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This chapter outlines the economic relation between saline-water 
conversion and conventional water supply—that the major competition 
at present to the introduction of saline-water conversion comes from 
conventional water supply. It is shown that not all the elements of 
conventional water supply enter into competition with saline-water 
conversion; indeed those that do not enter are the major contributors 
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to the cost of conventional water supply. Those components which 
remain—intake, impoundment, conveyance, and treatment—are the ones 
with which the cost of saline-water conversion systems must be com
pared. This chapter enumerates the basic physical, geographical, and 
economic parameters which determine the costs of these components, 
and for some of the important parameters shows how the component 
cost varies with changes in the parameter. Illustrative examples of costs 
estimated by these methods are given for typical values of the parameters. 

The results of applying cost-estimating techniques to a particular 
conventional supply situation are given. Results of similar studies on 
other supply situations lead to the generalization that treatment, if 
required, is the major component of conventional supply cost, excluding 
conveyance costs. The cost of impoundment for surface water or of 
wells for ground water is small compared to that for treatment, if it is 
required. However, the conveyance distance does not have to be very 
great before conveyance becomes more than 50 % of the total cost 
including treatment. If the conveyance distance is greater than about 
20 miles for small water supplies and 80 miles for large water supplies 
(100 million gpd), then conveyance is the major component of the cost 
comparable with saline-water-conversion-system costs. In these cases the 
distance to the nearest available adequate source of fresh water is the 
major parameter that determines which of the two will be cheaper. 

L Introduction 

A . ECONOMIC CHOICE IN SALINE-WATER CONVERSION 

The appearance of a chapter on the cost of conventional water supply 
in a book otherwise devoted to an unconventional method of water 
supply may warrant some explanation. The most extensive program of 
research and development in saline-water conversion, that conducted by 
the U . S . Department of the Interior, had its original impetus not from 
practical engineers and economists but from others concerned with the 
long-range welfare of the country. The purpose was to explore and if 
possible to develop methods whereby sea-water and brackish water 
could be converted to fresh water, so that water might be provided for 
its customary beneficial uses in the arid and semiarid regions of the 
country and the world. The vision of "making the deserts bloom" has 
played its role in saline-water-conversion development as one of those 
hyperboles by which humanity is inspired to reach beyond its grasp. 

When the original concept became embodied in an operating entity, 
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then called the Saline Water Program, its engineers and administrators 
gave tacit recognition to the economic realities by setting some targets 
for costs of saline-water conversion. These targets were chosen as the 
maximum charges being paid for undistributed raw water for municipal 
supply and for irrigation, which their survey at the time (1952) showed 
were 38 and 120/kgal (cents per 1000 gallons), respectively. These 
targets were set primarily as guides to researchers and engineers working 
on saline-water conversion, but their enunciation implied the concept 
that if saline-water conversion were to be a practical reality, its cost 
could not be greatly out of line with the highest cost then being paid 
for water from conventional sources. 

For a number of years this concept was obscure and submerged, 
implicit rather than explicit, at least in the research and development 
phases of saline-water conversion—although it must constantly have 
been dealt with in individual cases by the vendors of saline-water-
conversion processes and equipment. Three reasons may be adduced 
for this submergence. First, the extensive droughts which afflicted the 
United States in the 10 years from 1947 to 1957 had inflamed the minds 
of the public regarding a water shortage to the extent that water was 
considered a "priceless commodity." Second, it is not good research 
management to allow the imposition of harsh economic criteria on 
research programs in the exploratory stages because research activities 
are notoriously fragile against the too-early imposition of these criteria. 
Third, the legislative authorizations under which the U.S. Department 
of the Interior's program operated, possibly in deference to the previous 
two reasons, did not provide funds for economic investigations other 
than those into the costs of saline-water-conversion processes, and 
efforts were concentrated on experimental and engineering work. 

However, saline-water conversion has now come of age and must be 
subjected to the same economic scrutiny that greets every new product 
and every new process—a comparison of its costs, measured within the 
framework of the particular economic system under which it operates, 
with the costs similarly measured of alternative products and processes 
which provide the same service. By cost is meant some measure of the 
nation's or the world's resources, goods, and services which are consumed 
in producing the product. The concept of money was invented to 
provide a measure of such utilization or transformation of resources, 
but different local situations place different monetary values on identical 
elements of these resources. For example, the cost of 1 kw-hr of elec
tricity, or 1 hr of human labor, varies from state to state in the United 
States, and even more so from country to country. Even more profound 
differences in the entire economic philosophy are found which alter the 
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structure of the comparison as well as the quantification of it. For 
example, some modern economic systems place monetary value on 
property rights and on the time value of money, whereas others place 
no value on these elements. Obviously then, it is not possible to state 
that saline-water conversion is less expensive than some alternative 
method with the same degree of generality and certainty with which 
one states that saline-water conversion requires fewer kilowatt hours 
per thousand gallons than some other method. Whether or not saline-
water conversion is economically feasible depends upon the economic 
system governing and the price structure within that system. The costs 
of conventional water supply discussed in this chapter are costs for the 
United States economic system, under the price structure typical of the 
nation in mid-1962 and in some cases de-regionalized by regional cost 
indexes to give a national average price. 

Finally, it should be recognized that criteria other than economic may 
sometimes be used to decide that a saline-water-conversion plant is to be 
installed-or more precisely, there may be criteria other than economic 
which demand the installation of a saline-water-conversion plant even 
though that plant is not more economical than alternative methods. 
Among such criteria are political and social motives, both domestic and 
international, or a judgment arising out of research and development 
strategy which decrees that the plant is experimental, a prototype, or a 
demonstration plant. Among the latter types of motives the criterion may 
actually be an economic one, although viewed from a different dimension. 
In industry it could well happen that a pilot plant or even a semiworks 
plant is cheaper over-all to operate as such at a headquarters site, where 
it would not be economical as a producing plant, than to operate as 
such at a remote site, where as a producing plant it would be economical. 
This chapter nevertheless ignores these noneconomic criteria for 
decision-making with respect to saline-water-conversion plants and 
concentrates solely on the economic criteria—the cost of a practical 
operating alternative method. 

B . ALTERNATIVES TO SALINE-WATER CONVERSION 

Saline-water conversion produces water for use. As such, economically 
it is in competition with present conventional methods of water supply, 
and if it could be cheap enough might become established by making 
these present methods obsolete. On the other hand, its role may be to 
supplement present methods of producing water; as such it would 
economically competitive with incremental additions of conventional 
type or nonconventional methods of producing water, also in the 
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development stage. Among these are induced precipitation, reservoir-
evaporation control, phreatophyte control, advanced waste treatment, 
and other methods. 

This chapter does not attempt to provide data for a comparison 
between saline-water conversion and other advanced techniques. It 
provides information bearing only on the economic interaction between 
saline-water conversion and the conventional method of water supply as 
used in the United States, which takes water from a natural surface or 
ground source and supplies it at the point of use with adequate quality, 
in adequate quantity, and with sufficient reserve capability to meet peak 
demands and future growth. 

C . DEGREE OF INTERACTION WITH CONVENTIONAL SUPPLY 

The competitive strength of saline-water conversion with respect to 
the conventional water supply may be tested to various degrees, 
depending upon the supply situation encountered. 

The water-supply agency (community, industry, private water 
company, water district, etc.) may wish to change from its present 
conventional water supply because the water is too highly mineralized. 
If no other conventional source is available, saline-water conversion has 
no competition from the conventional method, because no conventional 
treatment method (i.e., treatment now in common use) can demineralize 
the water. If, however, the agency is not so restricted, it is possible 
for it to use a more remote source of adequate-quality conventional 
water, and then the competition becomes that between a new saline-
water-conversion system and a new conventional system drawing water 
from a remote source. 

This places the agency in the category of the second degree of interac
tion, to make a decision between a new saline-water-conversion system 
of supply and a new conventional system of supply from a new natural 
source. This chapter presents information on the cost of the conventional-
supply alternative. This situation can occur when an existing agency 
having a present conventional-supply system must provide an increment 
of water from a new source or from saline-water conversion. It can also 
occur when an agency is required to build an entirely new water-supply 
system, as for example for a new community. 

