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ABSTRACT

This research was undertaken to specify and estimate a model re-
lating household demand for urban water to its principal determinants.
Four specific tasks were accomplished:

1. An appropriate economic demand model for urban-residential

water supplies was postulated. An improved specification
of the rainfall variable was developed to account for

turf maintenance demand. The price of water was specified
in exponential form making its elasticity price depen-
dent.

2. Parameters of the model were estimated based on pooled
data representing a cross-sectlon of U.S, cities.

3. Parameters were estimated for a regionalized version of
the model by Incorporating sets of dummy variables. Tests
for statistical differences among key economic coefficients
were made to ascertain regional differences, if any.

4. Parameters were estimated for a model disaggregated by
slze-of-city categories again by incorporating dummy
variable sets. Tests for statistical differences among
key economic coefficients were made to ascertain differ-
ences among size-of-city categories, if any.

The demand models were fitted using 1960 and 1970 data and ordi-

nary least squares regression techniques. Explanatory variables in-
cluded price, income, precipitation (during the defined growing season)

and number of residents per meter in addition to sets of dummy variables
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on the constant factor and price and income coefficients, The results
suggest that size of city is not statistically significant in deter-
mining the residential demand for urban water. However, regional
differences are significant.

For the regional model, price, income, and residents per meter
were significant at the 1 percent level for the 1960 data; price and
precipitation were significant at the 1 percent level for the 1970
data. Rz-values were .74 and .71 for the 1960 and 1970 data, re-
spectively.

Income and price elasticities are presented for all regioms
at the mean price level and for one standard deviation above and
below this price level. Mean price level elasticities ranged
between ~.30 and -.82 and between -.33 and -.67 for the 1960 and
1970 data, respectively, suggesting an inelastic residential water
demand at present price levels. The elasticity estimates derived
from the regional coefficients of this gtudy compare favorably with

those of earlier more micro-level analyses.
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A CROSS-SECTIONAL INVESTIGATION OF THE DETERMINANTS
OF URBAN RESIDENTIAL WATER DEMAND IN THE UNITED STATES,
1960 AND 1970

Henry $. Foster, Jr. and Bruce R, Beattie*

INTRODUCTION

In the past half century the United States has been transformed
from a rural to an urban scciety, and this proceés continues today.
A necessary concomitant has been the development of an adequate
water supply for residential, commercial, industrial and other urban
uses.

Between 1960 and 1970 the United States experienced a 19.2
percent increase in urban population. TFour states had an increase
of 40 percent or more; an additional eighteen states experienced
increases of 20 to 39 percent (U.S. Bureau of Census, 1970). If
this urban growth contlnues, substantial expenditures will be
required to provide needed water supplies. To assure adequate
water-supply facilities, yet prevent overinvestment and wasteful
expenditure of scarce resources, careful studies of effective
economic demand are needed. Additional interest in economic demand
has been brought about by recent severe drought in several regions
and by the realization that water supplies are finite and that
efficient allocation requires knowledge of economic demand. This
study was undertaken to determine effective economic deménd in the

residential sector.

*Henry 8. Foster, Jr, is a research assistant in agricultural
economics at Texas A&M University. Bruce R. Beattle is an associate
professor of agricultural economics at Texas A&M University.



Shortcomings of the Traditiomal Approach

In the past, the water supply industry has forecast water require-
ments generally under the assumption that urban water use will increase
in some fixed relation to an increase in economic activity and popula-
tion. If the existing system capacity did not meet the anticipated
requirements, additional capacity was designed, an analysis of cost
was conducted to determine the utility's new revenue requirements,
and rates were set at a level which, at the new output level, would
generate the needed revenue (Hanke 1975). While this procedure may
have worked in the past, it is clear that in a time when additional
supplies will be very costly, a more serious look at demand responsive-
ness to price is in order if major overinvestment in water supply
capacity is to be avoided. Until the late 1960s relatively abundant
natural endowments, technological change and improved operating
efficiencies generated economies of scale and reduced the cost of
urban water, resulting in very stable rate levels and an apparently
fixed rate structure. Since that time, however, general price in-
flation has begun to exert a significant influence. For example, the
Fairfax County Water Authority (Virginia) had wage increases of 58
percent and a chlorine price increase of 164 percent from 1968 to
1974. Additionally, environmental requirements increased the need
for capital goods at a time when the prices of capital and capital
goods were rising at a precipitous rate (Hanke 19753).

Clearly to expand supply capacity needlessly represents a signi-
ficant waste of resources. In the past, a system which forecast demand
without considering price effects had minimum faults. The rate of

inflation was low, real per capita income was increasing slowly and



predictably, and improvements in scale economies militated against
increases in the price of water. Competition with other uses for
scarce water supplies was not serious. In effect, the economically
relevant variables, price and income, could safely be assumed constant
for any given city over the planning horizon and were effectively
treated as implicit parameters in the demand equation. Thig past
stability does not seem as likely in the future. The effects of
changes in real income and/or the real price of water must be consider-

ed if a spurious estimation of future urban water demand is to be

avoided.

Limitations of Past Econometric Models

Past econometric studies of residential water demand have tended
to have three major weaknesses limiting their usefulness. Broadly
based studies using cross-sectional data have tended to be underspeci-
fied in terms of the explanatory variables included in the models. On
the other hand, studies using cities from a restricted geographical
area, in effect, minimized variation in some of the variables so that
these factors, relevant in a general model, are eliminated from consi-
deration in the specialized models. This allowed tests of specific
hypotheses, but resulted in models underspecified in terms of the
general determinants of residential water demand. Yet ancther specifi-
cation problem ig characteristic of many previous studies. Frequently
water demand models have included redundant explanatory variables. In
such cases the consequence is highly correlated independent variables,
inflated standard errors and estimated coefficients which may deviate

greatly from their true values.



