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ABSTRACT

-  -The rapid economic growth of the Commonwealth of Puerto Rico 
since 1947 has brought public pressure on Government agencies for 
rapid development of public water supply and waste treatment facil­ 
ities. Since 1945 the Puerto Rico Aqueduct and Sewer Authority has 
had the responsibility for planning, developing and operating water 
supply and waste treatment facilities on a municipio basis. The 
purpose of this study was to develop operational techniques whereby 
a planning agency, such as the Puerto Rico Aqueduct and Sewer 
Authority, could project the temporal and "spatial distribution of 
future water demands.

This report is part of a 2-year cooperative study between the 
U.S. Geological Survey and the Environmental Quality Board of the 
Commonwealth of Puerto Rico, for the development of systems 
analysis techniques for use in water resources planning. While the 
Commonwealth was assisted in the development of techniques to 
facilitate ongoing planning, the U.S. Geological Survey attempted 
to gain insights in order to better interface its data collection 
efforts with the planning process.

The report reviews the institutional structure associated with 
water resources planning for the Commonwealth. A brief description 
of alternative water demand forecasting procedures is presented and 
specific techniques and analyses of Puerto Rico demand data are 
discussed. Water demand models for a specific area of Puerto Rico 
are then developed. These models provide a framework for making 
several sets of water demand forecasts based on alternative 
economic and demographic assumptions. In the second part of this 
report, the historical impact of water resources investment on 
regional economic development is analyzed and related to water 
demand forecasting. Conclusions and future data needs are in.the 
last section.



INTRODUCTION

Over the past 2 years the U» S. Geological Survey and the Environ­ 
mental Quality Board of the Commonwealth of Puerto Rico carried out a 
cooperative study to develop systems analysis techniques for use in water 
resource planning. One part of the study concentrated on water-supply 
features of a site-selection model formulated as a mixed-integer program 
(Moody and others, 1973) and another part concentrated on water demand 
analysis. The latter part, which was extended to developing and presenting 
operational techniques for forecasting water demand, is reported on below. 

"Water demand analysis is a vital part of water resource planning because it 
serves to identify where future development of supplies will provide the 
greatest benefit. In addition, a topic which was also investigated and related 
to forecasting water demands concerns how water resource development 
influences economic growth of an area. This latter subject was investigated 
by examining the historical experience of Puerto Rico.

Water resource planners require hy.drologic data for the efficient, 
sound design and siting of water resource facilities. Since 1957 the U. S. 
Geological Survey has maintained an island-wide network of surface water 
stations and observation wells in Puerto Rico through the Federal-Common­ 
wealth cooperative program. From the perspective of the data collectors, 
the two purposes of the cooperative study were: 1) to assist the Common­ 
wealth in the development of systems analysis techniques to facilitate their 
on-going planning efforts, and, 2) to gain insight into the water resources 
planning process in order to provide a framework for data collection prior 
to project design and implementation. The overall Water Resource Planning 
Model Study also provides an opportunity to evaluate the adequacy of data 
collection programs in light of water resource planning practices.

This report begins with a description of the institutional structure 
associated with the supply of water for the Commonwealth. . After a brief 
review of alternative water demand forecasting procedures, the specific 
techniques and their results are analyzed and discussed. Following this, 
the historical impact of public works and in particular water resource 
investments on regional economic development is analyzed. This analysis 
is considered from the perspective of how such investments might affect 
future water demands. The final section of the report summarizes the 
water us e and economic data developed for the study and outlines steps to 
implement the procedures described.



For use of those readers who may prefer to use metric units 
rather than English units, the conversion factors for the terms 
used in this report are listed below:

Multiply English unit   By 

million gallons (Mgal) 3785

million gallons per day 0.04381 
(Mgal/d)

acre-foot 0.001233 

mile (mi) 1. 609

To obtain metric unit 

cubic metre (m )

cubic metre per second 
(m3/s)

3 
cubic hectometre (hm )

kilometre (km)

INSTITUTIONAL SETTING

Since 1945 the Puerto Rico Aqueduct and Sewer Authority (PRASA) 
has been responsible for planning, developing and operating water-supply 
and water and waste treatment facilities on a municipio basis. Public 
irrigation and electric power generation facilities are developed and 
operated by the Puerto Rico Water Resource Authority (PRWRA). Both 
authorities are Government-owned corporations with several appointed 
Government officials acting on their Boards of Directors.

The municipal water-supply system consists of 62 urban and 176 
rural water-supply systems. With the exception of the San Juan metropolitan 
area, only six systems serve more than one municipio. Currently, about 
56 percent of these systems obtain water from reservoirs or stream 
diversions, 39 percent from, ground-water wells and 5 percent from both 
ground water and surface water. At present Puerto Rico Aqueduct and 
Sewer Authority supplies approximately 195 Mgal/d (8. 5 m /s) to 430, 000 
urban customers and 178, 000 rural customers (Moody and others, 1973). 
Extrapolation of historical trends suggest that by 1990 Puerto Rico Aque­ 
duct and Sewer Authority may be supplying as much as 494 Mgal/d 
(21.6 m /s) (Puerto Rico Aqueduct and Sewer Authority, 1969) implying 
that water demand management may be required if the water resources of 
the Commonwealth are not developed rapidly enough. It has been estimated 
that heavy industry self-supplies as much as 20 Mgal/d (0.9 m /s). Water 
rights, granted when the Island was under Spanish rule, are still honored. 
In I960 the Public Service Commission was given authority to grant, and 
control transfer of future water rights.

Puerto Rico Water Resource Authority currently supplies irrigators

A municipio is a local government entity which is roughly equivalent in 
size to a county in the continental United States. There are 76 municipios

which comprise Puerto Rico.



3 
approximately 218, 710 acre-feet (270 hm ) of water per year with
272, 000 acre-feet (335 hm ) projected by 1984 (Puerto Rico Depart­ 
ment of Natural Resources, 1973). However, any forecasting of 
irrigation water demand remains tenuous because the demand for irri­ 
gation water is perhaps more sensitive to political decisions, such as 
crop subsidization, and cost sharing formulas for public construction, 
than to natural trends in the economic development process (Cordero, 
1969). Moreover, resistance by older farmers to the introduction of 
new farming techniques, has resulted in instances -where farmers may 
not even bother to irrigate, or irrigate in a wasteful fashion (Cordero, 
1969). For these reasons and because of the difficulty of establishing 
a data base, irrigation -water demand projections were not made in this 
study. This report does, however, present a demand analysis along 
with operational procedures for forecasting residential, commercial, 
and industrial water demand on a municipio basis. Discussion in the 
second part of the report relates to the regional economic impact, of 
all kinds .of water resource investments, including irrigation investments, 
on regional economic development.



DEMAND ANALYSIS AND FORECASTS

Nature of Demand Modeling and Applications to 
Water Resource Planning

The following discussion is presented to provide a general view 
of the nature of demand modeling and the procedures used to generate 
the forecasts. Along with the nature of the demand models, model para­ 
meterization techniques and forecasting performance criteria are also 
considered. Finally, the discussion relating to the application of the 
models indicates the relevance of such models to actual planning problems.

Models for forecasting values of economic variables can generally 
be classified as predictive (unconditional) or descriptive (conditional) in 
nature (Armstrong and Graham, 1972). Predictive models are construct­ 
ed under the assumption that conditions determining values of the variable 
of interest will remain unchanged in the future. Historical values of the 
variable, water use for example, are used to fit or parameterize a model 
which characterizes a stochastic process. This parameterized model is 
then used to generate future values of the variable. Another example of 
a predictive forecasting tool is a simple linear extrapolation of historical 
water use trends.

Descriptive or conditional models are specified to characterize a 
behavioral response between the dependent variable, for example, water 
demand, and a set of independent or explanatory variables such as price 
and income. Because demand functions are behavioral relationships, 
the explanatory variables, and -in some cases the functional forms of 
equations, are selected to be consistent with economic theory. Within the 
context of forecasting, descriptive economic models are often preferred to 
predictive models for the following reasons. While the basic demand 
relationship may be unchanged, the dynamic influence of the growth of in­ 
dividual conditioning variables may be examined in forecasting levels of 
water demand. Demand analysis conducted with descriptive economic 
models provide the opportunity for either reinforcing or questioning assumed 
theoretical relationships. Because the descriptive models are frequently 
estimated using standard statistical techniques, measures of uncertainty 
in future projections can be explicitly accounted for. In particular, uncer­ 
tainty resulting from model mis specification and estimation can theoretically 
be separated from the uncertainty associated with future value of the expla­ 
natory (independent) variables. Confidence intervals will then reflect the 
range of values where future projections may fall. Descriptive economic 
models can be used by planners for policy analysis because the effects of 
specific policy variables may be separated from uncontrolled variables. 
For instance, the influences on water demand of changes in prices, metering 
policies, and industrial zoning policies can be projected with such models.



An additional distinction between forecasting ibechniques can also 
be made by specifying whether the model is static or dynamic in nature. 
Static models frequently do not recognize that changes in explanatory 
variables do not produce immediate responses in quantity demanded. 
Realistically, such responses are generally spread over time, and this 
behavior may be theoretically related to the consumer's inventory of the 
commodity or habit formation. The standard (static) approach to demand 
analysis involves estimating parameters of the following nature

q = f(x ,p , z , .. . , z ,u ), * (1) 
t t t It nt t

where q is a measure of consumption or withdrawal, f(*) is a general 
mathematical function or form, x, is a measure of income or output, p^. is 
.deflated price of the commodity, z. is any other explanatory variable,, t 
is a specified time period and u. is a disturbance or stochastic term. In 
general, the shortness of time series, lack of data, and independent varia­ 
tion in the explanatory variables limit the number of predictors which can 
be introduced. Rarely does economic theory specify a priori a functional 
form. Therefore, choosing a functional form is based on a combination 
of factors including fit and consistency with a dynamic formulation. A 
general functional form for the dynamic relationship is expressed in terms 
of rates per unit time where

q(t) = f(s(t), x(t), p(t), z (t), ... z (t)), (2)
1 ' n

where q(t) is the rate of consumption, x(t) the income rate or output rate, 
s(ty is the inventory stock of the commodity or measure of habit persistence 
(psychological stock) at time t, and so forth. In general, s(t) is not observ­ 
able and the coefficient or parameter corresponding to this variable is esti­ 
mated indirectly. Equation (2) is generally referred to as a structural 
equation, theoretically characterizing the actual demand relationship, while 
the equation which is empirically estimated is the reduced form equation. 
Estimates of parameters of the reduced form are used to calculate the 
structural equation parameters which may be solved for in terms of the 
reduced form parameters. In the discussion of residential or household 
water demand a simple dynamic model is examined in detail. Specific 
problems which are encountered when dynamic models are used in the fore­ 
casting context will be discussed in relation to residential water-demand 
forecasting.

