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CHAPTER 1

URBAN WATER
INFRASTRUCTURE:
A HISTORICAL
PERSPECTIVE

Larry W. Mays
Department of Civil and Environmental Engineering
Arizona State University
Tempe, Arizona

Attention to water supply and drainage is the sine
qua non for urbanization, and hence for that human
condition we call civilization. In fact, development
of water supply, waste removal, and drainage made
dense settlement possible. Crouch (1993)

Cities are systems within systems of cities.
Berry (1964), given in
Lees and Hohenberg (1988)

1.1 CITIES AND WATER KNOWLEDGE

1.1.1 The Beginning

Humans have spent most of their history as hunting and food gathering beings.
Only in the last 9000 to 10,000 years have we discovered how to raise crops and
tame animals. Such revolution probably first took place in the hills to the north of
present-day Iraq and Syria. From there the agricultural revolution spread to the
Nile and Indus valleys. During this time of agricultural revolution, living in per-
manent villages took the place of a wandering existence. About 6000 to 7000
years ago, farming villages of the Near and Middle East became cities. The first
successful efforts to control the flow of water were made in Mesopotamia and
Egypt. Remains of these prehistoric irrigation canals still exist.

About 5000 years ago the science of astronomy began and observation of other
natural phenomena was leading to knowledge about water resulting in advances
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for control and use. In the third millennium B.c. time period the Indus civilization
had bathrooms in houses and sewers in streets. The Mesopotamians were not far
behind (Adams, 1981). In the second millennium B.c. the Minoan civilization on
Crete had running water and flushing latrines (Evans, 1964). The Minoan and
Mycenaean settlements used cisterns 1000 years before the classical and
Hellenistic Greek cities. Water runoff from rooftops was stored in the cisterns
which supplied water for the households through the dry summers of the
Mediterranean. Between the time of the fall of the Minoan civilization and before
the (flowering) growth of the Greek culture (1100-700 B.c.), the Aegean societies
were in disarray.

Around 3000 B.c. the first true urban settlements appeared in ancient
Mesopotamia, Egypt, and the Indus Valley. These settlements (societies) had elab-
orate religious, political, and military hierarchies. The areas devoted to the activi-
ties of the elite were often highly planned and regular in form, whereas the
residential areas often grew by a slow process of accretion resulting in complex
and irregular patterns. Greek cities did not follow a single pattern, but grew from
old villages. Figure 1.1 shows locations of selected Greek sites, some of which are
discussed in this chapter.

In consolidating their empire, the Romans engaged in extensive building of
cities. Rome resulted from centuries of irregular growth with particular temple and
public districts that were highly planned. The Roman military and colonial towns
were laid out in a variation of the grid. As an example, the layout of London, Paris,
and many European cities resulted from these Roman origins. Because cities
needed a healthy water supply, locations along rivers and streams or underground
watercourses were always favored. When cities were small, obtaining clean water
and disposing of wastes was not a major problem; however, as cities grew to larger
populations and much higher densities there was a much greater need for public
infrastructure. Figure 1.2 illustrates the extent of the Roman Empire with selected
sites, some of which are discussed in this chapter.

Historically, settlements and communities relied on natural sources to obtain
their water. Supplying large quantities such as for fountains (e.g., the Treni
Fountain in Rome) was a luxury few communities and states could afford before
the Roman era. The most common method of collecting water was saving rain-
water in rooftop reservoirs and cisterns. This method was used by the Minoans and
Mycenaeans and later by the classical and Hellenistic Greeks, and then the
Romans. In fact cisterns are still used throughout the world for storing rainwater
for various purposes and as the most common method of providing water at loca-
tions without adequate or safe on-site supplies. Before running-water supplies
were made possible by conduits and aqueducts, many Roman cities relied upon
cisterns and storage tanks. Cisterns ranged from individual use for houses to com-
munal cisterns. Probably the most impressive and immense cistern ever built by
the Romans was the Piscina Mirabilis near Pozzuoli in the bay of Naples, Italy.
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FIGURE 1.2 Map of sites in the Roman Empire. (Garraty and Gay, 1972)
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Table 1.1 presents a chronology of water knowledge, from Crouch (1993), who
points out that traditional water knowledge relied on geologic and meteorologic
observation plus social consensus and administrative organization, particularly in
the ancient Greek world.

1.1.2 Contrast of Past and Present

Figure 1.3 shows the functional components of a modern-day water utility, and
Fig. 1.4 shows the hierarchical relationship of components, subcomponents, and
sub-subcomponents for a modern-day-water distribution system. In comparison
Fig. 1.5 shows the functional components of a Roman urban water distribution
system based upon the Pompeii system. This chapter attempts to provide an
insight into the Greek and Roman era water systems to provide a better under-
standing of our present-day urban water supply systems. A comparison of the
ancient and the modern-day aqueduct systems is shown in Figs. 1.6 and 1.7.
Figure 1.6 shows the Central Arizona Project aqueduct through a residential area

TABLE 1.1 Chronology of Water Knowledge

Prehistoric period Springs
3d-2d millennium B.c. Cisterns
3d millennium B.c.* Dams
3d millennium B.c. Wells

Probably very early (?) Reuse of excrement as fertilizer

2d millennium B.c.* Gravity flow supply pipes or channels and drains, pressure
pipes (subsequently forgotten)

8th—6th century B.c. Long-distance water supply lines with tunnels and bridges,
as well as intervention in and harnessing of
karst water systems

6th century B.c. at latest ~ Public as well as private bathing facilities, consisting of
bathtubs or showers, footbaths, washbasins, latrines or
toilets, laundry and dishwashing facilities

6th century B.c. at latest ~ Utilization of definitely two and probably three qualities of
water: potable, subpotable, and nonpotable including
irrigation using storm runoff, probably combined with
wastewaters

6th—3d centuries B.c. Pressure pipes and siphon systems

*Indicates an element discovered, probably forgotten, and then rediscovered later.
(?) indicates an educated guess.
Source: Crouch, 1993.
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FIGURE 1.3 Functional components of a modern-day water utility. (Cullinane, 1989)

in Scottsdale, Arizona. In contrast Fig. 1.7 shows a Roman aqueduct bridge
located in Izmir, Turkey.

1.2 ROMAN PREDECESSORS

1.2.1 The Minoans

Knossos, located approximately 5 kilometers (km) from Herakleion, the modern
capital of Crete, was one of the most ancient and most unique cities of the Aegean
region and Europe. Knossos was first inhabited shortly after 6000 B.c., and within
3000 years it had become the largest neolithic (circa 5700-28 B.c.) settlement in
the Aegean world. During the bronze age (circa 2800—1100 B.c.) the Minoan civ-
ilization developed and reached its culmination as the first Greek cultural miracle
of the Aegean world. During the neopalatial period (1700-1400 B.c.), Knossos
was at the height of its splendor. The city extended over an area of 75,000 to
125,000 square meters (m?) and had an estimated population in the order of tens
of thousands of inhabitants. The water supply system at Knossos was most inter-
esting. An aqueduct supplied water through tubular conduits from the Knunavoi
and Archanes regions and branched out into the city and the palace. Figure 1.8
shows the type of pressure conduits used within the palace for water distribution.
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FIGURE 1.5 Functional components of a Roman urban water distribution system based upon
the Pompeii system. (Hodge, 1992)

FIGURE 1.6 Central Arizona Project (CAP) aqueduct through a residential area in Scottsdale,
Arizona. (Courtesy of Central Arizona Project)
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FIGURE 1.7 Roman aqueduct bridge in Izmir, Turkey. (Photo by Koksal B. Celik)
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FIGURE 1.8 Water distribution pipe in Knossos, Crete, built around 2000 s.c. by the Minoans.
(Photo by Larry W. Mays and copyright by Larry W. Mays)

Unfortunately, around 1450 B.c. the Mycenean palace was destroyed by an earth-
quake and fire, as were all the palatial cities of Crete.

1.2.2 The Greeks

From the viewpoint of water supply in ancient Greece there are two periods before
the Hellenistic period, the archaic period and the classical period, during which
time nothing built could compare with the grandiosity of the Roman aqueducts.
The city of the archaic and classical Greek periods typically had a spring at its cen-
ter from which it grew, without any aqueducts, at least in comparison to what the
Romans built. Terra-cotta pipelines probably were the usual method of conveying
water during the classical Greek period. These terra-cotta pipes [20 to 25 cen-
timeters (cm) in diameter] fit into each other (see Fig. 1.9). Cities were served by
fountain(s) in central location(s) receiving water either from a local source or by
a conduit made of terra-cotta pipes. Pipes were laid along the bottom of trenches
or tunnels, allowing for both protection and access. Two or more pipes in parallel
were used depending upon the flow to be conveyed.

During the Hellenistic period the political and economic situation changed,
leading to much more architectural development and urban beautification, of
which aqueducts played a major role. The progress in science during the
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FIGURE 1.9 Terra-cotta pipes found in Ephesus, Turkey. (Photo by Koksal B. Celik)

Hellenistic period provided a new technical expertise. Hellenistic aqueducts usu-
ally used pipes, as compared to the Roman masonry conduit. The Hellenistic peo-
ple did not have the Roman’s engineering skill especially in the use of the arch and
the building of aqueduct bridges. Greek and Hellenistic aqueducts generally fol-
lowed the contours of the land, without using any major engineering structures.
The one exception was the use of the siphon, which was the method used by the
Hellenists to convey water across valleys. Locations of siphons included Ephesus,
Methumna, Laodicea (see the parallel siphons in Fig. 1.10), Pergamon, and many
others. There are difficulties in dating these siphons, but they may be of the early
Roman or Hellenistic period and obviously provided models for the later Roman
work. Hellenistic pipelines were built of stone (see Fig. 1.11) or terra-cotta (see
Fig. 1.9) whereas the Romans used pipes made of lead (see Fig. 1.12).

Acropolis. The Acropolis at Athens, Greece, had been the focus of settlement
starting with the earliest times. Not only its defensive capabilities, but also its
water supply, made it the logical location for groups who dominated the region.
The Acropolis is located on a rock outcropping and has naturally occurring water.
This and the ability of its inhabitants to save rain and spring water resulted in a
number of diverse water sources being available, including cisterns, wells, and
springs. Figure 1.13 shows the shaft of one of the archaic water holders.
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(b

FIGURE 1.10 Siphon at Laodicea, Turkey. (@) View of the two parallel siphon pipes, and (b)
closer view of one of the siphons. (Photos by Koksal B. Celik)
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FIGURE 1.11 Stone pipes in Ankara, Turkey. (Photo by Koksal B. Celik)
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FIGURE 1.12 Lead pipe with marmor joint elements. Pipe is located in the Ephesus Museum.
(Photo by Koksal B. Celik)

FIGURE 1.13 Shaft of a water holder at the Acropolis at Athens, Greece. (Photo by Larry W.
Mays and copyright by Larry W. Mays)
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Syracuse. The karst areas of the Italian peninsula and Sicily are what interested
the Greek colonists during the archaic period. An excellent example of this was
the founding of Syracuse (on Sicily) as a colony of Corinth in 734 B.c. Among the
many things that transferred from the Corinthian culture, such as language, reli-
gion, government, and farming, was the water management. As Crouch (1993)
points out, “the transfer of knowledge about managing water was facilitated by the
similarity of geology and climate between the two sites.” During the eighth to first
century B.c., the knowledge of locating and collecting water was coupled with the
increasing knowledge of transporting both fresh and used water.

Figure 1.14 illustrates the water elements of Syracuse during the Greek times, and
Fig. 1.15 shows the later water elements during the Roman times along with further
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FIGURE 1.14 Map of Syracuse during the Greek times showing the water elements. (Crouch,
1993)
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illustration of the geology of the area. The geology of the site, with the earlier and
later limestone layers above the clay, created an abundance of water. The Arethusa
spring, located at the edge of the sea (refer to Fig. 1.15), was the first settlement on
Ortygia (Crouch, 1993). The water supply came from many surface and subsurface
openings in the limestone, particularly where the limestone lay above impermeable
strata such as marl. The series of grottoes above the Greek theater (see Fig. 1.16) was
probably a major factor in the development of Syracuse, because the early Greeks
found water flowing here. After a time, possibly a couple of centuries, water found a
new path further downhill. Because of this and an increased demand for water (by the
increased population), new supplies to this downhill location were developed, using
the same outlets. These were the Galermi and Ninfeo aqueducts (routes are shown in
Figs. 1.14 and 1.15). Figure 1.16 shows the Greek theater with the grotto formations
in the background. Figure 1.17a and b shows the outlet of these two aqueducts inside
the grotto formation, and Fig. 1.18 shows the aqueduct above the grottoes.

The Romans conquered Sicily in the late third century creating an early Greco-
Roman society. During the Roman period new water system elements were added
to compensate for old elements going out of use and to supply water for bath-gym-
nasiums and other uses for an increased population (Crouch, 1993). The grottoes
and underground tunnels became tomb sites as early as the last century B.c., after
centuries of use as water lines. By the second or third century, the water systems
began to deteriorate because of little or no maintenance.

N
FIGURE 1.16 Greek theater in Syracuse showing the grotto formation in the background. Early
Greeks found water flowing from the grottoes. (Photo by Larry W. Mays and copyright by Larry
W. Mays)
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-

(b)

FIGURE 1.17 Outlet (of the Galermi and Ninfeo aqueducts) located inside the grotto formation
above the Greek theater in Syracuse. (a) View looking up at the entrance, and () floor of the
entrance. (Photo by Larry W. Mays and copyright by Larry W. Mays)
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FIGURE 1.18 Views of the aqueduct above the grottoes near the Greek theater in Syracuse.
(Photo by Larry W. Mays and copyright by Larry W. Mays)
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1.2.3 Anatolia

Anatolia, also called Asia Minor, which is part of the present-day Republic of Turkey,
has been the crossroads of many civilizations during the last 10,000 years. During the
last 4000 years, going back to the Hittite period (2000-200 B.c.), there are many remains
of ancient urban water supply systems, including pipes, canals, tunnels, inverted
siphons, aqueducts, reservoirs, cisterns, and dams. The majority of the Anatolian water-
works belong to urban water supply systems, in contrast to the large irrigation projects
found in Egypt, Mesopotamia, and Indus. Ozis and Harmancioglu (1979) discussed the
systems located in Side, Aspendos, Hierapolis, and Ephesus. Ozis (1987, 1996) dis-
cussed the history of ancient waterworks in Anatolia starting with the Hittite period
(2000700 B.c.), the Urartu period (900-600 B.c.) in eastern Anatolia, the Ionian to
Roman periods (1000 B.c.—a.p. 395) in western and central Anatolia, and continuing
through the Byzantine (395-1453), the Seljukian (1071-1308), and the Ottoman
(1281-1922) periods. Ephesus was founded during the tenth century B.c. as an Ionian
city out of the Artemis Temple. During the sixth century B.c. Ephesus was reestablished
at the present site where it further developed during the Roman period.

Baths were unique in ancient cities. One example, the Skolacctica baths in
Ephesus, had a salon and central heating. These baths had a hot bath (caldarium), a
warm bath (fepidarium), a cold bath (frigidarium), and a dressing room (apody-
terium). The first building, in the second century, that housed these baths had three
floors. A woman named Skolacticia modified the baths in the fourth century mak-
ing them amiable to hundreds of people. There were public rooms and private
rooms, and those who wished could stay for many days. A furnace and a large boiler
were used to provide hot water.

Perge, located in Anatolia, is another ancient city that had a unique urban water
infrastructure. Figure 1.19q illustrates the Majestic Fountain (nymphaion), which
consisted of a wide basin and a richly decorated architectural facade. Because of the
architecture and statues of this fountain, it was one of Perge’s most magnificent edi-
fices. A water channel (shown in Fig. 1.19a and b) ran along the middle, dividing
each street and bringing life and coolness to the city. A cover to the underground
drainage system for the water channel is shown in Fig. 1.20. The baths of Perge were
magnificent and of a rather large size as shown in Fig. 1.21. As in other ancient cities
in Anatolia, three separate baths existed (a caldarium, tepidarium, and frigidarium).

1.3 ROMAN WATER SUPPLY: AQUEDUCTS AND
AQUEDUCT BRIDGES

The early Romans devoted much of their time to useful public works projects, build-
ing boats, harbor works, aqueducts, temples, forums, town halls, arenas, baths, and
sewers. The prosperous early-Roman bourgeois typically had a dozen-room house,
with a square hole in the roof to let rain in, and a cistern beneath the roof to store the
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(b)

FIGURE 1.19 Views of the Majestic Fountain and downstream channel for water flow in Perge,
Anatolia, Turkey. (a) Majestic Fountain (nymphaion), and (b) water channel dividing street.
(Photos by Larry W. Mays and copyright by Larry W. Mays)
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FIGURE 1.20 Cover to underground drainage system for water channel from the Majestic
Fountain. (Photo by Larry W. Mays and copyright by Larry W. Mays)

water. The Romans built many aqueducts; however, they were not the first to do so.
King Sennacherio built aqueducts, as did both the Phoenicians and the Hellenes. The
Romans and Hellenes needed extensive aqueduct systems for their fountains, baths,
and gardens. They also realized that water transported from springs was better for
their health than river water and did not need to be lifted to street level, as did river
water. Roman aqueducts were built on elevated structures to provide the needed
slope for water flow. Knowledge of pipe making—using bronze, lead, wood, tile,
and concrete—was in its infancy, and the difficulty of making pipes was a hindrance.
Most Roman piping was made of lead, and even the Romans recognized that water
transported by lead pipes was a health hazard.

The water source for a typical water supply system of a Roman city was a
spring or a dug well, usually with a bucket elevator to raise the water. If the well
water was clear, and of sufficient quantity, it was conveyed to the city by aqueduct.
Also, water from several sources was collected in a reservoir, and then conveyed
by aqueduct or pressure conduit to a distributing reservoir (castellum).

Flow in the Roman aqueducts was obtained by gravity. Water flowed through an
enclosed conduit (specus or rivus), which was typically underground, from the source
to a terminus or distribution tank (castellum). Above ground aqueducts were built on
araised embankment (substructio) or on an arcade or bridge. Settling tanks (piscinae)
were located along the aqueducts to remove sediments and foreign matter. Subsidiary
lines (vamus) were built at some locations along the aqueduct to supply additional
water. Also subsidiary or branch lines (ramus) were used. At distribution points water
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FIGURE 1.21 Views of the
Roman baths at Perge,
Anatolia, Turkey. (Photos
by Larry W. Mays and copy-
right by Larry W. Mays)
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was delivered through pipes (fistulae) made of either tile or lead. These pipes were
connected to the castellum by a fitting or nozzle (calix). These pipes were usually
placed below the ground level along major streets. See Garbrecht (1982), Evans
(1994), Robbins (1946), and Van Deman (1934) for additional reading on the water
supply of the City of Rome and of other locations in the Roman Empire.

To properly discuss Roman water supply we must at least be aware of the trea-
tises of Vitruvius (De Architectura) (Morgan, 1914) and Sextus Julius Frontinus
(De aqueaductu urbis Romae) (translation 1973). Vitruvius (84 B.c.) and Frontinus
(a.n. 40-103) did not contribute to the scientific development of hydraulics; how-
ever, the treatises that they authored do give us insight to the planning, construc-
tion, operation, and management of Roman hydraulic structures. The Greeks gave
us the great achievements in science, and the Romans gave us the great achieve-
ments in the improvement of technology.

1.3.1 Vitruvius and Frontinus

Vitruvius discussed the various elements of water supply in his book VIII, which
also is an interesting source for information on springs, the uses and quality of
water, and some of the techniques involved. In chapters 5 and 6 of book VIII,
Vitruvius addressed the quality of water is some of his passages.