Louis Fourt produced the most notable nationwide, aggregate demand
models. Using multiplicative models and 1955 data, he regressed per
capita water use on price (for the first 1,000 cubic feet of water
used per month), number of days of rainfall in June, July and August,
average number of persons per meter, and total population served. The
results, based on a sample of 44 cities, indicated a price elasticity
of -.39 with an R2 of .68. Subsequently, per capita water use was
regressed on price, per capita income, and percentage of dwellings with
three or more units per dwelling. Price elasticity was.—.39 but R2 was
only .30. The models were improperly specified in that the rainfall
variable was crude in one model, and both rainfall and income were not
included as variables in the other model.

Gottlieb selected small towns in Kansas to eliminate the effects
of the size of city and rainfall, leaving price as the only variable
having substantial variance. For 19 towns in 1952 a price elasticity
of -1.74 and income elasticity of .45 with a R2 of .83 was estimated.
For 24 towns in 1957 the R2 was .85 with a price and income elasticity
of -.68 and .58, respectively.

Headley used the same analytical framework, selecting fourteen
cities in the San Francisco-Oakland area. These cities had very simi-
lar rate schedules, and rainfall and temperature were assumed constant
across observations, leaving variation in water demand as a function
of median family income. Income elasticities were estimated to be
1.37 (1959) and 1.63 (1950) with Rz—values of .69 and .77, respective-
ly. The technique used in these studies allowed very simple models

and eliminated problems Involved in multiple regression.



Howe and Linaweaver used 39 study areas covering the entire U.S.
to establish five broad categories, each homogeneous in its physical,
climatic and economic characteristics. Price and income elasticities
for metered public sewer areas were estimated to be -.23 and .35,
respectively. In flat-rate septic areas, population density was a
dominant factor affecting demand. It was determined that sprinkling
demand is significantly more price elastic than domestic demand. Pro-
perty value, a proxy for income, was found to be the major factor
affecting demand in flat-rate areas.

Hanke (1970) analyzed data before and after the conversion from
flat-rate to water metering in the Boulder, Colorado utility. He found
that use of water decreased after meter installation, both for sprinkl-
ing and use within the home. He believed this large decrease represent-
ed a once-and-for-all change in use brought about by introducing a posi-
tive marginal cost. |

These regionalized studies tend to verify expected theoretical
characteristics of residential water demand. Therefore, it was be-
lived that a more general, Fourt-type model, properly specified,
could be formulated which would account for all of the major determi-
nants of residential water demand. This conjecture is implicit in the

hypotheses of this study.

Hypotheses
Two general hypotheses provided motivation for this research:
1. Residential water demand is iInvariant among subregions of
the U.S.

2. Residential water demand is invariant among city-size strata.



Failure to reject these hypotheses would suggest that a Separate
study may not be required for every city contemplating the impact of
water pricing changes on its residential water demand. One overall
analysis, performed periodically to update parameter estimates, might
provide adequate assessment of the effects of economic factors on
future water demand for any city. This could reduce the need for
conducting individual studies for each city or at least provide gén—
eral estimates so that micro-level studies could be limited in scope
and focus on specific factors unique to the city in question, thereby
saving a great amount of rcusearch time and expense.l

In a later section of this report, statistical data are reported
which provide a basis for rejecting the hypothesis of no significant
regional differences in the demand for urban residential water supplies.
However, a similar test of no significant size-of-city effects resulted
in a failure to reject. Given these results, a regionalized version of
the general model 1is proffered. This single equation regression model
provides estimates for individual city water-price elasticities that

conform well to those of earlier regionalized (localized) studies.

Objectives
The purpose of this study was to formulate an improved model re-

lating household demand for urban water to its principal determinants.

l'I‘he model permits any city to estimate its quantity of
water demanded given its relevant explanatory variable values. How-
ever, the confidence interval for a given city would be broader
than the confidence interval for the mean of a group of observations
at the specificed values of the independent variables (see Ostle and
Mensing, p. 172).
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The model was specified on a2 per household basis in order that the

principal economic and climatological factors influencing demand at

this level might be segregated from the effects of population growth.

To wit, the study focused on the implications of economic factors

as determinants of household water demand, and may thus be used with

more conventional studies of projected growth to determine the overall

level of demand for domestic supplies of water.

Five specific objectives were involved:

1.

An appropriate economic demand model for households was post-
ulated in multiplicative (log-linear) form.

Parameters of this aggregate model were estimated using pooled
data for a broad éross—section of U.S. cities.

Parameters of a model disaggregated by region were esti-
mated to statistically test for differences in the constant
terms2 and price and income coefficients among regions.
Parameters of a model disaggregated by size of city were
estimated to statistically test for differences in the con-
stant terms and price and income coefficients among size-of-
city categories.

Price and income elasticity estimates were derived based on
the "best" model.

These estimates were compared with those from earlier studies.

2The expressions, constant term and constant factor, are
used interchangeably throughout this report to refer to the para-

meter, B , of models like Y=8 X X
0 ol

B, B

2

1 whether in multiplicative

form or its log-linear transformation.



The results of research to accomplish these objectives are presented
in the following sections of this report. The report concludes with
a summary of the important findings and their policy implications.
AN AGGREGATE U.S. DEMAND MODEL:
THEORY AND METHODLOGY

Meaningful economic analysis requires knowledge of theory as
well as statistical and mathematical considerations. This combined
knowledge is needed to correctly specify the relationships of the
system, perform the analysis and interpret the results.

The neoclassical theory of consumer behavior postulates four
determinants of quantity demanded--the price of the good, prices of
related commodities, income, and tastes. Consideration of these
factors suggests the following single equation model as representing

the demand function for urban residential water:

Q= £(r, Y, R, N)
where
Q = average quantity of water demanded per household, i.e.,
per meter (1000 cubic feet per year);
P = average water price (dollars per 1000 cubic feet);
Y = median family income (dollars per year);
R = precipitation during the defined growing season;

N = average number of persons per meter,

3Median rather than mean family income was chosen as an explana-

tory variable because the 1960 Census of Population reports median
rather than mean data, and average values are unduly influenced by
extreme values in the data set.



The variables Y, R, and N act as shifters of demand in the price-
quantity plane. Justification for inclusion of this set of indepen-
dent variables in the demand model is discussed in the following

section.