Economic theory and classical-statistical techniques are applied 
here to develop parameterized water-demand functions. These empirical 
functions are analyzed and shown to provide information regarding the 
responsiveness of consumers to changes in water prices, income or output. 
Furthermore, demand functions provide a basis from which to project future 
water demands. The process of generating forecasts based on alternative

1
Because prices are set by the Government-owned utility, prices are "taken 
as exogenous (determined apart) to the demand equation.



policies and economic and demographic conditions also provides inform­ 
ation which can aid the planner in several ways:

First, economic water-demand functions provide a basis for assess­ 
ing the sensitivity of forecasts to various economic, social, and demogra­ 
phic variables. This may be done by systematically varying these influen­ 
ces and observing changes in values of the forecasted variable.

Secondly, because benefits associated with water-supply features 
of projects can be related to water demand functions (Turnovsky, 1973), 
empirical-demand functions provide a means for evaluating whether specific 
investments are economically justified. Moreover, for multipurpose pro­ 
jects, benefits need to be developed in order to compare economic gains 
and losses for alternative project uses.

Finally, the demand functions provide a means of predicting the 
success of attempts at demand management by indicating the responsiveness 
of demand to alternative pricing policies. For a developing area, the models 
can be applied to forecast water demand for areas which are to be supplied 
in the near future by the municipal water-supply system.

Before presenting the specific water-demand models, several pre­ 
liminary comments to explain the methodology are now made. In the follow­ 
ing sections water-demand models and projections for residential, commer­ 
cial and manufacturing water use are presented. Each subsection begins 
with a brief review of existing demand models along with their shortcomings. 
The particular models used in this study are then developed along with an 
analysis of the estimation results corresponding to the metropolitan San Juan 
Region. Following this, alternative assumptions concerning growth of 
population, income, and other explanatory variables are used to generate 
alternative forecasts which are subsequently interpreted. Because much 
of the explanation of the models and practical problems encountered with 
them are best viewed in the context of the actual applications, discussions 
of these points are presented in relation to residential water demand and 
are not repeated in subsequent sections.



Residential Water Demand

Nature of Residential Water Demand

Economists have probably given more attention to residential 
water demand than other water uses. Table 1 provides a summary of 
previous residential water demand studies. Although early studies 
were confined to the analysis of cross-sectional data from individual 
water districts (see Howe and Linaweaver, 1967), later writers have 
utilized time series information (Wong, 1972 and Young, 1973). How­ 
ever, all of these models are static in nature. As previously alluded 
to, one problem which cannot be addressed with a static model is the 
question of the degree of dependence of commodity demand in one 
period on consumption in previous periods. In particular, the commodi­ 
ty may be influenced by consumer "habit" buying or by "stock or inven­ 
tory" effects whereby a component of current demand is largely indepen­ 
dent of current economic conditions. These influences are particularly 
significant when commodities are narrowly defined, as in the case of 
water (Houthakker and Taylor, 1971). These considerations are import­ 
ant because it would be useful to planners to know how responsive consumers 
will be to immediate income and price changes or if consumers will take 
a long period of time to adjust consumption to new price levels.

"Inventory" or "habit" effects (two effects precisely opposite in 
nature) imply that current consumption of the commodity is dependent not 
only on current income or prices but on the stock of the goods held by the 
consumer. In the case of durable goods an "inventory" effect is interpret­ 
ed as the adjustment by the consumer of durable goods to some desired 
level of consumption, given his current stocks of the goods, income, and 
prices. Alternatively, for habit persistence the interpretation is that the 
consumer has built up a psychological stock of habits whereby, the more 
he has consumed of the commodity in the past, the more he will current­ 
ly consume with tastes, income and prices given. In the case of household 
water demand, it is possible to argue a priori that either effect may pre­ 
vail. Although individual personal water use may be subject to habit 
persistence, that part of water use which is complementary to consumer 
durable goods may exhibit fluctuations in demand which reflect fluctuations 
in the demand for consumer durable goods such as washing machines and 
dishwashers. If "inventory" effects are reflected in commodities in such 
complementary goods, then "inventory" effects might be induced in house­ 
hold water use as families acquire new luxury goods.

While economic theory is useful in identifying the relevant deter­ 
minants of demand, it does not suggest a specific functional form for the 
dynamic demand relationship. Suppose q(t) is the rate of consumption at 
time t, x(t) is a measure of income rate, p(t) is the unit price rate, and

8



s(t) is a stock variable of complementary goods.or a psychological 
stock of services determined by habit. For simplicity the following 
functional form of the demand relationship is considered here

q(t) = °< + fts(t) +' rx(t) + >ip(t) + u(t), ( 3 )

where u(t) is the stochastic component of the relation. Houthakker 
and Taylor (1971) argue on an a priori basis that £ < 0 if demand 
exhibits an inventory effect and ^>0 if habit persistance is present. 
It is reasonable to expect that the component of household demand, 
which is highly complementary to new durable goods, might also 
exhibit an inventory effect as these appliances serve to increase 
in-house water use. Although several water-saving technologies are 
available, the incentive, in terms of reduced capital costs, is to install 
heavier (more) water-using devices (Howe and others, 1971). Thus £, 
when calculated for household water use, reflects "inventory" influences 
attributable to changes in water use resulting from acquisition of durables 
and the coefficient of water use for the new durables. Therefore, until 
water saving devices are widely installed, one can interpret a result of 
§ <0 to suggest that water demand is dominated by an inventory effect 
induced by purchases of consumer appliances.

Because s(t) is not observable, its coefficient must be indirectly 
estimated. The stock variable will be eliminated and parameters of 
equation (3) estimated indirectly by utilizing a procedure developed by 
Houthakker and Taylor (1971). The rate of change of the services of the 
stock variables depends on the rate of purchase and wearout (or depre­ 
ciation), <£ , of the stock of services

s(t) = q(t) - $s(t). (4) 

Then from equation (3)

s(t) = V$ [q(t) -°< - rx(t) - Tip(t)] (5)

s(t) = q(t) - -- [q(t) - < - Yx(t) - >lp(t)] (6)

Because q(t) = (3s(t) + Yx(t) +??p(t), and substituting for 

s(t) from equation (5)

__ (-£) q(t) + &Yx(t) .+ Yx(t)
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With s(t) eliminated in equation (7) and making the following discrete 
approximation of the continuous variables

2 1/2 (qt + q^

then equation (7) becomes

^ .   1+1/2 ($-
l-1 /?(0-&) 1X J./ t* \ X **/  * 

a + 1/2)  , r<S"

(i + 1/2)
Pt

1-1/2 (H) t 1-1/2 ($-6) t-l

Regression coefficients of equation (8) may be solved to provide estimates 
of<<, g, r, and TI.

Finally, parameters of the following reduced form equation were 
estimated by several regression techniques:

qt = A0 + A ! Vl + A2AXt + A 3Xt-l + V?t + ASPM (9)

Parameters of equation (9) yield the structural equation parameters 
of equation (5) when solved by using equation (8). Several statistical 
problems arise with the parameter estimation of equation (7). First, 
the presence of the lagged dependent variable implies a degree of auto­ 
correlation is present* This suggests that a straightforward application 
of ordinary least squares would produce biased and inconsistent coefficient 
estimators (Goldberger, 1964). Secondly, pooling cross-sectional and 
time-series information without appropriate adjustments in the estimation

11



procedure could also produce biased and inefficient estimates (Kmenta, 
1971). In order to overcome these difficulties, an iterative regression 
technique/developed by Balestra and Nerlove (1966) was employed which 
provides asymtotically consistent estimates. A description of this es­ 
timation procedure is provided in Appendix A.

Initially, it was felt that meaningful demand relationships could 
be derived for unmeasured or flat-rate customers, but this was not done 
for several reasons. Probably, the most important reason is the method 
by which sales to flat-rate customers are calculated by Puerto Rico Aque­ 
duct and Sewer Authority. Unmetered use was calculated as a residual 
representing the part of water production not accounted for by sales to 
metered customers. Because of the high water system leakage rates, as 
much as 50 percent in some areas of Puerto Rico (Buck, Seifert and Jost, 
1971), the data for unmetered welter demand might be more representative 
of the condition of the local system than of the actual water used, Experi- . 
mentation with the data for unmetered customers did not produce any 
meaningful demand relationships. Therefore, it was decided to utilize 
the demand functions for metered water demand with marginal (average) 
prices set to zero.

The data for the region under study, the San Juan metropolitan area, 
included 13 cross-sectional units (municipios), and a time span of 11 years 
(Figure 1). This region was chosen because of its rapid economic growth 
from I960 to 1971 and the relatively developed stage of the municipal water 
system. Moreover, this area experienced uniform climatic conditions. 
Prices for metered water users were computed from monthly data and 
averaged over each year in order to obtain the effective annual price. 
Although this procedure resulted in an average price rather than a marginal 
price, the modified block rate in effect for Puerto Rico may not have pro­ 
duced a substantial difference between average and marginal prices because 
the block rate was not necessarily monotonically decreasing. However, 
appropriate qualifications should still be made when interpreting empirical 
estimates of price elasticities and income elasticities (Verleger, 1972), 
when average price data is used to estimate parameters of demand functions,

1 
Block rate pricing simply means that the commodity is priced at different
levels for broad"ranges".""" That is, there is not a unique price corresponding 
to each quantity.

2
Price elasticity represents the percentage change in demand at a fixed level 
of income induced by a specific percentage change in price.

3
Income elasticity represents the percentage change in demand at a fixed 
 price which is induced by a specific percentage change in income.