A third degree of interaction occurs if the decision is between a new 
saline-water-conversion system and the expansion in similar amount of a 
presently installed conventional supply system. The possible variations 
within this system are so many that it is not possible to supply cost 
data which would be generally applicable. The cost of such expansion 
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depends upon how much expansibility was built into the system original
ly. This chapter provides cost data on such items as the addition of a 
supplementary pipe line along the route of an old one, but not for 
expansion involving such things as adding pumping stations to an 
existing gravity pipe line, raising the height of a dam, or adding capacity 
and certain components to a treatment plant. 

Certain variants of the first degree of interaction, that involving water 
quality, are also too complicated for generalization in this chapter. For 
example, one solution to the problem of water quality would be to 
install a saline-water-conversion plant utilizing one of the methods 
which produces water of practically zero mineral content. The water 
from this plant could be blended with the present mineralized water 
so that the blend would meet the new standards set by the agency. It 
might be economical to install such a conversion plant even though it 
might not be economical to make the old supply obsolete and replace 
it with a conversion supply, as compared with making the old supply 
obsolete and replacing it with a new conventional supply. In such a case 
the indicated decision to install a new conventional supply instead of 
a new conversion supply would be in error, because the installation of a 
new conversion supply for blending would be more economical than 
either of them. 

IL The Components of Conventional and Conversion Supplies 

The total cost of water from a conventional system (here termed the 
"cost of conventional supply") is made up of the separate costs attribut
able to each of the components of the system. These costs include the 
interest and depreciation on the investment and the operating costs, 
such as labor, maintenance, energy, chemicals, etc. The total investment 
in the system is the sum of the investment in the individual components. 

A convenient grouping of the components of conventional supply, 
suitable for cost comparisons, is given in Table 11.1. These nine 
components potentially enter into the cost of any water supply, con
ventional or conversion. Obviously the costs of some components may 
be zero for some situations. For example, if the impoundment is adjacent 
to the distribution point, the cost of conveyance will be nil. Also if the 
system is a conventional one, the cost of conversion will be zero. 
Similarly, for a conversion system operating on sea water and supplying 
an adjacent coastal community, the cost of impoundment and conveyance 
will be zero. 

From this table it is immediately obvious that the advantage of saline-
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Component Description 

Surface source G r o u n d source 

Impoundment Reservoir and outlet works None ; 
Intake Intake line, if there is no impoundment Wel ls 
Conveyance Pipe line, including p u m p stations, canal, tank-car or tank-truck 

system, etc. 
Treatment Coagulation, settling, filtration; pressure filtration; softening; 

Fe, M n removal , etc. 
Conversion Distil lation, electrodialysis, reverse osmosis , freezing, etc. 
Disinfection Chlorination, etc. 
Distr ibution Distr ibution network, distribution storage, distribution pumping 
Business functions Accounting, billing, purchasing, management and administration 
User costs Home softening, corrosion, maintenance, equipment depreciation 

water conversion lies in its potential for eliminating the cost of certain 
components of supply and substituting the cost of conversion. In the 
situation most favorable for saline-water conversion, an on-site saline 
cource is substituted for a remote surface source requiring impoundment 
and treatment. 

There are two important points in this analysis which are emphasized 
here because they are often overlooked. First, such an analysis eschews 
the concept that there are places which "have no water," or "are using 
all available water." Such a concept, essentially that of the layman 
alarmed by water-shortage scares, disallows the possibility of an economic 
analysis except one of the most trivial sort, for obviously if there are 
communities which have no fresh water available to them, then their 
only possibility is the conversion of their saline supplies. However, there 
is no place on earth that cannot for physical reasons be supplied with 
fresh water by conventional means, and the earth's water resources are 
entirely adequate to take care of human needs for many decades or 
possibly many centuries hence. The meaningful question then is how 
much it would cost, compared to saline-water conversion, to provide 
the required water from a presumably new and remote source and under 
what circumstances this cost would be greater than the comparable cost 
of saline-water conversion. This approach fully recognizes that there 
may be places which because of political considerations, property rights, 
etc., have absolutely no more water available to them. In those cases the 

T A B L E 11 . 1 

COMPONENTS OF S U P P L Y (CONVENTIONAL OR CONVERSION) 

FOR C O S T A N A L Y S E S 
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cost of conventional supply is infinite, and certainly saline-water con
version is the preferable alternative. However, even to island com
munities, water has been conveyed by tanker, by barge, by pipe line, 
and even by plastic bags towed on the surface of the sea. The advantage 
of this approach is that it forces consideration of all possible alternatives, 
and these can be quantified. 

A second point for emphasis is that all nine components are also 
potential costs, even for a conversion system of supply. Much of the 
available cost data on saline-water conversion refers only to the cost of 
the conversion process itself and is applicable, for example, to a seacoast 
plant supplying an adjacent community. However, if an inland com
munity is to use a conversion system, it is quite possible that the source 
is located remote from the community and thus itself will require 
conveyance. Also if the source is to be a saline stream, it is highly likely 
that impoundment will be required, just as for a conventional surface 
supply. The data provided in this chapter will allow an estimate of the 
costs of these conventional types of components of a conversion supply, 
as well as for a conventional-supply system. 

The remaining question then is: Which components of conventional 
supply is it possible for conversion to eliminate, and thus which com
ponents must be taken into consideration in economic comparisons 
between conventional supply and conversion supply ? The components 
of disinfection, distribution, and business functions would not be 
appreciably altered by substituting a conversion supply for a conventional 
supply. The treated water would have to be disinfected as a precaution 
in either case, if it is to be used as potable water, and furthermore the 
cost of disinfection alone is very small. Whatever distribution is made of 
conventional water would also have to be made of converted water, and 
certainly there would be very little difference in the cost of business 
functions, which are primarily concerned with the distribution rather 
than the production. 

For industrial use the cost of distribution and business functions 
would probably be nil, but for a municipal supply the cost of these two 
components is a major part of the delivered cost of water. Data are not 
available to quantify this precisely, but as to investment cost, the 
investment in the distribution system for a typical community averages 
about 70 % of the total investment. Thus comparisons, some of which 
have been made in the past between unit investment for community 
water-supply systems, as against unit investment for saline-water-
conversion plants, are completely misleading, since 70 % of the former 
figure comprises the distribution network, which is also needed for the 
conversion system. Since interest and depreciation on the investment 
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constitutes a large part of water costs, the same must be true of com
parisons of delivered water cost. It may be concluded that the true 
comparison between a conversion supply and a conventional supply 
must compare only the total of impoundment, intake, conveyance, 
treatment, and conversion for a conversion supply as against impound
ment, intake, conveyance, and treatment for the equivalent conven
tional supply. If in any particular case the sum of the former is less 
than the sum of the latter, then in that case saline-water conver
sion will be economical, i.e., cheaper than the conventional-supply 
alternative. 

There remains the ninth component, user cost, which should be taken 
into account in comparing the total cost of the two alternatives. Here
tofore such user costs have not generally been taken into account in 
making decisions among alternative water supplies. This follows logically, 
because in a community the decisions are made by the agency whose 
responsibility stops at the customer tap, and therefore costs beyond 
that point do not concern it. This is a valid situation, because in fact 
the customer does not have a choice as to which type of water he would 
purchase, community water supply being a monopoly. For an industrial 
supply, the user-cost component is within the decision area, but a part 
of the user cost falls under the treatment component. Conventional 
treatment can remove hardness and certain minor constituents—iron, 
manganese, dissolved gases, etc. A number of studies have been made 
on the benefits derived from softening and, supplementary thereto, the 
conditions under which community softening is more economical than 
user softening. W e cannot discuss here the economics of the desirability 
of softening, but if such desirability has been established, then the data 
herein may be used to compare the cost of conventional softening with 
costs from other sources for saline-water conversion, which also ac
complishes softening. 