Chapter 5:

20. Some springs appear to be mixed with wine; as that in Paphlagonia, which,
when taken, inebriate as wine.

21. In Arcadia, at the well-known city of Clitorium, is a cave flowing with water, of
which those who drink become abstemious.

22. There is also in the island of Chios, a fountain, of which those who imprudently
drink become foolish.

23. At Susa, the capital of Persia, there is a fountain, at which those who drink lose
their teeth.

24. The quality of the water, in some places, is such that it gives the people of the
country an excellent voice for singing, as at Tarsus, Magnesia, and other countries.

Chapter 6:

1. Water is conducted in three ways, either in streams by means of channels built
to convey it, in leaden pipes or in earthen tubes, according to the following
rules....

10. Water conducted through earthen pipes is more wholesome than that through
lead; indeed that conveyed in lead must be injurious, because from it white lead
is obtained, and this is said to be injurious to the human system.

Frontinus was a retired army officer who, in A.p. 97 took over as director of the
Rome Metropolitan Waterworks. He declared the Roman aqueducts as the real mark
of civilized living. Rome was declared as the first civilization to set a proper priority
on decent sanitation and abundant drinking water. Actually drinking water was a by-
product of the aqueducts with the real purpose being to supply baths (Hauck, 1988).
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1.3.2 Aqueducts of Rome

Rome’s aqueduct system evolved over a 500-year time period. As did most of
our modern-day urban water distribution systems, Rome’s system evolved in a
piecemeal fashion. Frontinus’s treatise De aquaeductu urbis Romae (On the
water supply of the city of Rome), described Rome’s water supply in the form
of a notebook and was written for himself, or for a possible successor, to serve
as a rule or guide (formulas administrationis). This treatise is not a comprehen-
sive discussion of the aqueduct system, but does give us a picture of various
aspects of Rome’s aqueduct system.

The major sources and routes of the aqueducts to ancient Rome are illustrated
in Fig. 1.22. In 312 B.c. the Adile Appius Claudius constructed the first aqueduct,
Aqua Appia, a simple underground channel. The next aqueduct was Aqua Anio
Vetus, constructed in 272 B.c. Eventually there were 11 aqueducts that supplied
water to Rome. Table 1.2 lists the aqueducts in Rome along with other informa-
tion such as the date the aqueduct was built, its length, and its origin. Frontinus
discussed nine of the aqueducts; the two built after his treatise was written are the
Traiana and Alexandrina. The two Anio aqueducts received water directly from
the river, and the Alsietina aqueduct received water directly from Lake Alsietina.
The remaining aqueducts (Appia, Marcia, Tepula, Julia, Virgo, Claudia, Traiana,
and Alexandrina) received water from springs. Several feeder branches were com-
monly necessary to collect enough water for the aqueducts. For example, the Virgo
and Marcia aqueducts used feeder branches to collect water in a collecting basin
where the water entered the main channel.

The location and routes of the aqueducts in ancient Rome are illustrated in Fig.
1.23a, with more details shown in Fig. 1.23b. The area map shown in Fig. 1.24 is
the location (area of Spes Vetus near the two major roads, Via Labicana and Via
Praenestina) where all of the eastern aqueducts entered the city. Figure 1.25a to e
illustrates various views taken near and of the Porta Maggiore (the double-arched
gate which carries the Aqua Claudia and Aqua Novus), with the views (directions
pointed to by the camera) indicated in Fig. 1.24. Figure 1.25a and b shows the
aqueducts Claudia (above) and Anio Novus (lower) on top of the Porta Maggiore.
The gate is reminiscent of a triumphal arch. Figure 1.25¢ points to the location of
where the two aqueducts changed direction. Figure 1.25d shows the three aque-
ducts [Julia (top), Tepula (center), and Marcia (lower)] located in the Aurelian
Wall. Figure 1.25e shows the branch aqueduct, the Aqua Claudia, that supplied
water to the Trophies of Marius nymphaeum.

As pointed out by Evans (1994), throughout the history of Rome, aqueduct
construction was generally not planned in an orderly manner. During
Republican Rome the city fathers tended to allow needs to become critical
before aqueducts were built, similar to modern-day practice. Available funds for
the construction were also needed as for Anio Vetus and Aqua Marcia as pointed
out by Frontinus (6.1, 7.4). Rome’s natural supply from abundant springs, wells
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(Frontinus, 4.1) supplied by a high water table, household cisterns, and water
from the Tiber were probably adequate for several centuries, so the first aque-
duct to bring water into the city from outside, Appia, was not completed until
312 B.c. Some of the springs of Rome were said by Frontinus (4.2) to have cura-
tive powers, “The memory of the springs is still considered holy and revered;
indeed they are believed to retore sick bodies to health, such as the spring of the
Camenae, and...that of Juturna.” (See Evans, 1994.)

Table 1.3 lists the number of castella for each of the aqueducts and the volume
in quinariae according to Frontinus’s statistics (Evans, 1994). Unfortunately, we
do not know the definition of the quinaria. As pointed out by Evans (1994),
Frontinus' guinaria cannot be converted into modern units of measurement:
“Frontinus regarded it as an accepted unit internally consistent and applicable to
the statistics he reports in De aquaeductu (34.2-3).” The quinaria can only be
used to compare relative capacities and deliveries within Rome’s water system as
a whole (Bruun, 1991). Table 1.4 provides standardized measures of pipes, pro-
viding some insight to the quinaria.

The total distribution is 14,018 guinariae, with 4063 quinariae outside the city
and 99551/2 quinariae within the city through 247 castella. Of the 4063 quinariae
distributed outside the city, 1718 quinariae were in Caesar’s name and 2345
quinariae in private customer names. The 9955!/2 quinariae distributed within the
city had the following purposes according to Frontinus (Evans, 1994):

In Caesar’s name 17071/2

To private consumers 3847

For public functions 4401
To 18 camps 279
To 95 public works 2301
To 39 fountains 386
To 591 basins 1335

Frontinus (18) discussed elevations of the aqueducts:

All the aqueducts arrive in the city at different elevations. As a result, certain ones
serve higher places, and others cannot be raised to more lofty areas; indeed even the
hills have grown up little from rubble on account of the great number of fires. The
height of five aqueducts permits them to be raised into every part of the city, but of
these, some are forced by greater pressure, others by less. The highest of all is the
Anio Novus, the next highest, the Claudia; the Julia holds third place, the fourth the
Tepula, and after this the Marcia, which even equals the height of the Claudia at its
source. But the old aqueduct builders constructed their lines at lower elevation,
either because the fine points of the leveling art had yet been ascertained or because
they deliberately made it their practice to bury aqueducts underground to prevent
them from being cut easily by enemies, since a good many wars were still being
fought against the Italians.
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FIGURE 1.22 Map of aqueducts to Rome. (Aicher, 1995)
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FIGURE 1.23 Aqueducts in ancient Rome. (@) Termini of the major aqueducts (Evans, 1994),
and () the area of the Spes Vetus showing the courses of the major aqueducts entering the city
above ground. (From R. Lanciani, Forma Urbis Romae, as presented in Evans, 1994)

1.3.3 Aqueduct of Nimes (Ancient Nemausus)
and the Pont du Gard

The aqueduct of Nemausus (built circa 20 B.c. by Agrippa) conveyed water
approximately 50 km from the Fontaine d’Eure at Uzes to the castellum in Nimes
(see the location of the route in Fig. 1.26). The most spectacular feature of this
aqueduct is the Pont du Gard (Bridge of the Gard) discussed at the end of this sec-
tion. Of almost equal importance from an engineering viewpoint, however, is the
not-so-obvious gradient of the aqueduct from Uzes to NTmes and the high quality
of surveying that would have been required to maintain the gradient during con-
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FIGURE 1.24 Map of the Porta Maggiore area showing the direction of the photographs in Fig.
1.25a to e. (Modified from Aicher, 1995)
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FIGURE 1.25 Views (direction shown in Fig.
1.24) of the aqueducts of Rome at the Porta
Maggiore (double-arched gate) on the Aurelian
Wall where all the eastern aqueducts entered
Rome. (@) View of the Porta Maggiore, (b)
aqueducts Claudia (top) and the Anio Novus
(bottom) above the Porta Maggiore, (c) view of
the Aurelian Wall, (d) three aqueducts Julia
(top), Tepula (center), and Marcia (lower)
located on the Aurelian Wall, and (e and f)
Nero’s branch of the Aqua Claudia that sup-
plied water to the Trophies of Marius
nymphaeum. (Photos by Larry W. Mays and
copyright by Larry W. Mays)

Downloaded from Digital Engineering Library @ McGraw-Hill (www.digitalengineeringlibrary.com)
Copyright © 2004 The McGraw-Hill Companies. All rights reserved.
Any use is subject to the Terms of Use as given at the website.



URBAN WATER INFRASTRUCTURE: A HISTORICAL PERSPECTIVE

1.36 HISTORY, PLANNING, OUTSOURCING

(d)

FIGURE 1.25 (Continued)
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FIGURE 1.25 (Continued)
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TABLE 1.3 Frontinus’s Statistics on the Aqueducts of Rome

Aqueduct Number of castella ~ Volume, quinariae
Appia 20 699
Anio Vetus 35 1,5081/2
Marcia 51 1,472
Tepula 14 331
Julia 17 597
Virgo 18 2,304
Claudia/Anio Novus 92 3,498

Total 247 10,4091/

*Frontinus (78.3) states a total of 9,955 quinariae, but the sum of individ-
ual deliveries by aqueduct in Frontinus (79-86) results in a total of 10,409!/2
quinariae.

struction. Elevation of the source at Uzes was 76 m and of the castellum at Nimes
was 59 m, for a difference of 17 m. Even if the aqueduct had been constructed on
a straight line between the two points, the distance was 20 km making the slope or
overall gradient 0.85 m/km, 0.00085 m/m, or 0.085 percent.

The actual length of the aqueduct constructed was around 50 km, and the aque-
duct was built with the profile shown in Fig. 1.27 showing the variation of slopes.
Hauck (1988) states: “The responsibilities of the chief aquilex consisted of two
unequal legs of the aqueduct. One was the northern portion, upstream from the
river, a good ten milia passus long, with a normal gradient of four-fifths of an
uncia per one-hundred pedes (0.00067).” The aquilex is a person employed to find
water. Milia (or mille for singular) refers to a thousand, and passus refers to
approximately 1.48 m, so that a mille passus is 1478.5 m or 1 mile and 10 milia
passus refers to 10 miles. A pedes is 1 foot (ft), so 1 passus is 5 pedes. Unicia
refers to a twelfth or 1 inch (in).

Figure 1.28 shows a portion of the aqueduct several hundred meters southwest
(downstream) of the Pont du Gard. Figure 1.29 shows the aqueduct tunnel imme-
diately on the upstream (in the direction of the aqueduct) side of the Pont du Gard.
Figure 1.30 shows portions of the aqueduct to the northeast of the upstream side
of the Pont du Gard.

The Pont du Gard, shown in Fig. 1.31 is one of the more spectacular aqueduct
bridges ever built and is the most photographed aqueduct in existence.

1.3.4 Aqueduct of Segovia

The Segovia aqueduct received water from the Rio Acebeda (also referred to as
the Frio River on La Acebeda), a small river approximately 12 km south of the
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TABLE 1.4 Standardized Measures of Roman Pipes According to Frontinus
(Fahlbusch, 1987)

Inner diameter  Circumference Area of cross-section
Name of pipe Digiti  cm Digiti  cm Digiti  Quinariae cm?

5 quinaria 5/4%* 2.31 393 7.27 1.23 1.00 4.20
6 senaria 6/4%* 2.78 4.72 8.72 1.77 1.44 6.05
7 septenaria 7/4%* 324 550 10.18 241 1.96 8.22
8 octonaria 8/4°%* 3.70 629 11.63 3.14 2.56 10.75
10 denaria 10/4%* 4.63 7.86 14.54 471 4.00 16.80
12 duodenaria 12/4%* 5.55 943 1744 7.07 5.76 24.19
15 quinum

denum 15/4%* 694 11.79 2180 11.04 9.00 37.80
20 vicenaria 20/4%* 925 1572 29.07 19.63 16.00 67.20
20 vicenaria 5.05 934 1585 29.32 20%* 16.26 68.45
25 vicenum

quinum 564 1044 1773  32.80 25% 20.37 85.56
30 tricenaria 6.18 1144 1942 3592 30%* 24.43 102.62
35 tricenum

quinum 6.67 1235 2098 38.81 35% 28.51 119.74

40 quadragenaria 7.14 1320 2242 4147 40% 32.58 136.85

45 quadragenum
quinum 7.57 1400 2379 44.00 45% 36.65 153.94

50 quinquagenaria ~ 7.99 1476  25.07 46.39 50%* 40.73 171.05

55 quinquagenum

quinum 837 1548 2629 48.64 55% 44.80 188.16
60 sexagenaria 874 16.17 2746 50.80 60* 48.87 205.26
65 sexagenum

quinum 9.09 1682 2858 52.88 65%* 52.94 222.37

70 septuagenaria 944 1746  29.67 54.88 70% 57.02 23947

75 septuagenum

quinum 9.77 18.08 30.71 56.81 75% 61.09 256.58
80 octogenaria 10.09  18.67 31.71 58.65 80* 65.17 273.70
85 octogenum

quinum 1040 1924 3269 6047 85* 69.24 290.79

90 nonagenaria 10.70 1980  33.64 62.23 80* 73.31 307.90

95 nonagenum

quinum 11.00 20.34 3456 63.93 95 77.38 325.01
100 centenaria 11.28 20.87 3546 65.60 100%* 81.45 342.10
120 centenum

vicenum 1236 22.86 38.83 71.84 120* 97.75 410.55

*Source of name.

1.39
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FIGURE 1.26 Route of the aqueduct of Nimes. (Hodge, 1992)

city. Water was diverted into the aqueduct by a weir set at an angle across the river.
Figure 1.32 shows the Roman aqueduct bridge in Segovia with the arches at two
levels. The aqueduct makes a 90 degree turn in the Plaza of Diax Sanz. This aque-
duct, built during the second half of the first century or early years of the second
century, has a maximum height of 28.9 m in the Plaza of Azoguejo. This master-
piece of engineering consisted of around 20,400 stone blocks that were not held
together by mortar or cement, making it very unique from an engineering per-
spective.
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FIGURE 1.27 Profile of the aqueduct of Nimes. (Hauck, 1988)

1.3.5 Aqueducts of Ephesus

The water supply system to Ephesus consisted of four systems (see Fig. 1.33): (1)
the Sirince system from the east, (2) the Derbentdere system from the southeast,
(3) the Degirmendere system from the southwest, and (4) the Kayapinar system
from the northeast. Ephesus (the metropolitan city of Roman Asia Minor) received
its first water by aqueduct (built by C. Sextius Pollio) about the same time as
Nimes did.

The Sirince system conveyed groundwater from the hills of the village Sirince,
east of Selcuk. This system probably supplied the Artemis Temple in Ephesus
(Ogzis, 1996). A collection system, consisting of a main and three lateral galleries
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FIGURE 1.28 Aqueduct of Nimes to the southeast of the Pont du Gard. (Photo by Larry W.
Mays and copyright by Larry W. Mays)

FIGURE 1.29 Aqueduct tunnel adjacent to the Pont du Gard. (Photo by Larry W. Mays and
copyright by Larry W. Mays)
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FIGURE 1.30 Aqueduct of Nimes to the northeast of the Pont du Gard. (Photo by Larry W.
Mays and copyright by Larry W. Mays)
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(b)

FIGURE 1.31 Views of the Pont du Gard aqueduct bridge. (@) Pont du Gard bridge showing the
three levels, (b) view of the bridge from the river, (c¢) view of the arches, and (d) view of the top
of the aqueduct bridge. (Photo by Larry W. Mays and copyright by Larry W. Mays)
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(d)

FIGURE 1.31 (Continued)

(3.5 m by 0.45 m), was used to bring water to the 8-km-long conveyance system
which consisted of baked clay pipes of 12- to 22-cm outer diameter and 10- to 16-
cm inner diameter (Ozis, 1996). Figure 1.34 shows an aqueduct bridge used to
support the pipes on the system from Pirango.

Water entered the foundation of the Artemis Temple by seven lead pipes (still
remaining in situ), each having an inner diameter of 8 cm, a wall thickness of 4.5
cm, and a length of 60 cm. Joints were set up by marmor joint elements (shown in
Fig. 1.12) of 13-cm inner diameter, and 35-cm outer diameter and length. Figure
1.12 illustrates a lead pipe with marmor joint element’s displayed in the Ephesus
museum in Selcuk.

The Derbentdere system (also called Marnas) from the southeast was 6 km long
and consisted of three parallel lines of baked clay pipes of different diameters, laid
partly on rock-cut terraces. Ozis (1996) discusses these systems in more detail and
provides many references for further reading. Figure 1.35 shows the 16-m-high
Sextilius-Pollio aqueduct bridge on the Marnas conveyance system, built around
A.D. 4 to 14.

The Degirmendere system (also called Kenchrios) from the southwest of
Ephesus was a 43-km-long Roman aqueduct system consisting of 15 aqueduct
bridges crossing the valleys. This system dates from the first century, conveyed
water from the Degirmendere Springs (east of Kusadasi) at a rate of 60 liters per
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FIGURE 1.32 Two views of the Roman aque-
duct bridge in Segovia, Spain. The aqueduct
was built on two levels without the use of any
mortar or cement. (Photo by Larry W. Mays
and copyright by Larry W. Mays)
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FIGURE 1.33 Locations of the aqueduct system to Ephesus. (Ozis, 1996)

second (L/s) and the Keltape Springs (north of Kusadasi) at a rate of 18 L/s (Ozis,
1996). This Roman water conveyance system was 43 km long and crossed the val-
ley by means of 15 aqueducts. Figure 1.36 shows a portion of the conveyance
through Kusadasi.

The highest aqueduct was Bachcecik, which was 20 m high, and the longest
aqueduct was the Arvalya, which was 400 m long. This aqueduct system also con-
sisted of tunnel sections, the major one being between the Baskemer and Bahcecik
aqueducts, and was constructed by the kanat technique. The other two systems are
described in more detail by Ozis (1996).

Water was distributed throughout Ephesus by a dense network of baked clay
pipes (see Fig. 1.37). A large number of these still remain in their original posi-
tions. A sewerage network under the main streets of Ephesus discharges to the sea
(the present-day port is 5 km from the sea). Figure 1.38 shows the street near the
Celsus Library with the sewage network under the street (marmor road—the main
road leading to the port).
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FIGURE 1.34 Aqueduct bridge of the Sirince system from Pirango to Ephesus. (Photo by
Koksal B. Celik)

1.3.6 Siphons

Siphons were briefly mentioned in Sec. 1.2.2, and the parallel siphons near
Laodicea in Turkey were shown in Fig. 1.10. Siphons were built throughout the
Roman Empire, being numerous in Gaul and relatively rare in Rome (Hodge,
1992). Many more were built in Roman times than in Greek times. The best-pre-
served and largest examples of siphons are found in Lyon. Most siphons were V-
or U-shaped for valley crossings. In some situations two or three siphons were
used in series. An example of a double siphon is at Les Tourillons on the
Craponne, Lyon. A triple siphon was built at Aspendos with two open tanks sep-
arating them at the top of the two (north and south) towers. Figure 1.39 shows a
general view of the wide area without a true valley, with the south tower in the
foreground and the north tower in the distance.