12
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. Analysis of Empirical Results

Residential water demand functions were constructed which relate 
demand to per capita water use and household water use. The ordinary 
least squares results are presented along with the results of the Nerlov's 
error component method of parameter estimation from a time series of 
cross sectional data. Monte Carlo experiments comparing small sample 
properties of alternative methods of estimation indicate that the error 
components procedure described in Appendix A compares favorably with 
all other methods of estimation (including maximum likelihood) (Nerlove, 
1971b). Small sample bias also appeared for error component estimates 
of coefficients for all explanatory variables except'the lagged dependent 
variable (Nerlove, 1971a). The importance of coefficient bias and estima­ 
tion procedure for forecasting purposes are discussed later. Coefficient 
estimates for the demand model specified in equation (9) along with their; 
standard errors are shown in table 2 for the two methods of estimation. 
Ordinary least squares regression provided the better fit of the data as 
measured by the coefficient of determination. Signs of the coefficients 
are consistent with what theory would suggest. That is, coefficients of 
the income variables A2 and AS are positive while the price coefficients 
A4 and AS are negative. However, the coefficients were not always 
statistically significant. In contrast to the results of the water 
demand equation estimated by Houthakker and Taylor (1971), the estimate 
of ft of equation (3) suggests habit persistence rather than an induced 
inventory effect for water demand. However,, the habit formation parameter 
has a relatively large standard error. Estimated coefficients exhibit 
that pattern found in Nerlove"s Monte Carlo studies where A^ was 
consistently estimated larger by the ordinary .least squares procedure.

Variables in table 2 denoted by V and 1^ , respectively, are the 
structural parameters of equation (3) and the long term derivative of the 
q with respect to income and price.  *  That is, from equation (3) it is 
argued that the short term effect of changes in income, x or price, p, are 
measured by T and ~*\ respectively while the long-term effects are measured 
by Ky. and K where

with & , /S and >J defined in equations (3) and (4) . 5 is interpreted as 
the rate of depreciation of the stock variable in equation (3)^ while & is

Along with being estimates of the structural equation, coefficients
and represent the short term derivative of q with respect to income 

and price, respectively.

2In the development of the model by Houthakker and Taylor (1971, 10-24) r 
the parameter, £ , is over-identified, i.e., it may be calculated using A- 
and A2 and also A^ and Atj of equation (7) which result in two different 
values. In their estimation procedure an identification restriction was 
imposed by solving the roots of a nonlinear equation (see pp. 47-51). 
However, in this study, the unrestricted estimates of <^ were calculated 
separately (using income and price coefficients) and employed to estimate
KT and KYJ , respectively.1 14
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the habit persistence parameter. Because Y, H > fCV an(* r\i\repre-. 
sent derivatives,- these estimated values can be used to compute income 
and price elasticities. Calculated elasticities are shown in table 3.

Table 3. Calculated elasticities

Per Capita
OLS
EC

Household
OLS
EC

Short Run
Income

0.0825
.1388

0.0848
. 1487

Price

-0.61
- .79

-0.65
.81

Long Run
Income

0.2008
.2041

0. 1808
.2050

Price

-2. 19
.7

-1.29
-1.00

Calculated income and price elasticities can be employed to predict the 
consequence of changes in price and income on household and per capita 
water demand. Signs of the short run elasticities are as expected for 
both methods of estimation with income exerting a positive influence and 
price a .restraining force on water demand. Long-run income elastic­ 
ities are approximately twice the short-run elasticities suggesting that

The particular formulas for price and income elasticities are

e = dq 
p dP

£
q

q

The estimates Y>T{<> Ky and Kn represent short and long-term derivatives 
of q with respect to price and income, respectively. The value q in the 
rates was computed from the regression equation at the mean values of the 
variables-
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residential water demand for Puerto Rico is more sensitive to changes 
in permanent income than short-run fluctuations in income.

Calculated price elasticities by the two estimation techniques 
were significantly different. The error components procedure produced 
short-run elasticities which were larger (in absolute value) than the 
ordinary least squares technique. Surprisingly, the calculated long-run 
price elasticity of the error components estimate is positive while the 
ordinary least squares equation provided a negative elasticity which was 
larger in absolute value than the respective short-run elasticity. The 
latter result suggests that pricing policy is more effective for restraining 
long-run than short-run residential water demand. This interpretation 
seems reasonable in light of the greater responsiveness to changes in per­ 
manent income as opposed to short-run changes in income. There is no 
obvious explanation for the positive long-run coefficient for the error com­ 
ponent model except that the relatively large standard error associated with 
AC might suggest that the point estimate of the elasticity is not very efficient 
and therefore could be an artifact of the estimation procedure. In comparison 
with aggregate United States estimates obtained by Houthakker and Taylor 
(1971) , the estimates of income elasticity for Puerto Rico are larger than 
calculated short-run elasticities found by Houthakker and Taylor (1971).

Additional information relating to residential water demand was 
obtained by re-estimating and comparing the demand equations employing 
data from the two poorest and the two wealthiest municipios. The 
estimated equations are shown in table 4 for both per capita and household 
water demand. The estimated equations for the poorer municipios produced 
better fits than the full set of data in table 1 while the opposite was true for 
the wealthier municipios. Comparison of the estimated coefficients for the 
rich and poor municipios indicates significant differences in the estimated 
model coefficients and elasticities. The coefficients exhibiting the most 
significant differences are A , which is associated with price variables. 
There are also substantial departures from estimates using the full 13 mu­ 
nicipios. For example, the estimates of ^ for the poorest municipios 
indicate an induced inventory effect which is statistically significant for 
household water demand. The estimated elasticities of poorer municipios 
indicate much greater responsiveness to price and income changes than 
that of the rich municipios. These rather significant differences between 
estimates of rich and poor areas suggest that models which assume constant 
elasticities of price and income grossly misspecify the nature of residen­ 
tial water demand.

1
Comparison of income elasticities with those found by Houthakker and 
Taylor is not strictly valid because they used total expenditures which was 
less than total income. On this basis, the higher income elasticity found 
by Houthakker and Taylor might be justified.
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Projection with Demand Functions

The criterion of performance of alternative demand models and 
estimation procedures for forecasting water demands should be deter­ 
mined by the situation in which the projections will be used. In particular, 
the decision-maker's utility or loss function should be specified. The 
structure of the utility function would indicate the relative losses or 
tradeoffs between increased bias or smaller projection variance. Because 
the purpose of this report is to present procedures of projecting water 
demand, it would not be appropriate to select a method of projection. If 
the decision maker was very risk averse or if the relative loss of system 
overdesign were small relative to economic losses resulting from potential 
water shortages, the decision maker would probably choose the demand 
function which indicated the largest responses to income and population 
growth, that is, the error components procedures. The opposite might 
be true if economic losses of system overdesign were large compared to 
potential water shortages.

Projection with a static model is somewhat routine because the 
value of the predictors have only to be substituted into the equation. The 
dynamic model, however, provides a means for incorporating the most 
recent realization of the dependent variable as part of its initial condition. 
The effect of including the lagged dependent variable is to lessen the 
influence of the stochastic elements of the other predicted explanatory 
variables. As Houthakker and Taylor (1971) have indicated, however, 
it is not possible to provide an estimatable closed form expression for the 
standard error of projection with dynamic models (not just this dynamic 
model) . Because prediction errors accumulate in the dynamic model 
due to the recursive nature of the method of projection, the actual variance 
of the dynamic model projection is more

1
This argument follows the one provided by Houthakker and Taylor (1971).
To illustrate why the projection variance cannot be estimated, consider 
the following general dynamic model;

-f hx^ -f ut-1

If xt+^ + h for all t then the general solution for the above equation can be 
be written

yt + n = F (1 + A+ }2 +. . .X" ) +*% + h (A* + 2X»-f

+ 3A n ~ 2 + . . . + (n-l)A+n) hxt + 1f1 A n " 1 ut+1 -

Projections for yt+ will be ?

yt + n = a (1 + b + b2 + bn ) + bn yt + c (bn + 2bn "~ l 

+ ... *- (n-l)b + n)
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sensitive to the length of the.projection period than a corresponding 
static model. Another measure of projection error'which also does not 
appear for the static model is the degree of model misspecifications. 
Insofar as the dynamic model more properly characterizes consumer 
behavior, for a given fit of the sample data, the actual projection 
variance of the static model is understated relative to the dynamic model, 
After considerable experimentation with alternative forms of parameter 
restrictions, the models used in this study were chosen on the basis of 
conformance to theory, statistical fit, and the standard error of the 
estimate.

The forecasting performance of the two estimation procedures was 
measured by splitting the sample, reestimating the parameters and by 
comparing the departure of the predicted values of the dependent variable 
In particular, the data for 1960-69 were employed to reestimate the 
equations while the 1970 observations of the 13 municipios were compared 
with the predicted values of 1970. Forecast performance was measured 
by the computed value of R2 where

i £. t 
R2 = 1 -

I <q-3r

where e^ is the residual difference of the actual q and predicted values. 
The Thiel coefficient U is a statistic which-measures the goodness of fit 
of a set of forecasts with specific realized values and is defined as

U =

(Continuation of footnote 1, page 19)

The variance of projection is then given by

2 2

E(if». - $)* = E{(a-^) 2 + <ab - ipA) 2 +...+ (ab"- 1$) = (b"- A1*) } y 2 
t+n t+n t

+ other terms and the cross product terms

In the final equation, the terms involving the powers of the coefficients 
do not appear to be estimatable for the sample data utilizing the 
traditional tools.
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where P. is the predicted value and A. is the actual value. Thiel U\ *  
must be between zero and one where zero denotes a. perfect forecast
and one denotes no forecasting ability (Thiel, 1961). Although the 
forecast performance of the ordinary least squares estimators we're 
significantly better than the error components model; both procedures 
appeared adequate for short run forecasts.

Table 5. Forecast performance of alternative residential 
water demand models

Household income

Per capita income 
consumption

OLS model

Thiel U

0. 048422

.046077

2 
R

0. 86376

.90996

Error components 
model

Thiel U

0.2001

. 19786

2 
R

0.43775

.45695

In choosing a particular forecasting model Houthakker and Taylor (1971) 
were guided by a number of considerations including fit of the model and 
signs of the model coefficients. In fact, for the Houthakker and Taylor 
study there were instances when the problem of autocorrelation was 
ignored and ordinary least squares estimates were used for projections 
because of the higher explanatory power of the least squares regression 
equation. .

The estimated demand model for the San Juan region was employed 
recursively to project per capita residential water demand on the basis 
of alternative growth rates of income and prices. These projections are 
used with the alternative assumptions about population growth, extension 
of services to areas not now served, and substantial changes in the mix 
of mete red versus unmetered customers, to calculate total municipio 
residential water demand. The observed value of ciiQ 70 * s utilized as one 
of the initial conditions of the projection. The 1970 observation was forced 
to lie on the regression line by adjusting the intercept term for each cross- 
sectional unit. This procedure had essentially the same effect as imposing

This might have also accounted for the poorer predictive performance of 
the error components model.
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an additive constant dummy variable for each cross-sectional unit. 
If data for individual municipios were based on longer time series 
(25 or 30 years), demand equations could be developed for each 
without losing a large proportion of the available degrees of freedom.