The major element in user costs then, in the comparison between 
conventional supply and conversion supply, lies in the true ''saline" 
content—those ions not removable by conventional treatment. The need 
for comparison on this point therefore arises only when in addition to a 
new, presumably remote, source of fresh water, a second alternative to 
conversion is the use of, or more likely the continued use of, a saline 
supply. In one community, user costs associated with a saline supply, 
which also happens to be high in hardness, have been studied. 
It is understood that a more extensive study is planned. The 
inclusion of user costs in the comparison, other than the costs of 
bulk softening, must await the development of these more definitive 
data. 
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III. The Concept of Synthesized Costs 

A. SYNTHETIZED COSTS 

Market researchers treading the path of market research in saline-
water conversion for the first time are dismayed to find that no one can 
or will tell them what water is selling for today. The problem of deter
mining the market for saline-water conversion or any other advanced 
water-supply technique is much more complicated than that of deter
mining the market for a new or cheaper type of charcoal or toothpaste, 
for example. In the first place, water-supply costs are strongly dependent 
upon geographical and hydrological parameters, which can take on widely 
different values for different installations. Second, as has been discussed 
in Section II, water costs contain major components which are extraneous 
to the comparison with saline-water conversion. Third, while accounting 
systems for water utilities and industrial water utilities are constantly 
improving, there is still much confusion over such practices as keeping 
operating costs under one budget or department and capital costs under 
another, or the related practice of water revenues being less than true 
water costs, the difference being made up by a subsidy from general tax 
revenues. Finally, water-supply systems are not competitive with each 
other, so there is no leveling out of prices as there is for example with 
toothpaste. All these factors make it very difficult to answer the simple 
question: What does water cost today ? 

Fortunately, in that respect it is not necessary to answer the question, 
for, except in the sense of a certain psychological resistance, what water 
costs today has no bearing on the market for saline-water conversion. 
Involved in that question is only what water will cost tomorrow. Saline-
water conversion cannot expect to make obsolete the present installations 
for conventional supply (with one exception, noted below). Saline-water 
conversion has a potential market in those situations in which a new or 
additional supply is needed. Then to realize a market, saline-water 
conversion must be capable of supplying good-quality water at a cost 
less than the cost of similar water from a new conventional supply. 
Thus the competition is with the future costs of conventional supply, 
not with its present costs. 

Furthermore, present costs of conventional supply in any particular 
case cannot be used to predict costs of a future supply. If the water system 
was well engineered in the first place, it is highly unlikely that the future 
supply will cost less than the present supply, since presumably among 
the available alternatives the cheapest one was chosen for the first 



The Cost of Conventional Water Supply 525 

installation. Thus, unless one is considering a rare situation in which 
the future supply will be many times the size of the present supply, such 
that considerable scale economy will be achieved, one must expect that 
the future supply will be more expensive. But whether the new supply 
will cost a little more or a great deal more than the present one 
depends upon the geographical and hydrological parameters of the 
new supply, and these generally are not correlatable with those of 
the old. 

The exception mentioned above occurs when saline-water conversion 
is being considered as an alternative to a present supply which is too 
saline for modern acceptance. In that case, however, the design engineer 
will also seek a new conventional supply as an alternative. Which of the 
two is chosen depends upon which of the two is cheaper; thus again the 
competition for saline-water conversion is provided by a new con
ventional supply. 

However, the cost of each of the components of the new conventional 
supply (impoundment, intake, conveyance, treatment, etc.) depends 
individually on the values of the parameters which determine the costs 
of each component. These may be high or low, without relation to each 
other. For example, a supply which has a high reservoir cost may have 
a high or low conveyance cost. Or one which has a low conveyance 
cost may have a high or low treatment cost. The sum of all the pertinent 
component costs then depends upon the particular combination of 
situation parameters which apply to each supply situation, and the 
distribution of the costs of all future supplies (e.g., above what cost do 
10 % of the cases lie ?) depends upon the distribution of these geogra
phical and hydrological parameters and their particular combinations 
for individual installations. 

In this chapter the aim is to provide basic information relating the 
cost of a particular component to the values of the geographical, 
hydrological, water-quality, and size parameters. These costs, which 
themselves are medians or averages, may then be used, with the para
meter values characteristic of the situation being estimated, to synthesize 
conventional costs comparable with saline-water conversion for a 
particular installation. 

The term synthesized cost is used to denote that historical costs, 
comprising various cost elements resulting from the particular historical 
cost parameters, have been analyzed ("taken apart") to reveal the 
separate elements and the influence of the separate parameters on their 
elemental costs—for the purpose of allowing a recombination or 
synthesis of total costs arising from any combination of cost elements 
and any combination of cost-parameter values. 
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Β . DISPERSION IN THE DATA 

The concept of synthesizing costs involves the companion operation 
of analyzing historical costs for the individual elements to be synthesized. 
It is found that because of factors which cannot be taken into account 
in the synthesis, historical unit costs show a dispersion. For instance, 
historical costs for 36-inch-diameter pipe lines span a range of values 
and center about a median value. (They happen to be log-normally 
distributed.) The dispersion is brought about by factors beyond the 
scope of the present analysis, and thus these factors cannot be in
corporated in the synthesis. Most of the data given below are accom
panied by their measures of dispersion, the standard deviation, from 
which one may estimate the percentage of the cases in which the unit 
cost will be greater than some multiple of, or less than some fraction of, 
the median value given. This means that the unit costs given cannot be 
used with certainty in particular cases, even though accurate values of the 
situation parameters, such as conveyance distance, are available. The 
purpose of the chapter is not to displace detailed engineering estimates 
for particular situations in the economic choice between saline-water 
conversion and conventional supply but rather to provide data by which 
average or typical situations can be analyzed. For certain conditions the 
procedure will indicate that conventional supply costs are substantially 
greater than conversion supply costs. In other cases the reverse will be 
indicated. And in some cases the two will fall close enough together 
so that a decision cannot be made from the preliminary estimate 
whereupon only a detailed on-the-site engineering cost estimate can 
provide a basis for decision. 

It is possible to a certain degree to utilize engineering judgment to 
obtain a closer fit between historical costs and the real situation of 
interest. For example, if it is known that the terrain is very rocky or 
mountainous, one would choose a unit pipe-line cost from the upper 
portion of the band rather than use the median. 

C . COST-ESTIMATING PROCEDURES 

In comparing the costs of alternatives which have long useful lives or 
for which the useful lives differ greatly, the theoretically proper procedure 
is to use the present-value method for cost estimation. In this method 
the required expenditure in each future year is discounted, by a present 
worth factor, to an amount of money which would have to be invested 
today at a specified compound-interest rate to produce the required 
expenditure in the future year. The present values for all future years 
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throughout the life of the project are then summed to obtain the total 
present value of the project. The alternative with the smallest present 
value is the economic choice. 

This theoretically sanctioned method of comparison has not been used 
here, first, because it is too complicated for common application, and, 
second, because data in similar form for the cost of saline-water con
version are not generally available. 

To provide data comparable with present data on saline-water-
conversion costs, the computations in this chapter have used the 
"uniform annual cost" method. This assumes that costs are incurred 
at a uniform annual rate such that the total costs over the life of the 
project will equal the real costs over the life of the project. The capital 
recovery cost, for example, is that constant fraction of the original 
investment which applied annually over the life of the project would be 
sufficient to repay in equal annual installments a loan equal to the 
original investment plus interest at some specified rate on the declining 
balances. Actually the investment is made in the first year of project 
life, and the interest on borrowed funds, if any, is paid in an irregular 
manner over the maturation period of the financing, which may not be 
coincident with the life of the project. In the computations the total 
uniform annual costs developed in this way are divided by the average 
annual water production over the life of the project, to obtain the 
unit water cost, in dollars per kilogallon. The unit investment is 
computed by dividing the investment by the gallons per day of design 
capability. 