1.4 ROMAN WATER SUPPLY:
URBAN DISTRIBUTION SYSTEMS

A diagram of a simple Roman urban distribution system (as based on the Pompeii
system) is shown in Fig. 1.40. The main aqueduct ends at the main castellum, or
castellum divisorium. The castellum divisorium is a junction where the main aque-
duct ends and the urban distribution system begins. A lead pipe or smaller aqueduct
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FIGURE 1.35 Bridge (16 m high) of the aqueduct Sextilius-Pollio of the Derbentdere system to
Ephesus. This is part of the Marnas conveyance system to Ephesus built around a.p. 4-14. (Photo
by Koksal B. Celik)

FIGURE 1.36 Aqueduct of the Degirmendere system to Ephesus located in Kusadasi, Turkey.
(Photo by Koksal B. Celik)
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FIGURE 1.37 Typical baked clay pipe found in Ephesus. (Photo by Larry W. Mays and copy-
right by Larry W. Mays)

was then used to transport the water from the main castellum to a secondary castel-
lum or water tower when the secondary castellum was raised to the top of a brick
pier. From the water tower (secondary castellum) lead pipes were used to branch the
supply to individual customers and to public fountains for the domestic supply.

1.4.1 Pompeii

The Greco-Roman city of Pompeii is located on the bay of Naples, south-south-
east of Mt. Vesuvius in Italy. Pompeii is one of the most significant proofs of the
magnificence of Roman civilization that was originally founded by Greek
colonists probably around the ninth to eighth century B.c. The city was influenced
by others including the Etruscans for almost 50 years (until 474 B.c.), after which
it came back under Greek rule. During the fifth century it came part of the Samnite
area of expansion and saw tremendous growth. Pompeii became under the influ-
ence of Rome after three long and bitter wars around 290 B.c. In 80 B.c. it became
a Roman colony with the name of Colonia Cornelia Veneria Pompeii. Pompeii
had a flourishing economy and widespread affluence after it became a colony but
later experienced a devastating earthquake in about 62 aA.n. A few years later on
August 24, A.p. 79, Mt. Vesuvius erupted and destroyed the city.
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)

FIGURE 1.38 Ephesus sewage network drained to the port under the street. (¢) Main street lead-
ing to the Celsus Library in Ephesus, and (b inlet to underground sewage network. (Photo by
Larry W. Mays and copyright by Larry W. Mays)
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FIGURE 1.39 Remnants of triple siphon at Aspendos, Turkey. The wide valley is illustrated
with the south tower in the foreground and the north tower in the distance. Open tanks were
located at the top of each of the two towers, commonly referred to as pressure towers in the lit-
erature. (Photo by Koksal B. Celik)
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FIGURE 1.40 Typical Roman urban water distribution system.
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Sources of water for Pompeii included wells, cisterns, and other reservoirs, and
a long-distance water supply line (Crouch, 1993, p. 178). According to Richardson
(1988, p. 51) there were no springs within the city of Pompeii. The water table was
tapped within Pompeii using wells as deep as 38 m below the surface (Maiuri, 1931,
pp- 546-557). A long-distance aqueduct from the hills to the east and northeast also
supplied the city. This aqueduct received water from springs at Serino, near
Avellino, and then was routed via Sarno around the north side of Mt. Vesuvius to
serve Naples and two large cisterns of Cento Camerelle (Baiae) and the Piscina
Mirabilis (Misenum). From Sarno a branch aqueduct was routed to Pompeii termi-
nating at the castellum at Porta Vesuvii (Hodge, 1992). Figure 1.41 illustrates the
water distribution system elements of Pompeii (circa a.p. 79).

The households and public buildings both had very interesting systems to col-
lect and store rainwater. Buildings with peaked roofs had gutters along the eaves
to collect the rainwater and downspouts to carry the water to the cisterns located
under the buildings. Downspouts were made of terra-cotta pipes and were often
set inside the wall (see Fig. 1.42).

POMPEIl C.719 AD.