Choice of Independent Varlables

Water is used to meet physiological and psychological needs.
However, studies attempting to delineate these factors have been
disappointing. Linaweaver, Geyer, and Wolff found that many variables
influence water use, and identification of the most important factors
is largely dependent on the design of the data collection program.

Residential water use may be broadly categorized as necessities
of life, concommitants of modern living, and horticultural activities.4
As a necessity of life, water is used for cooking, drinking, bathing,
and waste disposal. Bathing and waste disposal consume large quanti-
tles of water and are amenable to conservation given economic incen-
tives. Washing machines, dishwashers, garbage disposals, swimming
pools, and some types of air conditioning are uses of water considered
essential for modern living. Each of these activities requires a
capital expenditure, and thus use is no doubt highly correlated with
income. Proper management of many of these items can save substantial
amounts of water. Horticulture and turf maintenance comprise a sub-
stantial seasonal demand for water. The size of lawn or garden is
a major factor in the quantity demanded. Other factors include

plant species and weather conditions.

4For an extensive summary of factors that may affect the level of
residential water consumed per dwelling unit, see Grima, pp. 34-36.
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Price

It is sometimes suggested that price has very little, if any
effect on water consumption. However, this suggestion seems unlikely
as the price of a consumer good is normally the most important single
factor affecting quantity demanded. A consumer responds to price
because of limited income (and savings). To buy more of any commodity
requires that something of utility be given up. The trade-off will be
greater the higher the price of the commodity and the lower the income
of the consumer. Howe and Linaweaver empirically tested the hypothesis
that quantity demanded does not respond to price. They were able to
reject the_hypothesis at the one percent significance level. Both
economic theory and past empirical evidence suggest that the price of
water is an important variable in explaining differences in quantities
of water demanded.

Generally, demand models include as variables the prices of
closely related goods (substitutes and complements) as well as the
price of the commodity itself. Water, however, has no close substi-
tutes. It is complementary to other goods only in the sense that it
is used with appliances such as washing machines. These '"complementary
goods'" are in fact, durable items which depreciate over a long period.
Once the household has its supply of these durable items, their price
will not affect the use of water. This is in contrast with nondurable
complementary goods such as foods which must be purchased at frequent
intervals. Thus, all cross-price effects in the water demand model

were assumed negligible, and only the price of water was included.
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Income

The size of the yard as well as the number and efficiency of water
using appliances are highly correlated with income. Many past studies
(Gardner and Schick; Primeaux and Hollman; Ware and North) have in-
cluded numerous variables such as per capita value of homes, per
capita lot area, number of bathrooms per household, and use of a
washing machine as explanatory variables in addition to income. How-
ever, all of these variables are interrelated. An adequate income is
required to purchase these items, and because of the household's
budget comstraint, the amount of each jtem purchased will affect the
availability of funds to purchase other items. A high correlation
between these variables will cause a near singular matrix and highly
inflated variance estimates, effectively destroying the usefulness of
the model for hypothesis testing. In contrast, only median household
income was used in this study to account for all effects highly corre-
lated with income. By so doing, important multicollinearity problems

were avoided.

Climate and Weather

In addition to price and income which are commonly included vari-
ables in the demand functions for virtually all goods, climatic and
weather conditions have considerable influence on residential demand
for water. The effects of extremes of temperatures and precipitation
especlally influence residential water demand for horticultural pur-
poses. Mean annual precipitation in the U.S. varies from less than
eight inches in the Southwest to more than 128 inches in some coastal

areas of Washington. Mean monthly average temperatures during January
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range from 0° F. in North Dakota to greater than 60° F¥. in south
Texas and Florida. During July and August, average temperatures
range from less than 60° F. in some mountainous areas of the West to
greater than 90° F. in parts of California and Arizona (United States
Department of the Interior, Geological Survey). A general, multi-
variate model must account for this wide variation in weather and
climate if their influence on demand at any given location is to be
determined.

Fourt used the number of days of rainfall in June, July and
August as an independent variable to account for the effects of
weather in his cross~sectional analysis of 44 citles. However, Bain,
Caves, and Margolis noted that coastal areas of California have a
twelve-month growing season, and interior valleys have only a slightly
shorter growing season, suggesting that rainfall during the summer
months alone may not be the appropriate specification of this variable.
Other studies have considered annual rainfall and average number of
rainy days from May through September (Lauria and Chiang) and evapora-
tion from June through September (Grunerwald, Haan, Debertin, and
Carey). It is evident that this important component of urban water
demand deserves additional attention.

The moisture available for use in turf maintenance (in the ab-
sence of irrigation) is equal to rainfall less runoff, percolation,
and evapo-transpiration. Unfortunately, comprehensive methods for
estimating the moisture available for any particular area require data
and resources that are not avallable for a cross-sectional analysis of
more than 200 cities as in this study. Consequently, a surrogate

variable involving precipitation and average temperature (available



-13-

on a monthly basis) was used in this study to account for the effects
of weather.5 Specifically, R was defined as the sum of the rainfall
for all months in which the average temperature is equal or above a
threshold level. Rainfall and temperature determine the suitability
of various grasses for amy climatic region. Temperature is the limit-
ing factor because irrigation may be used to supplement insufficient
rainfall. Generally, turf grasses are classified into cool-season
grasses and warm-season grasses. Basically, cool-season-grass roots
start to grow when soil temperatures reach 40*45°‘F., but their roots
become quiescent at a soil temperature of approximately 80° F. 1In
contrast, a warm-season grass such as Bermuda is dormant until soil
temperature approaches 60° F., and growth is not limited by hot weather
if nutrients and water are available (Vengris).

The U.S. may be divided into regions according to the grass
species used for turf (see Figure 1). Warm-season species predominate
in the southern region, and cool~season species predominate in the
northern region. Therefore, inches of rainfall was included during
those months in which the average monthly temperature was a minimum of

45° and 60° F. in the northern and the southern regions, respectively.