The most important feature of utilizing conditional economic 
models for projection purposes is that such models facilitate sensiti­ 
vity, analysis of the projections by permitting the systematic variations 
in underlying economic and demographic assumptions. In Appendix B 
several sets of projections are presented which were generated by 
varying the growth rates of per capita income, water prices, population, 
and policies relating to the extension of service areas and water metering.

A subset of the projections given in Appendix B are presented in 
table 6. Comparison of projection set (1) with (2) and (3) illustrates the 
relative sensitivities or insensitivities of the projections to the changes 
in the rate of price increases from 1 to 3 percent. It is evident that a 
large proportion of the differences between (1) and (4) may be attributed 
to the difference in population growth rates. Of course, it is highly 
unlikely that all the municipios in this area would experience annual 
growth rates of 5 percent in population over a 20-year period. As might 
be expected from the low income elasticities reported in table 3 the 
projections are relatively insensitive to changes in income. However, 
a comparison of these sets of projections serve to illustrate the relative 
responsiveness of water demand to underlying economic and demographic 
assumptions.

Further comparison of these projections with those found in the 
report by the Puerto Rico Aqueduct and Sewer Authority (1969) should be 
very limited. While the per capita water use information (data) for the 
year of 1965 is in basic agreement (see table 1, page 1), the projections 
may diverge substantially because of different assumptions about popu­ 
lation growth and the basic determinants of residential per capita water 
use. Moreover, earlier projections did not have the advantage of the 
data generated from the 1970 Census of Population. 2

Caution must be used in specifying alternative sets of assumptions 
about annual growth rates of economic and demographic variables because 
such rates have compounding effects. That is, while a 3 percent annual 
growth rate in population may seem small, over a 20-year'period the cumu­ 
lative impact is .substantial. Moreover, for the relatively short time series

1 Houthakker., Verleger and Sheeham (1973) employed the error components 
estimation procedure on a dynamic model used to forecast demand for gaso­ 
line. They implicitly adjusted the forecast models for cross- sectional 
variations by regionalizing the regression models. Houthakken and Taylor 
(1971) discuss this procedure when the observed lagged dependent variable 
is not subject to revision or is known to be without measurement error.

example, population estimates for Lofza and Rio Grande for 1970 were 
32,500 and 23,000; respectively, while actual census figures were 
approximately 38,700 and 21 ,900 (Puerto Rico Aqueduct and Sewer Authority,

1969). 22
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Table 6b. Assumptions used to make forecasts 1 to 4

Forecast

1

2

3

4

Per Capita Income 
Growth 

(percent)

3

5

5

3

Population 
Growth 

(percent)

3 _. __

3

3

1

Growth 
in Prices 
(percent)

0

1

3

1

Also all projections assumed a 3 percent reduction in areas not 

served which was made up by additional metered customers.
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used to estimate the models, the absolute value of the economic 
variables will rapidly be outside the sample range experienced from 
1960 to 1970. As will be seen.later, this problem is particularly 
troublesome in the manufacturing and commercial water use projections. 
Because of the very high price elasticities found in these sectors 
for later time periods, even a 3 percent annual rate of increase in 
price may result in negative amounts of water use being predicted 
by the models, which, of course,is nonsense.

Caution must also be exercised when interpreting the 
projections. Because it was not possible to provide an analytical 
form for classical confidence bands for the projections and recalling 
that the variances are cumulative with the dynamic model, a relatively 
high degree of uncertainty should be attached to projections at the 
end of the projection period. Monte Carlo studies performed by 
Houthakker and Taylor (1971) on dynamic demand models of this type 
suggest that forecasting variances increase sharply from the sixth 
period^ thereafter. From this latter observation, the importance of 
a planned program of model updating can be inferred. Model updating 
will be discussed later.

The relevant time period is a year if the sample data are annual,
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  Commercial Water Demand 

Nature of Commercial Water Demand

Water purchased by commercial (non-manufacturing and non­ 
governmental establishments including construction and mining, 
transportation, commercial trade, and financial and service Economic 
sectors), is conventionally defined by Commonwealth agencies as commer­ 
cial water use. With the exception of mining and thermal electric power 
generation1 , water is used by these establishments for cleaning and 
sanitary purposes for workers, customers, and machinery. However, 
Puerto Rico presently has no active mining industry and thermal electric 
power generation is vested in a Government owned corporation, not in a 
public utility. Because water is not an integral part of production of 
services and there are limited substitution possibilities, commercial 
water demand at the municipio level is principally determined by the 
mix and level of economic activity. Generally, water used by commer­ 
cial establishments must be potable.

By nature the commercial sector serves the surrounding community 
and is itself primarily determined by income generated from manufactur­ 
ing, agriculture, and other basic industries. Without a mechanism 
linking population, manufacturing, and other activities to development 
of a commercial or secondary economic sector, there is little direct 
application of these models to planning decisions. That is, planning 
decisions which affect industrial and population concentration also 
influence the location and growth of economic activity, and, thus, 
they will influence commercial water demand.

Because Commonwealth agencies aggregate water use for non- 
manufacturing and non-governmental establishments, individual commercial 
sectors do not have separate water-use statistics. There are two 
approaches which may be used to relate commercial water use to 
economic activity. The water demand may be related to aggregate 
commercial economic activity or to an index or constructed variable 
which also reflects the relative magnitudes of the individual 
economic sectors. The particular index variable constructed for 
this study was based upon a principal component analysis of 
the data from the San Juan test area (see Appendix C). Results utilizing 
both the aggregated income and the principal components measures of commer­ 
cial economic activity are presented. Because water is not a basic part of 
the production process there is no theoretical basis for deriving a functional

^-Public utilites are generally classified under the transportation sector.



relationship for demand. In this absence, the demand relationship 
estimated had the following function form; ^

q= A + A + A + A0 + ! qt-1 + 2 Vt + 3 Vt-1 + 4 pt

q = commercial water use per customer 
t

y = aggregate municipio commercial income or the first prin- 
t cipal component of the individual sector incomes

p = per unit water price 
t

1
A similar functional form was applied by Balestra and Nerlove (1966) 
in the joint analysis of residential and commercial demand for natural 
gas. The firm was rationalized on the basis of indicating the effects 
on demand of a fixed technology set of appliances for household and 
commercial users.
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Analysis of Empirical Results and Forecasts

The use of principal components analysis for this specific set 
of data was not particularly productive. While the-data were highly 
colinear and the first principal component explained 9*7 percent of the 
variation, the characteristic vector assigned nearly equal-weights 
to income generated from each sector. This had the approximate 
effect of multiplying the sum of the individual sector income by a 
constant. Under a different circumstance the use of principal compo­ 
nents analysis would provide a means of tracing through the effects 
on the constructed index of unbalanced growth on individual economic 
sectors. Results of the regression equation are presented in table 7.

The coefficients of the estimated demand equation for commercial 
water use exhibits expected coefficient signs. That is, income coeffi­ 
cients are positive and price coefficients are negative. Because informa­ 
tion relating to the total number of establishments for each sector was 
not available, commercial income was left in its aggregate form.' Cal­ 
culated income and price elasticities for the two estimated equations 
are found in table 8.

Price and income elasticities shown are also of the expected sign. 
Income .elasticities are relatively low and the price elasticities are un- 
realistically high. This appears to be the result of a limited range of 
variations in municipio income and the aggregation of water demands for 
extremely diverse water users such as banks, laundries and car washes. 
One would expect a high degree of price responsiveness for heavy water 
users (such as laundries and car washes) because they are likely to in­ 
stitute water reuse and other water saving systems. For example, res­ 
taurants may forego serving water to customers unless they ask for it 
and institute water saving procedures for dishwashing. Although one 
would expect such establishments to account for a large proportion of 
commercial water use there is no way to disaggregate their demand from 
other users with available data.

The forecast performance of the commercial water demand 
equations wese established by repeating the procedure outlined in the 
section on residential water demand. That is, the sample data was split 
to cover the period from I960 to 1969 and the coefficients were reesti- 
mated for this period. Forecasts generated from the reestimated model 
were compared to the actual 1970 observations. Table 9 presents the 
forecast performance of the commercial water demand model. As shown 
in table 9, the performance of the model utilizing ordinary least squares 
produced significantly better forecasts than the error components model.

28



.Table 7.--Coefficients of commercial water_demand per customer

Commercial 

OLS

EC

Commercial 
principal 

components

OLS

EC

A 0 

Constant

16200 
(2700)

7080 
(1160)

162000 
(2480)

7350 
(1240)

Al 

<*t-l

0.718 
(.047)

.573 
(.068)

.718 
(.047)

.576 
(.071)

A 2

Avt

0.00454 
(.0152)

.00751 
(.0147)

.0075 
(.0356)

.0144 
(.0035)

A 3 

yt-l

0.00245 
(.-00206)

.001-84 
(.00302)

.0057 
(.0048)

.0044 
(.0069)

A4 

£Pt

-57100 
(6630)

-52300 
(6880)

-59300 
(7040)

-54700 
(7310)

A 5 

Pt-1

-31800 
(6030)

-28500- 

(1160)

-31700 
(6460)

-28800 
(6790)

R2

0.89

.55

.88

.56

SEE

2529.5

3578

2601.4

3559

Standard deviation in parethesis
QLS = ordinary least squares method of projection. 
EC = error components method of projection.
qt . = commercial water use per customer (thousand gallons per month). 
yt = aggregate municipio commercial income or the first principal

component based on individual sector commercial income/ respectively 
pt ^ per unit water price.