— — WATER SUPPLY LINES © WATER CASTLE
—==— SUPPOSED WATER LINES O DISTRIBUTION TOWERS
SEWERS O RESERVOIRS
~~~~~~~~ SUPPOSED SEMWERS + FOUNTAINS
*S  sump ©ee POINTS OF USE
B BATH

FIGURE 1.41 Plan showing all the known water system elements of Pompeii (circa A.p. 79. (As
presented in Crouch, 1993, compiled from maps published by Escherbach, Larsen, and
Richardson)
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1.4.2 The Castellum Divisorium

The following quote from Vitruvius’s
treatise on architecture as translated by
Morgan (1914) describes how the aque-
duct castellum worked (as presented in
Evans, 1994):

When it (the water) has reached the
city, build a reservoir with a distribu-
tion tank in three compartments con-
nected with the reservoir to receive
the water, and let the reservoir have
three pipes, one for each of the con-
necting tanks, so that when the water
runs over from the tanks at the ends, it
may run into the one between them.
From this central tank, pipes will be
laid to all the basins and fountains;
from the second tank, to baths, so that
they yield an annual income to the
state; and from the third, to private

FIGURE 1.42 Downspout tile made of terra- houses, so that water for public use
cotta pipe draining to a cistern under a house will not run short; for people will be
in Pompeii. (Photo by Larry W. Mays and unable to divert it if they have only

copyright by Larry W. Mays) their own supplies from headquarters.

This is the reason why I have made

these divisions, and in order that indi-
viduals who take water into their houses may by their taxes help to maintain the con-
ducting of the water by the contractors.

This quote from Vitruvius’s treatise indicates that three pipes conveyed the
water, the first to pools (basins) and fountains (lacus et salientes), the second to
the public baths (balneae), and the third to private houses (privatae domus) for
revenue to maintain the aqueducts. Even though this has been repeated in the lit-
erature on Roman hydraulics and accepted as a canonical arrangement by many
scholars (see Hodge, 1992, and Evans, 1994, for references), it has been suggested
that Vitruvius’s treatise is somewhat in conflict with the actual practice in the
Roman world.

Frontinus’s treatise, De aquaeductu urbis Romae, written 100 years after
Vitruvius’s treatise, does not agree with Vitruvius’s writings. Frontinus recorded
247 castella in Rome suggesting that the geographic distribution by regions was
the arrangement used for the distribution systems. Unfortunately little remains
of these castella in Rome. The castellum divisorium was a relatively small tank
usually located at the edge of a city. Two of the most interesting castellums that
remain today are those at Pompeii in Italy and at Nimes in France.
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Both the systems at Pompeii and Nimes indicate that water was not distributed
strictly according to function or use, but was distributed based upon the topogra-
phy and geography of the areas served. On the other hand though, the water dis-
tribution systems found in Pompeii and Nimes were relatively simple compared to
those that existed in Rome. The castellum at Pompeii, located at Porta Vesuvii, is
housed in a large brick building (see Fig. 1.43a), and the aqueduct connects from
the rear of the castellum (see Fig. 1.43b). The plan and elevation of the circular
basin along with the various components that make up the distribution arrange-
ment of the castellum are shown in Fig. 1.44. Water first flowed through two trans-
verse mesh screens (a coarse screen and a fine screen) to remove objects in the
water, after which the water flowed into one of the three channels to the outlets.
The entrance to each channel had a wooden gate, none of which still exist; how-
ever, the bronze fastenings do exist (Hodge, 1992). The three gates were of dif-
ferent heights, with the highest gate on the channel serving the private houses,
hydraulically eliminating their supply first. The lowest gate was on the channel
serving the public fountains, obviously giving them first priority to the water. This
system reflects the principles presented by Vitruvius, but is not the same as
pointed out by Hodge (1992).

From the outlet, water flowed into lead pipes. The center one serving public
fountains had an external diameter of approximately 30 cm; the two outside pipes
had external diameters of approximately 25 cm. Figure 1.45a to e is a group of
photos taken looking into the castellum from the center hole on the outside of the
building housing the castellum. Figure 1.45 a, b, and c are, respectively, photos of
the center channel (for the pipe leading to the public fountains), the left channel
(for the pipe leading to the baths and theaters), and the right channel (for the pipe
leading to the private houses). Note that by referring to Fig. 1.45d it is obvious that
the center channel is placed higher than the other two channels. Figure 1.45¢
shows in the background the entrance opening into the castellum.

Hodge (1996) reappraised the castellum divisorium at Pompeii to conclude that
the pipes delivering water to the city were far too large to have been filled by the
small aqueduct. He illustrates that Vitruvius’s description of dividing up the flow
would be mathematically impractical and instead each of the three pipes must have
been filled up one at a time using the sluice gate as the control mechanism, thus insti-
tuting a system of water rationing. The urban distribution system included secondary
castella, mounted on brick piers (see Fig. 1.46) throughout the city, and served as
storage tanks to supply local demand when the main supply was shut off. The taps
found in Pompeii were possibly used to regulate supply. Hodge concluded that this
system may have been peculiar only to Pompeii and should not be taken (as it gen-
erally has been) as the model of standard Roman urban practice.

The castellum at Nimes, France (see Fig. 1.47a and b), is located on high
ground at the north end of the city. Water entered the circular basin through the
approximately 1.2-m-wide by 1.10-m-high (Hodge, 1992) opening shown in Fig.
1.47a. A sluice gate, located near the outlet opening and consisting of two verti-
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(b)

FIGURE 143 Castellum divisorium at Pompeii located at Porta Vesuvii and housed in a large
brick building. (a) Large brick building housing the castellum. Note the three holes at the base
of the front. (b) Rear of the castellum showing the aqueduct. (Photo by Larry W. Mays and copy-
right by Larry W. Mays)
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cal gates, was used to control flow into
the castellum. The upper sluice gate was
movable, and the lower gate was fixed
(Hodge, 1992). The schematic of the
castellum in Fig. 1.48 shows the holes
for 10 large lead pipes and three addi-
tional drains in the floor.

Evans (1994) feels that the remains
of the distribution tanks (castella) that
survive at Pompeii and Nimes (see Figs.
1.43 and 1.47, respectively) indicate that
the tanks distributed water according to
geography as opposed to use. The pipes
from the castellum, located along the
main streets, carried water to designated
neighborhoods, with branched pipes
supplying both public basins and private
homes (Richardson, 1988).

1.4.3 Pipes and Fountains

FIGURE 144 Plan of the distribution Standardized Measures Of Roman

arrangements inside the castellum divisorium b ipes. The best approach to explain the
at Pompeii showing the three gates. (As system of measures for Roman pipes is to

shown in Hodge, 1992, from Kretzschmer). use some quotes from De aquaeducm
urbis Romae by Sextus Julius Frontinus.

Frontinus (24):

Units of measurement have been established according to digits or inches. That of
the digit is followed in Campania and most places of Italy; inches are still followed
in Apulia. (2) A digit, moreover, is agreed to be the sixteenth part of a foot, an inch
the twelfth part. (3) But unlike the difference between the inch and the digit, there is
a double rule for the digit itself. (4) One type is called the square digit, another the
round digit. (5) The square digit is larger than the round one by 3/14, the round digit
smaller than the square one by 3/11, precisely because the corners are subtracted.

Frontinus (25):

At a later period another unit of measure developed, which is called the quinaria or
5-pipe, taking its origin neither from the inch nor from either type of digit.... The
most plausible explanation of the name quinaria is that it is derived from its diame-
ter of five quarter-digits, a system that is maintained in units of measure that follow,
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(b) (©

FIGURE 1.45 Photos of the three gated channels inside the castellum divisorium at Porta
Vesuvii in Pompeii. (a) Middle channel; (b) left channel facing the front of the castellum;
(c) right channel facing front of castellum. (Photos by Larry W. Mays and copyright by Larry W.
Mays)
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FIGURE 146 Brick tower on which sec-
ondary castella (lead storage tanks) were
mounted on top of the tower. Lead pipes were
used for the flow of water to and from the lead
tanks and were placed in the vertical recessed
portion shown in the tower. The exiting lead
pipes (calices) branched off to supply individ-
ual customers and also supplied the public
fountain shown at the base of the tower.
(Photo by Larry W. Mays and copyright by
Larry W. Mays)

1.59

up to the vicenaria, or 20-pipe, the
diameter in each unit increasing by
the addition of individual quarter-
digits, as in the senaria, or 6-pipe,
which has a diameter of six-fourths,
and the septenaria, or 7-pipe, which
has seven, and so on by similar
increases, up to the vicenaria.

Frontinus defined 25 pipe sizes with
the first being the quinaria.
Frontinus (39):

The quinaria pipe: diameter, 1 digit
plus !/4; circumference, 3 digits plus
11712 plus 3/288 [3.9272 digits]; capac-
ity, 1 quinaria.

The quinaria has an inner diameter of
2.31 cm, a circumference of 7.27 cm,
and a cross-sectional area of 4.2 cm?.
The quinaria was used as the unit for
rate of flow (41.5 m¥day) (Hauck,
1988).

Lead Pipes. The use of lead pipes was
the most common method of conveying
water from the castella to the public
fountains and private houses through-
out the Roman Empire. It is interesting
to note that the Latin word for lead

workers was plumbarii, which found its way into the English as plumbers and into
French as plombiers. Lead pipes were recognized as a health hazard by the
Romans, and Vitruvius warned against their use. However, because of the calcium
carbonate buildup inside the pipes and the fact that water was moving continu-
ously in the pipes indicates that the Romans most likely did not contract lead poi-
soning from the lead pipes in their water supply systems (Hodge, 1992). Lead had
many advantages including: (1) it was cheap, (2) it was readily available in large
quantities, (3) it was easy to handle and malleable enough to form sheets, (4) it had
a low melting temperature so it was easy to cast and to solder, (5) it was flexible
enough for pipes to be bent around obstructions, and (6) it was strong enough to
handle water pressures developed in the water supply systems.

Both Vitruvius and Frontinus discussed the process of making lead pipes.
First, the lead was melted and poured out from a melting pot onto a flat surface.
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FIGURE 147 Views of the castellum divisorium at Nimes. Water enters the circular basin
through the rectangular aqueduct opening. Refer to Fig. 1.48 for the plan view with dimensions.
(a) Shows 6 of the 10 openings for lead pipes used to distribute the water, and (b) shows a dif-
ferent view illustrating two of the openings. (Photos by Larry W. Mays and copyright by Larry
W. Mays)

Lengths were standard, 10 Roman feet. The molten lead hardened into a long,
narrow sheet that was rolled and hammered to develop the sheet. While the lead
was still flexible, it was bent up around a wooden or bronze cylinder that was
centered in the middle of the sheet. The cylinder core was then removed form-
ing a pipe with the two pipe edges sticking up. These edges were then soldered,
folded, welded, or hammered together forming a seam. As shown in Fig. 1.49a
the pipe was placed so that the seam was on top. This obviously was done to
facilitate pipe repairs such as leaking and failed joints and seams. Also note the
joint shown in Fig. 1.49a, which appears to be a heavily soldered joint. Other
methods of joining pipes were to use an overlapping male-female joint or to use
a covered close-fitted sleeve.

During the manufacturing process, inscriptions in raised lettering were
placed on the sheets of lead before they were bent together. Movable molds of
individual letters were used to form the large letters. Keep in mind these let-
ters were placed on the lead sheets at the same time the pipes were being made.
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FIGURE 1.48 Plan view of the Nimes castellum divisorium showing the 10 outlets and the 3
drains in the floor of the 1.5-m-diameter basin. (Hodge, 1992, from Adam).

Junctions were used throughout the systems for joining smaller pipes to
larger ones or for branching the system to individual customers. Some junc-
tion boxes were simply a cylinder laid horizontally with pipes entering and
leaving each end, such as the junction shown in Fig. 1.49h. Other junction
boxes had one entering pipe at a right angle to form a T with the junction box
and two or more smaller pipes leaving at right angles on the other side of the
junction box.

Layout of Street Pipes. Two approaches to laying out the piping network were:
(1) using a main pipe from the secondary castellum with smaller branch pipes
attached to serve individual customers, and (2) not using main pipes but using indi-
vidual pipes laid from the secondary castellum to the individual customer. The sec-
ond approach may have been the normal Roman practice (see Hodge, 1992, p. 320).

Pompeii’s water distribution system consisted of pipes along the main streets
connecting the main castellum at Porta Vesuvii to the various water towers (sec-
ondary castella), from which smaller pipes were placed under the sidewalks and
streets and served the various customers. Not all customers had individual lines to
a secondary castellum but instead received their supply from taps into the system
at their houses.
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(b)

FIGURE 1.49 Lead pipes in Pompeii. (a) Lead pipe and joint, and (b) lead pipe with enlarged
section of a junction box. (Photo by Larry W. Mays and copyright by Larry W. Mays)
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FIGURE 1.50 Pompeii, showing locations of public water fountains. Circles have a radius of
50 m. [As presented in Crouch (1993) from Eschebach (1983)]

Public Fountains. Figure 1.46 illustrates a public fountain at the base of a water
tower (secondary castellum) located in Pompeii. The public fountains in Pompeii
were placed at somewhat evenly spaced locations (Hodge, 1992) as shown in
Fig. 1.50. The radius of each circle in the figure is 50 m, so fountains were com-
monly spaced about 100 m apart in Pompeii. Figure 1.51 shows two public water
fountains placed back to back along a street. Because there is no water tower at
these fountains, water was supplied from a water tower at another location.

The fountains in Pompeii were oblong-shaped stone basins (typically 1.5 m X
1.8 m and 0.8 m high, as described by Hodge, 1992, p. 306). As shown in Figs.
1.46 and 1.51 the delivery spout was on a stone pier overlooking the stone basin.
Examining Fig. 1.51 you can see the overflow weir from which water normally
flowed into the streets and then into the drainage system. Most likely, overflow
water was used for street cleaning and helped flush the sewer system. Drain holes
were also placed at the bottom of the stone tanks and were plugged. The plug was
removed for purposes of cleaning the stone basins.

1.5 AFTER THE ROMANS

The fall of the Roman Empire extended over a 1000-year transition period called
the Dark Ages. During this period, the concepts of science related to water
resources probably retrogressed. After the fall of the Roman Empire, water sani-
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FIGURE 1.51 Public fountain in Pompeii. (Photo by Larry W. Mays and copyright by Larry W.
Mays)

tation and public health declined in Europe. Historical accounts tell of incredibly
unsanitary conditions—polluted water, human and animal wastes in the streets,
and water thrown out of windows onto passersby. Various epidemics ravaged
Europe. During the same period, Islamic cultures, on the periphery of Europe, had
religiously mandated high levels of personal hygiene, along with highly developed
water supplies and adequate sanitation systems.

The Hakali water conveyance system, the first of three main systems feeding
Istanbul, Turkey, dates back to the early Byzantine period. According to Ozis
(1987) the most interesting waterworks of the Byzantine period were the several
dozens of cisterns, some of which covered 70 m X 140 m, such as the Yerebatan
cistern in Istanbul. Some of these systems collected precipitation water, and oth-
ers served the seasonal regulation of water from the large conveyance systems.
Others were used to level off the topography for foundations of buildings and to
provide additional height to the buildings.

During the Seljukian period (1071-1308) there were no large water systems
built. However, the architecture is well known for its impressive and highly orna-
mented buildings and arched bridges. The Ottoman period (1281-1922) was when
the Istanbul water system was developed. After the conquest of Istanbul in 1453,
the Roman Hakali water conveyance system was restored, with expansions made
until the middle of the eighteenth century.

For additional information on ancient urban water supply see Ashby (1935) and
Hodge (1998).
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2.1 INTRODUCTION

Strategic planning is a disciplined effort to guide an organization’s future in terms
of its purpose, structure, and functions. Strategic planning for small water utilities
is not unlike strategic planning for small organizations in general (public, private,
or nonprofit). Of course, the inputs and outcomes of the planning process are spe-
cific to the essential nature of supplying drinking water to the public.

The imperative for strategic planning by water systems has never been clearer.
As the twenty-first century dawns, the drinking water industry in the United States
finds itself in a period of rapid and tumultuous change. Much of the basic water
utility infrastructure in the United States is reaching the end of its useful life and
must be rehabilitated or replaced. Development of new water supply sources is
becoming increasingly difficult, and great emphasis is being placed on protecting
source waters from contamination. Drinking water utilities are facing unprece-
dented and increasing competitive pressure. Ongoing implementation of the 1996
Safe Drinking Water Act (SDWA) includes a flurry of new or tightened regulatory
standards. Finally, public expectations have never been higher both in terms of
product quality and service quality.

2.1
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The environment in which small water systems operate today is exceptionally
dynamic. Among the many dynamic forces at work, SDWA regulatory standards
are likely to first drive small systems to respond. This is quite simply the result of
the fact that SDWA regulatory standards carry with them a date certain by which
systems must take action. Systems usually have 3 to 5 years from the date of pro-
mulgation of a SDWA regulation to achieve regulatory compliance. To varying
degrees, other pressures on water systems—to replace the infrastructure, develop-
ment new water sources, and to respond to competitive forces—can, to varying
degrees, be ignored or dealt with in a “patch and get by” mode for a somewhat
longer time horizon. Forestalling attention to these forces, however, can diminish
the quality of service and raise the cost of the ultimate solution.

Over the next several years, water systems must comply with numerous regu-
lations. Depending upon the specific circumstances of a given system, compliance
will involve varying degrees of (1) investment in capital, (2) enhancement of oper-
ations, and (3) improvement to management practices. This regulatory mandate
for action provides a perfect opportunity for systems to think and plan strategically
for their future.

2.2 STRATEGIC PLANNING

The many types of plans that water systems might prepare include business or
financial plans, capital-facility plans, operation and maintenance plans, watershed
protection plans, resource or conservation plans, and emergency or contingency
plans. Certainly, larger water utilities engage in a variety of planning processes.
Yet many water systems, especially small water systems, have not engaged in sys-
tematic planning, strategic or otherwise.! Historically, planning by small water
systems has been limited to that associated with major capital projects and
required by various state regulatory or financial-assistance agencies. However, the
requirements for and practice of planning have been limited.

The traditional method of long-range planning for water systems generally
involves development of a set of actions to accomplish a goal or set of goals over
a period of years, with the assumption that the future will be relatively stable and
somewhat predictable. Traditional long-range planning does not necessarily pre-
pare an organization to successfully respond to a dynamic or changing environ-
ment.

The focus of strategic planning is on preparing organizations to successfully
meet challenges and opportunities, both known and unknown. Strategic planning
does not make decisions for the future, but shapes the environment in which future
decisions will be made (Steiner, 1979). Strategic planning does not deal with
future decisions but the future of present decisions and preparing today for an
uncertain tomorrow (Drucker, 1997).
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As noted, strategic planning is disciplined. Strategic planning also is goal-ori-
ented, comprehensive, and adaptive. An organization’s goals must be articulated
in order to guide the entire planning process and evaluate results. Planning should
be comprehensive, as well as integrative, in terms of the entire organization and its
elements. The resultant plan must be adaptive to a dynamic environment and
changing circumstances.

Strategic planning is the basis for strategic management. The organization’s
leaders must be strategic thinkers and committed to the planning process. They
must engage in an uncompromisingly critical and continuous assessment of what
the organization does and why and how it does it. Strategic management helps
organizations survive and maintain relevance. During dynamic times, organiza-
tions are more likely to succeed if they engage in strategy rather than accept the
inertia of “if it ain’t broke, don’t fix it” (Bryson, 1995). Over time, organizations
should internalize strategic thinking into day-to-day operations.

The potential benefits of planning for water systems are far-reaching in terms
of ensuring compliance with drinking water standards, enhancing water system
capacity and performance, and promoting both sustainability and continuous
improvement.

2.3 PLANNING FRAMEWORK FOR SMALL
WATER SYSTEMS

The planning process need not be daunting, even to systems with limited
resources. Although grounded in the rational-choice and systems models of pub-
lic administration, planning is as much common sense as theory. The planning
process can be subdivided into various logical steps. A simple, commonsense
framework can guide strategic planning for small water systems:

Specify the system’s goals and objectives relative to its mission.

Assess the water system’s organizational structure and service roles.

Identify external influences (challenges and opportunities).

Evaluate internal capacity (technical, financial, managerial).

Analyze strategic options for achieving compliance and other goals.

Implement the preferred planning alternative.

AN o e

Monitor and evaluate outcomes and make adjustments as needed.

Each step can be encapsulated by a few critical questions (Table 2.1) and each rep-
resents a progression in a cumulative planning process. Although laid out in a lin-
ear format, planning should be approached as a nonlinear exercise. As planners
work on subsequent steps, they may need to revisit assumptions made and con-
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TABLE 2.1 Planning Steps and Key Questions

Planning step Key questions to guide planners

Step 1: Specify * What is the water system’s mission?
mission and goals ® What values guide the water system?
e What are the system’s immediate and long-term goals?
e Are values and goals established in an open and participatory
process that includes employees, customers, and other stake-

holders?
Step 2: Assess e How is the water system structured in terms of the hierarchy
structure and roles from governance, to management, to operations?
e What service functions does the water system presently
provide?

* What operational tasks does the water system perform?
e What is the role of the water system for each service function?

Step 3: Identify e What are the principal change factors or drivers affecting the
challenges and water system?
opportunities e What challenges are presented?

e What opportunities are presented?

Step 4: Evaluate * Does the water system have adequate technical,
system capacity financial, and managerial capacity?
* What are the systems strengths (performance-enhancing fac-
tors) and weaknesses (performance-limiting factors)?
e Can the system manage change and effectively respond to
external challenges and opportunities?

Step 5: Identify e What strategic options are available to the system
strategic options for achieving its goals?
* What benefits and costs are associated with each option?
e How are the system’s technological and structural options

interrelated?
Step 6: Choose * Which strategic option (or combination of options) can best
a strategy provide the system’s service roles and functions?

* How do options compare in terms of cost-effectiveness?
* Which alternative is optimal in terms of the selection criteria?

Step 7: Implement e What implementation issues are presented by the strategy and
and monitor how will they be addressed?
e How will the strategy be monitored over time to ensure suc-
cess?
e s the plan producing desired outputs and achieving desired
outcomes?
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clusions reached in earlier steps. The planning process includes continuous feed-
back loops from later steps and planning outcomes back to the earlier steps.

2.3.1 Step 1: Specify Mission and Goals

A positive first step in the planning process is to contemplate the water system’s
mission and goals. Like all organizations, water systems should be guided by a
mission statement.” Writing a mission statement is a meaningful exercise because
it should play a significant role in shaping the organization and what it does.

Establishing goals, objectives, and priorities for a specified planning horizon is
a critical early planning step. Water systems generally have multiple goals. These
might include compliance with applicable standards, maintenance of a reliable
water source, efficient management and operations, affordable rates for water cus-
tomers, and excellent customer service. Ideally, the water system’s goals will be
operationalized or defined in measurable terms so that managers can gauge
progress. An example is a goal related to customer satisfaction that can be mea-
sured through a survey. Generally, the planning horizon should be a minimum of
10 years.

The goals and objectives of a water system will be shaped not only by its over-
arching mission but also by its core values. These values often are community-
specific and can be discovered and refined through participatory planning
processes. Involving the public in the planning process has a number of potential
benefits for water systems. In a direct sense, public involvement can help the water
system increase the public’s awareness of water issues, expand the range of viable
planning options, and build support. Public involvement may also help reduce the
public’s reluctance to pay for water service and improve demand-side behavior.

2.3.2 Step 2: Assess Structure and Roles

In this step, the planner assesses the water system’s organizational structure and
service roles, as presently constituted and anticipated for the planning horizon.
The water system must be structured in a manner that will facilitate the fulfillment
of its mission and goals.

The water system’s basic organizational structure can be represented by a
three-part hierarchy from governance, to management, to operations (Fig. 2.1).
Governance is at the top of the hierarchy because it refers to the ultimate account-
ability for the water system, which may rest with a board of directors.
Management focuses on responsibility and provides the link between governance
and actual operations; strategic planning is a management function. Operation
focuses on performance and involves the direct performance of functional tasks.