Number of Residents Per Meter

The analysis was conducted on a "per household" (average household

per city) basis, the standard consuming unit. However, essential uses

5Wisler presents a complete list of factors which affect infiltra-
tion capacity. Chow presents a method for estimating the runoff from
precipitation. Moe presents a simple method for estimating evapo-tran-
spiration. Ideally, each of these techniques would be incorporated
into a model for estimating the household demand for water in horticul-
tural use.
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such as bathing, waste disposal, and laundry may vary with the size of
the househnld as limited economies of scale are possible, Howe and
Linaweaver found, "Population density in terms of the number of per-
sons per dwelling unit strongly affects domestic demands in flat-rate
and septic tank areas" (p. 37).

Apartments and multi-family dwellings which have a single meter
for multiple units would, in effect, greatly inflate the number of
persons per meter. In additlon, these consumers are effectively on
a flat-rate basis as water is provided by the owner as part of his
contractual obligation. Therefore, the average number of persons per

service meter was included in the model to account for this variation.

Choice of Functional Form

In addition to determination of varilables to be included in a
model, the other important consideration in model specification is
choice of functional form. This choice is probably not particularly
critical if one is interested only in small variations from the mean.
However, if a purpose of the model is to consider the impact of possi-
ble changes in the independent variables at some distance from mean
values, the reliability of the model will very likely be sensitive to
the functional form chosen. Prior knowledge and theory are essential
in this aspect of model formulation.

Because water 1s a necessity of life, tremendously high rates
would be paid for water, if necessary, suggesting that the price-
quantity curve would approach the price axis asymptotically. Also,

there is probably a limit to the use of water, even at a zero marginal
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price, implying an intercept of the quantity axis. A price-exponen-

tial demand curve has these properties.6

Consider the single independent variable function,

This function takes on a value of Bo when P equals zero, which repre-
sents the quantity of water consumed when the marginal price of water
is zero. In addition, assuming a negative value of Bp (consistent with
a downward sloping demand curve), quantity approaches zero as price
increases without limit.

This functional form has another desirable feature from a theo-
retical and policy viewpoint when contrasted with a power model.
The price elasticity of demand is given by BPP and thus varies directly
with P. It seems unlikely that the price elasticity of a good would
remain constant over wide price ranges. It has been verified that the
residential demand for water is generally inelastic at existing price
levels. If the price elasticity of water is inelastic and constant,
then rising price levels will result in an ever increasing proportion
of the consumer's income being required for the purchase of water. As
the relative proportion of the budget required to purchase any good in-
creases, the constrained utility maximization process of the consumer
implicitl& results in changes in price elasticities. If this were not
true, an ever Increasing proportion of the budget would be devoted

to the purchase of the good at the expense of other want-satisfying

6An0ther popular functional form, the power form of the demand
model, is discussed, and parameter estimates related thereto are
presented in Foster.
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goods. Flrst order conditions for maximizing consumer's utility would
be violated because the same level of utility could be secured at less
cost by substituting other goods for the one whose price has risen.
This result is due to the convexity of the indifference curves.

Prais and Houthakker's seminal work on consumer budget studies
provides insight on the issue of choice of functional form for demand
function estimation. Although their study was undertaken for the pur-
pose of estimating income elasticities rather than price elasticities,
thelr logic is applicable for the latter as well. They concluded that
exponential functions were preferable to power functions. They be-
lieved that the income elasticity of most goods is a declining rather
than constant function of the level of income. They also found that
when both functional forms were evaluated at mean values of the vari-
ables, the power function elasticity tended to be higher. However,
there is no ¢ priori reason for assuming that the income elasticity
of water is a decreasing function of income. On the contrary, while
this seems logical in the extreme, it seems likely that the income
elastici?y of water increases for the range of incomes in this and
most studies because more affluent consumers generally purchase larger
homes with more spacious yards and more water using appliances.

With no specific evidence that income elasticity is an increasing
or decreasing function, income was postulated, as were the remaining
explanatory variables, in double-logarithmic (power) form. The price-
exponential model hypothesized was as follows:

B PR B B
(1) Q=BkeprRane
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where

Q = average quantity of water demanded per household in 1000
cubic feet per year per meter;

P = average water price in dollars per 1000 cubic feet;

Y = median family income in dollars per year;

R = precipitation during the defined growing season (see
previous section);

N = average number of persons per meter;

Bk’ BP, Br’ Bn = parameters:

£ = error term,

This aggregate U.S. demand model is modified in the following section
to reflect possible categorical effects owing to regional and size-of-
city differences.
THE DISAGGREGATED DEMAND MODELS:
THEORY AND METHODOLOGY

As noted earlier, two hypothesges provided motivation for this
research. It was believed that the houseﬁold residential demand for
water is invariant to city size and invariant among reglons of the
U.S. If these hypotheses are not rejected, a single demand model with
one set of parameter estimates would adequately explain the role of
economic factors in determining residential water demand. From this
single demand model, estimates of quantity demanded and price and
income elasticities could be deduced. On the other hand, if the
hypotheses are rejected, it should be possible to specify a single
equation demand model with appropriate dummy variables to account for
regional and/or city size differences, thereby reducing somewhat the

need for individualized studies of the effects of economic factors
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influencing water demand.

The Respecified Models

Several models of increasing complexity were formulated to test
the null hypotheses that household water demand is invariant among
regions and size-of-city categories. In the first respecification
dummy variables were added for Bk, allowing it to vary among categor-
ies. In the second respecification dummy variables were incorporated
- for Bk and Bp. In the final respecification dummy variables were
included for Bk’ Bp, and By’ allowing all relevant economic factors
to vary among cateogries. The respecified price-exponential models,
listed in order of increasing complexity, are

Bo (GBoa¥y) BoP By B 6

(la) Q=e e? YYRF N

(lb) Q = EBO e(§BOiVi) EBPOP E(ZBPiViP) YBy RBr NBn E

(1) g = eBo e(isoivi) EBPOP e(EBiniP) YBYD E Y(Byivi) RBr NBn _
where

I

Vi 1 if the observation is from the ith category (region or city)

1]

0 otherwise

i =1, 2, ... , 6 for regional models and i = 1, 2, 3, 4 for

size-of-city models.

