demand. This approach defers the capital and operating costs of
metering ol d connections while still ensuring that capacity expansion
is also deferred. The optimality of this approach requires that
del aying the anticipated cost of facility expansion exceeds metering

cost s.
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SCHEDULI NG WTH ANTI CI PATED CAPACI TY SHORTAGE
Wen noderate surplus capacity exists and the cost of netering
exceeds its short-run benefits, it is uncertain when neters with net
positive costs shoul d begin to be metered. This problemcan be sol ved
by a linear programmnimzing the sunmed di scounted val ues of
metering costs over tine. For the general case where mconnection

classes exist, the program becones:

-I't
MNX Z[(cl NMttCZ G\/I)e ]
o 3=11t=0
Subj ect to:
m t

1) S(ql; (U0, t MO, + 3 N
)=§ R AT

t
- (qu - qzj)(Moj +t§E¥th+ Owt 1)) < CAP, for al t <n

2 My o< Nyps for al t <nand al j

t
3)t§é?th r WMy < Uo, ttgcy g foral t gnandal j
4) M5y 2 0, foral t ¢nandal j

5 OM,y 2 0, for al t <nandal j

where there are m classes of connections, cIJ I's the net cost of
installing, operating, and naintaining a meter at a newj-class
connecti on, czj is the net cost of installing, operating, and
maintaining a meter at an existing unnetered j-class connection, I is
the real continuous interest rate, th IS the nunber of newj-class
connections during time interval t, LK% is the initial nunber of

unnmetered j-class connections, Nﬁh is the initial nunber of netered
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j -class connecti ons, qI‘.I IS average water use hy unmetered j-class
connecti ons, q2J I's average water use by metered j-class connections,
CAP is the flow capacity constraint, Nl\»g.t IS the nunber of newj-class
connections metered at tinet, C»Gt is the number of old j-class
connections metered at timet, and nis the year when demand in the
total |y metered systemreaches capacity. The demand forecast is

determnistic.

The first constraint in this systemrequires that demand be |ess
than capacity until after tinme n. The second constraint requires that
no nore new connections can be netered than there are new connections
per class. The third constraint requires that there cannot be nore
neters than connections per class at any time. And the fourth and

~fifth constraints allowonly installation of neters. The program has

2enem decision variables and n t 4emen constraints.

Thi s approach al so assumes that deferring the capacity expansion
project is of greater benefit than the cost of netering the system
Thi s condition can be tested by conparing the cost of netering, given
by the above program with the benefits fromdeferring of the
expansion project. The present val ue of savings fromdeferring the
proj ect until period n, BD{n), iS given by

s, -rn
BD(n) = CP (e -e ),

where sq is the time when surplus capacity wll be exhausted if no
additional neters are installed and CP is the cost of the proposed
capacity expansion project if it is constructed today. This condition
may be incorporated into the objective function in the above |inear

programby subtracting the constant BD{n) to the objective function.
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The new objective function becomes:
m n -rt
MIN % E[(clj NI»‘IJ.t t ch- Oth) e ] - BD(n)
j=1 t=0@
If the solution to this program is negative, net benefits are positive
and the condition is satisfied.

The cost of metering the last, most expensive connections may

exceed the benefits of further deferring the capacity project,

however. |t may be less costly to defer the capacity project some
length of time s < n. This may be found by solving the above modified
linear program again, substituting s for n and setting s=n - 1. |If
this solution yields a greater net benefit, it is preferable to adopt
it, forgoing universal metering and leaving some connections
unmetered. This may still not be the least-cost solution, however.
It is necessary to continue solving linear programs, setting s =s - 1
for each subsequent program, until there is a decrease in net benefits
compared to the solution to the previous program or until s = Sg-
Solving these linear programs is a general solution method for
scheduling meter installation to minimize the sum of both metering
costs and variable costs (lumped into coefficients c 'j and c2j above)
as well as capacity expansion costs for a given capacity expansion
project. This method duplicates the results of the two special cases
of scheduling meter installation without capacity constraints and with
an imminent capacity constraint. The general method requires solution

of a maximum of n - So linear programs. The FORTRAN program in Ap-

pendix B enables linear programs to be written quickly.
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SENSI TIVITY ANALYSI S

There is always uncertainty in the parameter val ues associated
with the [inear programs above. The effects of these uncertainties
can be explored either by the sensitivity analyses that acconpany nost
l'inear progranmng output or by running new sets of |inear prograns
incorporating changes in parameter values. The sensitivity analyses
that acconpany |inear progranmng output is virtually free and the
cost of running new sets of linear prograns is relatively small,
al I owing the analyst to thoroughly explore the problem

The sensitivity anal ysis acconpanying the |inear programout put
gives insight into the effects of changes in the cost coefficients in
the objective function(cl.J and c2y) and val ues of the
right-hand-sides of constraints(C¥.  The "reduced costs" given hy
the ['inear programsol ution represent the amount that the cost
coefficient shoul d decrease before any metering woul d be done on a
particul ar type of connection at a particular time. [|f the "reduced
cost" of nmetering a particular connection at acertaintimis $50, it
woul d be desirable to begin netering that connection if the cost of
metering that connection were $50 less. If the "reduced cost" of
metering a connection at a given time is zero, it is desirable to
meter that connection at that tine, and the decision variable
asociated with that connection and tima(NM‘jt or QW) Wil be
posi tive.

The dual val ues of the capacity constraints represent the im
provement in the objective function fromrelaxing the constraint by

one unit. |f the capacity constraint is relaxed by one unit for all
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time periods, the objective function's value could be improved by the
sum of the values of all dual variables associated with capacity
constaints. This implies also that the utility should be willing to
pay (at most) that much to gain a unit of capacity (for instance, by
buying water from other water systems). The linear programming output
also gives ranges within with any single change in these parameter
values does not alter the values of reduced costs and dual variables.

For systems subject to drought, CAP is a random variable.
Reservation of some capacity to mitigate droughts can be "bought" by
setting CAP to a value less than the system's maximum capacity. The
new capacity may be set such that its reliability is always above some
probability (Charnes and Cooper, 1963). The cost of this "purchased"
reliability to the metering program is approximated by the summed
values of the dual variables associated with the capacity constraints
multiplied by the reduction in capacity. For systems subject only to
within-year droughts, the probability of an uninterrupted supply
during the meter installation period is the probability that actual
supply capacity exceeds the specified CAP in each year of the program
raised to the number of years the capacity constraint is binding.

The sensitivity of the results to changes in other parameter
values, such as water use, demand, and cost forecasts (qu, qZJ., th,
and r), cannot be explored within linear programming's own sensitivity
analysis. The effects of uncertainty in these parameters must be
studied by solving new sets of linear programs. New sets of linear
programs must also be solved if changes are made in more than one

parameter value.
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Uncertainty in the cost of the expansion project (CP) is studied
by comparing the benefits of deferring this cost with the cost of
metering to defer expansion over a range of periods. Since the cost
of metering over a given period is not affected by the final expansion
cost, only one set of n - Sy linear programs need be solved to select
the best metering schedule for any project cost. This is illustrated
in the application below.

Fortunately, the nature of the problem allows selection of an
initial schedule with relatively little analysis. This schedule may

then be improved as new water use and cost forecasts become available.

APPLICATION

The above method is applied to a hypothetical unmetered
small-city water system facing rapid growth and a proposed $10 million
capacity expansion program. The system is simplified into two classes
of connections. These classes are described in Table 11. Current
total water use is 1.73 million ccf/yr. compared to an existing
capacity of 25 million ccf/yr. With the estimated growth in demand,
an unmetered system would require expansion after 7.6 years. Metering
all connections delays this expansion until 16.7 years hence.

The linear program used to schedule metering in this system over
16 years appears in Appendix C and the suggested schedule appears in
Table 12. The present value cost of this schedule is $763,000,
compared to a cost of over $1.2 million to meter all connections
immediately. The savings from deferring expansion for 16 years is

$1.76 million. The net present value of metering is then $997,000.
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In this case, the |east expensively netered(new connections are
netered imediately. This slows the growth in demand, delaying the
effect of the capacity constraint until year eleven, when nore
expensi ve (ol der) connections nmust he metered to further delay the
expansion project. At this point |arger Aass 2 connections are
metered first. While these connections are individually nore
expensive to meter, they provide a disproportional |y 1arger reduction
in demand. The ol der connections are then netered at a rate
sufficient to keep total demand bel ow capacity until all connections
are metered and expansion can no | onger be delayed by netering.

Mdifying the [inear programto schedule metering over a fifteen
year period |owers metering costs to $648,000, but al so | owers savings
fromdeferred expansion to $1.59 mllion. This net $942, 000 savi ngs
is inferior to scheduling netering over sixteen years, indicating
that, in this case, metering all connections over sixteen years is
optimal to defer expansion. Conparisons of the costs and benefits of
metering over different periods are made in Figure 11.
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Tabl e 11: Gonnection dass Characteristics for Mter
Schedul ing Appl ication

(onnection _d ass

Variabl e L 2

¢, $20 $20

€2, $100 $120

qlJ. 143 cef/yr 600 ccf/yr
qZJ. 100 ccf/yr 500 ccf/yr
uo; 10, 000 500

MO; 0 0

N;(t) 500/yr 50/yr

[ = 0.03/yr

(P = $10 nmllion

CAP = 2,500, 000 ccf/yr

sq = /.6 years

n =16.7 years
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Table 12: Least-Cost Meter Installation Schedule for
Application Problem

Nav Connections Metered Old Connections Metered

Y ear Class 1 Class 2 Class 1 Class 2
1 500 50 0 0
2 500 50 0
3 500 50 0 0
4 500 50 0 0
5 500 50 0 0
6 500 50 0 0
7 500 50 0 0
8 500 50 0 0
9 500 50 0 0
10 500 50 0 0
11 500 50 116 500
12 500 50 1,744 0
13 500 50 1,744 0
14 500 50 1,744 0
15 500 50 1,744 0
16 0

500 50 1,744
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Figure 11: Costs and Benefits of Metering Programs of
Various Lengths
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If the cost of the expansion project is reduced to $5 million, it
becomes less profitable to delay the expansion over a sixteen year
period by metering. The benefits of delay are reduced to $880,000
with net benefits reduced to $117,000. Indeed, metering only some of
the connections over shorter periods increases these net benefits
until the most profitable delay of 11 years yields a net benefit of
$234,600. With this solution, all new connections are metered
immediately and, in the last year, all old Class 2 connections are

metered. It is not worthwhile to meter the smaller old Class 1

connections to defer the project.