For water systems, one or more entities must provide governance and assume ulti-
mate responsibility for the provision of service. The same entity or entities may or
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may not provide management and operation of the water system or its various
functions.

At the operational level, water utilities are similar to other utilities in terms of
basic utility functions: source-water development and protection, drinking water
treatment, treated water storage, transmission and distribution, retail customer ser-
vices, and regulatory monitoring and reporting. Performance of the physical deliv-
ery functions requires both long-term investment in capital facilities and specific
operational and maintenance tasks over time. Traditional water utilities tend to be
vertically integrated; that is, the utility operates all functions and provides them on
a bundled basis to customers. The separation of functions in this manner (or
unbundling) is useful for strategic planning purposes because it encourages the
consideration of alternative service roles for the water utility.

Assuming a role, however, involves choice; not every system must assume
every role for every service function. Through restructuring, some roles and
responsibilities may be retained while others are shifted. Over time, roles can
change and evolve, and responsibilities for some service roles and functions can
be assigned to others. Some systems, for example, might purchase wholesale
treated water and concentrate efforts on water distribution and customer services.
Others might contract with a private company for specific projects or for general

Governance
{Accountability)

Management
{(Responsibility)

Operations
(Performance)

FIGURE 2.1 Water system organizational hierarchy.
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operations. Still others might enter into long-term partnership agreements with
other systems (such as satellite management) or merge utilities altogether to har-
ness scale economies and improve service quality. The water system’s structure
and roles should be revisited throughout the strategic planning process.

2.3.3 Step 3: Identify Challenges and Opportunities

In the third step, planners look outside of the utility organization and systemati-
cally consider the full range of challenges and opportunities for the water system.
By accounting for challenges and opportunities through the planning process, the
water system can position itself strategically to meet challenges effectively and
take full advantage of opportunities.

The particular needs of individual water systems vary, but some challenges are
common to many water systems today. Some of the more significant sources of
pressure are compliance with regulatory standards (drinking water and other),
financial constraints and rate concerns, rising consumer expectations, water sup-
ply quality or quantity issues, substantial infrastructure needs, changing demand
and demographic patterns, and competition from other providers. For some water
systems, the external environment can exert significant pressure for tactical or
structural change. Water planners should strive to identify the particular pressures
that will affect the water system across its planning horizon.

Drinking water regulations are a major force driving the need for strategic
planning because of the certainty of the SDWA compliance schedule. Many
external forces do not follow a predictable time line, but regulations contain
fixed dates by which compliance must be achieved. The specific types of activ-
ities that utilities will be required to undertake in order to comply with SDWA
regulations will vary greatly from one utility to the next. Compliance with dif-
ferent rules requires focus on different types of activities. Most rules involve
some monitoring, some involve optimization of existing treatment processes;
others involve installation of major new treatment equipment; and others require
strong management attention.’

In addition to the SDWA, water systems must also comply with the Clean
Water Act, as well as a number of other federal, state, and local regulatory stan-
dards. These include regulations concerning environmental impacts, resource pro-
tection, endangered species, public health, local finances, historic preservation,
occupational safety and health, minority businesses, Americans with disabilities.
Water systems must understand the full range of existing and emerging regulations
with which they must comply and incorporate compliance planning in the strate-
gic planning.

Despite the many challenges they face, many water systems also enjoy a num-
ber of opportunities. These include, but are not limited to, programs for educating
and training personnel, technical assistance from governmental agencies and pro-
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fessional organizations, grant and loan programs to build financial capacity, part-
nerships and alliances with other utilities, techniques for improving operational
efficiency, integrated-resource management, and technological innovation.
Planners should strive to identify the broadest range of opportunities available to
the water system for enhancing the achievement of its mission and goals.

2.3.4 Step 4: Evaluate System Capacity

A critical evaluation of the utility’s internal capacity plays a key role in effective
strategic planning. Likewise, strategic planning is a basic and essential tool for
capacity development.* Water system capacity is defined in terms of three interre-
lated elements: technical, financial, and managerial. Each element of capacity is
necessary but not sufficient by itself to sustain the water system over time. The
numerous tools used in capacity assessment and development can be readily
adapted to the strategic planning process. Table 2.2 provides an overview of
capacity-development concepts.

Technical capacity is defined in terms of three areas: source-water adequacy,
infrastructure adequacy, and operations and maintenance. The water system will
need to create and maintain a detailed inventory of the physical infrastructure used
to deliver drinking water, organized according to functional areas: source-water
development, water treatment, treated water storage, and transmission and distri-
bution. Facilities used for general administration and retail service should also be
assessed. The inventory and plan should include an appraisal of physical condi-
tions, as well as a review of operation and maintenance practices.

Financial capacity is defined in terms of revenue sufficiency, creditworthiness,
and fiscal management and controls. Revenue sufficiency or financial sustainabil-
ity generally requires systems to implement cost-based rates for water service.
Creditworthiness indicates that the system can fund capital improvements through
appropriate financial markets. Fiscal management and controls ensure that rev-
enues and costs are accounted for through generally accepted procedures.

Managerial capacity is defined in terms of ownership accountability, staffing
and organization, and external linkages. Water system owners must be identifiable
and accountable. The staffing and organization of the utility must be appropriate
to the system’s mission and goals, as well as the challenges it must meet. The con-
cept of external linkages refers to the ability of the water system to interact effec-
tively with all relevant stakeholders, including customers and regulators.

Strategic planning can enhance all three areas of capacity. For each element of
capacity, the planners should make a broad assessment across the utility to iden-
tify strengths and weaknesses in each of the elements of capacity. Strengths are
performance-enhancing factors; weaknesses are performance-limiting factors.
The assessment should consider strengths and weaknesses in light of anticipated
challenges and opportunities for the water system identified in the previous plan-
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TABLE 2.2 Overview of Water System Capacity

Elements of capacity

Key indicators

Technical

Source-water
adequacy

Does the system have a reliable source of drinking water?
Is the source of generally good quality and adequately
protected?

Infrastructure
adequacy

Can the system provide water that meets SDWA standards?
What is the condition of its infrastructure, including wells and
intakes, treatment, storage, and distribution?

Does the system have a capital improvement plan?

Technical knowledge
and implementation

Is the system operator certified?

Does the operator have sufficient technical knowledge of
applicable standards?

Can the operator effectively implement technical knowledge?
Does the operator understand the system’s technical and
operational characteristics?

Does the system have an effective operation and maintenance
program?

Financial

Revenue sufficiency

Are the system’s costs and revenues known and measurable?
Are system assets properly valued and reflected in rates?
Do revenues from rates and charges cover system costs?

Credit worthiness

Is the system financially healthy, as measured through indica-
tors, ratios, and ratings?

Does it have a credit record and access to capital through
public or private sources?

Can it provide assurance of repayment?

Fiscal management
and controls

Are adequate books and records maintained?

Are appropriate budgeting, accounting, and financial plan-
ning methods used?

Does the system manage its revenues effectively?

Managerial

Ownership structure
and accountability

Are the system owners clearly identified?
Can owners be held accountable for the system?

Staffing and
organization

Are the system operators and managers clearly identified?

Is the system properly organized and staffed?

Do personnel have adequate expertise to manage operations?
Do personnel understand the regulatory requirements?

Do personnel have the necessary licenses and certifications?
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TABLE 2.2 Overview of Water System Capacity (Continued)

Elements of capacity Key indicators
Managerial
External e Does the system interact well with customers, regulators, and

other entities?
o Is the system aware of available external resources, such as
technical and financial assistance?

ning step. Planners should consider whether the system is capable of managing
change and responding effectively to external challenges and opportunities.

2.3.5 Step 5: Identify Strategic Options

Water systems that have a clear understanding of their service roles, as well as
their external environment and internal capacity, are well positioned to identify
strategic options that will best fulfill their mission and goals. Strategic options
may be factical (which can be implemented within the water system’s existing
organizational framework) or structural (which require fundamental changes in
the organization of the water system or its service roles).

The basic planning model can be used to identify strategic options for a num-
ber of planning issues, including but not limited to compliance with drinking
water standards. The SDWA identifies a number of alternative paths to compliance
for small water systems. These include conventional and centralized water treat-
ment options, decentralized treatment (point of use and point of entry), water sup-
ply alternatives (ground and surface sources), interconnection with another system
(for water purchasing), and restructuring (changes ownership or operations).
Planning can—and should—expand beyond SDWA compliance. An array of
strategic options can be identified for other planning issues. These might include
aesthetic and quality issues, customer service issues, supply shortages or unrelia-
bility, infrastructure challenges, and conservation and efficiency. For any water
system, planners should identify strategic options based on particular issues that
apply to the water system for its planning horizon.

When identifying options, some general guidelines are helpful. First, planners
should think comprehensively and consider the widest possible range of alterna-
tives. Second, planners should consider options across a broad spatial horizon.
This requires looking to the regional context, including the needs and circum-
stances of nearby water systems. Third, planners should consider potential options
over a long temporal horizon. Some options that may not seem feasible in the near
term may be decidedly more feasible in the longer term. A long-term time frame
is essential for identifying the best long-term solutions. By expanding the spatial
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and temporal planning horizons, more solutions and opportunities may be
revealed in the planning process (Fig. 2.2).

2.3.6 Step 6: Choose a Strategy

Choosing a planning strategy for the water system is facilitated by an options
analysis, in which planners fully consider all tactical and structural options and
identify the optimum solution for a particular utility. For many water systems, a
combination of strategies will yield the best plan of action.

Integrative decision making involves the joint consideration of tactical and
structural options. Doing so requires a degree of nonlinear thinking on the part of
planners. In other words, the best solutions for the long term might not simply line
up in order or reflect a clear sequence of steps for implementation. In some
instances, a structural option (such as a change in management or ownership) may
open the door to other tactical options (such as a change in technical approach) for
fulfilling one or more of the system’s basic service functions.

The analysis of options requires an evaluation framework. The planner will
need to establish a framework that is reasonable for the water system. Some poten-
tial evaluation criteria include:
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FIGURE 2.2 Temporal and spatial planning horizons.
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o Consistency with the water system’s overarching mission and goals
o Compliance with drinking water and other standards and regulations
o Impact of capacity development (technical, financial, and managerial)
o Economic feasibility in terms of the total cost of implementation

o Operational efficiency in terms of the unit cost or production

o Structural efficiency in terms of total long-run societal cost

o Quality of service for customers of the water system

» Reliability of service for customers of the water system

o Practicality of implementation for water system managers

o Political acceptance in the local community by all stakeholders

o Regulatory acceptance by drinking water and other agencies

o Customer acceptance throughout the water system’s service territory

Optimization involves choosing the strategy (the option or combination of
options) that best meets the evaluation criteria established for the system. Strategic
options can be evaluated using a number of analytical tools. Qualitative assess-
ment involves a simple scoring or ranking of options according to the specified
planning criteria. Extra weight can be assigned to criteria as deemed appropriate
by decision makers and in accordance with prevailing values.

Other assessment tools are more quantitative, including the many variations of
benefit-cost analysis. Avoided-cost analysis is a metric for evaluating the cost-
effectiveness of planning alternatives for achieving a specified benefit (such as
compliance with standards or the provision of a desired level of service). The
analysis compares the cost of alternatives to a benchmark that reflects the cost
associated with achieving the desired benefit through typical or conventional
means. The difference between the conventional option and a better option is the
cost avoided by implementing the better option. Avoided-cost analysis is used
widely to measure the potential benefits of water conservation.

2.3.7 Step 7: Implement and Monitor

Once the best option or options are identified, planners need to identify the steps
necessary for implementation. An action plan can help guide implementation by
specifying key dates and actions that must be taken.

Water systems may face both internal and external implementation issues.
First, for some organizations, implementation can be thwarted by inertia, or a gen-
eralized resistance to change associated with uncertainty or other issues. Second,
the water system must have adequate technical, financial, and managerial
resources for implementation. Third, the leadership of the organization must be
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prepared for and committed to the implementation process. Fourth, implementa-
tion may require organizational or personnel changes, including special training
for technical or managerial staff members. Finally, over time, successful imple-
mentation may depend on how change is managed, as well as how organizational
conflicts are resolved.

External implementation issues may be significant as well. First, some options
may require environmental or economic regulatory approvals, including certifica-
tion or permitting. Second, implementation may raise any special legal or liability
issues. Third, the success of the process may rely on whether stakeholders are
informed about, involved in, and supportive of the process. Fourth, implementa-
tion of the strategy may require special funding for implementation from external
public or private sources. Finally, the organization must be prepared to adapt to
change and uncertainty in the external environment (such as the economy).

The successful utility also will constantly reassess its strategic plan and strive
for continuous improvement. The optimum strategy must be continually reevalu-
ated to ensure its continued optimality. The evaluation of a plan should distinguish
between outputs (the actions taken to implement the plan) and outcomes (the
actual consequences or results of the strategy).® Outcomes can be direct or indi-
rect, expected or unexpected, and intended or unintended. Performance measures
based on the water system’s goals and objectives, as well as the evaluation crite-
ria used to develop the strategy, can be used to evaluate outcomes. The feedback
loop connects planning outcomes to the formulation of goals and supports the
process of continuous improvement. Reassessment will lead to adjustments to the
strategic plan in response to changes in the external environment, as well as
changes in the internal capacity of the water system.

2.4 CONCLUSIONS

Strategic planning is a dynamic and ongoing process that supports the continuous
improvement of water systems. Planning encourages strategic thinking by man-
agers on a day-to-day basis, with internalization of goals and commitment to the
process. Planning requires continual assessment and adaptation. Fortunately,
many tools and resources are available to support the planning process. Clearly,
the benefits of strategic planning—including the discipline that the planning
process brings—should outweigh the costs.

The basic planning framework presented here may seem overly complex to some
and overly simplified to others. The framework provides a good starting point for
systems that have not engaged in any form of strategic planning. For most water sys-
tems, the goal of planning is not perfection but improvement, that is, to move in a
positive direction despite limited resources and an uncertain future. In the long term,
it is more important that the system makes informed choices than flawless ones.
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2.5 ENDNOTES

1. About 54,400 community water systems (CWSs) operate in the United States. (CWSs serve at
least 15 service connections used by year-round residents or regularly serve at least 25 year-round
residents) (USEPA, 1997). Nearly 95 percent of these systems serve populations of 10,000 per-
sons or fewer.

2. Examples of mission statements can be found on water system web sites.

3. The universe of systems subject to various rules is different, but generally fewer than 20 percent
of systems subject to any rule are expected to have to undertake major capital investment to
comply.

4. The SDWA places significant emphasis on capacity development for small water systems. States
must ensure that all new systems have adequate capacity and also implement a strategy for
improving the capacity of existing systems. Federal funding cannot be provided to systems that
lack capacity or that will not achieve capacity with the benefit of the funding.

5. As an example, an output might be the hiring of a customer service representative; an outcome
might be the change in customer satisfaction that results from an improvement in service.
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CHAPTER 3

IMPROVING
URBAN WATER
INFRASTRUCTURE
THROUGH
PUBLIC-PRIVATE
PARTNERSHIPS

Robin A. Johnson
Adrian T. Moore

Reason Public Policy Institute
Los Angeles, California

Water issues facing urban communities are part of a growing worldwide debate
over the challenges of providing safe drinking water supplies and treated waste-
water. While oil was described as the key commodity of the twentieth century,
water is increasingly seen as the substance that will influence the course of human
progress and economic development in the twenty-first century.

Recent issues have elevated the debate over water infrastructure to the top of
the national agenda. President George W. Bush’s proposed changes in acceptable
arsenic levels in drinking water in March 2001 provoked a debate about the proper
balance between regulatory mandates and the costs of compliance. The Water
Infrastructure Network (WIN), a coalition of local elected officials, drinking water
and wastewater providers, state environmental and health administrators, and oth-
ers, proposed a multibillion dollar federal grant program to help finance local
water infrastructure needs. In addition, the Water Infrastructure Caucus was
formed in the U.S. Congress to highlight the need for water and wastewater
improvements.

At the same time, many cities have been turning to the private sector for assis-
tance in meeting water infrastructure needs. A variety of factors are contributing

3.1
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to increased private sector involvement, including deteriorating water infrastruc-
tures, unfunded federal and state environmental mandates, costly capital improve-
ments, and the desire among many public officials to operate water facilities more
efficiently. Changes in federal rules during the Bush and Clinton administrations
also helped to facilitate more public-private partnerships for water and wastewater
services. These trends have combined to fuel growth in the number of cities enter-
ing into public-private partnerships to enhance daily operations and improve water
infrastructures.

This chapter explores the growth of water and wastewater public-private part-
nerships and examines the extent of partnerships in urban communities. We look
at some factors causing the growth in public-private partnerships and obstacles
that must often be overcome. Next is an examination of the process involved in
considering a public-private partnership, including legal, financial, economic, and
political concerns. Finally, we include a number of case studies from urban com-
munities that have successfully implemented water and wastewater public-private
partnerships.

3.1 BACKGROUND OF WATER AND
WASTEWATER PARTNERSHIPS

In the United States, most urban residents have long received their water from
public water utilities and had wastewater treated by local government agencies.
For example, private water utilities currently serve about 15 percent of the U.S.
population, although that figure is growing. In other parts of the world, private
firms have long provided water management services. In France, for example, pri-
vatization goes back to charters issued by Napoleon III.

The present-day structure of the water and wastewater industries had its gene-
sis in the early 1970s. Passage of the Clean Water Act and the Safe Drinking Water
Act led to increasingly stringent standards for municipal water and wastewater
treatment facilities. The need for new and upgraded treatment plants placed enor-
mous financial burdens on cities. In addition, the legislation provided funding for
the largest public works program in the nation since the construction of the inter-
state highway system in the 1950s. Thousands of water and wastewater treatment
plants were built with most of the cost (up to 75 percent) paid by the federal gov-
ernment.

While cities welcomed the federal assistance in constructing new facilities,
many small communities lacked properly trained personnel to operate the plants
and had difficulty attracting qualified staff. The regulatory burden led some
municipalities to hire private firms to operate their water and wastewater facilities.
Under operations and maintenance (O&M) contracts, cities retain ownership of
the treatment facilities and control rates while the private contractor has the
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responsibility for day-to-day management, environmental compliance, and over-
all performance. O&M contracts eventually spread to medium-sized cities as the
water and wastewater industries became larger and more competitive.

Since the 1980s, many large cities entered into O&M agreements for water and
wastewater services. Oklahoma City was one of the first, contracting for waste-
water treatment in 1984. Other large cities followed, including Houston for water
treatment in 1990, New Orleans for wastewater treatment in 1992, and
Indianapolis for wastewater treatment in 1994.

An initial burst in private sector activity was slowed in the mid-1980s by the
passage of the Tax Reform Act of 1986. Tax benefits that had fueled the growth in
private ownership and operation of water and wastewater facilities, such as rapid
(5-year) depreciation and an investment tax credit equaling 10 percent of the cap-
ital investment, were all but eliminated by the law.

While the momentum slowed for private ownership of water and wastewater
facilities, the market for contract operations continued to increase. Many of the
initial contracts were renewed as the industry renewal rate topped 90 percent. By
the mid-1990s, the water and wastewater O&M market had grown into a billion
dollar business and more than 1500 water and wastewater facilities were operated
by private firms.

The growth in contract public-private partnerships was spurred by two execu-
tive orders signed in the 1990s. President George Bush issued an executive order
in 1992 that removed a major obstacle to public-private partnerships by enabling
ownership of publicly owned facilities to be cost-effectively transferred to private
firms.! Public agencies can sell or lease federally funded wastewater facilities and
recoup the local share of the cost before payback of funds to the federal govern-
ment. The payback is limited to the depreciated amount of the federal share—no
payback is required if the sale price is less than the local share and the amount of
accumulated depreciation.

More recently, President Bill Clinton signed an executive order in 1997 that
provided a further boost to public-private partnerships for water and wastewater
services.? Under the order, federal agencies must seek private sector participation
in ownership, financing, construction, and operation of infrastructure projects
such as wastewater facilities. Federal agencies were also directed to work with
state and local governments to reduce any legal and regulatory barriers to private
sector participation in infrastructure development.

Another boost for water and wastewater privatization occurred in 1997 when
the U.S. Conference of Mayors endorsed public-private partnerships as an effec-
tive way for cities to “realize significant operational cost savings, and to attract
private capital investment for needed infrastructure development.”® The endorse-
ment came 2 years after the conference formed the Urban Water Council to serve
as a forum for local governments to share information on technology, innovative
management methods, and infrastructure development.
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Prior to 1997, contracts for water and wastewater O&M were limited to 5 years
and required a termination clause allowing cancellation after 3 years. With such a
narrow time frame, operators were restricted in their ability to secure new capital
improvements and increase operating efficiencies. Short-term contracts were
designed to keep vendors honest—rebidding contracts every 3 or 5 years kept con-
tinuous competitive pressures on vendors to reduce costs and improve operations.

3.2 LONG-TERM CONTRACTS

The market for water and wastewater public-private partnerships was transformed
in 1997 when the Internal Revenue Service (IRS) issued new regulations that
made possible long-term contracts for public utility operations while maintaining
the tax-exempt status of bonds used to finance the facility. Under Revenue
Procedure 97-13, private operators can enter into contracts for at least 15 years and
up to 20 years for public utility properties, which include water and wastewater
treatment systems.

The new IRS rules also imposed constraints on long-term contracts that are
designed to prevent the abuse of tax-exempt financing. Contractors can have no
interest in the net revenues of the system but may share in cost savings or revenue
enhancements. These measures have led to a wave of recent contracts with gain