The final result is six additional models, three used with the
basic model (equation 1) to test for regional differences and three
used with the basic model to test for size-of-city differences. The
Vi's represent regions in testing for regional differences and city

size categories In testing for differences in size of city.
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An F-statistic was used to test for significance of the dummy
coefficients using a stepdown procedure. The F-test indicates
whether using a less complex model (with fewer parameters) significant-
ly increases the residual mean square above that of the more complex
model. The baslc model and the three regional models were presented
in increasing order of complexity. Then the most complex model (model
c) was compared to the second most complex model (model b). If the
F-test was non-significant, no advantage was gained by using the more
complex model, and it was eliminated. Model b was then compared to
medel a, and the stepdown approach was continued until further simpli-
fications became statistically significant. The process was repeated
using the basic model and the three size-of-city versions of the demand

model.

Selection of Regions

Criteria

Ideally, a delineation of U.S. subregions to test for regional
variation in residential water demand should consider climatic, econom-
ic, social, culfural, and topographical factors. Each region should
be as homogeneous as possible; however, the wide variation in these
factors would require numerous small regions and result in very small
sample sizes. Thus, a compromise must be made between homogeneity of
subreglons and sufficient data points for statistical analysis.

Schroepfer and co-authors (p. 1075), in the first analysis of
water works data, used seven geographical regions following state
boundaries; the principal criterion being geographic proximity and

historical precedent. This delineation has been followed by subsequent
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authors in.analyses of water works data (Seidel and co-authors, 1953,
1957, 1966). A study of peak demands by the American Water Works
Association used the Koepper classification to establish regions for
analysis (Task Group Report). This classification, commonly used by
geographers, is based solely on climatic considerations.

In these previous studies, economic, topographic, and cultural
factors were not considered although each may have a role in influenc-
ing residential water demand. For purposes of this study, maps out-
lining physical divisions, drought potential, agricultural production
patterns (a proxy for residential horticultural characteristics),
manufacturing, and monthly precipitation were analyzed, albiet subjec-
tively, as a basis for developing the regional delineation (U.S. Depart-
ment of the Interior, Geological Survey). These regions are shown in

Figure 2,

The Regions

Region one includes New England and the Appalachian Highlands.
Precipitation is moderate, and droughts are of short duration. Poultry
and dairy products are the most important agricultural industries.
Manufacturing is very important in this regiom.

In region two, the Central Lowlands, precipitation is moderate,
and the region 1is vulnerable only to droughts of short duration. It
is an extremely important agricultural region with sorghum, corn,
livestock, soybeans, wheat, and dairy products being the major agri-
cultural products. Manufacturing is also very important in this region.

The Coastal Plain and the Appalachian Highlands form region three.

Precipitation is moderate to heavy, and drought potential is of short
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duration. Cotton, poultry, and tobacco are important agricultural
products. There is a moderate amount of manufacturing in the region.

Region four consists principally of the Great Plains and Rocky
Mountain area. The region is arid, and droughts can be either of short
or long duration. Important agricultural products include sorghum and
wheat. The region has limited manufacturing.

Region five is principally composed of the Great Plains and the
Intermountain Plateaus. The region is arid, and droughts ﬁay be of
long or éhort duration. Wheat (in the eastern portion of the region},
sorghum, livestock, and cotton are important agricultural products.
Manufacturing is limited except for California and the Phoenix and
Dallas areas.

Region six, including the Cascade~-Sierra Mountains and the Colum—
bia Plateaus, is arid except for bands of very heavy precipitation
along the Pacific coast. Drought potential is of long duration {(except
for the coastal areas), and manufacturing is important in the western

portion of this region.

Selection of Size-of-City Categories

Analyses of data by Schroepfer and Seidel and co-workers (1953,
1957, 1966) gave little indication of any effect of size of eity on
demand (on a per capita basis). TFor all the surveys, cities with a
population of 10,000 or more were broken down into six groups modified
from United States Census Bureau groupings existing at the time of the
first analysis. Per capita water production by population groups had
little effect except for the largest group of cities with a population

over 500,000. For this category production was 16 percent above the
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U.S. average in 1945, 25 percent above in 1950, but only approximately
5 percent above the average in 1955 and 1960. (These figures are for
total water produced, and not residential production alone.) There was
a consistent tendency for the number of consumers per reéidential ser-
vice connection to increase with the size of city, and per capita
expense and revenue dropped as the size of city increased.

Since no theoretical or institutional reasons for establishing
specific population limits for each group were found, data for this
study were divided into four groups, each containing sufficient obser-
vations to constitute adequate statistical samples, The groups are
cities in which:

(1) Population < 20,000

(2) 20,000 < Population < 50,000

(3) 50,000 < Population < 150,000

(4) 150,000 < Population

In the following section estimates are presented of the demand
functions for the price-exponential models. This is followed by the
results of the hypothesis tests and the selection of the "best" model
from which price and income elasticity estimates are derived. Results

for a power specification of the models are presented in Foster.

EMPIRICAL RESULTS
To test the hypotheses that urban residential water demand is

invariant among subregions of the U.S. and among city size strata,

equations 1, la, 1b and lc were fit using ordinary least squares. In

all, parameters were estimated for seven equations for each of the

years, 1960 and 1970. That is, the aggregate U.S. model (equation 1)



and two sets of the disaggregate models (one set for regional and one
for size-of-city effects) were fitted for 1960 and 1970. Statistics

from these regressions were used for the hypothesis tests.

Sources of Data

Data for the analysis were obtained from secondary sources, These
include data published by the American Water Works Association and the
U.5. Departmeénts of Commerce and Interior. A Swmmary of Operating Data
for Water Works in 1960 and Operating Data for Water Utilities, 1970 and
1965 were the data sources for water utility informétion. These sources
provided information on revenue produced from residential services,
total number of residential meters, number of gallons consumed in reve-
nue-producing residential service and population served. This informa-
tion was used to construct a cross—sectional data series for quantity of
water consumed per residential meter (household}, price paid for water,
and number of residents per meter.

Data on median family income for all cities in the analysis were
obtained from The 1960 Census of Population and The 1970 Census of
Population. Average monthly temperature and monthly precipitation were
taken from Climatological Data for the United States. 1If a city did not
have an official reporting point, information was substituted from the

closest reporting city. Study data are summarized in the Appendix.