The sensitivity of these results to changes in other parameter
values can be explored by employing sensitivity analysis within the
linear program and by running one or more linear programs with
modified parameter values. For the case where the $10 million project
is delayed 16 years, the values and reduced cost of each decision
variable (Nth and OMJt)’ the slack and dual values for each
constraint, and their ranges of validity are given in Appendix D.

For the decision variable OM13, the number of old Class 1
connections to be metered in the third year of the metering program,
its value is zero and the reduced cost is 19.5. This means that,
holding all other parameters constant, OMI3 will remain zero until its
cost coefficient c21 exp(-3r) = 91.39 is reduced by 19.5 to 71.89.
This reduced cost, and other reduced costs, will not change, holding
other parameter values constant, until a cost coefficient or the
right-hand side of a constraint changes by more than the range of

validity given.




98

If a small amount of water could be bought to supplenent existing
capacity over the 16-year netering program the utility would be
willing to purchase the water if its price is |ess than the amount
given by the value of the dual variable associated with the capacity
constraint for that year. 1Inyears 1 through 10, the utility woul d
not be interested in buying water. In year 11 the utility would buy
water if its present value price is less than 4.94 cents/ccf. In year
16, as the capacity constraint becomes unavoi dable, the utility would
be willing to pay $1.44/ccf today to purchase water for that time and
further delay metering the nost expensive connections. Additiona
benefits from purchasing this water woul d accrue fromfurther delay of
the expansion project. These additional benefits conplicate the price
the utility would be willing to pay. For purchases of small amounts
of water, today it would be willing to pay CP exp(-r/75,000) nore per
ccf available in year 16. It would be unwilling to make additional
purchases each year exceeding the 75,000 ccf annual netered growh
rate. This too is given by the range of validity for the

right-hand-si de of he capacity constraints.
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PROGRAW NG VS, MARG NALI ST PLANN NG

Vter resources planning nust often deal with costs which are
both continuous and discrete over tine. The classical capacity
expansi on problem for exanple, requires the selection of the timng
and sizes of various projects occuring at points in time, while
optimzing the discounted sumof their costs and continuous operating
costs and benefits (R ordan, 1971).

Two approaches are applied to these discrete capacity expansion
wi th continuous operation problens. The first is to snooth the
capacity costs over time by creating | ong-run narginal costs and
appl ying m croeconom ¢ theory (Hanke, 1972; Hanke and Wéntworth, 1981
Turvey, 1969, 1976)

Here all increases in demand are assuned to be permanent. This
al l ows the analyst to predict the change in capacity expansion timng
and si zing needed to accormodat e any given increase in demand, and to
assign a cost to it. This cost is usually advocated as the proper
price for the product on the grounds that this |ong-range margina
cost is also the total marginal cost and thus gives the nost efficient
pricing signalsto the market (Hotelling, 1938). Were water use is
grow ng, this long-run narginal cost is larger than the strictly
short-run marginal costs of water associated with operating the water
system

Demand for water is often tenporary, however. During drought
wat er-use restrictions commonly reduce nunicipal water demand by 25%
and sonetines as mich as 40%( Maddaus and Feuerstein, 1979. Gadua

adoption of water saving appliances or increases in water prices can
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al so reduce water use significantly. Indeed, it is univerally found
that metering reduces water use by great amounts. There is anple
reason to question the permanence of increases in water denmand.

There is little economc justification why the future costs of
expansi on shoul d affect inpernmanent household use today. Presumably,
water users real izing water wll become increasingly expensive wll
not make |ong-terminvestnments in water-intensive facilities. But in
the short-run, existing surplus capacity is wasted if it goes unused.
Therefore water use shoul d be encouraged in the short-run(except
perhaps during the summer peak) until short-run narginal costs exceed
the val ue consumers place on additional use

The second approach to this problemof jointly considering
continuous and discrete costs is to make the continuous operating
costs and benefits discrete and apply numerical techniquesto find a
solution. This is the approach pursued in this chapter and applied to
many capacity expansion problens (Rubinstein and Ortol ano, 1984; Dandy
et al., 1984). These nethods are better able to accomodat e

| nper manence in demand and discontinuities in costs and water use

CONCLUSI ONS

Thi s chapter suggests nethods for scheduling meter installation
Wiere there is no capacity constraint, scheduling is best done quickly
or not at all, follow ng the advice of Chapter IV based on short-run
benefits. Wen there is an inmnent capacity constraint, neters are
best installed gradual |y to offset growth in water use until either

all connections are netered or the cost of netering any renaining




101
connection exceeds the resulting savings fromdeferring capacity
expansi on.

Wiere a capacity constraint exists in the more distant future,
linear progranmng nay be applied to the scheduling problem py
running a small set of linear prograns, the |east cost metering
schedul e is found. The sensitivity of this result to changes in
capacity costs, netering costs, and capacity are found using the
initial set of linear programmng results. Uncertainty in water use
and demand forecasts and real interest rates requires solving addi-
tional |inear prograns.

The netering schedule is updated easily, as inproved use and cost
forecasts becone avai 1able, by solving additional 1inear prograns
periodical ly throughout the netering program The |inear programm ng
nethod is al so a general solution nethod enconpassing the sinpler
special cases where capacity constraints are either inmmnent or
non-exi stant.

A final benefit of the linear programmng nethod is its ability
to eval uate the useful ness of netering considering both short- and
| ong-term benefits. In the linear prograns the short-termnet costs
of metering are represented by the paraneters cIJ and c2;. Long-term
capacity expansion deferral, benefits are given by CP (exp(-rsq) -
exp(-rs)) for a deferral of s years. By including both of these in
the objective function, the linear programsolution gives hoth the net
present val ue of metering in this context and the |east-cost neter
installation schedule. This approach is considerably more

informative, flexible, and appropriate than earlier approaches to
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incorporating capacity costs in metering evaluation using long-run

marginal costs.




CHAPTER VI:  LEAST-COST METER MAI NTENANCE

"The question of howlong to | eave a meter in service has

long troubl ed the waterworks industry. Mst utility manag-

ers agree that to be fair to both cuStomers and the utility,

meters nust be maintained at sone regular interval. For

many utilities, the period between tests has been es-

tablished by state public utility commssions. Qhers have

arbitrarily selected the interval. In any event, few have

actual |y made an econom ¢ eval uation to determ ne the nost

econom cal change period." (Wl lians, 1976)
| NTRCDUCTI ON

Wen neters are installed they begin to age and wear; defective
neters become apparent and repl acenent of nal functioning neters
eventual |y becones a problem Two strategies for replacing meters are
used by nost water utilities. The first strategy repairs or replaces
neters over a regular period, called a change-out period. Crews
systematical |y nove through the service area removing and replacing
neters at a rate such that all neters are replaced over the change-out
peri od.

The second strategy relies on neasurenents taken by neter-readers
to detect malfunctioning meters. These neters are replaced
individual ly by replacement crews. Here, the definition of a
maifunction is inportant, since too broad a definition of malfunctions
results in meters being replaced which are still economcally
serviceabl e and too narrow a definition of malfunctions results in
retention of overly inaccurate meters.

Thi s chapter exam nes these strategies, conparing water industry
standards and nethods for conducting each strategy and suggesting

i nproved nethods of inplementing these strategies. Before exam ning
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these issues, it is useful to describe different types of neter
failures, their costs, and the costs of different neter repair
operations. \Wile the nethods proposed in this chapter are applicable
to any neter, they are devel oped particularly for small househol d
(5/8X3/4 in.) water meters.

METER FAI LURE

Meters can fail either by not neasuring any flows(stuck meters)
or measuring only parts of some flows. These failures becone
inportant only when they cause | oss of revenues to the water utility
or damage property. Meters usually becone stuck because of sand or
other foreign matter in the water, accunul ated corrosion or deposition
in the meter, or damage fromoutside the water system (e.g., freezing
and thaw ng, damage from meter-box 1ids, or vandalism. These
failures are easily detected by neter-readers. However, a significant
anount of water may escape between the tinme of failure, detection hy
the meter-reader, and repair. In cases of freezing and other
traumatic damages rupturing the meter, substantial flooding damage may
occur to surrounding property. Failure rates for meters vary
considerably. For the Seattle Water Department, about 10% of the
ol der nechanical neters fail per year conpared to about 1% for newer
types of meters(Lindblom 1977; SWD, 1985). Or at al. (1977)
estimated annual failure rates of 11.4% for ol der nechanical meters
and 5.3% for newer magnetic drive neters in Pheoni x.

Meters al so do not neasure all flowrates equally well. As

di scussed in Appendix A, nmost new neters tend to under-register usage
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at lowflowrates (< 0.5 gpmfor household neters) and may
over-regi ster usage at sone internediate flows. The overall accuracy
of a meter is then the sumof accuracies at each flowrate tines the
proportion of usage occuring at that flowrate. Typically, the
overal | accuracy of neters changes over |ong periods of use. The
average neter is assumed to begin its [ife with 100% accuracy for a

typical househol d usage pattern

METER ACCURACY OVER TI ME

Estimation of cumul ative revenue | osses from under-registration
requires specification of any |oss of meter accuracy over tine.
General |y neter accuracy is assuned to decrease over tine, although
there is sonme evidence that neter accuracy may increase over some
periods (Tao, 1982; Community Consul tants, 1986). Accuracy change
over time varies with the neter's design and construction, [ocal water
guality, and the vol une of water passing through the meter. These
factors interact to conplicate general specification of accuracy |oss.
Several case studies of specific neters give an idea of a typica
range of meter accuracies over tine

Figure 12 shows the results of four studies of the [ong-term
accuracy of small water meters. Each study estimated neter accuracies
at three different flowrates: high flows between 10 and 20 gpm
medi umflows between 2 and 3 gpm and [ow flowrates of 0.25-0.75 gpm
These accuraci es must be wei ghted by the amount of water usage
occuring within each flowrange to find a neter's overall accuracy

(Appendix A. Figure 12 shows average accuracies for each of the four
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studies, using estinmates of 15%, 70%, and 15% of total vol une consumed
at low, nedium and high flows, respectively(Tao, 1982). Each
observation in Figure 12 consists of the average of at |east 16
meters, with nost points representing the average of over one hundred
met ers.

Drawi ng conclusions fromFigure 12 is difficult. Tao(1982)
shows al nost no systematic decrease in meter accuracy until after
about 23 years of service. Qher studies showrelatively consistent
decreases in accuracy over time, but at widely varying rates.
Furthermore, Community Consultants, Inc. (1986) suggest that changes
In accuracy are better correlated with cunulative flowregistration
than with actual meter age. However, these data can be used to place
bounds on the analysis for typical cases.