Table 8. Calculated elasticities

Total income

OLS

EC

Principal 
component

OLS 
EC

Short run
Income

0,0167

.1006

.0171 

.1031

Price

-1.08

-3.02

-1.08 
-3.02

Long run
Income

0.0377

.0515

.0376 

.0520

Price'

-2.30

-2.23

-2.21 
-2.22
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Table 9. Forecast performance of commercial 
water demand models

Aggregated 
commercial 
income

Commercial 
principal components

OLS Model

Theil U

0.0486

0. 0486

2 
R

0,9400

0.9400

EC Model

Theil U

0.3977

0.3975

2
R

0.6029

0.6045

High price elasticities present a real problem in forecasting 
when assumed annual growth in prices results in prices which are well 
outside of those of the sample information. For example, with an annual 
price increase of 3 percent or more per customer, demand may become 
negative for forecasts in the later part of the projection period. Alterna­ 
tive sets of projections for total municipio commercial water use are 
presented in Appendix B. The projections were first based on the estimated 
water demand per customer (using the model relating to total commercial 
income) and on assumptions relating to commercial income and prices. The 
individual customer demands are then totaled assuming different growth 
rates of the number of customers and different metering policies. Because 
the individual firm demands were quite sensitive to pricing, the variations 
in pricing policies had to be somewhat restricted.
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Industrial Water Demand 

Nature of Industrial Water Demand and Previous Analyses

Industrial water use is defined by the Puerto Rico Aque'duct and 
Sewer Authority as water purchased by manufacturing establishments, 
Industrial or manufacturing processes require water for cooling, washing 
and transportation of waste materials. For detailed sensitivity analysis, 
estimation of water demand should be carried out on a plant and process 
basis. Such information is generally not available to the planner and even 
if it were, one would have to aggregate individual plant demands over many 
establishments. Industrial water users frequently, by the purchase of 
water rights, have the option of developing their own sources of water or 
using municipal supplies. The effect of self-supplied firms on demand 
projections will vary according to the nature and extent of water use for 
the industry. However, the firm's use of rational-internal accounting 
procedures would suggest that self-supplied firms assign values to their 
inputs at the going price of purchased water and make the same cost 
calculations. Adjustments can therefore be made in the proposed estimation 
techniques which would normalize the data to account for self-supplied 
sources. The following discussion first considers existing techniques of 
forecasting industrial water use. Special emphasis is placed on input- 
output forecasting techniques because of the "availability of a recently 
constructed regional input-output model for the Island. This discussion 
provides a detailed description of how one might employ the input-output 
model for industrial water use projections. Because one of the purposes 
of this report was to provide procedures for projecting water demands as 
input to the Puerto Rico Planning Model, input-output models could not be 
used becuase the regional delineation therein was inappropriate from the 
perspective of the natural hydrology of the' Island.

At the firm level the quantity and quality of water for manufactur­ 
ing processing are determined by input demand relations. Water use at the 
plant level has been studied for several major industries. These include 
steam electric generation (Cootner and Lof, 1965) , the beet sugar industry 
(Lof and Kneese, 1968), the paper pulp industry (Bower, et al, 1971) and 
petroleum refining (Russell, 1973). While such studies are important in 
defining the economically feasible region of production for water as an 
input, their usefulness to regional planning at present is limited. Not 
only must individual firm demands be aggregated but plant-level data must 
be developed for many other industries.
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Other studies which have considered industrial water demand 
include those of Tate and Robichaud (1973), De Rooy (1970), and the 
North Atlantic Regional Study of the-U. S. Corps of Engineers (1972). 
Tate and Robichaud (1973) propose that industrial water demand pro­ 
jections for Canada be generated by an industrial dynamics simulation 
model. Proceeding on a somewhat ad hoc basis a set of equations are 
specified for aggregate industrial (manufacturing) water demand. Para­ 
meters of the model are subjectively estimated and model predictions 
are compared to historical data for 1970, the only year in which the water 
use data were available. De Rooy (1970) explicitly considered water as 
an input of production.

The North Atlantic Regional Study (1972) employed an input-output 
approach to project industrial water demand for that region. A region­ 
alized input-output matrix computed from the National U.S. Table was 
used as a basis for economic projections. While this study could not tie 
the projection procedure to rigid regional delimitation, the following dis­ 
cussion is designed to suggest how the Commonwealth's regional input- 
output model (Planning Board, 1970) could be usefully applied to water 
resource planning.

Suppose the matrix of interindustry transactions is represented

X =

x
11

X.

xII  X ... X
in

nl
x

nn

where a row denotes the .selling industry and a column represent a buying 
industry. Direct input or technical coefficients per dollar of output is given 
by

x.

X

where
n

X =E x 
3 - i«X ij-

i, j = 1, .. . , n

j = 1, ..., n. Then

Although Turnovsky (19&9) estimated an industrial water demand relation, 
his purpose was to examine the responsiveness of firms to uncertain 
supplies during a specific drought period.

2
While the following discussion is highly abbreviated, an elementary expla-

  nation of the economic basis and application of input-output analysis can be 
found in Yan (1969)
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Vectors denoting the final demand Y and total output X for the system are

Y =

n

X = X

X
n

Net output is computed as gross output minus intermediate use ox

X - AX = (I-A) X = Y -. 

The solution of the system is

X = Y (I-A)" 1

where (I-A) , the Leontief inverse matrix, provides the direct plus 

indirect input requirements of each industry per dollar of output of 

final demand. Suppose one defines a diagonal matrix of water use coeffi­ 

cients whose elements are interpreted as the quantity of water withdrawn 

by individual economic sectors per dollar value of the sector's gross 

output. Premultiplication of the Leontief inverse matrix by the water 

use coefficient matrix provides the unit of water volume of output of 

industry j required by industry i for its delivery of one monetary unit 

of production to the final demand sector, that is,
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The row -sums of the table forms a vector of direct plus indirect 
freshwater requirements per unit output. By projecting future final 
demands and assuming technical coefficients remain the same, the analyst 
can work backwards to obtain projected water requirements (Lofting and 
Davis, 1968). Generalized technical water use coefficients are available 
for selected industries in U.S. Bureau of Census (U.S. Bureau of Census, 
1966) and U.S. Bureau of Mines (Kaufman and Nadler, 1966) publications.

Two significant objections to this technique are: the implicit 
assumption that technical conditions are fixed over the entire planning 
period and that pricing policies do not influence water demand. While 
these objections remain valid, the availability of state, regional or region­ 
alized versions of the published national input-output model make this method 
of projection easy to apply.

Empirical Analysis and Forecasting Procedure

Analysis of input demand at the plant or firm level entails examina­ 
tion of various factores including input substitution possibilities, input 
price levels (price of the input itself, and prices of complementary and 
competitive inputs) and factors determining market demand for the firm's 
output. The firm's input demand function may be derived from its produc­ 
tion function given that this function was known and a set of market conditions 
was assumed. Even if this was known for individual firms, aggregating 
these demands to a regional level might introduce substantial error into the 
input demand functions. Furthermore, traditional formulations of input 
production relationships frequently consider only the capital and labor inputs. 
Although there is a substantial amount of research underway attempting to 
make conceptual production models more realistic, little of this has been 
applied to empirical situation.

In technical terms input substitution is characterized by the elasticity 
of substitution between inputs.
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Productive inputs are often. classified according to whether they 
are flow or stock quantities. Stock inputs include real capital goods 
such as plants and machinery while flow inputs include labor services, 
raw material and energy. Data relating to even the basic economic 
inputs of capital, labor, and other flow inputs such as water, materials, 
and energy are normally available only on a highly aggregated basis and 
usually include substantial measurement errors. Such problems have, 
of course, been encountered in (other) studies related to the demand for 
electricity (Fisher and Kaysen, 1962) and natural gas (Balestra and Ner- 
love, 1966). Perhaps the most useful way to proceed is to discuss several 
intuitive and somewhat simplistic model formulations.

At a given point in time and for a fixed technology, it might be 
argued that water as a production input is directly proportional to output 
and in the short-run is characterized by limited substitution possibilities. 
Then for the ith good of the jth firm

q(t) = A + BQ(t) + u(t)

where qCt);.' is the rate of water used by the jth firm for production of good 
i, and Q(t) is a measure of the rate of output. Aggregation must then be

ij
carried out over products for a multiproduct firm and over establishments. 
Under fixed technology an increase in the price of water will be transmitted 
to the output sector through increased output prices and reduced output, 
that is, the relative price of water intensive goods will increase relative 
to non-water intensive goods. In the case of the multiproduct firm, outputs 
may be adjusted in the direction of the less water intensive goods. For firms 
which develop their own supplies, it would be rational to value the inputs at 
the going market price (Fisher and Kaysen, 1962). Thus, the quantity of 
water demanded by the firm will be inversely related to the market price. 
For q(t) the rate of total firm water demand then is 

i
q(t) =A + BQ(t) +1T p(t) +u(t) (10)

where 1T < 0 and p is price, 
i i

Suppose individual plants were classified according to capacity, 
production process and nature of output. For a particular class, I, 
equation (10) would then become

q(t) * NA + BQ(t) +7T(t) + u(t) ' (11)

where q(t) = Iq(t) , Q(t) * ?Q(t) , p(t) = i Zp(t) for all i in I 
i i i i n i

and where B and^are appropriately adjusted to account for heterogenous 
production processes. These individual classes may, of course, be aggre-

If cost conditions for self-supplied water are much lower than prices of 
public water supply, it might be rational to sell water to other manufacturing 
establishments.



gated further to the industry level by using weighted averages from 
the individual classes. While it would not be difficult to estimate the 
above equations on an industry basis, historical-industrial water use 
data for industrial industries were not available in a machine-readable 
form. Therefore, one should only expect that relationships discussed 
are valid in an approximate fashion. The problem of output measurement 
is complicated by the fact that the value of output may not reflect the 
value added by the individual firms. Seasonal fluctuations in plant 
employment levels and the intensive use of part-time labor suggests that 
average plant employment may not be an appropriate measure of value 
added. Data on average plant production man-hours (AMH) were used to 
measure the value added (Q) by the manufacturing establishment.

With the short-time series available, the data could not be used to 
examine the influence of technical change on industrial water demand. 
With this restriction, the analysis was carried out under the assumption 
of fixed technology, in order to capture part of the short-run dynamic 
adjustments which result from changes in output and water prices, a" 
dynamic model was employed. Because average plant capital measures were 
not available, the local wage rate was included to reflect the degree of 
regional plant mechnization. Short-run dynamic plant water demand was 
assumed to be characterized by the following expansion of (11)

B3AMHt-l B5Pt- B w. ,
6 t-1

(12)

Because the fulO) sample parameter: estimates were somewhat ambiguous,' the 
sample was split into two groups. Group ll included areas that were char­ 
acterized by labor intensive and light manufacturing processes while the 
second area appeared to be characterized by heavy manufacturing and greater 
capital intensity in plant processes. Table 10 indicates the

Table 10. Characteristics of Group I and Group II

Group I

Group II

Average 
mpnthly 
water use 

(thousand gals)

100,247

317,876

Weekly 
average 
wages 
(dollars)

$36.03

42.89

Average plant 

man-hours

1648

1453

Group I includes the following municipios: Caguas, Fajardo, Loiza, 
Luquillo, Rio Grande, Toa Baja, Trujillo Alto; and Group II includes: 
Bayamon, Carolina, Catano, Guaynabo, and San Juan.
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extent of the variation in the two group's. Municipios in Group I
are characterized by lower water using industries with greater labor 

intensity while the municipios in Group II are characterized by industries 
which are more water and, probably, capital intensive. Separate 
regressions were estimated for the two regions and the parameter estimates 
presented in table 11 and 12. In order to increase efficiency of the para­ 
meter estimates, the regression coefficient associated with average plant 
man-hours was restricted to be zero. Parameters of the regression 
equations indicate substantial differences in the industrial water demand 
relationship.