The Aggregate U.S. Model -- 1960 Data
The resulting estimated equation for the price-exponential form of
the aggregate U.S. model was
-.1278P L4619  -.1679 4345 )

(2) Q= .2492 e Y R N R = .544
(10.71) (4.69) {6.79) (3.69)
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T-statistics are listed in parentheses below parameter estimates.

The aggregate U.S. model was tested for the hypothesis:

H : not H
a o]

with an F-test. The F-statistic of 63.69 with four and 213 degrees
of freedom was significant at the .0l level. Each individual co-
efficient was then tested for statistical significance given the

hypothesis:

Each hypothesis was tested using the student's t-statistic, and all
regression coefficients were significant at the .01 level.6

Each coefficient had the expected sign. The negative beta co-
efficient for price indicates a downward sloping price-quantity rela-
tionship. A positive beta coefficient for income indicates increased
usage of water as income increases. This is reasonable because gen-
erally consumers with larger 1lncomes purchase larger homes with
more lawn area and more water using appliances. The negative beta
coefficient for rainfall indicates a decrease in residential water use

as rainfall increases. A positive beta coefficient for residents per

6T-—statistics for the individual coefficients are not independent
because the explanatory variables are correlated (see Appendix Tables
3 and 4). This dependence will affect the actual level of signifi-
cance of the t-tests becausc the "Student's'" t-distribution is based
on the assumption of statistical independence.
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meter indfcates that a larger family uses more water, a reasonable

supposition.

. The Disaggregated Models--1960 Data
The aggregate U.S. model was modified to allow for differences
among regions and size of city categories by incorporating dummy
(binary) variables. Three specific forms were hypothesized for both

regional and size of city variations of the models (see equations la,

1b and 1c).

Hypothesis Tests

It was hypothesized that residential water demand is invariant
among subregions of the U.S. and invariant among city size strata. If
true, the inclusion of dummy variables should not increase the explana-
tory power of the model. Accordingly, the following hypothesis was
tested, first for regional and then for city size differences, using

an F-test:

Hia: Hio not true

The estimated aggregate U.S. model, the three disaggregated by region
models, and the three disaggregated by size of city models provided
the required statistics.

The testing was performed using a stepdown analysis. In this pro-
cedure, the models were presented in increasing order of complexity as
indicated by the number of parameters estimated (see Table 1). The

most complex model was tested against the second most complex model
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to determine whether the last set of additional explanatory variables
was statistically significant in explaining variation in quantity of
water demanded. If this last set of variables was not statistically
significant, the most complex model was discarded, and the second most
complex model was tested against the third most complex model. The
stepdown process continued until a statistically significant F-value
was found.

The most complex model (lc), which includes dummy variables for
the income coefficient, as well as the constant and price coefficients,
was tested against model 1b which includes dummy variables only for the
constant factor and price coefficlent. An F-statistic of 1.08 was not
significant, even at the .10 level, indicating that the addition of
binary variables for the income factor was not significant in explaining
the variation in quantity of residential water demanded. A comparison
of model 1b with model la, which included dummy variables only for the
constant factor, resulted in an F-value of 3.54, significant at the .05
level. Thus, the hypothesis that demand is invariant among subregions
was rejected.

The stepdown procedure applied to Bize-of-city statistics, gave
F-values of .51, .35 and .05, respectively, at the three stepdown stages.

The hypothesis that demand is invariant to city size cannot be rejected.

The Selected Model

Based on results of the hypothesis tests reported in the preceding
section, the regionalized version of model 1b was selected as the model
which best relates demand for urban residential water to its principal

determinants. This model with dummy variables for the constant and
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price coefficlents allowing variation in these coefficients among
regions is

e(-2.8207—.3243V1—.5152V2—.3251V3+.3968V4+.3100V5+.4579V6)

(3.34) (7.54) (3.20) (2.75) (2.24) (3.45)

(3) Q=

(=.1514+.0334V,+.0710V.+. 0586V -, 0747V, +. 0291V .—. 1172V
e 1 2 3 4 5

(9.07) (1.42) (3.58) (2.29) (1.47) (.66) (2.48)

6'F

. -.0 .
v 6274 R 403 N 3026 RZ - 741
(7.27) (1.67) (3.21)

T-values are in parentheses beneath estimated coefficients.

The overall model was significant at the .01 level with an F-
statistic of 41.51 with 14 and 203 degrees of freedom. Income, price
and residents per meter were significant at the .0l level. 1In all
fegions, Boi was significantly different from zero resulting in all
Bki's being significantly different from the mean value--regions 1-4
and 6 at the .0l level and region 5 at the .05 level. Regions 2, 3, and
6 had a price coefficient significantly different from the average price
coefficient--region 2 at the .01 level and regions 3 and 6 at the .05

level. All coefficients have expected signs.

The Aggregate U.S. Model--1970 Data
The estimated equation for the 1970 aggregate U.S. model, using

7
price, median family income, growing-season precipitation , and average

7A caveat must be noted here in that the 1970 data may be less
reliable than the 1960 data with respect to the precipitation variable.
In the 1960 AWWA survey, the fiscal year used by each participating
utility was asked for and published. This was not donme in the 1970
survey. This becomes important because data used for the precipitation
variable were obtained from a separate source. Clearly the rainfall data
need to be for the same time frame as the price-quantity and other data.
To overcome this shortcoming in the 1970 data two assumptions were made.
First, if a utility included in the 1970 data set also participated in
the 1960 survey, then the fiscal year reported for that utility in 1960
was assumed for 1970. For those utilities included in 1970 that did not
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number of persons per meter as explanatory variables, was

-.1308P Y.1768 R—.l408 N.1572 2

(4) Q=15.2371e R® = .577
(11.26) (1.91) (10.37) (1.59)

with t-statistics listed in parentheses below parameter estimates.
The model was significant at the .01 level; the F-statistic was
94.68 with 4 and 248 degrees of freedom. Each individual regression
coefficient had its expected sign—-price and income were significant
at the .0l level; rainfall was significant at the .05 level; number

of residents per meter was not significant,

The Disaggregated Models--1970 Data

A stepdown procedure was used to test for significance of the
sets of dummy variables (constant term, price, and income) as for
the 1960 model. However, in the 1970 data the correlations between
the income dummy variables and constant term dummy variables was nearly
one for all regions, indicating extreme multicollinearity. There-
fore, equation lc was not considered in the 1970 model stepdown
analysis.