sharing provisions that provide incentives for private operators to achieve addi-
tional cost savings.

Another incentive-based provision of the rule changes allows private operators
to have 20 percent of the total contract amount to be in the form of a variable pay-
ment from cost savings or revenue sharing. These provisions create a win-win out-
come for private operators and municipalities—contractors continually search for
further operating efficiencies and cities benefit from additional cost savings.

The net effect of the changes in IRS rules has been to give the private sector
more flexibility to meet local water and wastewater needs. Public-private partner-
ships can now run the gamut from a short-term O&M contract to a long-term con-
tract that includes design, build, and operate (DBO) features, all without private
ownership (Table 3.1). Long-term contracts have proven to be an effective method
for addressing municipal water and wastewater needs, especially for capital
improvements or in cases where new facilities are required.

3.3 EXTENT OF PRIVATIZATION

While the current extent of privatization of water and wastewater facilities is
somewhat limited, recent trends suggest that more cities will be examining private
sector alternatives in the future.
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TABLE 3.1 The Public-Private Partnership Industry

Typical Responsibility

term, for capital
Type Scope years improvements Fee structure
Concession Full service and 20-30  Private company Revenue from
system responsibility handles debt billing and
including billing refinance, collection
and collection facility renewal,
concession fee
Lease/delegated Full service and 1020  Moderate Fixed fee,
services system investment by ASA service
responsibility private company, ~ ROE
facility
renewal fund
Design, build, Design, build, operate 15-25  Municipality Fixed price for
operate and maintain provides capital plant, fixed fee
new facility for new facility for operations
Contract Full service O&M, 5-15 Moderate Fixed fee, ASA
operations CIP management investment by service ROE
with capital private firm,
improvement facility
renewal fund
Contract Full service O&M, 3-5 Municipality Fixed fee, ASA
operations plant management service
Operations Particular service, <1 Municipality Fixed fee
assistant e.g., plant startup
Asset transfer Facility ownership 1520  Private firm Base = take or
transfer; wholesale pay, variable
service agreement component
with municipality
BOOT Build, own, operate 15-30  Private firm Wholesale
new facility service
agreement
BOOT Build, own, operate, 15-30  Private firm Wholesale
transfer at service
specified date agreement
Purchase, Facility returned after 5-10  Private firm Base = take or
renovate, operate plant upgrade and pay, variable
transfer operations period component
Joint ownership “Mixed company” 30 Private and public ~ Percentage of
or water authority additional
with private revenue
service provider

ASA = additional services agreement; ROE = return on equity.
Source: Bob Siemak, Presentation at “Water/Wastewater” session at the Washington Institute
Foundation conference, Bellevue, Wash., June 22, 1999.

Downloaded from Digital Engineering Library @ McGraw-Hill (www.digitalengineeringlibrary.com)
Copyright © 2004 The McGraw-Hill Companies. All rights reserved.
Any use is subject to the Terms of Use as given at the website.



IMPROVING URBAN WATER INFRASTRUCTURE THROUGH PUBLIC-PRIVATE PARTNERSHIPS

3.6 HISTORY, PLANNING, OUTSOURCING

3.3.1 Water

According to the Environmental Protection Agency (EPA) approximately one-
third of drinking water systems nationwide are private regulated utility systems.*
Also, 15 percent of urban water utilities are regulated investor-owned companies.’
Of those that are publicly owned, few contract operations and maintenance with
private firms. A 1997 International City/County Managers Association (ICMA)
found that 5.7 percent of responding cities nationwide privatize water distribution
and 3.7 percent contract water treatment.® Few state sources of data exist on lev-
els of privatization. One of the few, a 1995 survey of Illinois municipalities,
reported that 5.1 percent of responding cities contract for water distribution and
7.9 percent contract for water treatment.”

3.3.2 Wastewater

There are fewer sources of information regarding the extent of wastewater public-
private partnerships. A 1994 article reported there are approximately 40 large
facilities [greater than 10 million gallons per day (mgd)], 350 midsized facilities
(1 to 5 mgd), and 1000 small plants under some form of contract management in
the United States.® In the ICMA survey, 6.2 percent of responding cities have pri-
vatized wastewater collection and treatment.” The Illinois survey showed that 3.9
percent of municipalities reported contract operations for wastewater collection
and 6.5 percent for wastewater treatment. '

3.3.3 Trends

Several recent reports indicate that the amount of privatization is increasing and
will continue to grow in the future. A survey of selected firms in the water indus-
try by Public Works Financing revealed that the municipal contract operations
market increased 16 percent in 2000.!! Although the rate of increase was down
from the previous year, it still indicates an upward trend in water privatization.
Contract operations have been increasing as much as 25 percent annually.'? In
2000, Moody’s Investor Service also predicted more privatization, saying that
“public policymakers will turn to the private sector for financial, technical, and
operating assistance when the municipal water system receives reliable and rea-
sonably priced services.” An analysis of ICMA survey data shows that water dis-
tribution was one of the municipal services with the largest increase in
privatization between 1988 and 1997."3 Finally, a 1995 Illinois survey of cities of
more than 5000 showed that wastewater treatment is among the services most
likely to be considered for privatization in the future.'*

Since the new IRS regulations were announced in 1997, numerous cities, large
and small, have entered into long-term water and wastewater contracts. The size
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of municipalities with long-term contracts ranges from major cities, such as
Atlanta, to small towns, such as Port Byron, Illinois (pop. 1350). In the first 2 years
after the regulation went into effect, more than 80 cities began the competitive
process for contracts with initial terms of more than 10 years. During the same
period, 45 municipalities agreed to O&M contracts of more than 10 years.

The trend of slow but steady growth in the number of long-term water and
wastewater contracts continues into the 2000s. In 2000, another 25 cities entered
into long-term contracts at least 10 years in length. Table 3.2 lists some of the
water and wastewater public-private partnerships currently in existence across the
United States.

3.4 FACTORS CAUSING WATER AND
WASTEWATER PARTNERSHIPS

While philosophical or ideological factors formerly played a role in officials’ deci-
sions to privatize, more practical considerations have emerged in recent years that
have increased the attractiveness of privatization. There are a variety of factors
forcing local officials to consider private sector alternatives.

3.4.1 Cost Savings

According to the U.S. Conference of Mayors, expenditures for water and waste-
water services are among the largest facing local governments today.'® Thus, there
are more opportunities for cost savings from public-private partnerships. Water
companies can utilize advanced technology, more flexible management practices,
and streamlined procurement and construction practices to lower costs. In addi-
tion, larger firms that operate several facilities can use economies of scale to
achieve better prices for chemicals, capital equipment, and supplies. For example,
energy costs, which can comprise approximately two-thirds of a water utility’s
budget, are one area where efficiencies can be gained in a short period of time.'®

The White River Environmental Partnership between the city of Indianapolis
and United Water provides an example of some of the cost savings possible
through a public-private partnership. Officials with the partnership estimated that
the contract would reduce utility costs by 20 percent through engineering process
control and improved performance; lower personnel costs by 30 percent through
better training, streamlined management, and lower overhead costs; and reduce
maintenance costs by 30 percent through increased preventive maintenance and
bulk purchasing.

Private firms can not only generate significant O&M savings, they can also
reduce capital costs between 10 to 50 percent through design and build techniques
rather than the traditional design, bid, and build approach used by many munici-
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TABLE 3.2 Selected Cities With Water and Wastewater Public-Private Partnerships

City State Description Length (years) Type
Athens NY. Water/wastewater 10 o&M
Atlanta Ga. Water 20
Atwater Calif. Wastewater 15 o&M
Bartlesville Okla. Wastewater 10
Bessemer Ala. Water 20 DBO
Beverly Hills Calif. Water 20 DBO
Black River Falls Wis. Wastewater 5 o&M
Boonville Ind. Wastewater 10
Bowling Green Mo. Water/wastewater 10
Brockton Mass. Water/wastewater 20
Buffalo N.Y. Water 10
Chester Borough NJ. Wastewater 20
Cranston R.I Wastewater 25 DBO
Danbury Conn. Wastewater 20
Edison NJ. Water 20
Evansville Ind. Water 10
Floyd County Ky. Wastewater 20 DBO
Franklin Ohio Water 20 BOT
Freeport Tex. Water/wastewater 15
Fulton County Ga. Wastewater 10 0&M
Gladewater Tex. Water/wastewater 10
Glen Falls N.Y. Water/wastewater 20 o&M
Hoboken N.J. Wastewater 20
Indianapolis Ind. Wastewater 10
Jackson Ala. Water/wastewater 10
Kenner La. Wastewater 10
Manalapan N.J. Water 20
Milwaukee Wis. Wastewater 10
Monmouth 111 Water/wastewater 10
Mount Vernon 111 Wastewater 20
New Haven Conn. Wastewater 15
Newport R.I Wastewater 20 DBO
No. Adams Mass. Water 10 O0&M
No. Brunswick NJ. Water 20
Norwalk Conn. Wastewater 20 O&M
Pine River Minn. Wastewater 10
Plymouth N.C. Water/Wastewater 10
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TABLE 3.2 (Continued)

City State Description Length (years) Type
Quincy Wash. Wastewater 20 DBO
Reidsville N.C. Wastewater 10 O&M
Rockland Mass. Wastewater 10
Seattle Wash. Water 25 DBO
Springfield Mass. Wastewater 20 O&M
Tampa Bay Fla. Wastewater 20 DBO
Toronto Ohio Wastewater 10
W. Melbourne Fla. Wastewater 10
Wildwood N.J. Water 20 O&M
Wilmington Del. Wastewater 20

Sources: Public Works Financing, March 1998, p. 5, and March 2001, pp. 8-9.

palities.!” For example, Seattle used a design, build, and operate approach to build
a new water treatment facility and saved more than 40 percent.!'®

Long-term contracts also impact the amount of savings generated through pub-
lic-private partnerships. Private firms can better manage costs over a longer period
of time and amortize up front investments in advanced technology and computer-
ization. Some recent long-term water and wastewater O&M contracts have gener-
ated estimated savings ranging from 20 to 50 percent (Table 3.3).

3.4.2 Infrastructure Needs

Many water and wastewater systems were built with federal funds during the
1970s and need upgrades and replacement. Some systems include water and sewer
infrastructures that are even older, some dating back to the early 1900s. In parts of
St. Louis, for example, the wastewater system dates back to before the Civil War."’
For other cities, such as Las Vegas, rapid economic growth is fueling the need for
public-private partnerships. Congress has reduced grant funding for infrastructure
replacement, and states offer only low-interest revolving loan funds.

The massive costs of replacing and maintaining water and wastewater infra-
structure will necessitate an examination of public-private partnerships. The
U.S. EPA recently estimated that the nation’s 76,000 drinking water systems
alone will require $150 billion in investments over the next 20 years.? The
American Water Works Association (AWWA) examined water utilities in 20
large cities and estimated that $250 billion is needed over the next 30 years to
replace aging drinking water mains, valves, and fittings.?! Wastewater systems
will require nearly $140 billion in the next 15 years to meet new water pollution
rules, according to the EPA.?
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TABLE 3.3 Estimated Cost Savings from Water and Wastewater
Public-Private Partnerships

Contract term,  Estimated

Municipality System type years savings, %
Atlanta, Ga. Water 20 45
Franklin, Ohio BOT wastewater 20 23
Franklin, Ohio BOT water 20 30
Milwaukee, Wis. Wastewater 10 30
New Haven, Conn.  Wastewater 15 30
Newport, R.I. Wastewater 20 24
Plymouth, Mass. DBO wastewater 20 19.7
Seattle, Wash. DBO water 25 40
Tampa, Fla. DBO water I5+5 21
Tampa, Fla. DBOOT desalination 30 50

BOT = build, operate, transfer; DBOOT = design, build, own, operate, transfer.
Source: Public Works Financing, January 2001.

Cities facing financial limitations and citizen opposition to tax increases will
find it difficult to finance water and wastewater improvements internally. Public-
private partnerships, offering significant cost savings, operational improvements,
and innovative financing schemes, will be an increasingly attractive option for
urban officials.

3.4.3 Unfunded Mandates

While reducing its contributions to local water systems over the past 30 years, the
federal government imposes strict water quality and effluent standards under the
Clean Water Act and Safe Drinking Water Act. Unfunded mandates force munic-
ipal systems to meet federal regulations through local sources of revenues or state
revolving loan funds. The EPA continues to toughen monitoring requirements,
develop stricter contaminant removal standards, and more vigorously pursue com-
pliance, resulting in higher costs for municipalities.

For example, AWWA estimates that the cost to local governments of meeting
toughened arsenic standards is approximately $14 billion in capital investments
nationwide and $1.5 billion in additional annual operating costs.?® Nearly all the
communities affected serve less than 10,000 people, putting further strain on lim-
ited local budgets.?* Enforcement of a lower standard on radium levels in drinking
water could impact more than 100 communities in Illinois.
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In most public-private partnerships, the regulatory burden for meeting environ-
mental mandates falls to the private firm. Compliance with EPA standards is often
guaranteed by private firms through performance-based contracts. Cities such as
Atlanta and New Orleans that faced possible EPA sanctions were able to come into
full compliance through public-private partnerships. A major benefit cited by
some city officials is the peace of mind of knowing that their private partners have
responsibility for meeting compliance standards.?

3.4.4 Improved Performance

Along with meeting stricter regulatory standards, private firms can improve over-
all system performance and quality. Many cities are turning away from the tradi-
tional low-bid approach and seeking the “best value for the money” through
advanced bidding procedures. Atlanta officials used a two-tiered bidding process
that included a “best and final offer.”

City officials are also using performance-based contracting to ensure optimum
performance. Milwaukee’s incentive-laden contract for wastewater treatment is a
prime example—the contract set the permitted effluent discharge levels well
below the levels permitted by state regulators. Performance exceeded even the
more stringent level, earning the firm two $50,000 bonuses thus far.

In addition, private firms often invest in new technologies and computerization
at water and wastewater facilities, expenditures that many local governments find
difficult to make.?® Private contractors also provide increased training opportuni-
ties for employees, another area where municipal budget-cutters look for reducing
expenditures. Preventive maintenance plans that are common in many partner-
ships help to lengthen the useful life of existing assets and defer costs into the
future.

3.4.5 Lack of Political Will

It can be difficult for local officials to make the necessary investments in commu-
nity water systems. Water pipes and sewer mains are not visible and thus are eas-
ier for elected officials to ignore compared with expenditures for police and fire
services. In addition, in many municipalities, water and sewer rates do not ade-
quately cover the actual cost of providing services. Raising water and sewer rates
to cover operations and maintenance, as well as capital replacement, is a risky
move for elected officials.

Water and wastewater rates may increase under public-private partnerships but
not at the rate they would under municipal control due to operational efficiencies
and savings. In January 1997 Atlanta Mayor Bill Campbell estimated that his city
would have been forced to raise water rates 81 percent under continued municipal
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management. As a result of the city’s partnership for water treatment, the city’s
rates will rise on a blended scale of only 8 percent over 4 years.?’

3.5 OBSTACLES TO PARTNERSHIPS

In spite of numerous successful public-private partnerships for water and waste-
water services, many cities choose to keep operations in-house. It is often difficult
to implement changes in municipal operations, especially when they affect people’s
livelihoods. As more cities gain positive experiences with public-private partner-
ships, however, many of these apprehensions may be overcome and residents,
elected officials, and employees will become more comfortable with the concept.

3.5.1 Employee Opposition

A major concern facing municipal officials when contracting services is opposi-
tion from public employees who fear loss of employment, lower wages, or
reduced safety standards. Given the labor intensity of many public services, some
cost savings are likely to accrue from reduced personnel costs. Increased produc-
tivity in water and wastewater plants can arise from more efficient use of advanced
technology and computerization that may necessitate fewer employees. While this
ultimately means that more work is accomplished with fewer employees, it does
not mean that current workers are readily dismissed.

Surveys of city officials confirm the existence of employee opposition to pri-
vatization. In a 1997 ICMA survey, opposition from line employees was the lead-
ing obstacle to privatization according to 63.5 percent of survey respondents.? If
employees are unionized, the opposition to privatization is likely to be even more
intense.

Much research exists to suggest that there is little or no impact on employees
as a result of privatizing government services in general. In many cases, few lay-
offs occur and salaries and benefits are comparable to or better than previous
salaries and benefits.?? That information has not prevented misinformation from
injecting itself into debates over privatization.

There is little data from specific industries on the effects of privatization on
employees. For water and wastewater services, where technical capabilities are
important, keeping some or all of existing staff is often in the best interests of the
private firm. In most recent long-term contracts for water and wastewater services,
the current workforce is retained by the private firm because of the benefits of hav-
ing experienced employees. Also, massive reductions in the workforce can create
hostility and opposition in the community.

If fewer employees are needed to efficiently operate a water or wastewater
facility, many firms opt to reduce the workforce through attrition, which occurs
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when the private firm does not fill a vacancy created when an employee retires or
voluntarily terminates employment. Recent long-term contracts for water and
wastewater in Atlanta and Milwaukee, respectively, featured no-layoff clauses and
reductions in the workforce only through attrition. After entering into a long-term
partnership for wastewater services, Indianapolis reduced its workforce from 321
to 196 through attrition.*

City officials can take other approaches as well to avoid negative impacts on
employees. Employees can be transferred to other departments within the city or
be offered positions with the private contractor. In addition, cities can offer early
retirement incentives to reduce the number of employees.

Another option for city officials is to enter into a management contract for
water and/or wastewater services. Under such agreements, the private firm takes
over responsibility for day-to-day management of operations while the existing
workforce remains city employees. Buffalo is the largest city in the United States
to operate under a 1997 management contract for water services. The water divi-
sion’s 160 employees remained in-house and were guaranteed jobs for 5 years.
Employees are paid by the city, and the private firm reimburses the city for
employee costs.

3.5.2 Loss of Control

In addition to opposition by public employees, elected officials and public adminis-
trators may oppose public-private partnerships because they fear a loss of control
over daily water and wastewater operations. Elected officials may sense that private
partners will take over many aspects of public policy decision making, especially
rate making, and supervisory personnel perceive a threat to their livelihoods.

In practice, most of these concerns are overcome with effective performance
monitoring and oversight policies included in the contract, but some officials
remain unconvinced. For example, in most water and wastewater contracts, con-
trol over water and sewer rates remains with the municipality. In Camden, New
Jersey, for example, the city maintained control over water and sewer rates, fees,
and capital improvements. The current 20-year agreement with U.S. Water is in its
third year and has increased the city’s water and sewer system cash flow by nearly
$11 million. In addition, the firm increased water and sewer collections by nearly
$8 million over the amount the city had previously collected and brought the city
back into regulatory compliance.’!

More contracts are performance driven and guarantee service quality.
Contracts often have penalties for nonperformance, and some provide financial
incentives for superior performance. Private firms must meet environmental per-
mit standards or face possible financial penalties.

With contractual guarantees on service quality and costs, most municipalities
have benefited from public-private partnerships. The key is ensuring a contract
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that is written to include performance-based incentives and provides for effective
monitoring and oversight by the municipality. With the proper contract provisions
in place, local control can actually be strengthened through public-private part-
nerships.*?

An emerging strategy used by opponents who fear a loss of control is to advo-
cate prior approval by voters of any partnership agreements. Opponents of priva-
tization in Omaha placed a measure on the ballot that would require public
approval of any proposal to privatize the management of operation of the city’s
two wastewater treatment facilities.*® The referendum passed with two-thirds of
voters approving. In New Orleans, opponents floated a similar measure in an
attempt to prevent privatization of the city’s wastewater facilities.

3.6 THE SELECTION PROCESS

The decision to enter into a partnership agreement with a private firm for water
services is a time-consuming and highly technical process. Many large cities first
go through an internal evaluation to determine if reengineering and restructuring
can achieve better performance and lower costs. Atlanta developed a two-step
process for its water partnership that first assessed the city’s water and wastewater
systems and analyzed various options including continued reengineering, out-
sourcing, and privatization.

Once the decision is made to outsource operations, city officials begin a highly
technical, and sometimes laborious, process to select a contractor. After 7 years of
research and hundreds of thousands of dollars spent on studies, San Jose,
California, officials voted in December 2000, to solicit bids for managing the
city’s water system.> One key element to engaging in such a process is to have in-
house personnel with experience in contract development and oversight or secur-
ing such expertise from consultants.

3.6.1 Performance-based Selection

The process of selecting a private contractor for water and wastewater partnerships
is evolving into a performance-based system. Municipalities are moving beyond
price-based proposals to “best value” contracts that combine cost and quality fac-
tors. Low-bid alternatives are increasingly common for long-term contracts where
municipalities rank potential private partners on a variety of measures instead of
solely on the basis of lowest cost.

City officials are realizing that there are times when they will get more if they
pay more—that best value is not necessarily always the least expensive. The con-
cept of selecting firms to provide complex services or projects should be based on
qualifications and technical merits, as long as the price is a value for what is
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promised, is becoming mainstream.? The Federal Acquisitions Regulations were
amended in 1996 (FAR 2.101) to allow best-value source selections in government
outsourcings. Federal Acquisitions Regulations define best value as “the expected
outcome of an acquisition...providing the greatest overall benefit in response to the
requirement.” And the American Bar Association’s revised Model Procurement
Code incorporates best-value procurements as the standard.*®

Traditionally, municipalities would develop specifications for their treatment
facility’s needs and draft a request for proposals (RFP). Requests for proposals
define the scope of services to be provided by the private firm, performance
requirements, roles and responsibilities of the partners, and other key elements.
The municipality would then choose a firm that submitted the lowest bid. This
process became outdated as it became increasingly difficult to write RFPs that
cover all the possible variables involved in operating water and wastewater sys-
tems, especially for larger and more complex facilities.

3.7 RFQs AND RFPs

More municipalities are using requests for qualifications (RFQs) to identify the
best private firm for the particular project. As with any public-private partnership,
the key is selecting a capable and experienced contractor that has worked with util-
ities of similar size, scope, budget, and complexity. Cities may consider issuing an
RFQ to ensure that only experienced, qualified contractors seek the project. A pri-
vate firm is typically asked for information relating to its history, management
structure, previous municipal projects, technical expertise, financial information,
and quality assurance programs.

Requests for qualifications give private firms greater flexibility to tailor their
proposals to the specific needs of the municipality. For example, a firm may offer
funding for capital or infrastructure replacements that can improve efficiency and
lower operating costs. Creative strategies to enhance performance and lower costs
can produce a win-win outcome for both parties to the agreement.

City officials shape RFPs to reflect their priorities and to maintain control over
the process. For example, cities that seek to avoid layoffs include provisions that
ensure proper treatment of current employees. Atlanta officials inserted language
stipulating that the winning firm must retain existing employees for at least 3
years.’” Requests for proposals also include performance incentives and penalties
based on water and wastewater service performance.

Municipalities can either choose a contractor at this stage or proceed to solicit
a “best and final offer” from bidders. Atlanta chose the latter approach and devel-
oped a 70-point scoring system for analyzing and comparing the proposals. The
value index balanced cost savings potential with technical and quality considera-
tions. United Water reduced its price by nearly 21 percent in the best and final
offer proposal stage and won the competition.
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3.7.1 Contract Specifications

The next step in the process is developing a contract that clearly states the roles
and responsibilities of both parties to the agreement. It should specify the scope of
services to be provided and the facilities to be managed. The following is a list of
major features that are critical to the success of a public-private partnership for
water and wastewater services:

1. Compliance and performance standards. Most city officials use public-pri-
vate partnerships as a way to reduce their liability for compliance with environmen-
tal regulations. Establishing clear responsibility for compliance and liability for
nonperformance are crucial items to be negotiated. Indemnification provisions
should also be included that define and cover any claims, liabilities, and losses that
may arise. Other important compliance issues to be addressed include responsibil-
ity for permits, construction activities, operations, design and technology, economic