Calculated short-term price and output elasticities are presented 
in table 13. As expected, the price and output elasticities for Group II 
(High Water Using) are greater than those for Group I (Low Water Using). 
While the grouping of the municipios was somewhat arbitrary and might 
have been further refined, the regression results suggested that the groups 
are substantially different.

The forecast performance of the demand equation was investigated 
using the regression estimated from a shorter sample period and generated 
predictions were compared to the 1970 data. The Thiel U coefficient ranged 
from 0. 117 to 0.296 implying reasonable performance. Experimentation 
with other models and alternative sample periods indicated that forecast 
performance is rather sensitive to the length of the sample period.

Projections for industrial water demand are presented in tables 
(B-5)and (B-7) in Appendix B. These were based on alternative assumptions 
relating to growth in prices, output, wages and number of customers. The 
specific assumptions regarding these variables are presented with the pro­ 
jections. For example, by comparing projection set (1) and (2) the influence 
of alternative growth rates in prices may be observed. Because projections 
are based on a short-term model, caution must be used in interpretation. 
The short-run model does not capture long-run adjustments in capital; thus, 
projections are conditioned on constant technology and capital equipment.

Because the Puerto Rico Aqueduct and Sewer Authority supplies only 
potable water to industrial users, industrial firms may develop their own
lower quality water at a cheaper rate since industrial process water generally 
does not have to be potable. Therefore, the projections are limited by the 
range of choice for water quality within the sample information. Finally, 
the projections do not take into account the rather substantial influence on 
the amount of water intake which effluent standards and charges are likely 
to have in the future. With these qualifications, models can-really not be 
used for projections for more than 5 years in the future. For longer 
periods, procedures for developing technological forecasts need to be in­ 
cluded. However, model updating does provide a means whereby long-term 
adjustments can be taken into account by the model through better sample 
information. The importance of periodic model updating and refinement 
is discussed.
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Table 13. Price and output elasticities for industrial water use

Group I

Group II

Low water 
using region

OLS

EC

High -water 
using region

OLS

EC

Price

-0.229

-.3U

-1.33

-1.06

Output

0.0568

.012

.131*

.206
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Updating the Demand Models

Along with the acceptance and implementation of the proceeding 
methods for projecting water demand, provision should be made for 
updating the models. In particular, as new sample information becomes 
available this information can be utilized to update the estimate of the 
model coefficients and thereby provide a basis for improving the model 
forecasts. Moreover, because the dynamic models are recursive in 
nature, forthcoming information would eliminate forecast errors that 
result from employing predicted values of the endogenous variables for 
making forecasts for future periods. Previous experience both in this 
study and elsewhere, with split sampling and the error components 
technique of combining cross-sectional and time-series information 
suggests that additional sample information significantly improves the 
model fits and efficiency of the parameter estimates.

Econometricians have only very recently become aware of the 
potential advantages of using forthcoming sample information to update or 
revise the parameter estimates of econometric models. As evidence of 
this activity, a new body of literature is developing which addresses the 
question of finding an optimal way of combining revised estimates with 
the previous results and sample information. Theoretical questions 
related to the applicability and power of classical statistical tests with 
revised estimates are addressed in several recent papers by Cooley and 
Prescott (1973a, 1973b, 1973c) and Duncan and Horn (1972). Although 
there are still many unanswered questions, this flurry of activity will 
eventually result in the formalizing of decision rules an<^ estimates for 
combining new sample information with previous estimates. However,
for the present, additional sample data in the context of the proceeding 
demand models may be incorporated by simply estimating parameters of 
the equation with the larger sample. The benefits of these updated esti­ 
mates include improved statistical properties of the estimates providing 
a more accurate and reliable basis for hypothesis testing.

Practical steps which would significantly facilitate the updating 
of the models includes keeping all billing records in computer-readable 
form (a great deal of time, approximately 15 man-years, was spent 
developing the present data base). Secondly, industrial and commercial 
customers of Puerto Rico Aqueduct and Sewer Authority could be class­ 
ified by SIC code. Industrial water use information which is classified

1 More specifically, the residential and commercial water demand models 
used to test the forecast performance omitted the 1970 observations. When 
these models were compared with the models estimated from the full samples, 
the full sample models were significantly better in terms of fit and the 
efficiency of the parameter estimates.
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by SIC code would prove valuable to local planners involved in local 
zoning decisions by providing a gross estimate of local water system 
demands if municipal supplies are used for processing. Thirdly, the 
Commonwealth could attempt to improve their estimates of the amount 
of self-supplied water use by location and use. Finally, estimates 
if system leakage could be made and associated with specific 
geographical areas.
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ECONOMIC IMPACT OF WATER-RESOURCES INVESTMENTS 

FOR PUERTO RICO 1960-68

Perspective of Analysis

Public works water resources investments frequently have been advocated 
as stimulants for regional industrialization and development. It has been 
argued that such investments may induce long term growth by injecting large 
public expenditures into the region and by increasing the total water available. 
Because empirical studies presented in the literature relate principally to the 
United States, it was felt that the recent historical experience of Puerto 
Rico should be examined before recommendation for development of additional 
analytical tools (such as regional econometric models) is made. Because 
future water demand is dependent on economic growth, it is of interest to 
examine the influence of water resources investments on growth. If there 
are substantial growth effects, the additional models would aid in reducing 
the uncertainty of such effects. However, if the growth effects are limited, 
then there is little likelihood such investments will induce substantial changes 
in municipal water demands. On the basis of this investigation, it would appear 
that the large scale modeling efforts aimed at assessing the secondary benefits 
of water resource investments may at this time be of limited value to planners.

This section of the report initially describes the economic setting and . 
nature of the data. After presenting a theoretical framework, several sets of 
empirical results are presented and interpreted.

Economic Setting

Puerto Rico has developed rapidly since World War II and now exhibits a 
rather diversified economy. However, growth patterns and present levels of 
economic development are quite disparate across the Island. The San Juan 
metropolitan area along with the cities of Mayaguez on the west coast and 
Ponce on the south coast represent the major urban areas on the Island. 
Incomes in these areas are comparable to those of the rural United States. 
However, in 1968 per capita income for the majority of the interior rural 
municipios was less than $500 per year. This discrepancy reflects variation 
in the economic base of the respective areas, resulting from the process 
of industrialization which generally proceeded, from coastal port areas 
toward the interior and from Government subsidies to industries that were 
initially concentrated in the seaport cities.

During the period covered by this study, from 1960 to 1968, a
substantial part of the Island's public investment was devoted to the develop­ 
ment of water resources and electrical power supply. There have been 
considerable differences in the type and quantity of water available, 
particularly in several drier areas along the south coast. Municipal water supply
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is the responsibility of one agency (Puerto Rico Aqueduct and Sewer 
Authority) while irrigation water and electricity are administered 
by another single agency (Puerto Rico Water Resources Authority) for 
the entire Island.

For the purpose of this study, the Island is divided into four 
regions: the San Juan metropolitan area, the Southwest Region, which 
includes the major cities of Mayaguez and Ponce, and the relatively^ 
undeveloped areas of the Northwest Region and Southwest Region. 
All data for the analysis were on a municipio basis (which are analogous 
to counties in the continental United States) with the above regions 
containing 13, 20, 21 and 20 cross-sectional units (municipios), respec­ 
tively. The object of the exploratory regression analysis was to inves­ 
tigate the impact of alternative public investment patterns on regional 
growth within particular regions and over the Island. In the next section 
the theoretical framework of this study is discussed.

Theoretical Framework

The process and pattern of regional growth and industrialization in 
a developing area is intimately associated with new plant and industrial 
location decisions. For industries with water-intensive production processes,

1
In general, there is no differential or peak demand pricing of water over 
the Island. The water and electric supply authorities are Government 
controlled public corporations.

2
  Table 14 indicates the exact regional delimitation employed. It might 
also be noted that these regions roughly correspond to regions -established 
by the Planning Board in the construction of their regional input-output 
model (Puerto Rico, Planning Board - 19*70). Because of extremely poor 
data resulting from a low level of economic activity, the municipios of 
Culebra and Vieques were omitted from the analysis.

3
In general, there is no differential or peak demand pricing of water over 
the Island. The water and electric supply authorities are Government 
controlled public corporations.
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Table 14. Regional delimitation for investment impact analysis

Region I

Bayam6n
Caguas
Carolina
Catano
Ceiba
Fajardo
Guaynabo
Lofza
Liuquillo
Rio Grande
San Juan
Toa Baja
Trujillo Alto

Region III

Aguada
Aguadilla
Arecibo
Barceloneta
Camuy
dales
Corozal
Dorado
Hatillo
Isabela
Lares
Manati
Moca
Morovis
Quebradillas
Rinc6n
San Sebastian
Toa Alta
Utuado
Vega Alta
Vega Baja

Region II

Ad juntas
Anasco
Cabo Rojo
Coamo
Guanica
Guayanilla
Hormigueros
Jayuya
Juana Diaz
Lajas
Las Marias
Maricao
May ague z
Pefiuelas
Ponce
Sabana Grande
San German
Santa Isabel
Villalba
Yauco

Region IV

Aguas Buenas
Aibonito
Arroyo
Barranquitas
Cayey
Cidra
Coiner to
Guayama
Gurabo
Humacao
Juncos
Las Piedras
Maunabo
Naguabo
Naranjito
Orocovis
Patillas
Salinas
San Lorenzo
Yabucoa
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available water may be an important factor in determining plant 
location, particularly if there are substantial temporal and spatial 
variations in the amount of water available for processing and waste 
handling. However, there are obviously other considerations in­ 
volved in the plant location decision. Because one of the functions 
of economic theory is to identify relevant economic variables entering 
the decision process, it would be instructive to analytically charac­ 
terize the long-run output position of the profit maximizing firm as 
formulated by Dhrymes (1964).