Certain costs are fixed costs, others are variable. Fixed costs are 
independent of actual production rate, whereas variable costs are those 
that vary with the production rate. Capital recovery is a fixed cost, 
whereas energy cost for pumping in conveyance is a function of the 
daily conveyance rate. Fixed costs are typically those which are presented 
as some fraction of the investment. These include capital recovery, 
taxes, and insurance. In this chapter operation maintenance and repair 
costs are fixed costs for some components and variable costs for others. 
While the annual-cost method produces comparative data which are 
accurate enough for the approximate purpose of this chapter, it should 
be recognized that use of this method may lead to decisions which are 
different from those which would be made by the present-value method 
of comparison. In any final detailed cost computations made as 
a guide to a real decision, the present-value method should be used 
both for the comparison and for the optimization of the respective 
alternatives. 



528 Louis KOENIG 

IV. Cost of Impoundment 

A . UNIT COST OF RESERVOIRS 

The results of a correlation of the costs of over a thousand U.S. 
reservoirs are shown in Table 11 .2 . The costs have not only been 

T A B L E 1 1 . 2 

M E D I A N U N I T C O S T S OF RESERVOIRS, UNITED STATES PHYSICAL PROVINCES 

$/acre-ft 

Capacity, 1 0 0 0 acre-ft 

Provinces 0.01 0.1 1 1 0 1 0 0 1 0 0 0 1 0 , 0 0 0 

3, 4, 5, 6, 8 4 0 0 1 0 0 6 0 4 0 25 16 
9, 10 , 17 , 16 , 18 , 19 2 5 0 75 25 1 0 
12, 13 , 1 , 7 2 9 0 1 3 0 65 25 2 0 
1 1 , 14 , 15 , 2 0 , 2 1 2 5 0 0 550 1 3 0 32 1 0 
22 4 0 25 2 0 15 14 
23 , 24 , 25 

Concrete 6 5 0 0 1 7 0 0 5 0 0 1 5 0 9 0 60 4 0 
Earth 650 350 2 0 0 1 0 0 50 3 0 17 

Mean, all provinces 6 0 0 1 8 0 67 30 18 

adjusted to the 1962 level but also deregionalized by application of the 
Engineering News Record 20-Cities Construction Cost Index, each 
reservoir being assigned to the index city in whose economic region it is 
located. The correlation was performed among groups of physical 
provinces, delineated in Fig. 1 1 . 1 , having similar topographic character
istics. The spread of these costs for individual reservoirs is large, and 
statistically there is no differientiation in unit cost between reservoirs 
with concrete dams and reservoirs with earth dams, except in two 
province groups. This does not mean that an earth-dam reservoir will 
cost the same as a concrete-dam reservoir on the same site. It arises 
rather from the selection process, which allows selection of both site 
and dam type, so as to achieve a reasonable cost. The standard error of 
estimate for most groups of provinces is of the order of 0.5 log units. 
This means that about two-thirds of the individual cases lie in a band 
from 0.3 to 3.0 times the median value given, and the upper 10 percentile 
of the cases lie above 4.4 times the median. General distinctions relative 
to reservoir costs can be made between groups of provinces. For 
example, some may be characterized by wide valleys and low relief and 
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FIG. 11 .1 . Physical provinces of the United States. 
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others may have narrow valleys. Also in the forested East, land and 
clearing costs will be higher than in the sparsely populated and relatively 
treeless West. However, within each group of provinces there enter 
individual site characteristics which are beyond the depth of analysis 
of this chapter. These include such factors as accessibility of the site, 
availability of fill material, amount of excavation required for foundations, 
etc. 

The cost of operation and maintenance (OM) of reservoirs is shown 
in Table 11 .3 . The individual data from which this correlation is drawn 
have a standard deviation of about 0 . 15 log units, which means that 
68 % of the cases will lie in a band between 71 and 141 % of the median 
given. 

T A B L E 1 1 . 3 

C O S T OF OPERATION AND MAINTENANCE OF RESERVOIRS, 

UNITED STATES, 1 9 6 2 

Reservoir capacity, 
1 0 0 0 acre-ft 

Median annual Ο Μ cost, 
$/yr 

1 4 , 1 0 0 

1 0 1 5 , 6 0 0 

2 0 2 5 , 0 0 0 

1 0 0 3 4 , 5 0 0 

1 , 0 0 0 7 0 , 0 0 0 

1 0 , 0 0 0 1 6 0 , 0 0 0 

Statistical analysis of the averages of the medians for all provinces 
as shown in Table 11 .2 indicates that the spread between provinces is 
less for larger reservoirs than for small. The standard deviation estimated 
from the range is 0.22 log units at 1 million and 10 million acre-ft and 
rises to 0.7 log units at 1000 acre-ft. 

From Tables 11 .2 and 11.3 median annual costs of impoundment can 
be computed by multiplying the indicated reservoir investment cost by 
the applicable capital recovery factor and adding the annual O M cost. 
Table 11 .4 gives the results of such a computation, in which the capital 
recovery factor was based on 100 years and 4 %, and the unit reservoir 
cost was taken from the row in Table 11 .2 which shows the average of 
the medians of all provinces. 

Table 11 .4 indicates that the unit cost of impoundment decreases 
rapidly with increasing reservoir capacity and that the operation and 
maintenance cost as a fraction of the total cost is small and decreases 
with increasing reservoir capacity. Of course, for provinces or individual 
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reservoirs which have investment costs markedly different from the 
mean costs here used for illustration, the actual unit costs will be 
different, as will the operation and maintenance fraction. 

T A B L E 1 1 . 4 

ILLUSTRATIVE A N N U A L C O S T S OF IMPOUNDMENT 

Capacity, Uni t ( C R a and O M ) costs, OM/total 
1 0 0 0 acre ft $/yr/acre-ft 

1 2 8 . 5 0 . 1 4 

1 0 8 . 9 0 . 1 7 

1 0 0 3 . 1 0 . 1 1 

1 , 0 0 0 1 . 3 0 . 0 5 

1 0 , 0 0 0 0 . 7 5 0 . 0 2 

α Capital recovery or fixed charges on investment. These can include depreciation, 
interest, and in some cases taxes and insurance which occur as an annual fraction of 
investment. 

B. SIZE OF RESERVOIRS 

The preceding sections have provided data for estimating the cost of 
reservoirs and their operation. Still unanswered is the question of 
practical importance for water-supply costs: How big does a reservoir 
have to be ? 

In designing a reservoir for water-supply storage, the engineer 
estimates the sequence of daily withdrawal from the reservoir and 
predicts the sequence of daily flow into it. By such study he is able to 
select a reservoir of such size that the water stored in it from periods 
of surplus flow just suffices to supply the withdrawals during dry 
periods, when withdrawals exceed inflow. Obviously, such a method can 
only be applied in the design of particular reservoirs on particular 
streams; it is not capable of generalization for the purposes of this 
chapter. For such purposes it is customary to simplify the problem by 
assuming a constant withdrawal rate, called firm draft, QD, instead of 
the true fluctuating withdrawal rate from the reservoir. The problem 
is then reduced to determining the storage necessary to produce a given 
firm draft. 

By methods which give the same results as an operations study using 
a fixed withdrawal rate, i.e., a firm draft, it is possible to develop the 
storage necessary for a series of firm drafts. A plot of the storage required 
in some capacity units, such as acre-feet, against the firm draft, is called 
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a draft-storage curve; for our purposes it will be termed an absolute 
draft-storage curve. If absolute draft-storage curves for streams taken at 
random throughout the nation are compared on the same plot, tremen
dous variation in the storage required for any given absolute firm draf-
will be found. Part of this dispersion is attributable to the variant sizes 
of streams, and some of the dispersion may be removed if both storage 
and draft are related to stream size. This may be done by dividing both 
the storage and the draft by the average stream flow, Q. The resulting 
quantities are called the reduced storage and reduced draft. The latter is 
the firm draft as a fraction of average stream flow, and the former has 
the dimension of time. It represents the time which would be required 
to accumulate the absolute volume of storage at the average stream flow, 
if there were no withdrawals. The plot of these two reduced quantities 
corresponds to the absolute draft-storage curve and is termed the 
reduced draft-storage curve. When reduced draft-storage curves for all 
streams of all sizes in a given hydrological province are plotted on a 
single chart it is found that they fall in a band which is much less disperse 
than the absolute draft-storage band for the same streams. 