Meters do not becone significantly nore accurate over |ong
periods of time, although they may inprove slightly with some use
(Wllians, 1976; Tao, 1982). Qver 10 years of service, it is also
unlikely to find average meter accuracies bel ow90% Average | 0sses
of accuracy, for periods greater than ten years, range from g.03%/year
(Tao, 1982) to 0.9%/year (Comunity Consultants, 1986). Precise
estimtes of meter accuracy over time await nore detailed study, done
either on a case by case bhasis or a systematic study over many

different neter design, water quality, and water use conditions.
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METER REMOVAL AND RESET COSTS

The | abor cost of renoving and replacing a donestic water neter
froma curb setting is between about $3 and $5 for bl ock-by-bl ock
change-outs, where all nmeters on certain blocks are changed ( SWD,
1975; Lindblom 1977). A typical labor cost is $4.20 per meter. For
a basenent setting the removal and reset cost is roughly between $4
and $8 per meter (Or, 1984; Tao, 1982; WIIlians, 1976), reflecting
-the greater cost of gaining access to the neter. |f neters are
removed and replaced on a nore selective basis, the additional tine
spent in transit increases the cost to between $4 and $8, with a
typical cost being $6.40 per neter for curb settings(SW, 1975, O,
1877).

SMALL METER REPAI R COSTS

Wien a neter is changed in the field, the meter removed nust be
either repaired or replaced by a newneter to retain an inventory of
neters for subsequent change-outs. The decision is usually nade to
repair the meter if its repair cost is less than the cost of a new
neter mnus the salvage value of the old meter (Lindblom 1977; O,
1984).

The cost of meter repair varies with meter type and the nal-
function requiring repair. O der mechanically driven neters with
netal mechanisms are nore costly to repair than newer types of neters
with modul ar plastic nechanisms. These newer mechanisns are nore

wear-resistant and | ess expensive to purchase and install (Qr, et
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al., 1977, Jenkins, 1986). Newer meters are often built to fail nore
predictably and be repaired nore easily.

Freezing and thaw ng has been a particul arly expensive failure,
rupturing and ruining the neter and causing extensive (and expensive)
flooding. However, a newer brand of meter, when frozen, fails by
cracking the clear plastic cover over the register, causing a small

spray of water. This flowis enough to be noticed and reported, but

causes little damage. The neter can be inexpensively repaired by
replacing the plastic cover in the field(Precision, 1985). The j
average cost of repairing ol der-type neters is estimted between
$12.00 and $38.00 (Or et a., 1977; Lindblom 1977, Tao, 1982; Qrr,
1984).  The cost of repairing a newer-type neter is estinated between
$8 and $13 to replace the interior mechani sm(Precision, 1985; Badger,
1985; Lindblom 1977; Or et a., 1977).
The sal vage val ue of a meter |ies roughly between $3.00 and $5.00
(Lindbl om 1977, Orr et a., 1977, Orr, 1984). The exact val ue varies
somewhat with current scrap netal prices and the amount and type of
metal in the meter. O der-type meters have sal vage val ues towards the
hi gher end of this range. Meters made entirely of plastic may have no
sal vage value. Wth the cost of a newsmall neter varying between
$20.00 and $25.00, the net cost of replacing a malfunctioning neter
with a newone |ies between $15.00 and $25.00. If an ol der
mechani cal |y driven nmeter is being replaced, this range is roughly
bet ween $15.00 and $21. 00.
It is very Tikely that ol der-type meters Wil be replaced by new

meters, rather than being repaired. This is especially true if future
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repair costs are incorporated into the decision. However, in no case

shoul d the actual repair cost exceed the highest cost of a new neter,
about $25. 00.

LEAST- COST SI MPLE CHANGE-QUT PER DS

Approaches to Sel ecting a Change-Qut Period

A meter maintenance strategy relying solely on change-outs over a
regul ar period incurs two costs: 1) the cost of removing ol d neters
and replacing themw th newor repaired neters and 2) the cost of
wat er used but not sold over the change-out period due to decreasing
meter accuracy and conplete failure. To nininize one of these costs
s to maximze the other, inplying a single opti numsomewhere between
change-out periods of zero and infinity.

The utility's objective in setting a change-out period should be
to mnimze the sumof these costs. |f inproved meters are unlikely
to becone available, the utility should mnimze the sumof these
costs over an infinite nunber of change-out periods, as in classica
regeneration probl ens (Churchman et al., 1957; Wagner, 1975;

Sanuel son, 1976; Friedenfelds, 1981). This is refered to as the
m ni num present val ue cost (MG appr oach.

Sone natural resource econom sts and mai ntenance engineers
suggest a second approach, that a change-out should be del ayed until
the marginal costs of delay (lost revenues) exceed the nargina
savings fromdel aying a neter change (Hartman, 1976; Deacon, 1981;

Mann, 1982). This called the one-cycle marginal ist (GQV approach.
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These approaches to finding the least-cost change-out period
differ from the theory accepted by the water industry, however.
Traditionally, the profession has held that:
"When revenue loss due to a drop in accuracy equals [the]

cost of replacing or repairing a meter, it Is time to
change-out the meter. " (Wallace and Wheadon, 1986)

"Optimally, a meter should remain in service to the point
where the revenue loss caused by a drop in its accuracy is
equal to the cost of changing and repairing it." (Tao, 1982)

"Select a removal period in which accumulated revenue loss
approaches or equals cost of repair.” (California Section
Committee, 1966)
This is refered to as the traditional change-out (TC) approach. Using
this criterion, a meter with a constant, but imperfect accuracy is
replaced periodically even though its performance had not deteriorated
since its installation.

In actual practice, change-out periods are rarely selected using
any of these approaches, but vary between 5 and 25 years (Lindblom,
1977; Williams, 1976; Kittredge, 1985; Guarino, 1976; Goldstein,
1986). The American Water Works Association suggests 10 years as a
common change-out period for small household meters. Various states
legislate mandatory meter testing for household meters between 5 and
20 years AMNVA 1973).

A specific mathematical criterion can be expressed for each of
these approaches. This is done for the general case in the next
section. Cost differences between these three approaches are then
illustrated for three typical domestic meters, and the superiority of

the minimum present value cost approach is demonstrated.
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The Cost of a Single Change-Qut Period

The average cost of changing-out a meter and replacing it with a
new or repaired meter lies between $3.00 (if it needs no repair-work
and is inexpensiveto change) and $33.00 (if it needs replacement and
is difficult to change), but is typically about $15.00 for systens
with curb settings rejuvenating all changed-out neters.

Losses of revenue-generating water arise fromboth the conplete
failure of some meters(and their registeringno flow as well as a
gradual decrease in the accuracy of aging, but functional meters. The
average cost of a given change-out period T felt only over the period

T is given by
T
-rT -rt
(34) Ce(T) =CRe +[PwQ[P(slt) + (l—P(slt))EPUR'(t)]e dt,
0

where CRis the labor and materials cost of removing a neter and
replacing it with a newor repaired neter, Pwis the marginal price of
water, Qis the flowrate at time t that would be measured by a new or
repaired meter, P(s|t) is the probability that the meter is stuck at
time t, EPUR(t) is the expected proportion of unregistered flowfrom
functional meters at tinmet, and r is the real continuous interest

rate.

Selection Criteria
The MPVC approach assumes a utility is concerned with selecting a

period T that mnimzes the cost of not just the first change-out
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period, but the sumof al change-out periods. The utility is then
interested in mnimzing the cost of a discounted infinite series of
change-outs, each with a period T. This period T is constant over al
present and future change-outs provided real costs and interest rates
remain constant (Churchman, et al., 1957; Sinden, 1960; \Mgner, 1975;
Friedenfel ds, 1981). The present value cost of this infinite series
of change-outs is given by
{35) W=Cc(T)/(1 - exp(-rT})).

To find the value of T that mnimzes the present val ue of
change-out costs W, the derivative of wis taken with respect to T and
set to zero. This is given in:

(36) {dCe(T)/dT} (exp(rT) - 1) -1 Cc(T) = 0.

Appl ying Equation 34 to Equation 36 yields the m ninum present

val ue cost rule for selecting neter change-out periods, expressed in

Equation 37
(37) PwQ [P{s|T) t (1-P(s|TYEPUR(T)])(1-exp(-rT)}/v =
T
- -rt
CR + [Pw Q [P(s[t) + (1—P(s|t))EPUR(t)] e dt
: |

The OCM approach suggests that change-outs shoul d occur when the
margi nal  savings fromdel ayi ng change-out work are exceeded by the
marginal costs of |ost revenue over an infintesiml decision period.
This is expressed by Equation 38
(5) [ CR=PwQ [P(s|T) + (1-P(s|T))EPUR(T)].

These criteria contrast with the traditional change-out (TQ

criterion that meter change-outs shoul d occur when the accunul ated
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revenue | osses equal the cost of neter renoval and replacenent,
expressed in Equation 39(Tao, 1982):

T

-rt

(39) (R = [Pw Qe [P(slt) t (1-P(s{t))EPUR(tY dt.

) |

Conpari sons of the advice of these three rules are devel oped for

three cases.

Case 1. Exponential Loss of Accuracy

The functional derivative of Cc(T) requires a nore specific
mat hematical description of Ce(T). |f the probability of a working
neter becomng stuck is constant with time, the probability of any
neter being stuck over time is given by the exponential distribution
(Dhillon, 1983):
(40) P(s[t) =1 - exp(-kt),
where k is the probability of a working becomng stuck over a unit of
time. Aso assume CR Pw, and Q are constant with tine.

A sinple exponential formis assumed for the proportion of flow
unregistered with tine,
(41) EPUR(t) = 1 - exp(-at),
where a is the assumedly constant proportion of remaining accuracy
lost per unit of time. |f a meter loses 1% of its accuracy every
year, a = 0.01. Wth these assunptions, Equation 34 becones:
(42) Cc(T) = CR exp(-rT) + PwQ [(1 - exp(-rT))/r

- {l-exp(-{k+a+r)T})/(k+a+r)].
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The derivative of Ce(T) with respect to T becones,

-rT -rT -(k+a+r)T
(43) DCe(T)/DT = -rCRe +PwQfe -e .

Replacing this result into Equation 36 gives,

-rT -(k+a+r)T -1 T
(44) [(Av Q-rCRe ) -PwQe 1(e -1 =r1 Ce(T)

This sinplifies to

ktatr Pw Q ktatr

whi ch can be solved nurmerically. Solutions for T in Equation 45 are
presented in dinmensionless formin Figure 13, show ng increases in
| east-cost change-out periods with decreases in the ratio of
replacenent costs to the value of water flowng through the meter and
with decreases in the rate of deterioration of neter performance. The
promnant inportance of the real interest rate r should be noted.