Equation 1b with dummy variables for regional categorical effects
on the constant term and price was again selected, based on the F-tests,

as the equation best relating demand to its principal determinants.

participate in the 1960 survey, a calendar fiscal year was. assumed.
This assumption seems defensible because 62 percent of the water
utilities included in the useable 1960 data were on a calendar
fiscal year.
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The estimated equation was

(5) Q= e(—.1824—.0598Vl—.5346V2-.1364V3+.0240V4+.3096V5+.3973V6)
(.58) (6.61) (1.23) (.14) (2.40) (2.88)

e(-.1412-.0100V1+.065-’+V2—.0034V3-.0020V4-.0018V5—.0482V6)P
(10.31) (.44) (3.62) (.14) (.05)  (.05) (1.33)

g+ 3673 [-.0360 .0940 R = 709
(4.05) (2.22) (1.09)

with t-statistics in parentheses.

The overall model was significant at the .0l level with an F-
statistic of 41.43 with 14 and 238 degrees of freedom. Price and
income were significant at the .01 level; rainfall was significant at
the .05 level. For regions 2, 5, and 6, the constant term dummy co-
efficients were significantly different from zero (502 and 806 at the
.01 level; Bgs at the .05 level). Region 2 had a dummy price co-
efficient significant at the .0l level. Dummy price coefficients

for other regions were not significant. All coefficients have expec-

ted signs.

Economic Interpretation of the Statistical Results

Reliable estimates of price and income elasticities are essential
for good planning in all resource development projects including water.
The effect of a price change on demand and revenue should be considered
before expensive construction takes place.

The rejection of the hypothesis that per household water de-
mand is invariant among subreions of the U.S. is significant in the
planning of water resource development. A uniform poliecy change will

have different effects in different regioms. Inferences applicable to
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one region of the country cannot be made indiscriminately throughout
all reglons.

Failure to reject the hypothesis that per capita (household)
water démand is invariant to size-of-city criteria simplifies economic
interpretation. In interpreting data and drawing policy implications

city size need not be considered a relevant factor.

Demand Curves

A demand curve is a two-dimensional representation showing the
quantity of a good demanded at different price levels. Implicit in
any demand curve are other factors which influence demand. For any
glven demand curve these other factors are held constant at some fixed
value. These other factors serve as "demand shifters" in the price-
quantity plane. In this study, income, rainfall and number of resi-
dents per meter are demand shifters. Furthermore, the regional dummy
variables also act as demand shifters reflecting differences among
regions. The regionalized versions of the demand equations for 1960
and 1970 are presented in Table 2. Corresponding demand curves are
displayed in Figures 3 and 4. It should be noted that these curves
assume mean values of income, precipilation, and number of residents

per meter for each respective region.

Price and Income Elasticity Estimates

Price elasticity of demand is defined as

_9QP
®p T 9P Q

and gives the percentage change in quantity demanded attributable to

an infinitesimally small percentage change in price, ceteris paribus.
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PRICE
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— - REGION 1 NEW ENGLAND AND NORTHERN ATLANTIC
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FIGURE 3

ESTIMATED DEMAND CURVES FOR THE PRICE-EXPONENTIAL
MODEL BY REGION, 1960 (INCOME, PRECIPITATION AND NUMBER OF
RESIDENTS PER METER HELD CONSTANT AT THEIR RESPECTIVE
MEAN VALUES FOR EACH REGION)
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PRICE
($/1000 F13)
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FIGURE 4

ESTIMATED DEMAND CURVES FOR THE PRICE-EXPONENTIAL
MODEL BY REGION, 1970 (INCOME, PRECIPITATION AND NUMBER OF
RESIDENTS PER METER HELD CONSTANT AT THEIR RESPECTIVE

MEAN VALUES FOR EACH REGION)
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Similarly, income elasticity is defined as

. -20X
y Y Q

For the price-exponential model the price elasticity, e = BPP, varies

p
directly with the price of water. No other variables have any effect
on its value. Income elasticity 1s comstant for all income levels as
well as other variable levels, i.e., Ey = By'

Price and income elasticities for the price-exponential model are

presented in Table 3. These values are derived from the parameters

estimated for regionalized versions of equations 1lb as given in Table 2.

Differences Among Regions

For purposes of this discussion a region is said to be unique with
regard to per household urban-residential water demand if the dummy co-
efficient on the constant factor (Bk) or price coefficient (Bp) is sta-
tistically different from zero. In 1960, all regions were unique assum-
ing a .05 significance level. The constant factor for each region dif-
fered significantly from its average value while the price coefficients
for regions 2, 3 and 6 were gignificantly different from the average
value of the price coefficient In the selected equation.

In 1970, only regions 2, 5 and 6 were unique. Region 2 had both
a constant factor and a price coefficient different from the average
values of the equation, while regions 5 and 6 were significantly differ-

ent only in the constant factor.

A Comparison of Price Elasticity
Estimates With Those of Previous Studies

A thesis of this research is that a general urban residential

water demand model could be formulated that would be applicable for
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the entire U.S. 1If this contention is correct, the elasticity esti-
mates from this study should compare favorably with those of previous
"regional" studies.

Most previous studies have specified price in log-linear form
implying a constant price elasticity. In contrast, the price elasti-
city for the price-exponential model varies directly with price, i.e.,
sp==BpP. Thus, the comparisons presented in Table 4 are the constant
elasticity estimates from earlier studies versus elasticity estimates
from the appropriate regional models of this study. Our elasticity
estimates were obtained by substituting into the elasticity formula each
city's water price from the 1960 AWWA data.