Consider a profit maximizing firm which sells in monopolistic 
markets and produces in several locations. Let the demand function 
for the firm's products in the ith market be p = £ (Q) where p is the 
price and Q. is the quantity offered with revenue k^ where i = 1, . . . , k. 
Suppose that the firm produces in m locations with the plant cost func­ 
tion for the jth location described by C. = C. (Q.). The cost of trans­ 
porting Q units to market location i may be -Written as T. . = t.. (Q..). 
Also let V, be the quantity of goods sold in the ith marked andS'Tr, ^ 
the total ffrm profit. For the profit maximizing firm the objective 
function has the following form (Dhrymes, 1964).

k m m k
TT= 2 R. (Y) - 5 C. (Q.) - £ S t.. (Q ) (13)

i=i j
subject to the constraints

. . . ..
j=r 3 3 J 3

m

Using Lagrangean methods, Dhrymes derives the following equation for 
the profit maximizing output from the first order conditions:

dR. (V.) dt
 T  L = j/s * .". (14)dV dQ.. oCT

i i] J

Equation (14) is given the following interpretation: .for some output 
to be produced in the jth location and marketed in the ith market it is neces 
sary that marginal revenue in the ith market be equal to marginal product­ 
ion costs for location j plus the marginal transport cost to the ith market. 
This expression (equation 14) is the long-run equilibrium condition with 
all factors variable in every location (Dhrymes, 1964). For each output

1
An alternative theoretical discussion of plant location decisions in relation 
to water resource development may be found in "Public Investment Impacts 
and Regional Growth" (Lewis, 1973).
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level, costs at the jth location may be expressed as a function of input. 
levels and input prices. Thus, the cost function for location j is

C. = h (x x , ..., x .; p , ..., p .) (15) 
3 Ij, 2j nj lj nj

where x^j* i-l, . . . n represents input usage levels and p. . i=l, . . . n

input prices at the jth location. If an explicit production function was 
assumed, then presumably a cost function in terms of output levels, 
inputs and input prices can be specified.. Parametric analyses of such 
a function within the framework of equation (14) permits investigation 
of the alternative output-location tradeoffs.

As suggested by equation (15) long-run locational decisions are 
rather complex, with production, transportation and market consider­ 
ations being important factors. Public water resource investments 
may tend to reduce particular operating costs associated with develop­ 
ing and pumping water for processing and waste handling. Although 
many major industrial-water users may still develop their own supplies, 
the availability and pricing of public water supplies and public waste- 
water handling limits the internal price a firm would be willing to incur. 
Another factor not readily measurable is the reliability of the public 
system. In some cases an industrial operation will develop its own 
supply, even at greater cost, simply because the output from the public 
supply cannot be counted on, either in quantity or quality. Obviously, 
other factors also influence the cost of producing at location j, such as, 
the relative wage rate and relative prices of other production factors. 
In fact, Fuchs (1962) suggested that dominant factors inducing the redis­ 
tribution of United States manufacturing facilities from 1929-62 were 
labor wage differentials and the availability of specific natural resources, 
although market demand considerations are probably the single most 
important variable.

Empirical Approach

Observations on the economic location problem for
firms would suggest that investigations of regional development patterns 
which are primarily the result of industrial location decisions should 
incorporate the influences of labor availability, market locations, and 
prices related to other factors of production. In the following analysis, 
hypotheses are tested whi ch relate alternative measures of regional 
economic development to water resource investment, non-public works 
investment, regional wage rates and regional location relative to spe­ 
cific markets.

Measures of municipio growth (for a given time period) include 
the change in income generated by the local manufacturing sector and
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the change in the municipio's share of annual Island income. While 
the first of these variables may be taken as a measure of the pattern 
of industrialization, the second indicates a change in the distribution 
of Island income. These growth measures were assumed to be ex­ 
plained by variables representing public investment, regional wage rates, 
and location relative to major markets. Hypotheses which were tested 
relate to the statistical significance of the explanatory variables and 
whether variables relate to growth measure from a regional or an Island- 
wide basis. In particular, several sets of results were generated where­ 
by conditions were imposed on variable coefficients. These results 
suggested interpretations consistent with alternative hypotheses as to 
the influence of specific variables. The specific procedures for per­ 
forming these tests are described in the next section. Proposed tests 
are somewhat different from previous empirical studies (for examples 
see Bowe, 1967; Garrison and Paulson, 1971) in that the pattern of 
regional development is examined in an area where growth results prin­ 
cipally from locational decisions. Moreover, these studies did not 
consider other factor prices such as transportation or^labor costs in 
location analysis.

The model proposed to investigate the impact of alternative public 
investments takes the following form:

yi = ^1 Xl + P 2 X3 + P 3 X3 + ?4 X4 + ?*  X5

Where y = change in annual municipio manufacturing income over the 
1 period of I960 to 1968

y ?= change in municipio share of Island income from I960 to 
& 19681

Xj * intercept dummy variables

x0 & water supply and waste facility investment for I960 to 1968
6

X- *= investment in electrical supply for I960 to 1968

x^ = non-public works Government investment for I960 to 1968

2x = municipio manufacturing wage rate for I960 
5

x, = distance by road to nearest cargo port (San Juan, Ponce 
and Mayaguez)

u = random component

P,» P » P , ft A , Pc» PL are regression coefficients.
1 /^ j '^ 3 ' O

Includes investment in resource development facilities and distribution 
system, 

2 This variable was designed to reflect relative wage rate differentials and
was somewhat arbitrarily chosen at this point to avoid the possibility that 
public investment might induce short-term fluctuations.



Variables x , % , x , and x relate to costs of inputs and are 
2356' -

rationalized on the basis of the previous discussion. Non-public works 
investment, x , is principally directed toward social overhead projects 
such as hospitals, schools and Government buildings along with a fraction 
going directly to investment in industry. This direct part frequently takes 
the form of building plants in certain locations and leasing them at relative­ 
ly low rates in order to induce industrial firms to locate in an area. This 
variable was therefore included because, for reasons previously indicated, 
it represents a production externality to firms in the respective area, The 
empirical analysis must be considered a@ an exploratory investigation of the 
relative impact of the specific variables on the growth measures considered. 
In particular, the model specification is somewhat ad hoc because it does 
not explicitly consider the exact functional relationship between production 
inputs, multiproduct firm operations or the various reasons for immobility 
of local firms. Preliminary results (not shown) suggested that the imme­ 
diate and short-term influences of the public investment variables were not 
significant in terms of explaining the measures of industrialization or growth. 
Periods initially examined include cross sections for a 1-year lag and 3-year 
time period. On the basis of these results, it was decided to investigate 
the hypothesis over a 9*-year period, (1960-1968),

Along with ordinary least squares, regional regression equations 
were estimated jointly with subsets of parameter coefficients restricted 
across all regions. Unrestricted coefficients were interpreted to reflect . 
differences resulting from distinct regional influences. The estimation 
procedure is described in Johnston (1972) and Rausser and Johnson (1971).

Results

Initially, separate least squares regressions were estimated for 
each of the four regions under consideration. Results of these regressions 
are presented in table 15 where A and B are identified as the change in 
manufacturing income and the change in share of Island income, respec*- 
tively. Estimated regression coefficients are taken to indicate the relative 
response of the growth measures to the explanatory variables within each 
region. This perhaps explains why neither the wage rate at the beginning 
Of the period (x ) nor the location variable (x^) were tested to be statis­ 
tically significant. Because wage rates are relatively homogenous within* 
a given region and the subregional units are geographically contiguous, 
wage rates and location variables could prove more important when com­ 
pared across regions. Perhaps the principal comment that may be made 
with respect to table 15 is that it suggests that there are probably sub­ 
stantial variations in the influence of water-resources investments among 
regions.

Coefficient estimates of restricted regressions are presented in
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tables 16 and 17. In both tables, coefficients for Region 1 include the 
average and restricted coefficients while coefficients for Regions 2, 3 
and 4 are left in their differential form in order to statistically test 
for structural shifts in coefficient values.across the set of regional 
equations. Using an F-test, all regressions were tested to be statis­ 
tically significant at the 90 percent level. In table 16 the impact of 
the explanatory variables was investigated from an overall (Island-wide) 
perspective by restricting the entire set of parameters to be equal across 
regions but letting the intercept terms vary. For changes in manufac­ 
turing income water-resources investment was not associated with increases 
in manufacturing income. However, there appears to have been an overall 
redistribution of income in favor of municipios with such investments. 
Because rather substantial water resource investments were for irrigation 
projects, agricultural land values for selected areas would have been 
enhanced, thus tending to discourage growth in manufacturing and perhaps 
biasing the overall results of the equation for manufacturing in table 16.

In table 17, the relative impact of public investment within regional 
units was investigated by restricting subsets of coefficients across regions 
and permitting unrestricted coefficients on public investment to reflect sys­ 
tematic variations resulting from characteristics of the region and the 
nature of investments. It should be observed immediately that the explan­ 
atory power (as measured by R ) of both sets of regressions in table 17 
was increased substantially over table 16. Examining the regressions 
relating to manufacturing activity, the overall coefficients (Region 1) imply 
a positive relationship between the change in manufacturing income and 
water resource investment as expected. Additions of the respective incre­ 
mental coefficients to those of Region 1 indicate that only in the Southeast 
Region (Region 4) was water investment associated with a statistically sig­ 
nificant negative regression coefficient. For several municipios of the 
southeast the Toa Vaca irrigation accounted for large water resources expen­ 
ditures which apparently had no effect on the area's industrial development, 
which would explain the result of the statistically negative coefficient asso­ 
ciated with water supply investment. Industrial development, primarily 
from location of the petrochemical factories would probably not have taken 
place without the anticipated development of reliable electrical energy which 
resulted from the electrical supply investments. This would explain the 
large positive coefficient associated with electrical power investment. Re­ 
sults relating to changes in regional income distribution indicate substan­ 
tial differences in the responsiveriess to public investment within regions.

1
Full regional coefficients are found by adding the average to regional incre­ 
mental coefficients and variances are the sum of the respective variances 
minus twice the covariances. Covariance terms were quite small; not 
significantly changing the variance of the full coefficients.
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For the rapidly developing Southwest Region (Regio'n 2) income was 
redistributed in favor of areas having water and electrical supply 
investments. The results for the Northwest Region (Region 3), one of 
the two most undeveloped regions, imply that public investments did 
not induce a redistribution of Island income within the region for the 
duration of the period considered.