and financial risks, and force majeure (casualty and business interruption).’®

2. Contract term and pricing. The length of a public-private partnership
depends on the needs of the municipality. More cities are entering into long-term
water and wastewater partnerships as a result of the 1997 IRS regulations. Under
those rules, pricing and contract length are tied together under a concept known as
periodic fixed fee (PFF). The more compensation is based on a fixed fee, the
longer is the allowable contract term. Most contracts have fixed price guarantees
for the length of the contract and annual increases limited to changes in the
Consumer Price Index (CPI). The contract should also include language on
renewal options.

3. Employees. Contract language should carefully state how existing employ-
ees are to transition to private employment, if applicable. Many cities include lan-
guage that mandates the hiring of the current workforce, ensures comparable
wages and benefits, and requires the private firm to bargain in good faith if the
employees are unionized.

4. Equipment. Contracts typically delineate the operator’s maintenance
responsibilities including all preventive and predictive maintenance functions.
Municipalities often require the contract operator to submit an annual mainte-
nance and capital improvements budget for review and approval. Milwaukee offi-
cials developed specifications for addressing capital repair and replacement that
clearly define the responsibilities of the private firm (United Water) and the sew-
erage district. For example, the parties agreed that all maintenance would be done
by United Water as part of its operating fee and that the firm would pay the first
$5000 for each capital repair or replacement item as an incentive to do adequate
maintenance.*

5. Inspection, reporting, and review. City officials should require monthly
and annual operating reports in sufficient detail to enable an evaluation of the con-
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tractor’s performance under the terms of the agreement. Other information that is
often required for review includes maintenance reports; annual operating, capital,
and maintenance budgets; and reporting procedures. City officials should also
have the right to inspect the facilities and audit the contractors’ records upon rea-
sonable notice.

6. Insurance. The contract language should include a requirement that con-
tractors carry general liability, automotive liability, and workers’ compensation
insurance. In addition, the firm should obtain insurance with the municipality
named as an additional insured party.

7. Termination. Many contracts include termination clauses that require prior
notice. This provision can serve to calm opponents of partnerships who fear being
locked into a contract without recourse.

The development of a mutually acceptable contract, implementation of the
agreement, and careful monitoring and oversight by municipalities are crucial
aspects of the contracting process. Both sides must bargain in good faith and com-
promise to ensure a win-win outcome.

3.8 CASE STUDIES

Recently, some of the nation’s largest cities and several small communities have
conducted evaluations of water and wastewater privatizations. As the results of
these case studies demonstrate, public-private partnerships have succeeded in
many ways beyond just improving performance and lowering costs.

3.8.1 Indianapolis

A late-1999 report by the city of Indianapolis examined the success of the White
River Environmental Partnership (WREP) in running the city’s sewer collection
system and wastewater treatment plants since 1994. The report measured perfor-
mance in three crucial areas:

e Employee treatment. Employee wages and benefits have risen between 9 and
28 percent, accident rates have dropped 91 percent, and grievances are down 99
percent.

o Environmental compliance. "'WREP has improved on the city’s record of envi-
ronmental compliance in exceeded permits and effluent discharges.

e Cost savings. QOver 5 years, privatization saved the city $78 million—surpass-
ing the expected savings of $65 million.
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In 1997, after 3 years of contract performance that exceeded expectations, the
city decided to replace the existing 5-year contract with a new 10-year contract
extending through 2007. Total savings from the contracts from 1994 to 2007 are
expected to total $250 million. To date, the city has used most of the savings for
capital improvements in the sewer system and treatment facilities and for rate
reductions.

3.8.2 Milwaukee

In March 2000, Milwaukee released a second-year evaluation of its 10-year
contract with United Water to operate the city’s sewage collection system and
wastewater treatment plants. For the second year, United Water exceeded the
operating standards of the contract. Meanwhile, workplace injuries, sick days,
and grievances remain at levels less than half those experienced under city
management.

3.8.3 Atlanta

More recently, Atlanta released the results of an audit of the first 18 months of its
20-year contract with United Water to run the city’s water utility. Among the key
findings is the increasingly common approach taken by water firms to address
employee issues. United Water employed 417 of the 535 employees at the utility
when it assumed operations in January 1999. Since then, 49 quit, 14 were termi-
nated for cause, and 4 were transferred to other cities in the region. The firm
signed an agreement with the American Federation of State, County, and
Municipal Employees (AFSCME) that unionized 95 percent of the workers—a
first in “right-to-work™ Georgia. Union members received benefits equal to or bet-
ter than their former city packages and a 3 percent initial pay raise.

3.8.4 Small Communities

Privatization has succeeded not just in large cities, but in smaller communities as
well. A public-private partnership in Mount Vernon, Illinois, not only saved
money and improved performance, it led to expanded economic growth for the
city of 17,000. In the mid-1980s, Mount Vernon was under a sewer connection ban
because of compliance problems at its wastewater treatment plant, meaning the
city could not accept any more sanitary sewer customers and was unable to attract
or expand industry.

The city entered into a 20-year service partnership with Environmental
Management Corporation to design, build, and operate an upgraded and expanded
wastewater treatment facility. Sewer restrictions were lifted after the first phase of
construction was completed. The agreement is guaranteed to meet EPA effluent
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standards and, in fact, led to the wastewater system operating significantly better
than all EPA permit limitations. In addition, the agreement saved the city approx-
imately $3 million in tax dollars and was completed in substantially less time than
alternate proposals.

The impact on economic development was impressive. Within 18 months of the
first phase of construction, the city attracted approximately $300 million in private
investment.

Monmouth, Illinois, a city of 10,000, privatized its water and wastewater ser-
vices as part of a contract with a firm to operate all public works services. The
agreement saved the city approximately $300,000 (nearly 20 percent), improved
the quality of services, and was a key factor in the city’s recovery from severe
financial problems. In addition, union employees endorsed the agreement before
final city approval and have benefited from a better compensation package than
what would have been available from the city.

3.9 SUMMARY

With water issues emerging as key elements of cities’ long-term growth and eco-
nomic competitiveness, officials are looking for cost-effective ways to provide
clean drinking water and treated wastewater. Numerous cities have joined forces
with the private sector not only to provide water services, but also to help rebuild
a crucial element of urban infrastructure.

As more cities achieve success in partnering with the private sector, more will
do so as they learn from the experiences of their peers. Already, major U.S. cities,
such as Milwaukee, Houston, Atlanta, Seattle, and Indianapolis, have realized sig-
nificant cost savings and improved performance through public-private partner-
ships for water services.

Public-private partnerships for water and wastewater stand as major examples
of urban innovation at the dawn of the new century. As water issues increase in
importance in the coming years, more cities will depend on partnerships as a way
to strengthen their communities and grow in the future.
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4.1 INTRODUCTION

This chapter reviews two approaches to managing the use of water, water-use
permit systems and water-transfer or water-marketing systems. Permit systems
typically imply a level of central administration and control, while transferable-
use systems require a level of decentralized management. The two systems often
operate in tandem, since transferable water-use systems usually require the firm
establishment of property rights provided by a permit system.

The first sections of the chapter focus exclusively, if somewhat arbitrarily, on
water-withdrawal permits programs. It is divided into nine sections following
this introduction. Section 4.2 reviews the legal foundations upon which water
regulations are or might be based. Section 4.3 reviews various types of permit
systems. In Sec. 4.4 program objectives are introduced and discussed. Section
4.5 discusses options and decisions for management programs and associated

* This chapter is a slightly modified version of Chap. 32 of Water Resources Handbook, edited by
W. Mays (McGraw-Hill, New York, 1996).

4.1
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tradeoffs among the program objectives. Section 4.6 presents some technical
aspects that must be addressed for any system of transferable or nontransferable
permits. The review of water-transfer systems begins with Sec. 4.7. This dis-
cussion focuses primarily on the transfer of water to cities, but the principles
remain applicable to other contexts of water transfers. This section contains
some historical and economic background on the subject. Section 4.8 reviews
various forms of water-transfer arrangements. Section 4.9 discusses various
issues for implementing water transfers, including the role of government in
supporting and regulating water transfers. Section 4.10 summarizes the discus-
sion and implications of all the preceding sections and offers some concluding
remarks on water-use management.

It should be noted that there are other forms of water-use management which
are beyond the scope of this chapter. These include the use of plumbing codes,
land-use regulation and incentives, and general water-conservation regulations
and incentives now common in many cities in the western United States.

4.2 FOUNDATIONS OF WATER-
WITHDRAWAL REGULATIONS

In the so-called humid regions of the world, rainfalls and streamflows have his-
torically been sufficient to supply nearly all human needs. In those regions a set of
common-law precedents known as the riparian doctrine has often evolved to gov-
ern surface-water use.

In the arid regions of the western United States, a different type of water-use
doctrine evolved in recognition that in arid or semiarid environments the worth of
land was intimately tied to the amount of water that could be used with it. The
appropriative doctrine that was developed in that region grants each water user a
clear right to a certain quantity of water. Associated with that right is a priority
rank relative to all other users on the same stream that establishes the order of for-
feiture of water in times of shortage.

The riparian doctrine is rather imprecise compared to the appropriative doc-
trine, and many riparian areas lack a strong, comprehensive set of water-use
regulations (Linsley and Franzini, 1972; Dixon and Cox, 1985). In the days
when the technical capacity to use water was limited and abstractions from
streams were needed only for a few cattle or a small vegetable plot, the ripar-
ian doctrine functioned adequately. In recent years, however, problems of con-
centrated and massive use have become more common and severe in humid
regions. Aquifer levels and aquatic stream habitats have been threatened by
concentrated withdrawals as cities have expanded, and irrigation, which is
highly consumptive, has increased (e.g., Goering and Cekay, 1988).
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4.3 WATER-USE PERMIT SYSTEMS

With the recognition that the common-law riparian doctrine is ill-suited to manage
water withdrawals in the current era, many riparian areas have begun to pass more
detailed water-use laws (e.g., the 1972 Florida Water Resources Act, Florida
Statutes, Chap. 373; Virginia Water Use Act, 1991).

While such water laws constitute great progress in setting the general princi-
ples under which regulatory programs must operate, they have generally not
attained the specificity necessary for day-to-day regulation of water withdrawals.
These tasks are usually implicitly or explicitly left to local regulatory agencies to
implement as they best see fit. Saarinen and Lynn (1993), for example, discuss the
problems of achieving economic efficiency under Florida’s statute, even though
such efficiency is a stated goal of the statute. While discussion of comprehensive
management programs has occurred (e.g., Mack and Peralta, 1987; Walker et al.,
1983), implementation has not been widespread.

There is thus a need for state, provincial, regional, or basin management agen-
cies in traditionally riparian areas to develop day-to-day administrative systems or
water-management programs. Ideally, such programs should routinely regulate
the withdrawal of water efficiently (in both the bureaucratic and economic sense)
and fairly and involve the courts only in exceptional cases such as interstate or
international disputes.™

There is a corresponding need, albeit a lesser one, for a review of administra-
tive systems in areas traditionally governed by the appropriative doctrine. In many
such cases, ad hoc and even inconsistent procedures have become ensconced, so
that revisions are appropriate.

In essence, such programs should have two overall purposes, although they
may have several competing objectives. First, they should serve as water-
allocation instruments in times of drought. We define drought, in this context, as
an absence or shortage of water when the availability of more is expected. The lack
of water in Death Valley, California is not a drought, as no one expects Death
Valley to be a verdant paradise. The existence of water users, their water-using
capacity, and their wants define the drought as much as the water shortage
(WSTB, 1986). The second overall purpose of such programs is to prevent prob-
lems attending concentrated withdrawals. Such concentrated uses may cause
problems with maintenance of minimum streamflows (i.e., aquatic habitats) and
aquifer levels in times of normal rainfall as well as drought.

There are many options for such programs and a useful precursor to their devel-
opment is an assessment and comparison of these options, with a view toward pro-
viding guidance to agencies engaged in their development. This chapter provides

* Work is ongoing to develop methods to effect water sharing among states in a smooth manner.
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such a comparison. Alternative decisions involved in creating a water-withdrawal
permit program are compared qualitatively in the context of six management
objectives. Certain alternatives are identified as currently appearing more attrac-
tive than others, pending further research and public dialogue. No specific recom-
mendations are made but an attempt is made to provide guidance to decision
makers without imposing values on them.

4.3.1 Water-Management Programs

It is assumed here that a water-management agency (referred to as the agency) has
been charged with developing and administering a water-withdrawal management
program (although these two activities need not be undertaken by the same entity).
The program is to consist of a set of uniform rules governing water withdrawal. A
set of target minimum streamflows and aquifer levels (or allowable drawdown
rates) is assumed already set. These external requirements may vary with time,
monotonically changing or oscillating on an annual frequency. It is also assumed
that the agency has been given statutory authority to impose any of the manage-
ment programs discussed here on raw-water users. Obviously, if the statute pre-
cludes any of these options, they must be excluded from consideration.

There are four major philosophical approaches toward restricting water use,
discussed as follows. They are not all mutually exclusive and may be combined in
a program. Most programs will probably concentrate on one approach, possibly
with a second filling in the gaps.

1. Ad hoc restrictions. This is essentially the absence of a management pro-
gram. These restrictions simply disallow certain types of uses under certain con-
ditions. Examples of such restrictions are the classical municipal prohibitions of
lawn and garden watering and car washing during times of shortage. On a larger
scale, one might envision restrictions on agricultural or industrial use in times of
drought. Such emergency restrictions may be satisfactory in cases where supply
shortfalls are brief and infrequent, but are ill-suited for long-term maintenance of
water resources once the crisis has passed. They often are not economically effi-
cient. Water restrictions may be imposed just when they can be accommodated
least easily (e.g., restrictions on irrigation just when crops are in greatest need of
water). WSTB (1986) presents the results of a workshop devoted to a thorough
analysis of the problems and options of ad hoc restrictions.

2. Water charges. A second approach is the requirement that users pay a
charge for using water. This is not simply a registration fee; it must be proportional
to the amount of water used and high enough to induce conservation. Under such
a program, installation or inspection of flow meters, monitoring of flows (to estab-
lish the required payments), and collection of payments will be necessary agency
activities. A strength of such a program is that it tends to induce an economically
efficient use of water. An important weakness, however, is that the charge must
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constantly be readjusted to keep the water-use rate within the limits required to
maintain groundwater resources and streamflows. The program controls not the
supply of water, but its unit cost to the users. Any user may take as much water as
desired as long as the charge is paid. The charge program generates revenue for
the government and forces the users to pay for the public resource they receive. It
may be argued, as Lyon (1982) does for sales of transferable permits, that attempts
to address the financial burden issue with refunds to users will render the program
ineffective. If the refunds vary with the amount of water used, the users will incor-
porate that knowledge in their decision making and the outcome will not be eco-
nomically efficient.

3. Subsidies. A variation of the charge program is its opposite, i.e., a program
of subsidies for water conservation. An analogous example is the federal con-
struction grants program in controlling water pollution. These programs have the
same weaknesses as the charge program, plus some of their own. First, they
require money to be transferred to the users from the government and must be
financed by the taxpayers. Second, users may receive subsidies for conservation
measures they might have undertaken anyway.

4. Water-use permits. A fourth approach is a program under which each user
receives a permit allowing a rate of withdrawal that depends, generally, on ambi-
ent conditions. Legally, the permit may be a deed to the water itself (implying a
property right), or it may be a license (implying temporary permission to use the
resource).* The agency must decide exactly what the permit should entitle its
holder to do, and under what circumstances. It is customary to think of it as enti-
tling its holder to withdraw a certain volumetric flow rate (e.g., L/s) of water, but
an operational definition must be more complete and must say by whom, where,
and for how long the water may be withdrawn and what happens when there is not
enough water to supply all permits. Other agency decisions are on what basis per-
mits should be distributed initially; how many should be distributed; whether or
not they should be transferable and, if so, under what circumstances or restric-
tions; and so on.

Without offering a quantitatively buttressed argument, it is asserted here that of
these four approaches, the latter, permits, is most useful as the mainstay of a water-
management program. Some ad hoc processes may be necessary to address unfor-
seen circumstances, and charges or subsidies may prove useful in certain cases.
Permit systems, however, have the intuitive appeal of being revenue-neutral to the
agency while, conceivably at least, offering a foundation for the goal of day-to-day
operation of the management program stated previously.

* No decision in that regard is rendered here; throughout this document the word permit denotes
an explicit legal tender to water, however limited. The word right denotes a more general claim,
whether legally explicit or legally or culturally implicit.
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4.4 PERMIT PROGRAM OBJECTIVES

The objectives in designing a water-management program can be grouped into six
major categories. The categories are not mutually exclusive and some overlap may
occur among them.

4.41 Ease of Implementation, Administration, and Enforcement

The first objective is to maximize the ease on the agency’s part in setting up the
program initially (implementation), operating it routinely (administration), and
insuring compliance with it (enforcement). This objective could be included in the
cost-efficiency objective following, but is separated because many agencies will
consider their own costs separately from those to society at large.

Two important components of this objective are simplicity and comprehensi-
bility. Regulations that are simple and easy to understand are usually easy to
implement, administer, and enforce as well. Simple regulations are more likely to
be followed because regulatees understand more clearly what is required of them
and cannot as successfully use a confusion defense if caught in a violation.

4.4.2 Equity

The second objective is maintaining equity among water users. Equity is very
much in the eye of the beholder, and the decision about what is equitable or
inequitable is arbitrary to some extent. Moreover, each party affected by regula-
tions can usually be counted on to view the most equitable rule as the one which
benefits him or her the most. Consensus over equity issues may be difficult to
achieve, but a compromise may be acceptable. Through negotiation, it should be
possible at least to avoid a program that is agreed by all to be inequitable.

4.4.3 Effectiveness in Protecting Water Resources

The third objective is that for which the program was originally devised, viz., the
maintenance of streamflows or groundwater resources. Some programs address
these needs directly, others only indirectly. Better protection of resources may
require greater effort of administration and enforcement or less economic efficiency.

4.4.4 Robustness and Flexibility

In devising any program to control water withdrawals, there will inevitably be
errors in data collection and in predicting the outcome of the program. Hence, an
objective in program design is that the social benefit of the program be robust, or
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insensitive to errors in the data upon which its design depends. Robustness is not
necessarily a static ability to withstand unforseen changes but may instead be a
dynamic correction in response to such changes.

4.45 Economic Efficiency

A fifth social objective, already touched upon, is economic efficiency of water use.
Different management programs will generally result in different distributions of
water among users, implying different aggregate levels of economic benefit (effi-
ciency) from water use. Given the finite supply of water, only one distribution will
maximize benefit, but some other programs may fare better with respect to other
program objectives.

Generally, a lack of regulations results in an economically inefficient distribu-
tion because those to whom water is physically most available take a larger share
than is efficient. On the other hand, regulations that restrict water use without con-
sideration of economic efficiency may erect barriers to voluntary redistribution
that would increase efficiency.

4.4.6 Political and Legal Feasibility

The final objective is political and legal feasibility. No matter how well designed
a program is with respect to the other five objectives, it will fail if it is not accepted
politically or if it cannot operate within prevailing laws. Most other objectives are
fortunately coincident with, if not constituent of, this objective. However, a well-
designed program may require small changes in prevailing law, and such programs
may be rendered politically infeasible if misconceptions about them gain wide-
spread acceptance through the actions of pressure groups or lobbyists.

4.5 PERMIT PROGRAMS FOR
WATER-WITHDRAWAL CONTROL

The agency’s choice of options determines how the water-permits program fares
with respect to program objectives. It will not generally be possible to find a set of
choices that maximizes all objectives, and the agency will be forced to trade one
objective off against others. There is no optimal or “best” tradeoff point among
those objectives, only one that is most acceptable in the agency’s judgment. The
following paragraphs discuss several options and the tradeoffs among the objec-
tives for each.

Although it is important in the design of a program, no distinction will be
drawn for the moment between water withdrawal and consumption; these terms
will be used interchangeably, along with the term water use. It is assumed that all
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use is consumptive and that water, once withdrawn from a watercourse, disappears
forever. The importance of return flows, their effects, and the options for incorpo-
rating them in the regulatory program are discussed near the end of this section.

45.1 Geographical and Temporal Configuration of Programs

The agency must decide the geographical and temporal extent of water-control
programs and how the activities of smaller-scale programs should be delineated
and coordinated to achieve overall agency goals at the larger scale (e.g., state or
province). Conceivably, limits for surface-water programs would best follow basin
boundaries, but those boundaries do not necessarily correspond to the natural lines
of cleavage for groundwater. Moreover, there is a frequent reluctance of state or
provincial and local authorities to delegate the necessary authority to multistate or
multiprovince river-basin commissions, especially when nonwater interstate
issues are at stake. Thus, the central coordination might most feasibly take place
at the state or provincial level.

For both surface- and groundwater, there is the question of whether individual
ad hoc programs should be developed for each local problem area, whether each
new program should be extended to the smallest political boundary that contains
the problem area (e.g., a city, township, county, or multicounty unit), or whether a
more comprehensive program should be developed for a state, province, or river
basin. A comprehensive uniform state- or province-wide program is more difficult
to administer but has no greater effectiveness than individual programs designed
for problem areas. Nevertheless, if the water problems of several individual areas,
each with a local governing authority, expand to their jurisdictional boundaries,
each local authority may act to protect its local interest. There may then be a need
for a higher authority to intercede to distribute water among them. With local
authorities already in place, political realities may require the central authority to
administer through the local authorities. This may be less efficient than if more cen-
tral regulation were in operation from the outset. Thus, local programs are likely to
be effective only as long as an adequate plan for their future coordination and, if
need be, their future subvention to central authority, is in place at the outset.

4.5.2 Permit Definition Basis

The manner of determining how much water the permit holder may take is referred
to as the definition basis of the permit. The two major permit definition bases are
discussed briefly here and in more detail by Eheart and Lyon (1983). Other alter-
natives are discussed by Eheart (1989); for brevity those are omitted here.

Let the amount of water (e.g., L/s) available for distribution to the permit hold-
ers be referred to as the rotal allowable withdrawal (TAW ). For surface water the
TAW equals the streamflow minus the minimum flow requirement for instream
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flow needs. For groundwater, the TAW is set considering target aquifer levels or