The marginalist criterion(Equation 38) simlarly becones:

-(k+a)T
{46) rCR=PwQ@ -e IR

The results of these MC and MPVC rul es are conpared in Figure 14 for a
wi de range of parameter values. These MC rule change-out periods are
al ways | ess than those suggested by the MPVC rul e.

The change-out period suggested by Equation 45 differs fromthat
traditional |y suggested by the profession, given by applying the above
assunptions to Equation 39 to obtain Equation 47. Change-out periods
resulting fromthe TC nethod are conpared to those of the MPVC nethod
in Figure 15. There is little difference in the results of the two
rules, except for |owrates of perfornmance deterioration and high

ratios of replacenent costs to water flowvalue. The values of T
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given by the MPVC and TC nmethods are also more specific than the 5-20
> year change-out periods practiced by most water utilities.
CR 1 - exp(-rT) 1 - exp(-(k+a+r)T)

- (47) T TR A s
Pw Q r k+a+r

0.107]

0.057

C=rCR K =k/r, A=alr, T =z71T.

Figure 13: Dimensionless Plot of Least-Cost Change-Out Periods
with Exponentially Decreasing Accuracy
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Figure 14: Comparison of PYMC and OCM Change-Out Periods
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Figure 15: Comparison of MPVC and TC Change-Out Periods
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Case 2: Linear Loss of Accuracy

In this case Pw, Q and CR are again assuned constant and
P(stuck|t) is again expressed by Equation 40. However, loss of ac-
curacy now increases linearly, as in Equation 48.
(48) EPUR(t) = bt,
where b is the loss of accuracy per unit of time, with the added
restriction that EPUR(t) = 1 if t > 1/b.

The m ni num present value rul e (Equation 37) then becones,

-rT kT kT

(49) Pw Q(1- e )[(l-e ) +bTe ]I

T
-kt -kt -rt
= CR + Pw Ql[l -e +bte Je dt .

This sinplifies to

k+r br -(k+r)T br
(50) CR---- -1 +---=¢ fk -kbT t ---}
Pw Q k+r k+p
-kKT
- e (1-bT)(k+r),
where T < 1/b.

Resul ting suggested values for T are shown in dimensionless formin
Figures 16 and 17 for varying di mensionl ess replacement costs.

The marginalist criterion (Equation 38) simlarly becomes
(51) I CR/(Pw Q =1+ (bT - 1)exp(-kT).
Figure 18 conpares this rule’s advice to that of the MPVC rule, again
showing that the MPVC rule suggests significantly |onger change-out

periods.
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The traditional (TC advice in this case is given by applying
Equation 39 to obtain Equation 52.

rCR (k+r) br -(k+r)T -rT
(52)  --------- -k---- = re - (k+r)e
Pw Q k+r
br -(k+r)T
- [brT + --—] e i
k+r

This result is conpared to the MPVC rule in Figure 19, again show ng
surprising agreement except at lowrates of meter deterioration
Case 3: Discrete Losses of Accuracy

I'f | osses of accuracy or other characteristics have no
di scernable functional form a discrete verion of Equation 37 may be
appl i ed (Equation 53).

(53) Pw Q[P(s|T) + (1 - P(s|t))EPUR(T)I(1 - exp(-rT))/r
= CR +t;0{Fw Q [P(s|t) #(1 - P(s|t))EPUR(t)] exp(-rt))

The traditional and marginal ist criteria can also be applied to
discrete formulations. Successful application of these discretized
met hods requires that accuracy and other nmeter characteristics change
snmoot hl'y, even in the abscence of functional specifications.

Were changes in nmeter performance are not snooth, mninum
present val ue cost change-out periods nust be found by enuneration

over a range of change-out periods using Equations 34 and 35.
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B
C = 0.005
C=rxcR, K =k/r, B=b/r, T=rT
P Q

Figure 16: Least-Cost Change-Out Periods with Linearly
Decreasing Accuracy, C = 0.005
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.35

1.5

Figure 17: Least-Cost Change-Out Periods with Linearly
Decreasing Accuracy, ( = 0.1
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Figure 18 Conparison of MPVC and OCM Change- Qut Peri ods
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Figure 19: Conparison of MPVC and TC Change- Qut Peri ods
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Comparison of Change-Out Period Approaches

For utilities interested in improving net revenues over long
periods of time and with stable metering technology, the minimum
present value cost (MPVC) method is theoretically superior to the
one-cycle marginal cost (OCM) method, the traditional (TC) method, and
common change-out practice (5-25 years). The savings gained by using
the MPMC method are demonstrated at the end of the chapter in Table 13
for several example meters described in Table 14.

Not unexpectedly, change-out periods found using the MPC method
are always longer than those found using the OCM method (Samuelson,
1976). This arises from the OCM method being a very crude first-order
approximation to the MPC method, which might also be called the
infinite-cycle marginal cost method.

Unexpectedly, the traditional rule for selecting change-out
periods gives results very similar to the MPCC rule over a wide range
of reasonable failure rates and decreases in accuracy. Change-out
periods for low rates of accuracy deterioration and low ratios of
replacement costs to water value may be too long, compared to the MPC
method, however.

Comparison of MPC results with the common practice of selecting
5-25 year change-out periods (Table 13) demonstrates the superiority
of the MPVC method. |Its application is eased by the use of software
in Appendix E. 0Oddly, common practice also differs significantly from
the industry's own traditional advice on optimization of the

change-out period (Tao, 1982).
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As with any economc problemtrading off present and future
costs, the real interest rate is of concern. This is noted towards
the end of the chapter in Table 15, conparing MPVC change-out periods
and present-val ue costs for the three exanple neters with real
continuous interest rates of 1%, 2% 3% and 26 \Mile the | east-cost
change-out period is virtually unaffected by the real interest rate,

its present value cost is strongly affected.

LEAST- COST MALFUNCTI CN REPAIR WTH A CHANGE- QUT AGE

A nore conpl ex strategy for maintaining meters is to identify
mal functioning meters in the field through regular meter readings and
repair themindividually. For connections where usage can vary
greatly between readings, it is difficult to distinguish gradua
decreases in accuracy fromthe "noi se" of varying use patterns. Meter
failure(i .e., stuck registers) is less difficult to distinguish, but
if amter fails towards the end of a neter-reading period, the vol une
of unmeasured water arising fromthe failure may also be
i ndi stinguishabl e fromthe "noise" in use patterns. The nethod
suggested here ignores direct detection of gradual |y decreasing
accuracy and concentrates on identifying failed meters. A |east-cost
change-out age for individual neters is selected to limt revenue |0ss
fromgradual increases in under-registration. Wile this approach is
common in the industry(Siedler, 1985 @ aeser, 1953), it has never

been systematical |y studied.




127

Failed meters can sometimes be identified with certainty at the
time of reading, as when the meter is obviously ruptured from
freezing. However, if a neter's register has becone stuck between
readings, the flowrecord before failure may be confused with a
"normal " one. The nethod proposed here devel ops criteria for se-
lecting an optimal naintenance alternative for a particular neter
given areading Q neter age t, and a historical seasonal probability
distribution of neter readings P(g).

Three mai ntenance alternatives are possible: 1) The meter may be
repaired or replaced, 2 Nothing may be done, relying on the next
neter reading to showno flowif the meter has failed, and 3) The
meter is inspected and tested in the field, replacing it if necessary.
The expected cost of each alternative consists not only of the cost of
the present repairs, inspections, or |ost water revenues, but also
includes the effects of delaying or accelerating future maintenance
costs and water |osses at the metered connection

The expected val ues of the costs of each alternatives are
conpared over a variety of nost-recent readings and meter ages to
determne the expected | east-cost alternative for each reading Q and
age t. The present expected val ue cost of utilizing this strategy on
a connection, W, is derived to conpare this with other maintenance
strategies and to sinplify derivation of expected alternative costs.

Thi's approach differs fromearlier maintenance studies in that
periodic inspections(neter readings) provide uncertain failure
information and are fixed in time by other than maintenance

requirement s(Eckles, 1968; Sengupta, 1980). The addition of a
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change-out age to this situation also differs from other mixed

change-out age and inspection strategies (Cox, 1962).

Expected Strategy Cost

The average cost per metered connection for this strategy is the
value of an infinite series of replacement costs and water revenue
losses arising from an infinite number of future failures and
change-outs. At the time of failure, replacement costs and water
revenue losses are incurred; revenue losses arise from the unmeasured
flow occuring after failure and before repair. These are both
discounted, as they occur at the end of the meter's life. The time of
failure is a random variable, however. Revenue losses also occur
throughout the meter's life at an increasing rate from gradual
decreases in meter accuracy. These losses are limited by changing-out
a meter whenever it exceeds age T.

The cost of an infinite series of meters can be simplified to a
discounted infinite series of the expected costs of a meter exceeds
age T. The average cost of a sequence of meters each failing before
age T with a final meter exceeding age T is given by Equation 54

) i ,
(54) CCF(T) =i§0[F(T) (1 - F(T))1 EVC(i,T),
where F(T) is the probability of a meter failing before age T and

EVC(i,T) is the expected cost of i meters failing before one meter

reaches age T. The first bracketed term represents the probability of
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i failures before a meter reaches age T. EVC(i,T) is given by:
i -rj tBAR(T)

(55) EVC(i,T) = [kR + 0.5*Pw (BARR + ¢

2 €
J=1
S t BART)
| -r] tBAR(T) X
+ Se Pw (BAR iEPUR(x)e dx
j =0
_ T
-1 tBAR(T) TX
+ Pw (BAR e EPUR(x)e  dx
{BART)

-r(T+i tBAR(T))
+ CR e,

where tBAR(T) is the expected life-time of a neter failing before age
T, CRis the average cost of repairing the neter, r is the real
continuous rate of interest, Pwis the price of water, QBAR is the
mean water usage per meter- reading period, Ris the length of tine
between neter readings, EPUR(x) iS the expected proportion of
unneasured water use to actual water use(arising fromgradual |oss of
accuracy) at time x, and ¢ represents the additional cost from
m s-j udging the occurence of meter failure.

The first termin Equation 55 is the expected discounted cost of
replacing the neter when it fails and the consequent cost of water
| ost between failure and repair, sumed over i failures. The average
failure occurs at the end of an interval tBAR(T) long. The second
termis the average discounted val ue of revenue |ost from decreasing
meter accuracy over the i failed meters failing at intervals of
tBAR(T). The third termis the expected val ue of revenue |ost due to

gradual loss of neter accuracy over the final meter's life-tinme,
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ending with replacement at age T. The fourth term is the cost of
replacing the last meter at age T and expected time T t 1 iBAR(T).