Such a band for a hydrological province makes it possible to estimate 
the absolute storage required on any stream in that province providing 
the stream size, that is average flow, is known. Unfortunately, however, 
when all hydrological regions in the nation are plotted, there still 
remains a large variation in even the reduced draft-storage curves. The 
variation is so great that it is not possible to assign a single reduced 
draft-storage curve applicable all over the nation. The element of 
stream size has been largely eliminated, but the element of stream 
variability still remains in the reduced draft-storage curves. 

A number of investigations are now underway in an attempt to 
develop some measure of stream variability which can be used to reduce 
the dispersion of reduced draft-storage curves. It is hoped that by not 
too many years hence some parameter (i.e., some measure of stream 
variability) will have been developed and presented so as to allow the 
estimator to select, for the stream in which he is interested, the proper 
reduced draft-storage curve from among the disperse band of all draft-
storage curves. In the meantime there is presented for the practical 
purposes of this chapter a provisional correlating parameter, the reduced 
274-consecutive-day average low flow of the stream, for which lengthy 
descriptive term we shall substitute · Numerically it is the average 
daily flow of the stream during that 274-consecutive-day period which 
shows the lowest flow of record for that length of time—expressed as a 
fraction of average stream flow. This parameter is available for a large 
number of the nation's streams from the electronic data-processing 
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programs of a number of government hydrological agencies. It plays a 
real and direct physical role in determining the reduced draft-storage 
relation, and the expectation that it would therefore provide a correlating 
parameter, by means of which the dispersion in reduced draft-storage 
curves can be reduced, proves to be a correct one. 

The provisional correlation chart is shown in Fig. 11 .2. This is a 

Reduced draft,Oo/ff, fraction 

F I G . 1 1 . 2 . Reduced draft storage with reduced low flow ( 2 7 4 day) as parameter. 

series of reduced draft-storage curves each corresponding to a 
indicated on the curve. The degree of correlation is surprisingly good, 
a correlation coefficient averaging 0.95 being achieved. This means that 
the correlating parameter removed 90 % of the variance from the raw 
data. The standard error of estimate of all the data points from the 
correlation lines is 0 . 14 log units. This means that, if the dispersion is 
log-normally distributed, one can expect to find 68 % of estimated 
points falling in a band between 73 and 138 % of a corresponding 
correlation line. Stated in another way, and approximately, 68 % of the 
estimates will lie in a twofold range and 95 % of them in a fourfold 
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range, whereas with the raw data 95 % of the estimates would lie in 
about a 40-fold range. 

By this method one may predict the absolute reservoir storage 
required for a given absolute firm draft if there is known the average 
stream flow and the 274-day low flow for the particular stream. Some 
of the data programs of the hydrological agencies are now beginning 
to produce not only low-flow data but also actual draft-storage relations 
for particular streams. In the few cases where these are available, they 
of course should be used to directly predict the storage required. 

However, in many economic explorations, one is interested in general 
costs in a region at a lower order of accuracy and without specifying a 
particular site. Extensive studies of £)^74 would quite possibly reveal 
hydrological regions of homogeneous Q$u . In the absence of such 
information, Fig. 11.3 presents the average taken from a sample 
of the streams in each state. Although highly improper from the stand
point of theoretical hydrology (state boundaries are not hydrological 
boundaries), even this purely stop-gap measure reveals geographical 
trends which are of importance in the cost of conventional water supply. 
In the whole Appalachian region from Alabama to Maine the (Ĵ Vs are 
quite high, and the storage requirements relative to stream flow will be 
low. The same is true in the Pacific Northwest. In the middle tier of 
states from North Dakota southward, the jJ^Vs are the lowest in the 
nation, indicating that stream-flow variability is greatest in this region 
and that storage requirements relative to stream flow will be highest. 

A n improvement useful in economic approximations is obtained if 
storage is expressed not as years of average flow, S * = SjQ, but as 
years of draft, SD* = SjQD . The improvement is in the direction of 
specifying storage approximately by a single number independent of 
reduced draft. In regions where the <2£74 is greater than 0 .15 , as a rough 
approximation one may say that if the required draft is not greater than 
20 % of the average stream flow, no impoundment will be required. 
If the draft is of the order of 20 to 50 % of average stream flow, a fair 
approximation to the required storage is obtained by taking 0.2 year of 
draft. Thus in such regions it is possible to make an estimate of storage 
without actually knowing the stream. However, this transformation is 
of little value in regions of low Q%7/1, for example below 0 .15 , for in 
these regions the storage as years of draft is highly sensitive not only 
to £>274 but also to reduced draft. Unfortunately it is precisely in these 
regions that storage is needed with some accuracy, because the high 
amount of storage relative to draft means that the unit costs for impound
ment will be high. 

If in a region for which a Q%1A can be assumed, it is desired to estimate 
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( ) interpolated for missing states 

FIG. 11 .3 . Regions of homogeneous low flow. 
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average impoundment costs without knowledge of the particular stream 
and thus of the average stream flow, some arbitrary assumption will 
have to be made regarding reduced draft, i.e., regarding stream size. 
There are no statistical analyses which will help in this assumption, 
except that the probability that a particular stream mile will have an 
average flow greater than some specified value must rapidly decrease 
as the specified value increases; and when the absolute draft is high, it is 
more likely that the reduced draft is high than that it is low. Probably 
the safest way to obtain a general idea of impoundment cost when stream 
size is not specified is to compute for two extremes of reduced draft, 
whereupon it may be found that even these extreme ranges provide 
useful information. 

C. ILLUSTRATIVE IMPOUNDMENT COSTS 

Impoundment costs are computed in Table 11 .5 at average reservoir 
unit costs from Table 11 .2 for reduced drafts of 0.05 and 0.8 and at 
two different £?2VS- This shows that the effect of reduced draft is 
considerable but at 10 and 100 mgd is inconsequential, since the 
impoundment costs are already so low. Reducing the Q$7i from 0.2 to 
0.05 approximately doubles impoundment cost. 

T A B L E 1 1 . 5 

ILLUSTRATIVE C O S T RANGES FOR IMPOUNDMENT 

Draft , QD , mgd 

0 . 1 1 1 0 1 0 0 

Range" of cost at Q * 4 = 0 . 2 , 0/kgal 3 - 1 4 0 . 3 - 5 0 . 0 3 - 2 0 . 0 0 3 - 1 

Range 0 of cost at Q * 4 = 0 . 0 5 , 0/kgal 7 - 2 5 2 - 9 0 . 8 - 4 0 . 4 - 2 

Probability that no storage is required, all states 0 . 8 0 . 6 L o w Nil 
Probability that no storage is required, 0 . 4 0 . 3 L o w Nil 

states with Q* 74 = ca. 0 . 2 

a Range is for drafts between 5 and 8 0 % of average stream flow. 

Also shown in Table 11 .5 are the results of another study of the 
statistics of stream-gaging stations. In the 48 states as a whole, 60 % of 
the gaging stations have a minimum day flow greater than 1 mgd, so 
that the probability that no storage at all will be required for 1-mgd 
firm draft is 0 .6. The average distance of all points in the 48 states from 
an existing gaging station is of the order of 10 miles. The average 
production of community water-supply systems in the nation is about 
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1 mgd. Qualitatively these figures indicate that for a draft of 10 and 
100 mgd it is highly probable that reservoir storage will be required, 
but for lower drafts an appreciable fraction of the cases will be able to 
get by with a reasonable conveyance distance and without reservoir 
storage. 

V. Cost of Conveyance 

A . UNIT PRICES 

For municipal and industrial use, water can be conveyed by a number 
of different methods, but the most likely method alternative to saline-
water conversion is by pipe line. For flows in excess of about 1 mgd in 
the United States, it is cheaper per mile to convey by concrete-lined 
canal. However, except in very flat country, a canal must follow a 
circuitous route compared to the straight-line route of a pipe line. Water 
has also been conveyed by rail tank car, by highway tank truck, by 
barge, by self-propelled tanker vessel, or as supercargo on other vessels 
(and in one case by plastic bags towed on the surface of the sea). For 
small conveyance rates in the United States, it is cheaper to convey by 
rail tank car or by highway tank truck. The conveyance rate at which 
these forms become economic over pipe-lining varies from about 
0.006 mgd at 5 miles to about 0.07 mgd at 500 miles. 