Price elasticity estimates by Gottlieb (1957 data), Wong (1961
data), Gardner and Schick (1964 data), and Ware and North (1965 data)
were compared with the results of our regionalized models based on
1960 data. Great Bend is the only small city in Kansas in the 1960
AWWA data meeting the criteria used by Gottlieb. Our price elasticity
estimate of -.67 for Great Bend is extremely close to Gottlieb's
estimate of ~.69. Only one city from the Chicago metropolitan area
(Calumet City) was represented in the 1960 data. .Kankakee, the only
other city relatively nearby for which data were available, is included
in the comparison. The estimates of -.27 and -.60 for these cities
are within the range of values estimated by Wong (~.26 to -.82).

There were no Utah cities in our data, so Colorado Springs -- the
nearest city —-- was used for comparison since Utah and Colorado are
both in region 4. Again, our estimate of -.76 is extremely close to the
-.77 estimate reported by Gardner and Schick. No Georgia cities were

included in our data, but Anniston and Huntsville, Alabama are
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relatively nearby and included for comparison. The estimates of -.35
and -.44 compare less favorably with the Ware-North estimate of —.61.
However, the 1965 data used in the Ware-North study is midway between
the 1960 and 1970 AWWA data. It could be that underlying factors have
changed the price elasticity between 1960 and 1965. Therefore, addi-
tional estimates of price elasticity were made based on the 1970 re-
sults. These data yielded price elasticity estimates of -.65 and -.55,
which are very close to the Ware-North estimate.

The price elasticity estimates of this study are surprisingly
consistent with those of earlier regionalized studies. This consis-
tency tends to support the idea that the results of this study have
wide applicabllity for individual water works., Utility managers should
find these estimates useful in predicting the impact of price changes

on per capita consumption rates.

SUMMARY AND CONCLUSIONS

The purpose of this study was to develop a model relating resi-
dential demand for urban water to its principal determinants and test
the hypotheses that per capita (household) residential water demand is
invariant to city size and invariant among subregions of the U.S. To
accomplish these objectives, theoretical and statistical properties of
élternatiVE models were weighed in choosing the variables and specify-
ing the functional form of the demand model. Explanatory variables
included were water price, household income, effective rainfall and
residents per meter; the functional form adopted was log-linear with

price appearing exponentially. Model parameters were estimated using

ordinary-least-squares regression analysis.
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Dummy variables were introduced to test for regional and size-of-
city effects. The hypothesis that demand is invariant among regions
was rejected. The hypothesis that demand is invariant among size-of-
city categories could not be rejected (even at the .10 level).

The "best'" model (based on a stepdown F-test criterion) with
regional dummy coefficients on the "constant term" and the price co-
efficient accounted for 74 and 71 percent of the variation in the
dependent variable (quantity of water demanded per household) in 1960
and 1970, respectively. All estimated coefficients had expected signs--
negative on price and rainfall and positive on income and residents per
meter. The coefficlents on price and income were significant in both
1960 and 1970. Additionally, residents per meter was significant in
the 1960 model, and rainfall was significant in the 1970 model. Dummy
variable coefficients were significantly different from the base
(national average) coefficient for all regions in 1960. 1In 1970,
regions having "constant term" and/or price coefficients significantly
different from the national average were the Midwest, Southwest, and
Northern California and Pacific Northwest regions. The reasons for
this different finding in 1960 and 1970 are nof apparent. However, it
may be that the 1960 results are more reliable than the 1970 results
due to shortcomings in the 1970 data (see footﬁote 7, p. 30).

The overall performance of the model in terms of R2 and significance
of individual coefficients suggests some confidence in the quality of
estimation. This confidence is further bolstered by the model's
ability to yield price elasticity estimates for specific cities that
are consistent with those of previous, more micro-level studies (see

Table 4, p. 40). Accordingly, we believe the model and the individual
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parameter estimates to be useful in a policy context.

In 1970, price elasticity estimates Implied by the model range from
-.68 for the Northern California and Pacific Northwest region to -.33
for the Midwest region when evaluated at respective regional mean
prices. Not surprisingly, the demand responsiveness to price changes
is inelastic for all regions at 6r about the mean water price. Since
the vast majority of utilities sell water at a price lower than that
corresponding to the point of unitary elasticity (i.e., in the inelas-
tic region of their demand curve), these utilities could increase total
revenues from residential user by increasing price.

Perhaps of greater interest, as costs of developing potable water
supplies continue to rise, is the question: what would be the expected
reduction in per household residential water demand (i.e., the conser-
vation effect) of an increased real water price ceterig paribus?

Despite the fact that the demand for residential water is inelastic at
present prices, water savings in response to increased water prices are
not inconsequential. OQur results suggest that a doubling of the present
price of residential water would reduce per household demand by 49
percent in the Northern California and Pacific Northwest region and 28
percent in the Midwest region (the highest and lowest for the 1970 data).
Further, a doubling of the real price of residential water would move us
from an inelastic region of the water demand curve to an elastic region
for most of the subregions of the United States. Increasing the real
price of water could be used as a mechanism to curb projected increases
in per capita residential water consumption and militate against the
need for costly expansion of water supply facilities.

Perhaps 1t 1is appropriate to conclude by noting a limitation of this
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research, thereby identifying an opportunity for further research.
While the AWWA data were available by residential, commercial, indus-
trial and public categories, only annual data were reported. Monthly
data would allow a more detailed investigation of inside the home
versus sprinkling demand. (Climatological data were available on a
daily basis.) There is considerable variation in demand seasonally,
and water companies must plan to meet peak demands. This is particular-
ly important in residential water demand becausg sprinkling demand is
an important component of overall residential demand during summer
months. Estimation of seasonal demands would show to what extent
interseasonal price differentials could be used by management as a
tool to regulate demand. Higher prices in summer would discourage
sprinkling and certain other uses and reduce peak requirements. A
comprehensive research effort in this area will be contingent on the
availability of monthly and/or seasonal cross—sectional data.
Hopefully the estimates reported herein will be useful to policy
makers and water utility managers in assessing the likely impacts and
prospects for residential water demand management through the pricing
mechanism. A greater emphasis on price to serve as an incentive for
conservation in all areas of water use, including residential, would

be consistent with policies suggested by the National Water Commission.
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