The value of tBAR(T) is given by,
T

(56) tBAR(T) = J t f(t) dt,
Q

where f(t) is the probability density function of meter failure at age
t.

The value of € is the added cost of erring in identifying the
time of meter failure. This error cost i s bounded, since by awaiting
the second reading after failure, a failed meter is assumed to be
identified with certainty by a zero reading; 0 < € < Bv QBARR.

The infinite series in Equations 54 and 55 simplify to
(Abramowitz and Stegun, 1965):

C6(1-F(T)) £ C2+C3 €2+C3
(57) CCF(T) = ---n--mnnu- [ ] - €2 - -----
1 - €6 F(T) L C6-1 C6-1
where C2 = CR + 0.5 Bv QBARR + ¢,
LBAR(T)

I X
C3 = Rwv QBAR0 [EPUR(x) e ]dx,
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-IX
Rv QBAR | [EPUR(x) e  Jdx,

C4 =
tBAR(T)
-r1
(65 =CRe ,
and
-r tBAT(T)
C6 = e -
The present value of an infinite series of such sequences is
then:
(58) W = CCF(T)/{1-exp(r(T+6))},

where T + 6 is the expected length of time needed for a meter to
exceed age T. The value of 6 is given by:
© i .
(59) 6§ =21 [F(T) (1 - F(T))] tBAR(T).
i=1
This infinite series simplifies to (Abramowitz and Stegun, 1965):

(60) 6 = tBAR(T) F(T)/(1 - F(T)).

Change-Out Age Selection

Selection of the least-cost change-out age T for this strategy is
found by minimizing W with respect to T, applying the minimum present
value cost (MPVC) approach. This is accomplished classically by
setting the derivative of Equation 58 with respect to T equal to zero
and solving for T. However, since the value of WF is also required
and since the classical solution also requires a numerical solution,
the least-cost change-out age may be more conveniently found by

iteration. Since the value of € has relatively little affect on WK
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sel ection of a change-out age can be conducted independently of the
deci si on-anal ysi s of naintenance alternatives. However, the decision
anal ysis requires prior selection of T, with a consequent val ue of W.
Change-out ages may al so be selected using the traditiona

criterion(TQ and the one-cycle nmarginal cost (GOM) approaches
di scussed for the previous strategy. The TC and OOMcriteria for
change-out ages are simlar to those for change-out periods, except
that in selecting change-out ages, no failures are assumed to occur
The TC rul e then becones:

T .
CR = Pw (BAR [ EPUR(t)exp(-rt)dt

9 .
and the CCMcriterion becomes r CR = Pw QBAR EPUR(T). Reconmended
change-out ages and their present value costs are given in Table 13

for three exanple neters.

Expected Alternative Costs

The alternative costs given here are updates of expected con:
nection mai ntenance costs (Equation 53), given that an alternative has
been chosen in the present.

For the decision to repair the meter (Aternative A, this cost
IS
(61) CA=CRt W
This is the cost of the present repair, plus the present val ue of

expected future repair and revenue | 0ss costs.
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If the decision is made to wait until the next neter reading to
determne if the neter has failed(Aternative B), the expected
consequent mai ntenance cost is the sumof the probability-weighted
present and future costs arising fromthe possibilities that 1) the
neter failed before the last neter reading, 2) the neter fails between
now and the next meter reading, and 3) the neter continues to function
past the next neter reading. Since the probability of failure during
a particular neter reading period is small, the second possibility is
neglected. The expected cost is given by
(62) B = Rf {Q,t)[Pw BAR R+((R + WF)exp(-rR}]

T
+ (1-P(f|Q,t))[CR + wF)e-r(T;t%w (BAR EPUR(x)e-r(Xa;]),
t

where P(f[Q,t) is the probability the meter has failed during the |ast
met er-reading period given the last reading Q and the neter's age t
and that the nmeter was working at the tine of the prior neter reading.

The first termin Equation 62 is the probability- weighted
consequence of delaying if the meter has, in fact, failed. The second
termis the probability-weighted consequence of the neter not failing
before the next meter reading, essentially delaying future maintenance
costs, except for losses of revenue fromgradual |oss of accuracy.

The updated neter maintenance cost of the connection if an
inspection(Aternative Q is chosenis given by
(63) COC=0C + Rf |Q,t)[CRI + WF] ;
-r(T-t) -r{x-t)
+ Pw QBARJEPUR(x)e dx], ,

t

+ (1-P(le,t))[(CR + WF)e
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where Cl is the cost of inspection and CRl is the cost of meter repair -
given that an inspection is conducted.

The | east-cost maintenance alternative for any given
neter-reading Q and meter age t wll have the lowest cost. For any
given set of paraneter values, this condition can be applied to give
| east-cost decision rules for any neter. These rules may be applied
as part of processing water hills.

Application: Exponential Failure Distribution

To illustrate application of this approach, the probability of a
working meter failing is assumed to be constant at k per unit tine.
This results in the same exponential reliability distribution used in
exam ning | east-cost change-out periods. The probability of a working
meter failing between the present and sone time T is 1 - exp(-kT)
(Dhillon, 1983).

Applying this information to Equation 56 yields,
(64) tBAR(T) = [I - (kT + 1)exp(-kT)1/k
For parameter val ues appearing in Table 14 for exanple meter A, the
Pw BAR Rand T =
20.5 years if ¢ = 0. Consequently, 95.24 < W ¢ 116.33.  The decision

| east-cost change-out age is 19.25 years for €

rules resulting fromappliing this informationto Equations 61, 62,
and 63 appear in Figure 20.

The flows corresponding to the probability scale in Figure 20's
abscissa are found using Bayes’s Theorem

' P(Q[f) P(f)
(65) P{f]Q) = -===-cmmemmmiccmcmeeeaeaas
P(Qlf) P(f) + P(Q|not f) P(not f)
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P(f) IS the probability of a meter failing during a neter-reading
period, P(not f) = 1 - P(f), P(Q|not f) is the probability of a
working neter registering a flowQ and P{Qjf) is the probability of a
recently failed neter registering a flowQ O these values, the
first two are found by studying a randomsanple of neters for failure.
This is also necessary for finding k, which is roughly the proportion
of meters failing per unit of tine. P(Q|f) is found either fromthe
history of a connection's water use or the water use history of a
statistically simlar class of connections (e.g., small househol ds).
P(Q|f) is more difficult to uncover, however.

P(Q|f) is a transformation of P(Q|not f) based on the probability
of failure over the period R For any actual flow Qand failure tine
t <R aregistered flowqgwll result if a portion of Q goes
unneasured after time t. Thus for every pair of t and Qthereis a g
(66) q = Qt/R.

The probability of q arising fromusage Qand failure at timet is
(67) P(q]Q,t) = P(Qfnot f) P(f[t).
The probability of q arising fromany conmbination of actual usage and

failure time is then
R
(68) P(q|f) = J P{g|qR/t,t)}dt,
0

since Q= qR/t.




136

20
15 7
Meter Age
(vears)
10 1
5 Inspect
0 L] Ll - . L) ¥ .
0.15 0.25 0.5 0.75 0.91 1
Probability of Failure P{f.Q)
o 22 20 19 18 173 16 15 14 O
Measured Flow, Q (Tt /reading)
€ =€
max
—_——— £ =0
L g uncertainty based on ¢

Figure 20: Meter Maintenance Rules for Example Meter A
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For an exponential distribution with relatively short meter
reading periods R

(89) P(q|f) = k R |P(qR/t]not f) dt.

O b, 7T

For the exanple in Figure 20, the flow scale was generated using
| og-normal |'y distributed household use data fromthe Seattle \ter

Departnment. The data consisted of June readings from 270 househol ds

with a mean of 3,400 cubic feet/reading and a standard deviation of
1,900 cubic feet/reading.

Wth the critical flows in Figure 20 being so lowrelative to
actual use, the decision analysis is unlikely to detect many failed
neters before the second(zero flow reading after failure. This
inplies that ¢« = PWQBAR R and, in this case, W = $116.33 per nmetered

connecti on.

Di scussi on

Tabl e 13 conpares the application of different approaches to
finding change-out ages as part of a malfunction-detection neter
mai ntenance strategy for three exanple neters. As was true for
conparison of methods for selecting change-out periods, the m nimm
present val ue cost (MMQ approach is superior to most comon
change-out age decisions, far superior to the OCM approach, and as
good as the traditional (TQ approach

The utility of the acconpanying decision analysis was mninmal for

further reducing costs, however. For househol d neters, such an
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approach will only rarely result in early detection of malfunctioning
neters. This result is useful only in that it points to the futility
of using neter readings to rapidly detect failure of household neters
and provides a potential nethod for early detection of failures in
ot her settings.

The results of the TC and MPVC approaches are not al ways as
simlar as in Table 13, however. Table 16 conpares TC and MPVC re-
sults for two meters. The first meter is patterned after relatively
accurate meters with lowfailure rates, like those in Table 13. For
this case the suggested change-out ages agree well. The second meter
suffers frommch more rapid decreases in accuracy, a higher failure
rate, and higher replacenent costs. This might be the case for poorer
qual ity meters in settings subject to vandalismin areas wth poor
water quality. Here, the difference in change-out ages suggested hy
TC and MPVC nethods is significant, with a present val ue cost
difference of $187 per connection. The MPVC nethod al ways provides
the nondom nated solution to the change-out age problem

Tabl e 15 exam nes the sensitivity of the MPVCresults to changes
inthe real interest rate for the relatively accurate meters described
in Table 14 and analysed in Table 13. The MPVC change-out intervals
are rather insensitive to reasonabl e changes in the real interest
rate. The value of the acconpanying present val ue cost is very

sensitive to changes in the real interest rate
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Tabl e 13: Conparison of Change-Qut Periods for Exanples

(T is the change-out age or period(in nearest

ear), Cost is present value cost rounded to
he 'nearest dollar, ¢ = PWQ3AR R = emax,
neter characteristics are given in Table 2)

Meter A Meter B Meter C

Qiterion T Cost T Cost T Cost

Change-Qut Period Strategies:

M\VC 6 284 6 282 5 332
avC <1 >819 <1 >820 <1 >830
TC 6 284 6 282 5 332
T=5yr. 5 285 5 284 5 332
T =10 yr. 10 329 10 327 10 418
T =15yr. 15 417 15 414 15 543
T =20yr. 20 511 20 508 20 670

Mal function-Repai r Strategies:

MPVC 19 116* 20 117* 8 223%
oM 32 284 3 300 <l >840
TC 20 116 20 117 8 223%
T=5yr. 5 199 5 199 5 332
T=10yr. 10 132 10 133 10 226*
T=15yr. 15 118 15 119* 15 253
T=2yr. 20 116* 20 117 20 286

* - preferred approaches
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Table 14: Exanple Meter Characteristics

Met er

Characteristic A

CR $16

Pw QBAR $100/yr
r 0.02/yr
Fai 1ure |
Probability 1 - exp(-kt)
k 0.01
EPUR(t) 1 - exp(-at)
d 0.001

b

Cl $4

CRI $14

R 1/3 yr

1 - exp{-kt)

C
$16
$100(yr
0.02/yr

exp(-kt}
0.01
exp(-at)
0.005
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Table 15: Sensitivity of MPVC Results To Interest Rate

MPVC Change- Qut
Interval (years)

Meter 1% 2% 3% 5%
Change-Qut Period Stategy:

A 6 6 6 6
B 6 6 6 5
C 5 5 5 5

Malfunction-Repai r Strategy:

A 19 19 20 20
8 19 20 20 20
C 8 8 8 9

1%

5.78

5.61

6.75

2.39
2.01
4.56

Annual

2%

5.68
5.04

6.64

2.32
2.34
4.46

Cost ($)

3%

5.58
5.73
6.54

2.28
2.28
4.38

5%

5.35
6.00
6.30

2.20
2.20
4.20




Table 16: Conparison of Extreme Meter Types

Characteristic Good Meter

CR
PwQBAR

r

k

a

R
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$15

$100/yr

0.02/yr
0.01/yr
0.001/yr

1/3 yr

Bad Meter
$30
$100/yr
0.02/yr
0.1/yr
0.009/yr

1/3 yr

Mal function-Repair Change-Out Ages and Present Value Costs

MPVC.

TC

Present Value Costs for Common Practices:

T
Cost

T
Cost

T =5 years
T = 10 years
T = 15 years
T = 20 years

18 years
$114/connection
20 years

$114/connection

$189/connection
$128/connection
$115/connection

$114/connection

28 years
$540/connection
9 years

$727/connection

$824/connection
$711/connection
$640/connection
$579/connection
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COVPARI SON OF STRATEG ES

Table 13 illustrates the superiority of malfunction- repair
strategies over sinple change-out period strategies. The nonitoring
of meter performance provided by periodic neter readings is i nmensely
valuable. Wile this information does not allow early detection of
failed household neters, it does allow detection of "failed neters
after only a limted period of tine. It is difficult to imagine any
actual water systemwhere the change-out period strategy would be
.Superior to the malfunction-repair strategy with an acconpanying

change-out age

CONCLUSI ONS

This chapter exam nes the problemof meter maintenance fromthe
perspective of maximzing net revenues. Mninization of the expected
present val ue cost of al future maintenance work is the specific
obj ective proposed. This approach is conpared with others advocated
el sewhere, Wi th denonstrated theoretical superiority.

The mni num present val ue cost approach is then applied to two
common neter maintenance strategies. The first is the sinple
change-out period strategy, where neters on all connections are
changed periodically on a bl ock-by-bl ock basis. The suggest ed
change-out periods may vary greatly fromcommon industry practice.
Application of the mninum present val ue cost nethod to sone typica
househol d neter perfornmance data show that savings fromthe use of
this method may reach $6.80 per neter per year over SOme conmon

change-out periods
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The second strategy explored is the nore versitile, but rather
| ess studied approach where neter repairs are schedul ed by individual
connection, with flowand age based rules for selecting maintenance
alternatives. The rules take the formof a change-out age for
individual neters and flow and age based rul es for deciding whether to
replace or inspect meters younger than the change-out age.

The m ni num present val ue cost approach is again found superior
to other methods of determning the |east-cost change-out age, saving
as much as $6.40 per neter per year over some conmon practices. Aside
fromthis change-out age rule and the repair of all neters giving zero
fl ow readings, other flow and age hased rules resulting fromthe de-
cision analysis are not found to detect many failed neters before the
second reading after failure.

The second strategy using the mnimm present val ue cost ob-
jective is found to be superior to the sinple change-out period
strategy, saving as much as $3.40 per neter per year over the best
change-out period strategy. This denonstrates the val ue of neter
reading information for neter maintenance, in additionto its primry
billing function.

Application of these approaches to specific water utilitiesis
conplicated by an inability to predict in situ neter accuracy wth
certainty over tine. This uncertainty is somewhat bounded by
experience gained in other water systems. Meter failure rates and
rel evant cost data may be estimated with greater accuracy and relative
ease. Application of these approaches is also eased by the software

appearing in Appendix E




CHAPTER MI1:  RATEMAKI NG AND METER NG
"I do not believe that there is any other |ine of business
that has such a great and unreasonabl e variety in its
schedul es of charges as wll be found in water works."
Al'len Hazen, 1912%quoted in Hazen, 1917)

| NTRCDUCTI ON

Vter service rate making is traditionally seen as a largely

political exercise whose sole agreed objective is to raise revenues
sufficient to equal or exceed the costs of water production(Martin et
al., 1984). The politics surrounding this exercise often involves
conpetition between alternative water supplies(especially for large
industrial consuners), the equity of rates to various interest groups,
and occai sionally the overal | economc efficiency of water rates.

The rate-setting advice advocated in the literature typically
seeks to maximze only one or two rate-making objectives. These
efforts are hindered by a degree of conflict between objectives and
the limted flexibility of many rate structures.

After a reviewof ratemaking objectives, common rate structures,
and some conmon advice given for setting rates within arate
structure, mathenatical progranming is applied to suggest rates under

a variety of cost, netering, and capacity-constrained situations.

RATEMAKI NG OBJECTI VES
Four objectives are conmonly discussed for setting water rates.

These are: 1) generating revenues to cover or exceed systemcosts, 2)
maxi m zi ng econonic efficiency, 3) inproving the allocation of system
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costs among consuners, and 4) providing a rate-structure that is
easi |y understood hy consuners.

Generating revenues to cover or exceed systemcosts is probably
the nost common water rate setting objective. For private firns, this
Is their reason for being, and for publicly-owned utilities, it is
usual Iy a political necessity. This situation is conplicated because
the costs that nust be covered occur at different tines. Wen a new
customer is connected to a system there are costs associated with
creating and inspecting this connection and any additional capacity
costs associated with greater demands on existing and future system
physical plant. \Wen demand for water increases beyond existing
systemcapacity, new capacity nust occasionally be constructed and
payed for. And to continue operating the water system revenues nust
be availabl e for operations and naintenance costs.

0f these costs, only a small proportion is directly associated
with the consunption of an additional unit volume of water. For a
systemoperating belowits capacity, the additional cost of providing
an additional unit of water is only the marginal cost of punping and
chemcals. This is typically less than 2% of overall systemcosts
(Bhatt and Cole, 1985).

Maxi m zi ng econom ¢ efficiency implies maximzation of a
society's total wealth, regardless of its distribution among
individuals. This is furthered by rates that: 1) encourage customers
to use nore water until the marginal cost of providing water exceeds
its value to the consumer (Hotelling, 1938), 2) encourage individuals

to switch from household well sources when water service can be
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provi ded | ess expensively by a water district (Qark and Stevie,
1981), and 3) discourage water use which is |ess valuable than
deferring a capacity expansion project (WIIianson, 1966)

Furthering this objective may require a subsidy, however, as
there is no guarantee that such a pricing policy wll provide enough
revenue to cover production costs, particularly in an industry with
substantial economes of scale. The efficiency of the entire water
producing enterprise may be questionabl e under this circumstance. In
general, the public enterprise's existenceis efficient if either 1)
it can provide the service at a | ower cost than any alternative (e.g.
househol d welI's) or 2) there is a level of production at which the
water district could cover costs(Tresch, 1981).

Speci fying rates which provide equitable distribution of
production costs among custoners requires an agreed definition of
equity, which is sorely lacking. In the absence of a single
definition, the criteria developed in Chapters 111 and |V are applied
to determine if a new pricing strategy inproves equity. Application
of these definitions does not always yield a singular solution, but at
| east elimnates pricing schemes which are grossly unfair

Finally, sinplicity is usually desirable in arate structure.

For a publicly owned or regulated utility, the ability of customers to
understand their bills is good public relations(Mrtin et al., 1984)
For all utilities, easily understood rates inprove customer
satisfaction and reduce conplaints. However, evaluating simplicity is
difficult. Al sorts of things are suggested as sinple which seem to

the author, conplex. These range fromtravel directions to
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mat hematical proofs. Here, the sinplicity of various rate structures
is judged sunmarily by the author. Qhers who are nore confused or

| ess nuddl ed may disagree with these assessnents.

REVI EW OF RATE STRUCTURES

Any ratemaking schene consists of two parts, a rate structure and
a rate-setting method. Arate structure is analogous to the form of
an equation, with its paranmeter values unspecified. Arate-setting
nethod is used to determne values for one or nore of these
par anet ers.

The nunber of paraneters in a rate structure increases its
flexibility for satisfying nost of the objectives discussed above,
just as a regression equation with nore coefficients wll be nore
easily fit to a set of observations. Increases in the nunber of
parameters in a rate structure generally reduces its simplicity,
however. This inplies an a priori trade-off between neeting
cost-covering, equity, and efficiency objectives and the simplicity
obj ecti ve.

This section reviews a variety of rate structures. This effort
begins with a series of increasingly conplex |inear rate structures
and concl udes with description of block rate structures. The
fol | owi ng section then surveys the numerous variety of rate-setting

net hods.
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Linear Rate Structures

The sinplest |inear rate structures are based on a single neasure
of water service received. The periodic fee, for instance, is a flat
fee per billing period. The customer's hill is then constant and
bills arrive periodically as long as the custonmer is connected to the
water system This sinple structure is represented as
(70} B =Py,
where 3 is the billed amunt per billing period and P; IS a constant
L(AWWA, 1983}).

A sinple metered rate i s based on the anount of water consuned
per billing period. This represented hy:

(71) B=P,0Q,
where P, is a constant and Qis the netered use per billing period
(Hrshliefer et al., 1960).

A connection fee rate attenpts to finance the water systemon the
| basis of a one-time contribution or
(72) By = Pos
where By Is the anount of a bill submtted at the beginning of service
and P_ is a constant. This fee usually only found where nei ghbors
col aborate on a well.