The median investment cost for United States pipe lines shown in 
Table 11 .6 has been developed from a correlation of the costs of about 

T A B L E 1 1 . 6 

PIPE-LINE INVESTMENT AND ASSOCIATED C O S T S , 

1 9 6 2 , DEREGIONALIZED TO U . S . AVERAGE 

Inside Right of way 
diam., Uni t investment, and damages, O M R , 
inches $/mile S/mile S/yr/mile 

2 8 , 6 0 0 1 , 3 6 0 5 7 . 5 

5 1 6 , 4 0 0 6 5 

1 0 3 6 , 0 0 0 1 , 7 0 0 1 0 2 

2 0 7 8 , 0 0 0 2 , 3 6 0 

3 0 1 4 8 , 0 0 0 3 , 2 0 0 2 8 5 

5 0 2 6 0 , 0 0 0 

8 0 5 3 0 , 0 0 0 

1 0 0 7 1 0 , 0 0 0 1 , 2 0 0 

2 0 0 1 , 9 9 1 , 0 0 0 3 , 5 5 0 
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450 pipe lines for conveying oil, gas, and water. Deregionalization is by 
the Engineering News Record 20-Cities Building Cost Indexes. The cost 
of oil and gas pipe lines is not statistically different from the cost for 
water pipe lines, and among the latter the cost for pipe lines of various 
materials (steel, concrete, etc.) is not statistically different in the United 
States. This arises because of cost equalization among the competitive 
pipe materials and construction methods, and is probably characteristic 
of a well-industrialized economy. In the less-developed countries there 
may be considerable differences among the various construction mate
rials, depending upon local availability. 

The dispersion of the data points from which Table 11 .6 is drawn is 
log-normal, and the standard error of estimate up to 30 inches diameter 
is about 0 .15 log units, which means that 68 % of the points lie in a 
band from 70 to 143 % of the median, and the upper 10 percentile lie 
above 1.6 times the median. The standard deviation above 30 inches is 
about 0 .10 log units. The dispersion probably comes about largely 
through accessibility of the route, type of terrain, and type of material 
excavated for the trench. That pipe-line costs are high and will in the 
relatively near future become prohibitive because of right-of-way costs 
is a misconception. Right-of-way costs are only a small fraction, 5 to 
1 3 % , of pipe-line investment costs, and while the upward trend of 
right-of-way costs is real, the magnitude of this trend is small compared 
with the trend of other costs. The optimum diameters of pipe lines will 
decrease slightly in the future because pipe-line and pump-station 
investment costs are increasing at a significantly higher rate than energy 
costs. Submarine pipe lines cost about 2.5 times as much as land pipe 
lines of the same diameter. 

Table 11 .6 also shows median costs of operation, maintenance, and 
repair (OMR) on pipe lines. The available data are scanty and diverse 
but high accuracy is not required, since O M R on pipe line is but a 
small portion of conveyance cost. 

The unit cost of pump stations, developed from rather extensive data 
which were in close agreement, is shown in Table 11 .7 . The design 
flow expresses the capability of the pump station operating against a 
total dynamic head of 300 feet of water. The data on cost of O M R for 
pump stations leaves much to be desired, but the contribution of O M R 
on pump stations to total conveyance cost is small. 

The average price of industrial electric energy varies geographically 
from as high as 1.720/kw-hr in North Dakota and 1.55 in Connecticut 
to as low as 0.65 in Oregon, Washington, and Tennessee. A price of 
1.50/kw-hr has been used in the computations in this chapter. The price 
also varies with the average use, the above figures being for a use of 
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T A B L E 1 1 . 7 

P U M P - S T A T I O N INVESTMENT AND O M R , U N I T E D STATES, 1 9 6 2 

Pump-stat ion 
Design capability, investment, O M R , $/yr/firm 

Qdy mgd S/installed wire hp wire hp 

0 . 0 2 5 9 6 0 4 8 0 

0 . 2 6 5 5 6 0 

2 2 0 5 1 6 

2 0 1 3 8 1 0 . 8 

2 0 0 1 1 8 1 0 . 2 

2 0 0 0 1 0 5 1 0 . 0 

about 550 kw, equivalent to an average conveyance rate of 10.6 mgd. 
Factors for adjusting electric prices to other production rates are shown 
in Table 11 .8 , which is drawn from the United States averages. As a 
determinant of conveyance cost, the price of electric energy is much less 
important than is generally believed, for the cost for energy is not an 
important factor in the total conveyance cost, except when the pipe line 
has a high positive slope, and then it becomes dominant only at high 
conveyance rates. 

T A B L E 1 1 . 8 

FACTORS FOR A D J U S T I N G ELECTRIC PRICES TO 

DIFFERENT AVERAGE CONVEYANCE RATES 

0 , mgd 0 . 5 3 . 0 1 0 1 0 . 6 3 0 1 0 0 

Factor 1 . 3 8 1 . 1 3 1 . 0 1 1 . 0 0 0 . 9 2 0 . 8 1 

Other parameters which enter into the conveyance cost are water 
temperature, pipe roughness (in computations in the present chapter 
taken as 0.0003 ft), pump-station efficiency (taken as constant at 0.75), 
firming factor (amount of emergency stand-by pump-station capability), 
hydraulic gradient (over-all pipe-line slope), and utilization factor (ratio 
of average conveyance rate to design capability). The sensitivity of 
conveyance cost to most of these parameters is quite small, a 100 % 
change in parameter value bringing about only a few per cent change in 
conveyance cost. The parameters to which conveyance cost is sensitive 
to a degree greater than this are pipe-line investment, hydraulic-gradient 
utilization factor, and energy price. 
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Β . CONVEYANCE COST 

The characteristics of conveyance in a horizontal pipe line at a 
utilization factor of 0.5 are shown in Table 11.9. These figures closely 

T A B L E 11 .9 

CHARACTERISTICS OF OPTIMIZED CONVEYANCE IN HORIZONTAL P I P E L I N E S 

(£7 = 0.5 , energy 1.50/kw-hr) 

Average conveyance rate , mgd 

0.1 1 10 1 0 0 1 0 0 0 

Opt imum pipe diameter, 6 
nominal, practical, inches 

Pump-stat ion spacing, 15 
miles 

Investment $/mile/gpd 
capability 
Line 0 .082 
P u m p stations 0 .0061 

Total 0 .088 

1 2 | 

13.5 

0 .020 
0 . 0 0 1 8 
0 .022 

34 

26 

0 .0076 
0 . 00047 
0 .0081 

9 6 

59 

Conveyance cost, S/kgal/mile 0 . 0 3 1 7 0 .0083 0 .0031 

0 . 0030 
0 . 0 0 0 1 7 
0 .0032 
0 . 0 0 1 2 

2 7 0 

147 

0 . 0 0 1 2 
0 . 000063 
0 . 0013 
0 . 0 0 0 5 0 

approximate those which would be obtained taking a 4 % interest rate, 
a 30-year life on pump stations, a 100-year life on pipe line, and taxes 
and insurance at 0.75 and 1 % of investment, respectively. The con
tribution of each of the five cost elements is shown in Fig. 11 .4 . 

The effect of utilization factor on optimized costs in a horizontal line 
is also rather small. Over the range reasonable in municipal and in
dustrial practice, the optimized cost change from U = 0.5, with utiliza
tion factors between 0.4 and 0.7, would be less than ± 9 % . These 

Fixed 100 
charges on pump stations 

OMR pump stations 

Cumulative 40 
per cent of 

2 0 
total cost

 C KJ 

OMR line 

1.0 10 100 1000 

Average production, G, mgd 

F I G . 1 1 . 4 . Contribution of cost elements to conveyance costs, horizontal lines 
(standard conditions). 
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differentials should not be confused with the differential between the 
conveyance cost in a line optimized at one utilization factor and then 
operated at a different utilization factor. 