CONCLUSIONS

Results presented here have several general implications. First, 
there appears to be substantial variations in regional responses to 
water resource investment, when responses are measured in terms of 
industrialization and changes in regional income distribution. Second, 
the results suggested that the nature of the water resource investment 
determines whether to expect increases in regional industrialization.

This latter point may be significant when examining longer time 
periods. Because such regions receiving heavy irrigation investments 
are unlikely to attract manufacturing activities, except perhaps in 
food processing industries, there will be no industrial base to sustain 
the income growth and to sustain the trends in the redistribution of 
income resulting from initial investment. Finally, the effectiveness 
of achieving income redistribution by such investments appears to depend 
crucially on the level of development within the region, as the 
substantially less developed areas indicated the smallest responses 
to such investments.
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SUMMARY AND FUTURE DATA NEEDS

The purpose of this study was to develop operational techniques for 
water demand analysis and making forecasts. In the report, determinants 
of industrial, commercial and residential water demand for the Sa-n Juan 
metropolitan test area were examined. The discussion included both art. 
analysis of the nature of water demand for Puerto Rico and also the presenta­ 
tion of procedures for making demand forecasts. Furthermore, the data 
base that was developed, particularly of municipio water use, could provide 
a means of developing demand models for other areas of the Island and for 
updating the models presented here. There are several steps which would 
aid in the eventual implementation and improvements of the models, the most 
important of which is keeping all billing records in computer-readable form.

The present data base (1960-70) for areas outside the test region will 
require additional refining and general clean-up. Industrial and commercial 
customers could be classified according to four digit SIC code and identified by 
SIC code on the billing records of Puerto Rico Aqueduct and Sewer Authority. A 
major reason for the poor results of the commercial demand estimates resulted 
from the aggregation of the diverse water. Present Government records relating 
to the amount of water self-supplied could also be improved. Information 
relating to the water system leakage could be developed for various geographical 
areas. In order to make optimal use of the procedures and new sample informa­ 
tion, individual demand models for different areas and classes of users should 
be re-estimated perhaps annually and new projections could be developed 
which include the most recent sample information. Finally, the water resources 
planning agencies could establish a data base for plant sewer and effluent 
charges similar to the water use data base. Such a data base would enable 
the planner to estimate the responsiveness of firms to changes in effluent 
charges.

The second part of this study examined the impact of water resources 
investment on Puerto Rico from 1960 to 1968. Results of this analysis were 
presented because future water demand is dependent on economic growth 
and it was of interest to examine possible feedbacks of increased water 
demands induced by increased supplies (from investment and increased water 
availability). It was concluded that the impact of such investments were highly 
dependent on the nature of the investment and level of development of the area.

An evaluation of the degree of success and applicability of the models 
is called for. After a considerable amount of experimentation with static 
demand models, the dynamic models were chosen because they best repre­ 
sented the changes in water demand which took place during this period
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Of rapid economic development.. As discussed previously, dynamic 
models of these types have a forecast range (six periods) whereby 
the forecasts' variances become quite large. Therefore, for these 
models a considerable degree of uncertainty should be attached to 
projections which are made, for example, for 10 years after the^last 
year actual data were available. Because of a comparative degree of 
disaggregation and reliability of water use and economic data the 
residential models seemed to perform best followed by those related to 
industrial water and finally commercial water use. The models, methods, 
programs and data generated by this project represent a beginning for 
the Commonwealth in terms of the development of accurate water demand 
forecasts.

No attempt was made to provide a cookbook or manual of procedures 
for use by untrained personnel because the present (1979 state of 
economic demand forecasting particularly for water is not well developed, 
and because improvements in data along with further disaggregation will 
result in substantial improvements in the models. Application of these 
techniques, which we believe are operational, will be an improvement 
over present projection methods for the Commonwealth but need to be 
done by trained professionals.

The development of the present data base represented an investment 
of at least 3-man years.
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APPENDIX A

Estimation From A Time Series of Cross-Sections 

By Error Components Models
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Perhaps the most widely applied method-of efficiently combining time 
series and cross-sectional information is by application of error components 
estimation techniques. Further, the particular technique used here, originally 
developed by Nerlove and Balestra (1966) also considers statistical problems 
which result when the set of explanatory variables includes a lagged endog­ 
enous variable. The estimation procedure described here is described in 
Nerlove (1971). The specific form of the model is set up first according to 
individual cross-sectional units then according to time periods

=<<yit-l i = 1,. . . ,N 
t = 1,. . . ,T

where = (y-11

= (x11 i       i

ylT-l 

X1T"

The components of the error term have the following specification

uit = ?! * V it

= EVW = 0 all i and t

o1 i = i 1 , t = t 1 
otherwise.

The error term is composed of a component associated with variation over 
individuals and time. The variance-covariance matrix of the error terms is

AO...O 
OA...O

uu'

00...A

A =

«   -

and p = 2
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This particular procedure involved iteratively estimating parameters of 
equation 1A in order to eliminate the presumed autocorrelation in the error 
term. That is, first slopes are estimated by a least squares regression of 
deviations of the dependent variable from individual means, that is (y^ - yj 
on deviation of the independent variables. With Pg the estimates of these 
slopes and e 2 the sum of the squared residuals. The estimate of f> is 
derived from the following procedure:

where

The estimate of p is then used to compute weights

0 = (1-p) + Tp

which are used to transform the variables
* fy -* iy«. = ~* -^/t   ->\ ^

upon which the second round of least squares regression parameters are 
estimated for the equation : /\

Nerlove (1971) has shown that the least squares estimates from the final 
round of regressions on the transformed variables is equivalent to the 
application of generalized least squares, that is, Aitkens estimators, for 
the original model specification. Monte Carlo experiments of alternative 
estimation procedures suggest that the proposed procedure compares 
favorably with nonlinear maximum likelihood methods of estimation.
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APPENDIX B

Illustrative Water Demand Projections for 

Residential, Commercial and Industrial Water Use
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Table B-2. Assumptions to table B-1 illustrative residential projections

Assumptions 
for forecast 

(number)

1

2

3

4

5

6

7

8

Income 
growth 

(percent)

3

5

8

5

5

5

5

5

Population 
growth 

(percent)

3

3

3

6

3

3

3

3

Growth 
in prices 
(percent)

0

0

0

0

1

3

1

1

Growth^ in 
metering 

(percent)

0

0

0

0

0

0

25

' °
 

Growth in 
percentage 
serviced

3

3

3

3

3

3

3

6

Note: Growth rates are presented on an annual basis.

Table B-3. Comparison for San Juan metropolitan area 
residential water use

Projections *

No. 5-table B-2

No. 8-table B-2

PRASA (1969) projection

1980

1650.4

2139.3

2202.9

1985

1852.2

2770.8

2935.7

1990

2079.5

3631.9

3803.77

*In millions of gallons.per month.

PRASA = Puerto Rico Aqueduct and Sewer Authority
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Table B-5. Assumptions for commercial water 
use projections.

1

2

3 .

Growth in
income 
(percent)

3

7

3

Growth in
prices 
(percent)

0

1

0

Growth in number
of customers 

(percent)

0

0

1

Growth rates are on an annual basis. Growth in the number 
on new customers refers to metered customers only.
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Appendix C

Description of Principal 
Components Analysis
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Although the principal components technique was not used here for 
projecting water demand for the test area, the technique may prove valuable 
-when data from other regions of the island are employed. The purpose of 
the principal components analysis is to define a number of mutually 
uncorrelated independent variables exhibiting in some sense the maximal 
variance. The approach is particularly appropriate in situations when the 
number of explanatory variables is large relative to the number of observa­ 
tions; thus, limiting the available degrees of freedom. The technique is 
frequently applied to reduce the dimensionality of the set of explanatory 
variables, particularly when the original variables are highly collinear. 
Because of this reduction, the technique has been used for index construc­ 
tion. In the following discussion, the essential points of the technique 
are presented and additional references are provided.

Initially, its description is carried out with reference to the collinearity 
problem, whereby a set of variates X behave nearly proportionally. That 
is, if the variables are proportional, their behaviour may be described by

X = a Z (Cl)

where a is row vector.and X is an m by n matrix Bl. Suppose that 
a'a = 1. The first principal component is defined to reflect the maximum 
variation of X, suggesting the sum of the squared discrepencies are 
minimized

tr (X-Za) (X-Za) 1 * tr (X'X) - 2Z' Xa + a'a (C 2) 

where

tr aZ'Xa = Z'Xa and tr Z'Z a'a = a'a

Differentiating equation (C 2) with respect to a for a given Z and setting it 
equal to zero provides

a = X'Z ' (C3)

which gives the coefficient vector a in terms of Z. In order to interpret these 
relationships observe that by substituting (C 3) into (C 2) then tr X'X - Z'X'XZ 
indicates that the problem is equivalent to maximizing Z'X'XZ for variations 
in Z subject to Z'Z = 1. If the Lagrangian expression is formed and 
differentiated the condition for solution of Z is

(XX' - .Xl)Z =0 (C4)

The trace of A'A is (where A is a m x n matrix) the sum of the 
squared residuals.
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where A is the Lagrangian multiplier. Therefore, Z is a characteristic vector 
of the n x n positive semidefinite matrix X'X corresponding to the largest 
root, although it is not normalized to have unit length. If AZ = X(X'Z) = Xa 
then Z = -J[-Xa where the Z provides the best linear description of the X 
columns, that is, exhibiting maximum variations and is identified as the first 
principal component. Second, third and higher order components may be 
derived in a similar fashion, when the following expression is minimized

tr.(X - ZlQl - . . . Zk a k ')' (X - Zx aj . . . Zk ak) 

where

Zi Zk = 1 i = k

Zi Zk = ° * ^ k

Additional references relating to physical component analysis includes 
Thiel (1971), and Dhrymes (1970).
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Appendix D

List of Data Developed 
or Used in Study
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Data Covers 76 Municipios

1. Puerto Rico Planning Board data file on economic and social 
statistics (PLANET).

2. Supplemental data on personal income and wages (Puerto Rico 
Planning Board).

3. Quantities supplied customers, and revenues generated from 
municipal water supplies (Puerto Rico Aqueduct and 
Sewer Authority).  

4. Puerto Rico Census of Manufacturing (1965-71).
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