The sinple peak-time rate bases bills solely as a linear function
of the amount of water used during peak-use periods. Such a strategy
Is nost attractive if a capacity shortage | oons as a result of peak
demands. However, it is usually di sadvantageous because of the high

cost of providing neters which can record use at peak tinmes, unless
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the peaks occur over long seasonal periods (Feldman, 1975). A simple
peak-time rate structure appears below:
(73) B = Py Qupaye
where P, is a constant and Q.. is the amount of water used during
the system's peak-load period.

These simple structures mey be combined into a general linear
rate structure (Equations 74 and 75).
(74) By = P.
¢75) B=P +PyQ+PyQ
The previous rate structures are mérely this structure with all but

one parameter set to zero.

Block Rate Structures
Block rate structures calculate a bill on the basis of where
water use falls within a series of flow ranges. A general block rate
structure appears in Equations 76 and 77.
n
(76) B =P, +3PB; Q,
J=1
(77) QJ- < RJ-,
where Py I's a constant, n is the number of blocks, Qj I's the amount of
water used within block j, PBI I's the marginal price of water within

block j, and R, is the upper limit of flows classified as occuring

J

within block j. A declining block rate occurs when PB, < PB, 1,
resulting in a discrete equivalent of declining marginal costs and re-

ducing marginal prices for larger customers (AWWA, 1983).
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REVIEV OF RATE-SETTING METHIDS
There i s some controversy over setting parameter values for a
rate structure. Some common approaches for setting parameter values
are discussed below. Most of these approaches attempt to maximize one

or two of the above objectives, while neglecting others.

Average Cost Pricing

Average cost pricing advises pricing services on the basis of
dividing total production costs by the number of units sold. For the
case of the simple metered rate structure, P, is set by dividing the
total cost of producing water by the amount of water sold. For the
simple unmetered rate structure, Py Is set equal to the total cost of
producing water divided by the total number of customers served.

When more than one parameter exists in the rate structure, the
average cost principle is insufficient to set all parameter values.

If B = Py + Py Q, application of the average cost principle raises
double the revenue required, although values of Py and P, could be
arbitrarily halved to avoid this.

This rate-setting method guarantees that total revenue covers
total cost. The method is also very simple. It does not necessarily
follow that these rates will be efficient or equitable, however.
Marginal Cost Pricing

Marginal cost pricing holds that parameter values should be equal
to the marginal cost of producing water with respect to the associated
variable. This principle holds that P2 should be equal to the

marginal cost of producing another unit of water and P. should be
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equal to the marginal cost of adding another connection to the system
and P, should be set equal to the marginal cost of processing a bill.

The advantage of this rate-setting scheme is that it encourages
econom cal |y efficient use of resources (Hotel [ing, 1938; Warford,
1966; Hanke, 1972). However, in an industry with economes of scale
such rates will be insufficient to cover total costs (Baumol and
Bradford, 1970: Coase, 1946).

Pricing by Custoner O ass

Many utilities have different rates depending on the class of
custoner. Residential custoners are assessed by one set of rates,
comercial custoners by another, industrial customers by a third, and
perhaps water sales to smaller interconnected utilities by a fourth
set of rates(AWW 1983).

Thi s approach al | ows different classes of customer to be treated
differently, either for conpetitive, cost, equity, or political
reasons (Hazen, 1917). In terns of the ratemaking objectives
di scussed above, this approach allows greater flexibility for finding
equi tabl e and revenue-generating solutions. But, such an approach is

unlikely to further the economc efficiency or sinplicity.

Aoi Tity to Pay

A variation of setting different rates for different custoner
classes is to set rates by an individual custoner's ability to pay.
This method also allows great flexihility for setting equitable and

profitable rates, but such rates may not be sinple or economcally
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efficient. This systemis utilized de facto in Britain for billing
donestic connections, with unnetered water rates based on the val ue of
a hone (Phillips, 1972; Smth, 1972).

Pricing by Use Correl ates

This approach attenpts to set rates by correllating measurable
custoner characteristics with customer characteristics which actually
incur greater costs to the utility. This approach is often used to
i npl ement peak-|oad pricing, where higher sumer rates (p,) are
adopted even though much summer-season use does not incur peak-|oad
costs (Fel dman, 1975).

Anot her exanpl e of this approach is again the British use of
property val ue assessments for determning unnetered rates to
i ndi vi dual househol ds, based on the assunption that |arger, wealthier
househol ds use more water. However, this correlation is inperfect;
sone studies have only been able to attribute 22% of water use
variation to property value(Phillips, 1972; Smth, 1972).

Pricing by use correlates is often an attenpt to inplenment a
theoretical principle which cannot be perfectly applied in practice.
In essence, this is the problemof all rate-making where equity and
efficiency objectives are inportant. Wile it is relatively easy to
speci fy the conditions of atheoretically efficient or equitable set
of rates, the costs of admnistering and making measurenments to
i npl enent such rates often exceed the inprovenents in equity or
efficiency (Chapter [\).  Thus, nost rate-making nust fall back on

rates based on easily neasured custoner characteristics.
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MATHENMATI CAL PROGRAMM NG AND METERED RATES

Mat hematical progranmng fornul ates the rate-setting problemin
terns of a mathematical statement of constraints and objectives.
Solutions to this programidentify sets of rates which further at

least one objective. Mithematical progranmng has often been
advocated for simplifying deci sion-making involving several objectives
(Cohon and Marks, 1975) and for resolving conflicts over allocation of
systemcosts in circumstances with decreasing marginal costs (Cohon et
al., 1979). It has also been applied to sinple pricing and capacity
expansion probl ems(Dandy et al., 194). This section applies this
rate-setting technique to the three-part linear rate structure
appearing in Equations 78 and 79.
(78) By = P,
(79 B=P +PyQ

This rate structure is common in many water systems. Typically,

C
set equal to the cost of billing and metering per billing period, and

P. is set at the cost of adding a new connection to the system P, is

P, is set to the average of remaining systemcosts per unit of water
sol d (AWWA, 1983).  This section suggests a superior rate-setting
met hod.
A mathematical programmng statement of this problemis:
(80) Maximze: Net Revenues
Econom ¢ Efficiency
Equity
Rate Sinplicity
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Subj ect to:

(81) Byj = Pe B
(82) By = Py + Py Q

(83) P.20

(84) Pr20

(85) P, 20,

where the objectives of maximzing net revenues, econonic efficiency,

equity, and rate sinplicity are |eft unquantified, the constraints in
Equation 81 and 82 are the rate structure, and the remaining
constraints require paraneters in the rate structure to be positive.

For a public service utility, the first objective of maximzing
net revenues usually becomes a constraint that the utility be able to
cover all costs. For the case where no capacity constraint exists,
this constraint becones:

.
{886) jEI(m Bj + 1 BOj) > K,
where K is the utiIity's total annual revenue requirement, i is the
real annual interest rate, mis the nunber of billing periods per
year, and n is the nunber of utility customers.

The sinplicity objective is not readily quantified, or at |east
cannot be sinply quantified. Evaluation of water rate sinplicity lies
outside this analysis. It is properly left to the reader

Enploying WIlig's (1981) or Harberger's (1971) definitions of
i mproved equity reduces the problemfurther by requiring that any
equitabl e rates al so be economcally efficient. The set of equitable

rates is then a subset of the set of efficient rates. This reduces
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the above programto a single-objective naxim zation problem vis a
vis econom ¢ eficiency, with a budget constraint.

To maxi m ze econom ¢ efficiency rates nust encourage customers
to: 1) not use water when the cost of additional water use exceeds its
val ue to the customer (Hotelling, 1938), 2) remain with another water
supply if additional connection and operating costs to the utility
woul d exceed the cost of continued use of the other supply, and 3)
continue use of the utility's systemunless the additional cost of
connecting and using another source is | ess than the cost to the
utility of continuing service to the custoner (Ny and \Wisser, 1974)

The first condition inplies that P, should be set equal to the
short range marginal cost of water (Coase, 1970; Hanke and Véntworth,
1981).  The second condition inplies that i P, + m(P, * P, Q be
greater than the annualized cost of an alternative water source whose
operating cost is |ess than the additional cost of the utility serving
a custoner with use Q The third condition requires that i P.t m(P,
t P,) be less than the annualized cost of a potential alternative
wat er source whose annual i zed capital and operating costs are greater
than the additional cost of the utility serving the custoner. This
prevents |arge customers fromestablishing their own water sources
when they can be | ess expensively served by the utility. Each of
these conditions can be expressed as a constraint.

These constraints define the feasible region of economcally
efficient, equitable, and self-financingrates for the three-part rate
structure. Figure 21 depicts the situation where the feasible region

IS not an enpty set. P, is set to the short-run marginal cost of

2
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water. Constraint A(Conpetition Constraint 1) is the second
efficiency condition above. Constraint B is a modification of this
condition requiring that connection costs be reinbursed i nmediately
via P_, since it is uncertain howlong a custoner wll remin
connected to the system Constraint C(Conpetition Constraint 2) is
the third efficiency condition above. Constraint o is the

non-negativity constraint on P,. And constraint E is the revenue
sel f-sufficiency constraint in Equation 86.

In this situation, the public service utility, having no desire
to collect excess revenue, wll operate along segnent 1, overlying
part of the budget constraint. The regulated private utility which is
required to have economcally efficient rates will operate along
segment 2, overlying part of Conpetition Constraint 2

Were there is greater conpetition fromother water sources,
there may be no feasible ratemaking solution, as in Figure 22. Here,
conpetition forces efficient prices to be insufficient to finance the
utility. This situation is remedied nost directly by regulating well
and ot her source devel opnent to prohibit devel opment where devel opnent

costs exceed the utility's marginal costs of servicing the custoner.
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Figure 21. Rate Setting Constraints for Three-Part Pricing
wi thout Capacity Constraints and with Little
Conpetition
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Figure 22: Rate Setting Constraints for Three-Part Pricing
wi t hout Capacity Constraints and with Excessive
Competition
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If P, i's constant for all custoners, it represents a "regressive’
head tax for financing the utility (Feldstein, 197zb). Alowing Py to
vary between customers increases ratemaking flexibility both for
financing the utility and equitably allocating costs.

Varying P, between custoners is sinply and reasonably done on the
basis of property assessnments. Typically, the value of a custoner's
bui It property is a good neasure of the fire-protection benefit
received fromthe water system(Corssmt and Geen, 198). Since
these assessments al ready exist for general tax and insurance
purposes, tying Py to built property assessments is also inexpensive
and can be updated easily.

A sinple approach would be to nmake the custoner's val ue of P15 @
linear function of his built property assessment Wy
(87) Py = KWy,
where k is a constant.

The utility's budget constraint then requires that

n
(88)

(m Plj + P2 Qj) > K.