The deviation from horizontality in a pipe line is an important 
parameter affecting conveyance costs. This deviation is measured as 
hydraulic gradient, the difference in elevation between two points on the 
line divided by the horizontal distance between them. Actual pipe lines 
follow the profiles of the land, but for cost-computation purposes it can be 
shown that every pipe line can be expressed as a two-section line, of which 
the one-section line is a special case. The upstream section is that from the 
beginning to the highest intermediate point higher than the beginning. 
The downstream section is from the highest intermediate point to the 
terminus. The model pipe line thus has two sections, the first having a 
positive gradient, the second a negative gradient, and either one of the 
two sections may be missing. Conveyance costs must be computed 
separately for each section, although for lines several hundred miles in 
length, the cost will rarely differ by more than 25 % from that for a 
horizontal line. 

For a line having a positive gradient, or a negative gradient of small 
magnitude (such that it falls within the pumped or pumped gravity-
assisted regions of Fig. 11.6), the additional conveyance cost over that 

10 r 

0.01 0.1 1.0 10 100 1000 
Averoge production, ^ , m g d 

F I G . 1 1 .5 . Cost of static lift regardless of flow distribution pumped and pumped 
gravity assisted lines. 
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for a horizontal line is proportional to the hydraulic gradient. The 
proportionality constant is the cost of raising a thousand gallons 1 ft, 
and this is termed the cost of static lift. Figure 11 .5 shows the cost of 
static lift at various average conveyance rates and utilization factors. 
Above 1 mgd the cost of static lift is practically constant, and the cost 
of raising 1000 gal 1000 ft is about 90. 

This proportionality is not maintained in regions of negative hydraulic 
gradient, labeled gravity and gravity boosted on Fig. 11 .6 . This figure 

o.i. 

8 ε 
c _ 

0.001 

Average production, 
Q, mgd 

O.I 

Grov i ty 
boosted 

Pumped 

Gravity - # ^ P u m p e d , grav i ty -ass is ted 

0 . 0 0 0 1
1 

F I G . 1 1 . 6 . 

U = 0 . 5 ) . 

- 1 0 0 - 9 0 - 8 0 - 7 0 - 6 0 - 5 0 - 4 0 - 3 0 - 2 0 - 1 0 0 10 2 0 3 0 4 0 5 0 6 0 7 0 8 0 9 0 100 

Hydraulic gradient , / / , , f t /mi le 

Effect of hydraulic gradient on conveyance cost (United States, 1 9 6 2 , 

shows the effect of hydraulic gradient on conveyance cost at a series of 
average conveyance rates, computed at a utilization factor of 0.5. 
Figure 11 .7 shows the contribution of the five cost elements at a high-
positive and a high-negative value of hydraulic gradient. It is important 
to note that at high positive gradients energy cost displaces the fixed 
charges on the pipe line as average conveyance rate is increased. This 
means that at high gradients and at high capabilities it is the price of 
energy rather than the pipe line investment which is a major contributor 
to conveyance cost. 

The cost of conveyance is directly proportional to the conveyance 
distance except at quite small distances, at which it is somewhat greater 
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OMR fine 
100 

_ 8 0 
Ο 
" 6 0 
ο 

3? 4 0 

2 0 

CR line 

CR pump+OMR pump 
+ energy « 0 

/ / , = - 5 0 f t /mi le 

0.1 1.0 10 K)0 1 0 0 0 

Averoge production, 0 , mgd 

( b ) 

F I G . 1 1 . 7 . Contr ibution of cost elements to conveyance cost, inclined lines (standard 
conditions). 

than the per-mile costs illustrated in this chapter. The distance at which 
this effect begins is about 5 miles, and this critical distance varies with 
capability. (Capability as used here is the maximum production rate, 
conveyance rate, etc., of which a system or component is capable and 
for which it is designed.) 

VI. Cost of Treatment 

Three common types of water treatment, the costs for which may 
enter into the comparison, are filtration, filtration with lime-soda 
softening, and softening by ion exchange. In conventional water-
treatment practice, coagulation and settling precede filtration, and these 
two operations are included in the term "filtration" as used here. The 
cost of filtration depends to some extent on the quality of the raw water 
being treated. In general it would be recommended that water from 
surface sources should be purified by filtration, while water with more 
than 200-ppm hardness should be softened. Softening by the lime-soda 
process requires equipment similar to that for filtration. Softening would 
ordinarily be carried out only to about 75-ppm hardness. Thus with ion 
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exchange, softening which easily produces a product of 5 to 10 ppm 
hardness or lower, the ion-exchange product would be blended with the 
raw water in proportions to produce a blend of 75 ppm. 

The cost of treatment by these three methods at a utilization factor of 
0.5 are shown in Fig. 11 .8 . Also included is the cost of filtration alone 

I I 1 1 1 1 I 

0 .01 O.I 1.0 10 1 0 0 1 0 0 0 

Averoge production, & , mgd 

F I G . 1 1 . 8 . Cost of treatment. 

at a utilization factor of 0.8. The standard deviation of the basic data on 
filtration is of the order of 0 .13 log units, which indicates that the upper 
10 percentile lie above 1.5 times the median. 

It is seen that if only softening is required, it is cheaper to do this by 
ion exchange, except when both the hardness and the production rate are 
high. Also it can be shown that there is no combination of production 
rate and hardness for which ion-exchange softening is cheaper than 
lime-soda softening incremental to filtration. This means that in general 
when both filtration and softening are required, it is cheapter to do the 
softening by lime soda incremental to filtration than by ion exchange. 

VIL Cost of Intake 

A. SURFACE-WATER INTAKE 

For surface-water intake, if pipe-line conveyance is involved and there 
is no impoundment, the intake cost may be considered as an additional 
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2.5 miles of conveyance distance for each mile of intake distance. If 
there is no conveyance, the surface intake would ordinarily be associated 
with a pumping plant, but the pumping plant is essentially part of the 
distribution system and would be required equally for conventional 
supply or for a conversion supply. If there is no conveyance and no 
impoundment, the cost of the intake line can be estimated at approxi
mately 2.5 times the cost of the same length of pipe line. Table 1 1 . 1 0 
shows the cost of surface-water intake considered as O M R plus fixed 

T A B L E 1 1 . 1 0 

C O S T S FOR S U R F A C E - W A T E R INTAKE, U N I T E D STATES, 1962 

(Γ7 = 0 . 5 ) 

Un i t intake costs 
Average intake rate, Reasonable intake length, 

mi les 
(fixed and O M R ) , 

$/kgal 

0 . 1 0 . 1 0 . 0 0 7 

1 0 . 5 0 . 0 0 8 

1 0 0 . 5 0 . 0 0 3 

1 0 0 1 . 0 0 . 0 0 2 

1 0 0 0 5 . 0 0 . 0 0 5 

charges on the line under these circumstances. The second column 
shows a reasonable assignment of intake length for each average produc
tion rate, which can also be used for an approximate assignment of 
costs when intake is considered a part of conveyance. If there is im
poundment, intake cost is zero, because impoundment costs already 
include the outlet works of the reservoir. 

It is seen that surface-water-intake costs are of the order of mils per 
kilogallon and thus negligible within the accuracy of the intended 
comparisons. 

B. WELLS 

It is more difficult to generalize on costs for ground-water intake (i.e., 
wells) than for any of the other elements entering into the costs of 
conventional supply. The difficulties arise largely out of the extreme 
variability in the geographic parameters involved in wells. Foregoing the 
extensive studies necessary to quantify the many parameters involved, 
Figure 11 .9 shows the fixed charge component of well and a pump 
adequate for a 200-ft lift. The well-investment data is based on national 
averages for wells of various types and average capabilities. The lower 
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F I G . 1 1 .9 . Capital recovery costs, wells plus p u m p for 200- f t lift {v = 0 .5 , 0 .1 . , 1962) . 

band shows the unit cost for the indicated production from a single 
well. The upper band shows the unit cost if the indicated production 
has to be achieved by replication of wells due to limitations on the 
capability of a single well. 