[y

J=1
This only conflicts with the conpetion constraints if

t Py Q. > KK, where KK is the cost to the nost highly assessed
customer of switching water sources. This problemnay be handled by

regul ating water source devel opnent.
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PEAK- LOAD PRI CI NG

Peak-l oad pricing manages a capacity constraint by pricing use
during a peak demand period at a rate sufficient to reduce total
demand to availabl e capacity (WIliamson, 1966). This nethod is only
efficient when its cost is Iess than the cost of alternative
conservation neasures and | ess than the benefit of deferring capacity
expansion. For nunicipal water supplies, the type of capacity
constraint is inportant for estimating the costs of a peak-load

pricing strategy.

Shortages of Seasonal Storage Capacity

\Were peak period usage and a capacity constraint coincide
tenporal Iy, any conservation induced by raising P, contributes to
avoi ding the capacity constraint. For exanple, if the capacity
constraint is the amount of reliable dry-season reservoir storage
capacity, then conservation of any water use at any tine during this
season hel ps avoid this constraint.

| f P, is set to alevel that reduces total seasonal demand
beneath the reservoir capacity level, it incurs a cost to economc
efficiency equal to the anount of |ost consumer's surplus. This is
illustrated in Figure 23 and may be estinated using techniques
di scussed in Chapter I1l. The annualxbenefit of deferring capacity
expansion is i CP, where i is the real annual interest rate and CPis
the present-val ue cost of the capacity expansion project.

For this case investnent and pricing rules are clear. Set the

rate P, to a level that reduces seasonal demand beneath capacity.
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Wen the cost of this strategy exceeds the val ue of deferring
expansion, expand capacity and set the value of P, back to the
short-run marginal cost of water (Dandy et al., 1984).

Shortage of Distribution or Treatnent Plant Capacity

Often the frequency of neter reading is insufficient for
measuring the individual peak-day or peak-hour demands that conbine to
determne requirements for distribution or plant capacity. In this
case, use of peak-load pricing incurs additional |osses of off-peak
consuner's surplus that do not contribute to alleviating the capacity
constraint (Mhring, 1970). Figure 24 shows this situation, where
peak-period is much greater than of f-peak demand

For nunicipal water supplies, peak-period demand typically
consists largely of lawn irrigation uses which are more price-elastic
than nost indoor water uses(Hanke, 1972). Raising P, mostly |overs
irrigation demand and consequently reduces distribution capacity
requirenents. Therise in P, al so | essens of f-peak water use. This
second effect does not contribute to alleviating the capacity
constraint, but incurs only loss of consumer's surplus.

The total cost of this pricing strategy, where the capacity
constraint is a function of peak-hour or peak-day demand, is the sum
of |osses of consumer's surplus for both peak and of f-peak demands.
The benefit remains only the deferral of capacity expansion which has

an annual value of i CP.




163

The val ue of peak-load pricing should not be over-estinated.
Applications of peak-1oad pricing have resulted in reductions between
four and eight per cent in peak use. Wile such reductions may defer
expansion projects for a fewyears, they may come at a considerabl e
cost in consumer's surplus. This cost may eventual |y becone
translated into voter or regulatory dissatisfaction(Giffith, 1982).

UNVETERED RATES

Chapters |V and v show circunstances when it is inefficient,
unprofitable, or inequitable to meter certain classes of water service
connections. Under these circumstances paraneter P, is unavailable

and the earlier three-part rate structure is reduced to: g, = P and

0
B =P,

1

Setting P_ and ¢, can then be acconplished as in the netered case
above, but with P, =0, P_and P, nay either be fixed for all
customers or variable,

The optinality of such unnetered rates under some circunstances
shoul d caution the call for universal application of marginal cost
pricing as the nost efficient pricing nethod. In some cases the
expendi tures needed to inplenent narginal cost pricing introduce

greater inefficiencies than uneconom ¢ use of water.
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Wat er Consunption

Figure 23: Loss of Consumer's Surplus Acconmpanyi ng Peak- Load
PRicing for a Storage Reservoir Capacity Constraint
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Peak Demand

Price

Off-Peak
Demand

w
3

Water Consunption, Q

Figure 24: Losses of Consuner's Surplus from Peak-Load Pricing
for a Constraint Responding to Peak-Hour Demands
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CONCLUSI ONS

The ability of a pricing schene to satisfy several system ob-
jectives depends on both the versatility inherent in the rate
structure and the nethod used for setting rates. A sinple price per
unit of water consumed has limted flexibility for achieving multiple
objectives. A nmore conplex rate structure is likely to be better able
to satisfy several systemgoals.

The value of rate sinplicity limts the conplexity of arate
structure, however. Truely conplex rate structures are likely to
prove confusing, controversial, and often damaging to the systems
reputation and wel | -being(Martin et al., 1984). Thus a rate
structure shoul d certainly contain no more rate conponents than is
necessary to achi eve efficiency, equity, and revenue objectives. A
sinple three-part rate structure is examned in this regard and shown
to be quite effective.

Setting rates within arate structure is a multi-objective
problem Ml tiobjective mathematical programmng is an appropriate
method for setting rates in such a setting. This technique is applied
to find sets of optimal rates under a variety of conditions for the
three-part |inear rate structure and is found to give superior results
than several common rate-setting nethods.

Wen a capacity constraint exists, the unit price of water may be
increased to reduce demand to within the capacity constraint (peak
load pricing). The cost-effectiveness of this technique is exam ned

and is found to vary with the netering technique's ability to discern
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when a flow affects capacity requirements. For |ong, seasonal demand
peaks and capacity constraints operative over simlar seasonal periods
(such as limtations on storage reservior capacity), normal neter
readi ngs can adequately separate peak fromoff-peak | oads and peak
load pricing can be quite effective. Wen peak-load pricing is used
to alleviate capacity constraints encountered over peak-day or
peak-hour periods, the peak-l1oad price is | ess selective, incurring
additional unproductive | osses of of f-peak consuner's surplus.
However, the val ue of peak-load pricing in either case lies inits
ability to defer capacity expansion projects. Wen the value of
deferring expansion ceases to be greater than | osses of consuner's
surplus, peak-load pricing becones inefficient.

Not netering service connections [imts the types of rate
structure available and may inpose some | osses of efficiency, equity,
and profitability. However, under some circunstances the cost of
metering may cause even greater |osses. Thus unnetered rates may
sonet i mes he opti nal




CHAPTER VIBR:  CONCLUSI ONS

Metering has become an increasingly important problem in public
utility management. While it has become common for pricing
electricity, water, and some transportation services, changes in
economic conditions, environmental concerns, regulation, and
technology have created interest in metering other utility services.
Recent rises in production and capacity expansion costs arising from
heightened environmental concerns have increased interest in metered
pricing both to raise revenue and encourage conservation for solid
waste and water supply utilities. Regulatory changes and
technological advances have led to the introduction of optional
metered local telephone service. Further advances in technology may
further improve prospects for metering in these and other
transportation utilities.

This thesis develops general methods for examining the use of
metering public utility services to improve economic efficiency,
equity, and profitability. These methods are then applied to water
supply systems. In particular, these methods:

A) determine whether metering achieves efficiency, equity, or
profitability objectives given particular local conditions (Chapters
IV and V),

B) select the least-cost schedule for installing meters in a partially

metered or unmetered system (Chapter V),
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O determne the | east-cost strategy for maintaining meters in the
field(Chapter M), and
D) set nmetered or unnetered rates for efficiency, equity, and
profitability objectives(Chapter MI).

Application of these techniques to water supply systens
dermonstrates the fol | owi ng findings:
1) Metering is not always justified for efficiency, equity, or
profitability objectives. This implies that the useful ness of
netering should be examned on a case hy case basis.
2 Were netering is economcally efficient, it is also profitable to
the utility. But profitable use of metering is not necessarily
efficient. Thus the decisionto meter may vary with the utility's
notivation as a profit-maximzing firmor a public service utility
with social welfare objectives.
3) Since water demand is inpermanent, long range marginal costs are
I nappropriate for incorporating capacity expansion deferral benefits
into the decision to meter. Expansion deferral benefits are better
incorporated via the linear programm ng nethod devel oped in Chapter V.
4) Mathematical optim zation techniques are also useful for finding
| east-cost neter installation schedul es, determning | east-cost meter
mai nt enance strategies, and setting netered and unnetered service
rates.
5) The mninum present val ue cost approach to scheduling meter
mai nt enance is denonstrably superior to current theoretical and

practiced neter maintenance approaches in the water supply industry.
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6) Slightly more conplex water rate structures provide substantially
greater verstility for meeting a variety of rate-making objectives.
7) The costs of netering may exceed the efficiency |osses arising from
use of unnetered rates. Under this circunstance, marginal cost
pricing is inefficient.

These results shoul d be useful for water supply utilities and may
find further application in other types of utilities.
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APPENDI X A HEAD AND ACCURACY LGSS CALCULATI ONS

Both neter accuracy and head |oss vary with the flowrate of
water through the meter. Estimates of these errors and |osses are
frequently supplied by manufacturers. Figure 1 is an exanple of such
information for a recent nmulti-jet type neter. These errors and
| osses are al so the subject of Anmerican Water Wrks Association
St andar ds.

Estimation of Qverall Meter Accuracy

Estimation of a neter's overall accuracy is a function of both
its accuracy at different flowrates and the proportion of total water
use occuring at different flowrates. Overall accuracy is the
wei ghted average of accuracy at each flowrate, weighted by the
proportion of total use occuring at that flowrate. This is expressed

in Equation 1
(1) AT = J A(f) U(f) df
0

where AT is the total proportion of actual flow neasured, A(f) is the
proportion of actual flow neasured at flowrate f, and U(f) is the
proportion of total usage occuring at flowrate f.

This points to the inportance of a know edge of patterns of
demand for determning meter accuracy. WIlians(1976) shows that

usage of different published estimates of the proportion of usage
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Estimation of Head Loss

Meter head | oss is generally uninportant for small customers,
such as househol ds, and individual buildings, except perhaps where
backflow iS a concern. Head | osses may be inportant for |arger
institutional or industrial customers if normal water pressures are
critical for maintainingfire flows.

Both the maxi num head | o0ss and average head | oss are significant.
Maxi num head | osses indicate whether meter head loss in fact
represents a problem |If additional head | osses do not reduce water
pressure belowcritical fire-flow or back-flow prevention |evels
head-| osses need not be considered further.

Were head | osses are commonly critical, average head | 0ss gives
a measure of the additional pressure needed in the systemto overcone
meter losses. This additional pressure increases punping costs and
| eakage. Alternatively, neter head |osses may also be mitigated by

use of back-flowcontrol devices or use of fire trucks equiped with

punps.
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