The energy cost of lifting is almost directly proportional to the distance 
from the surface to the water level when the well is being pumped, and to 

T A B L E 1 1 . 1 1 

RANGE OF INTAKE C O S T S , W E L L S W I T H 2 0 0 - F O O T L I F T , U N I T E D STATES 
($/kgal;L7 = 0 .5) 

C R on well 
and p u m p 

Well-field Average Subtotal Energy, 
capability, production, Single Replicate excluding 200- f t lift, 

gpm Q, mgd well wells O M R energy 1.50/kw-hr Total 

4 0 0.01 0 . 0 1 8 0 .043 0 .005 0 . 0 2 3 - 0 . 0 4 8 0.003° 0 . 026 -0 . 051 
1 4 0 0.1 0 . 0 15 0 .033 0 .005 0 . 0 2 0 - 0 . 0 3 8 0 . 0 12 0 . 0 3 2 - 0 . 0 5 0 

1 ,400 1 0 .003 0 .0 18 0 .005 0 . 0 0 8 - 0 . 0 2 3 0 . 0 1 2 0 . 0 2 0 - 0 . 0 3 5 
14 ,000 10 0 .003 0 . 0 12 0 .005 0 . 0 0 8 - 0 . 0 1 7 0 . 0 12 0 . 0 2 0 - 0 . 0 2 9 

140 ,000 100 0.003 0 .006 0 .005 0 . 0 0 8 - 0 . 0 1 1 0 . 0 1 2 0 . 0 2 0 - 0 . 0 2 3 

a 50-ft lift, more likely for the average in wells from which the well-cost data are drawn. 
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the energy price, and is independent of production rate or capability. 
T h e unit energy cost is about 0.40/kgal per 100 ft of lift per 10/kw-hr. 
The O M R costs may be taken as about 0.50/kgal. 

Table 11 . 1 1 shows the range of intake costs computed in this manner 
for wells with a 200-ft lift. Approximate costs for higher or lower lifts 
can be computed by correspondingly adjusting the energy cost, neglecting 
the small change in pump-associated costs resulting from changing the 
lift. 

VIII. Illustrative Conventional-Supply Costs 

To illustrate the types of final costs arrived at by the foregoing 
procedures, there has been selected a hypothetical new conventional 
supply for Pierre, South Dakota, which has available in its general region 
ground water of 260 ppm hardness and surface water of hardness 

T A B L E 1 1 . 1 2 

EXEMPLARY INTAKE, IMPOUNDMENT, AND TREATMENT C O S T S , PIERRE, S . D . 

Surface water G r o u n d water 
Average (nitration and softening) (softening) 

product ion, 
Qy mgd Intake Imp. Treat . Subtotal Intake Imp. Treat . Subtota l 

$/kgal 

0.1 0 0 .088 0 . 550 0 .638 0 .044 0 0 . 1 9 0 0 . 234 
10 0 0 .027 0 . 1 1 0 0 . 1 3 7 0 . 024 0 0 . 0 8 0 0 . 1 0 4 

1 0 0 0 0 .020 0 .080 0 . 1 0 0 0 . 0 1 7 0 0 . 070 0 . 0 8 7 
1 0 0 0 (extrap.) 0 . 1 0 0 0 .080 

Per cent of subtotals 

0.1 0 14 86 19 0 81 
1 0 0 2 0 80 23 0 77 

1 0 0 0 2 0 80 2 0 0 80 

100-240 ppm, in the computations taken as 260. The state average 
industrial-energy price is 1.170/kw-hr. Adjustments were made for 
regionalization of some of the costs. Table 1 1 . 12 shows the unit costs 
for the intake, impoundment, and treatment components in the vicinity 
of Pierre. 1 It is seen that among the three components, treatment com-

1 T h e reader versed in mathematical statistics wil l recognize that the customary 
practice, here used, of summing the medians of several component costs to arrive at a 
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prises 80 % of the subtotal costs, the remainder being composed of 
impoundment of surface water and wells for ground water. 

These illustrative subtotals are plotted in Fig. 1 1 . 10 as curves which 
correspond to the conventional-supply cost with zero conveyance 

ο υ 

total or subtotal does not always produce a number which is the median for the possible 
population, that is, for all combinations of component costs. When the deviations in the 
components data are normally distributed then the sum of the medians (which is computed 
here) is indeed the median of all possible sums. However, the deviations in the component 
data in this chapter are not normally distributed but are log-normally distributed. I t can 
be shown that in that case the median of the sums is a number which is higher than the 
sum of the medians. But the magnitude of this difference cannot be determined without 
extensive mathematical work not here undertaken. 

However, for comparisons between the costs of saline water conversion supply and 
conventional supply one is not so much interested in the median costs of conventional 
supply but rather in the costs of those conventional supply situations which are in the 
high portion of the conventional cost range. Arbitrarily one might be interested in the 
upper ten percentile of conventional costs. Ten percentile values are not given in the 
present chapter, but in other preliminary work of the author's group involving these 
components plus some others of similar statistical nature related to water supply, the ten 
percentile of the sum has been less than the sum of the ten percentiles. Any more refined 
statistical-economic work on cost comparisons must take this aspect into account, and 
the author's group are continuing their researches on the subject. 

F I G . 1 1 . 1 0 . Exemplary costs of conventional supply at Pierre, South Dakota. 
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distance. Also plotted on the figure are the total costs at 100 and 500 miles 
conveyance distance. 

Similar studies of other hypothetical conventional supplies confirm 
that treatment, if required, is the major component of conventional-
supply cost excluding conveyance cost. However, the conveyance 
distance does not have to be very great before conveyance becomes more 
than 50 % of the total cost. In the Pierre surface-water illustration, for 
example, this criterion is met when the conveyance distance is 20, 40, 
and 80 miles, respectively, for 0.1 , 10, and 100 mgd. 

A n important parameter in estimating conventional-supply costs then 
is the conveyance distance. The distribution of probable conveyance 
distances for future United States supplies is under study, but the 
results are not yet available. For existing community supplies, lengths 
of lines are quite small. Among United States communities greater than 
10,000 population, the median conveyance distance is 3.3 miles and only 
about 10 communities have lengths greater than 100 miles. Most of 
these are the very large communities, > 1 0 0 mgd. However, there are 
only about 1900 communities with populations greater than 10,000 
compared to the 20 ,000 communities having community water supplies 
in the United States. Since most of these smaller communities have no 
conveyance systems at all, it is likely that the median distance for all 
communities is zero and that the 3.3-mile figure corresponds to the 
upper 5 percentile. However, this has no bearing on the number of 
communities which would find saline-water conversion more economical 
than a future installation, for which the conveyance distance is undeter
mined and can only be specified for the particular location under 
consideration. 

Most of the approach to this l itt le-explored field and the information contained in this 
chapter has resulted f rom the work of the author and his associates in the period 1954 to 
1965 . Acknowledgment is due the various organizations which have financed portions 
of the work, including the Office of Saline Water , the United States Public Health Service 
Advanced Waste Treatment Research Program, the Uni ted Nations, and Louis Koenig— 
Research (a corporation). 
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LIST OF SYMBOLS 

Hydraulic gradient, elevation differ
ence (in direction of flow) divided 
by horizontal distance, feet/mile 

Q In reference to streams and reser
voirs : average stream flow, volume/ 
time, consistent units ; in reference 
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to water-supply systems: average 
production, mgd 

QD F i rm draft on a reservoir, volume/ 
time, consistent units 

Qd Design capability of a component 
or of the system, mgd 

Q * 4 Reduced 274-day low flow, Q 2 7 4/Q 
(see text) 

S Reservoir storage, required volume 

capacity of reservoir, acre-feet or 
consistent units 

S* Reduced storage, SjQ, years ; S* 
(years) X Q (cubic feet per second) 
x 723 .9 = 5 (acre-feet) 

sD*  Storage as years of draft, SjQD, 
years ; SD*  (years) X QD (mgd) x 
1 1 2 0 = S (acre-feet) 

U Utilization factor, QlQa, fraction 
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