drawdown rates. For now, assume that when the agency sets the TAW it also dis-
tributes it among users according to some “fair” formula. (The complexities of
channel geometry, discussed later, will complicate the formula for rivers.) There
are then three bases, discussed as follows, for defining permits, i.e., relating the
allowable withdrawal to the TAW.

1. Constant use basis. Under this basis, each user is allowed a certain con-
stant use rate. The rate may vary with time, possibly following an annual sched-
ule, but does not depend on immediate stream conditions unless the streamflow is
insufficient to satisfy all claims. The chief drawback of this basis is that it does not
spell out what happens during drought.

2. Prioritized permit basis. Traditionally this basis has been used to allocate
surface water in the western United States under the appropriative doctrine. A set of
priorities among users is established. Any given user is allowed a certain constant
rate of water withdrawal as long as the TAW is enough to satisfy him or her and all
other users with a higher priority (including instream needs). When the TAW is
insufficient to satisfy all users, they forego withdrawals according to their priorities.

3. Flexible permit bases. Under these bases, users’ allowable withdrawals
increase and decrease continuously with the immediate streamflow. The simplest of
these bases is the fractional basis, under which each user is allotted a constant per-
centage of the TAW. Thus, as the TAW fluctuates, so does the amount of water allot-
ted to each user and no user is ever entirely deprived of water. This type of permit has
the advantage of homogeneity over prioritized permits; no assignment of priority
need be made to individual users since no user’s permit has priority over any other’s.
There may, however, be some perceived equity and administrative disadvantages to
this basis. First, there is no easy way to issue free permits to newcomers, although
they may easily buy their way in and may be accommodated through staggered lim-
ited-duration permits (see following). If entering users are to share available water
with existing users who are already using it all, then the existing users must give up
some. Forcing them to do so might be viewed as a confiscation of property without
compensation. By contrast, the prioritized-permit basis may be structured to accom-
modate newcomers by assigning them lowest priority. The second disadvantage is
that it is more difficult to account for the geometric complexity of real river systems
under this type of permit-definition basis. Ways of addressing this problem also exist,
however, and are discussed in greater detail following.

4.5.3 Allocation Basis

The agency must decide the basis for distributing permits among the users, i.e.,
deciding what size permit (and the priority, if appropriate) each user receives. The
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size of permit is the rate of allowable withdrawal for the prioritized-permit system;
for the fractional-permit system, it is the fraction of the TAW the user is allowed
to withdraw.

In the West, priority allocations were established by the rule of “first in time,
first in right.” Size allocations were based on the agency’s judgment about the
amount of water each user needed or deserved, based in part on past use or antic-
ipated future use. These allocations were made on a case-by-case basis, and there
was no guarantee of consistency from one time period or location to another.

It would be difficult to apply appropriative rights in riparian areas. First, since
no water-rights system existed historically, it would be difficult to establish prior-
ities among users. Second, the notion of priorities runs counter to the legal prece-
dent of the riparian doctrine and has been legally rejected in some riparian areas
(see, e.g., for Illinois, Bliss v. Kennedy, 1867).

One alternative approach is a formula that considers the historical use of water
by each prospective recipient as a measure of need. Presumably, the size alloca-
tions would be roughly proportional to some measure of past-use rate. Provisions
could be incorporated to avoid rewarding those who had used water wastefully in
the past, and certainly to dissuade users from profligate use in the present for the
sole purpose of receiving a higher allocation in the future. This poses the prob-
lem of estimating past withdrawal rates that may have been unmeasured. Most
municipal and industrial withdrawals are gauged, but many agricultural with-
drawals are not.

An alternative basis rests on the theory that the right to a certain amount of
water is internalized in the worth of riparian land. In this context, the issuance of
a permit by the agency may be viewed as an attempt to separate and grant to the
riparian landowner the water right that was historically bound up with the land
right. Under this approach, the size of the fractional permit issued to a given sur-
face-water user might be proportional to such a parameter as the length of ripar-
ian streamfront or the area of riparian land. (An equivalent rule for the distribution
of groundwater permits for irrigation might be in proportion to the area of overly-
ing land.) Such a basis of allocation might be considered equitable for agricultural
users, but the agency may deem it desirable to set aside a portion of the water for
other uses, to be distributed among them on a different basis (e.g., proportional to
population equivalent for municipalities and earnings, taxes, or employees for
industries).

Another alternative is simply an ad hoc allocation basis that seeks to use no for-
mula in distributing the available water among users but, rather, leaves such deci-
sions to the judgment of the agency. While such an approach has the benefit of
flexibility, it risks potential challenges of arbitrary or capricious behavior on the
part of the agency.

While priority allocation to individuals is inconsistent with the riparian doc-
trine, as noted, some states in the United States have embraced a priority alloca-
tion among use types, placing so-called natural needs above artificial wants in
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priority (e.g., Clark, 1985). Even in appropriative regions, such priorities often
take precedence over the first-in-time rule. Thus, a regulatory system might serve
all municipal requirements before satisfying the requests of industrial, power, or
agricultural uses. It may be, however, that only the portion of municipal with-
drawal that constitutes natural needs is felt to be eligible to be set aside first, so
that the remaining portion of the municipal claim should have to compete with
other claims.

4.6 TECHNICAL DETAILS OF PERMIT SYSTEMS

Several detailed aspects must be addressed for establishing any permit system.

4.6.1 Duration of Permits and Accommodation of Newcomers

The agency faces a dilemma in deciding the length of time a permit is valid. As
noted by Eheart and Lyon (1983) and Young (this volume, Chap. 3), permits that
are valid for only a short time may not allow the users sufficient time to pay off
capital equipment and may thus result in economically inefficient decisions. (For
example, the user may purchase less-expensive equipment that uses water ineffi-
ciently.) A long permit validity will present difficulty in accommodating new-
comers, and there is a risk of overcommitting the resource and being unable to
reverse the allocation process except by repurchase. Eheart and Lyon (1983) note
that one way of addressing this dilemma is a system of staggered permits of n-year
duration under which the agency may lower the total number of permits by as
much as 1/n per year simply by not reissuing expired permits.

There is a potential problem in initiating such a system or accommodating new
users, since users prefer long-term to short-term permits. Nevertheless, it may be
possible to initiate the system if the agency acts at an early stage, before demands
become significant in comparison to supplies. If 1/n or less of the target number
of permits are currently held and less than 1/n additional will be claimed in aggre-
gate by all new users each year, the agency may issue n-year permits to all new
applicants.

A staggered system of limited-duration permits could be structured to include
newcomers in the allocation, granting them the same status as existing users and
enabling them to acquire an increasingly large number of permits each year. Thus,
for example, under a 5-year staggered system, a newcomer who, as an existing
user, would have claim to 15 percent of the permits would, like existing users, be
allocated 15 percent of the 20 percent of new permits (3 percent) that are reissued
each year. Requiring a user to wait 5 years for the full allocation might not be prac-
tical; depending on the water-use application, operating at reduced production
capacity may not be economical. In such cases the staggered system might be
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effective when combined with a spot market, so that the user could rent permits
for the interim.

4.6.2 Averaging Periods

It is not possible for water users to restrict their withdrawals to a certain flow rate
at all times, nor is it always desirable from the agency’s perspective for them to do
so. Crops need only be irrigated when they undergo moisture deficit, and munici-
pal demands fluctuate according to the weather and the incidence of fire. It is
therefore appropriate for the agency to grant users some flexibility by restricting
their time-averaged, rather than their instantaneous, withdrawals. The question
then becomes one of choosing the averaging period. The larger the averaging
period, the more flexibility the users have but the greater the opportunity that
exists for them to overexploit the water resource, at least temporarily.

If dewatering of an unimpounded stream is to be prevented, the averaging
period will usually have to be from less than a day to a few days, depending on
the size of the stream. Since most aquifers recharge only at certain times of the
year, a l-year averaging period might be appropriate for groundwater with-
drawals.

In its monitoring activities, the agency will calculate the average periodically,
since it is likely to be impossible for it to keep a running tab on the time average
of every user’s withdrawal continuously. The necessity of performing these calcu-
lations at certain times presents incentives for perverse behavior, however. Toward
the beginning of a period (i.e., just after averaging) there is an incentive for users
who put less stock in future worth to increase withdrawals, perhaps hoping that it
will rain more toward the end of the averaging period. Toward the end of the aver-
aging period (i.e., just before averaging) there is an incentive for users who origi-
nally husbanded their water to increase withdrawals because they will lose what
they don’t take. (If they don’t lose what they don’t take, the averaging period is
effectively longer.) Thus, around the time that the calculations are performed,
there may be increases in total withdrawals. To address this problem, it may be
worthwhile to stagger the times of calculating averages for different users so that
the increased withdrawals are spread evenly over time. Under prioritized permits,
carryover from the previous period could be assigned a low priority, thus making
it available to the user, but not with the same value.

4.6.3 Large-Scale Groundwater Restrictions

There are several issues related to selecting an aggregate allowable rate of removal
from groundwater aquifers. One is how much water should be saved for the future.
When aggregate withdrawal exceeds aggregate recharge, aquifer mining is said to
be taking place. The word mining, although commonly used, may be a misnomer;
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unlike coal or oil, groundwater is a renewable resource and will eventually return
to higher levels when aggregate pumping stops or is reduced. Nevertheless, many
years’ worth of recharge may be removed in a very short time, and future genera-
tions may have to wait some time before enjoying the aquifer levels of their fore-
bears. Sometimes it is difficult to document mining because aquifer levels usually
undergo annual fluctuations that may mask long-term decreases.

Apart from this issue, aquifer mining implies a continual depression of the
piezometric head and affects most users drawing from a groundwater unit. It
requires periodic redrilling of wells or lowering of pumps as a matter of course, as
well as a continuous increase in pumping costs. Thus, even if aquifer mining has
the endorsement of the agency, it is reasonable to require that a substantial num-
ber of users in a region be similarly disposed toward mining and be willing to cope
with its cost and inconvenience in order to reap the benefit of (temporarily)
increased allowable pumping rates.

4.6.4 Complexity of Surface-Water Programs Using
the Flexible-Permit Basis

There is a problem with adopting the flexible-permit basis for surface water in
humid regions. If it happens that all water flows from an area where none is
used, through a central point from which it is physically available to all users,
fractional permits could have the clear meaning of restricting each user to its
fraction of the flow rate at that point. But where sources and sinks of water are
geographically dispersed, and the amounts that are physically available to be
shared are not the same, such fractional assignments among users lose their
meaning.

Two methods are proposed here of indexing the allowable withdrawal to the
observed streamflow. Under one, a gauge upstream of each user determines its
allowable withdrawal; under the other, the stream-gauge reading controls users’
withdrawals upstream of it. The former, termed the upstream-gauged system is
administratively easier, but requires a large number of stream gauges to be used
effectively. The latter, termed the downstream-gauged system, is administratively
difficult but uses a smaller number of gauges. They are discussed in greater detail
as follows.

Upstream-Gauged Systems. Under these systems, a group of users located in a
stream reach will share a TAW for that reach equal to the streamflow at the near-
est upstream gauge minus minimum streamflow and an amount set aside for users
downstream of their reach. There are two variations of this system, distinguished
according to how the amount of water a user must pass through to downstream
users is determined. Only the fixed pass-through system is practicable; a discus-
sion of the variable pass-through system is important to aid conceptual under-
standing of the issue.
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Variable Pass-Through. Under the variable pass-through system, a set of contin-
gency arrangements based on readings at upstream gauges determines the with-
drawal rate to which any permit holder is entitled. Assuming fractional permits as
the implementation of flexible permits, each user is assigned a number proportional
to its share of all the water available in any basin that contains it, minimized over all
basins that contain it. As the basin becomes larger, more water is coming into it, but
there are more users with whom the user has to share. For example, a user located
on a small tributary to the Mississippi River in Iowa might be entitled to the mini-
mum of: half of the water shared by it and its nearest two neighbors; 5 percent of the
water shared by those users and those in the basin upstream of the next downstream
gauge; and so on, to 0.00015 percent of all the available water in the Mississippi
basin. Unfortunately, this system is impracticable as it requires an infeasible amount
of information processing and assumes a zero residence time in the channels.

Fixed Pass-Through. An alternative that avoids this problem is to impose fixed
obligations to downstream users, so that curtailment orders to a given group of
users are in no way dependent on stream-gauge readings downstream of them,
regardless of what actually happens to the downstream users’ water supply. This
will allow indexing a user’s allowable withdrawal to the nearest upstream gauge.
Under this system, users are divided into groups residing between adjacent stream
gauges and each group of users is required to forego a fixed fraction of its incom-
ing TAW for downstream users. An important question is how that fraction should
be determined. Conceivably, it should be chosen in consideration of equity and
economic efficiency, and should ideally take account of the number and type of
downstream users as well as their potential for supplies from other tributaries. One
possibility is to use an estimate of the average value of the aggregate downstream
claim (as a fraction of incoming TAW) under the variable pass-through system.
Harrison (1991) has studied this method for a limited data set and has concluded
that it has high economic efficiency.

Permit transfers would be administratively convenient for the fixed pass-through
system; the size of the transferred permit would simply be assigned to the new reach.
As an example, consider an upstream user that currently is allowed to take 20 per-
cent of the TAW at its upstream gauge, 45 percent being allocated to other users in
the group and 35 percent passed to downstream users. If that user wishes to sell its
permit to a downstream user, the remaining users in the upstream group will be
required to pass 20 + 35 = 55 percent to the downstream users. The downstream
neighbors of the buyer will each have a smaller percentage of their incoming TAW,
but that TAW will be commensurately larger. For a transfer of a permit in the
upstream direction, the system operates the same, except that in the example, no
more than 55 percent could be moved to the upstream group.

Downstream-Gauged Systems. Under these systems, the permit is actually a set
of different permits, each contingent on a different gauge constraining or limiting
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withdrawals. In essence, the system operates like the upstream-gauged system
except that an attempt is made to infer the streamflow at an ungauged point
upstream of the users from the observed streamflow downstream of them. The
allowable withdrawal by a user is its fraction of the TAW at a stream gauge, as
shared with all other users upstream of the stream gauge. A correction must be
made to the TAW to account for current use of water; thus, assuming 100 percent
consumption, the sum of current uses is added to the observed flow rate at the
gauge, the minimum flow requirement is subtracted from that quantity, and the
resulting TAW is distributed among the users between that gauge and the nearest
upstream gauge. While this system is practicable, it may not be practical, since it
essentially uses a feedback control mechanism in that a user’s withdrawal influ-
ences the streamflow at a gauge, which in turn influences the user’s allowable
withdrawal. This may lead to problems of stability if return flows are not ade-
quately accounted for, but some alteration of the curtailment order process based
on experience and trial-and-error by the agency may address this problem in some
cases, especially if the basin is small.

4.6.5 Complexity of Surface-Water Programs
Using Prioritized Permits

For prioritized permits there is little difference between upstream variable pass-
through and downstream-gauged systems. Curtailment orders are issued to up-
stream user’s in decreasing order of seniority whenever a senior user’s withdrawal
is unavailable. The gauges are used primarily to determine where curtailment
occurs and to insure that minimum streamflows are met.

The fixed pass-through system could be used for such permits if a fixed esti-
mate is used to represent downstream senior claims. For example, if the claim of
a senior user is 15 m?%/s, and the average flow available to that user from tribu-
taries with no users is 10 m¥/s, one possible fixed pass-through system would
require an upstream junior user to pass the first 5 m*/s of its incoming TAW to
the downstream senior user.

This system does not use a feedback mechanism, but it could result in a rever-
sal of allocation compared to the variable pass-through system. If the upstream
user’s stream has a high flow and the other tributaries of the downstream senior
user have low flows, the upstream junior user might be completely satisfied while
only the first 5 m*/s of the downstream senior user’s claim would be fulfilled.

4.6.6 Withdrawal versus Consumption and
Accounting for Return Flows

As noted later, if all withdrawal permits are defined in terms of consumption,
some, but not all, of the problems of third-party impacts may be avoided. The
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avoided problems are the middle-user impairment problem (Anderson, 1983;
1983b; Johnson et al., 1981; Tregarthen, 1983) and exacerbation of the feedback
problem for downstream-gauged systems. Definition in terms of consumption also
serves as a greater incentive for water conservation since users would be required
to hold permits for only the water they consume.

There are some drawbacks to consumptive-use permit definition, however. It
requires assuming that there is always adequate additional flow in the stream for
each user’s pass-through use, that such use is returned near the point of abstraction,
and that the return flow rate is accurately known. Unfortunately, return flow rates or
consumptive fractions are not always constant, may change seasonally and unpre-
dictably, and may be difficult to determine (especially for irrigation, whose return
flows are geographically dispersed). Thus, while it may be more fair to base permit
definition on consumption, it is administratively easier to base it on withdrawal.

One approach to this dilemma is to operate the program as though all with-
drawal is 100 percent consumptive unless the user can document his or her return
flow accurately, and to choose a program structure that is robust to the operational
uncertainty caused by this assumption. Assuming 100 percent consumption, the
return flows could be thought of as tributaries of uncertain and unpredictable mag-
nitude. Downstream-gauged systems would not be robust to this uncertainty
because they require accurate predictions of return flow, as do upstream-gauged,
variable pass-through systems. For fixed pass-through upstream-gauged systems,
however, uncertain return flows show up at nearby gauges to add to the flow at the
next reach. Under that system, therefore, while the assumption of 100 percent con-
sumption might be viewed as inequitable by users with significant but difficult-to-
measure return flows, it would not cause operational problems.

4.6.7 Interactions between Ground and Surface Waters

If an aquifer is hydraulically connected to a stream, it may be possible for with-
drawals from one medium to deplete the other, interfering with proper accounting
of both. The ideal accounting method is to determine for a given user what portion
of his or her withdrawal comes ultimately from each source and to require a per-
mit of that quantity to be held. Unfortunately, it is difficult to determine a priori
what each portion is, because it depends on a complex set of natural parameters
that vary with time (e.g., the relative fractions of rainfall that infiltrate and run off),
as well as the actions of the user and other users.

4.7 VOLUNTARY WATER-TRANSFER SYSTEMS

One feature that the agency may wish to consider is to allow permits to be trans-
ferred voluntarily among users, either on a permanent or temporary basis. Water
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transfers are a common component of many regional water systems and are being
increasingly considered for meeting growing water demands and for managing the
impacts of drought. Water transfers can take many forms and can serve a number
of different purposes in the planning and operation of water-resource systems.
However, to be successful, water transfers must be carefully integrated with tradi-
tional water-supply augmentation and demand-management measures as well as
with the institutional systems which regulate water use. This integration requires
increased cooperation among different water-use sectors and resolution of numer-
ous technical and institutional issues, including impacts to third parties. This sec-
tion identifies the many forms that water transfers can take, some of the benefits
they can generate, and the difficulties and constraints which must be overcome in
their implementation.

The most frequently cited argument in favor of this approach is an economic
one (see, e.g., Anderson, 1983a; 1983b; Eheart and Lyon, 1983; Wong and Eheart,
1983; Enright and Lund, 1989). Greater economic efficiency will accrue if permit
trading is allowed; the approach is also flexible, robust, and does not require
strong intervention by the agency. For example, when newcomers buy permits,
there is an automatic redistribution of water use toward greater efficiency.

Historically, advances in water-system management have been motivated by
socioeconomic and environmental considerations. Since the 1970s, the increasing
expense and environmental impact of developing traditional water supplies (e.g.,
reservoirs) have encouraged innovative use of existing facilities (e.g., conjunctive
use and pumped-storage schemes) and have led to expanded demand-management
efforts. In recent years, growth in water demands and environmental concerns
have caused even these innovations to yield diminishing marginal returns. These
economic and environmental conditions, combined with recent droughts, have
spurred further efforts to improve traditional supply-augmentation and demand-
management measures and have motivated the recent consideration and use of
water transfers. The use of water transfers in many parts of the country, especially
in the West, can be seen as a natural development of the water resources profes-
sion seeking to explore and implement new approaches in water management. We
begin with brief reviews of recent water-transfer activity in California (Lund and
Israel, 1995a; 1995b; Lund et al., 1992). Following that, some of the more relevant
issues for water managers and planners contemplating the use of water transfers
are reviewed.

4.7.1 Existing Examples of Water Transfers

Water transfers and water marketing have existed in one form or another in many
parts of the United States since early in this century. Many metropolitan areas have
some form of water market in operation, usually involving a single large seller,
typically a large central city or utility company, selling water to numerous large
and small suburban cities and water districts. These sales arise from the economies
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of scale of urban water-supply acquisition, conveyance, and treatment and the his-
torical legacy of central cities being the first to acquire most of the better, larger,
and least expensive water supplies in many regions. Both central city and subur-
ban parties to these transfers and sales accrue significant advantages from this
arrangement, in the form of lower water-supply costs, higher supply reliabilities,
and greater capability and certainty in regional water-supply planning. Still, there
is often some degree of controversy and conflict between parties to these transfers
(Lund, 1988).

Water marketing and transfers within agricultural regions is a still more ancient
practice. Maass and Anderson (1978) describe a very effective water-marketing
arrangement that has been in effect in one area of Spain since the fifteenth century.
In addition, there are almost countless water trades and sales between farmers
throughout much of the western United States. The majority of these transfers
occur within mutual irrigation companies. These companies are typically infor-
mally constituted cooperatives of farmers, without governmental status. Each
farmer has a share of the total amount of water available to the company. Water is
then transferred by rental or sale of these shares to other farmers within the ven-
ture (Hartman and Seastone, 1970). It has been estimated that there are roughly
9200 such mutual water companies in the western United States (Revesz and
Marks, 1981).

Other examples of existing water transfers are presented by MacDonnell
(1990). This review found that almost 6000 water-right change applications were
filed in six western states between 1975 and 1984, primarily in Colorado, New
Mexico, and Utah. The vast majority of these applications were approved by state
authorities. There are untold additional cases where transfers have been effected
without legal need for state approval. For example, water transfers within the
Bureau of Reclamation’s Central Valley Project (CVP) generally do not require
state review, since the Bureau is the holder of very general and flexible water
rights. Between 1981 and 1988, CVP contractors were involved in over 1200
short-term transfers involving over 3700 Mm? (3 million acre - ft; Gray, 1990).

Most of the transfers described above are confined to specific water sectors and
within individual metropolitan areas or irrigation systems. However, contempo-
rary interest in water transfers has broadened the scope of traditional transfers to
include transfers between different water-use sectors, e.g., agriculture to urban,
often over larger geographical distances. These transfers often involve many par-
ties with diverse views, facilities, and water demands which are more geographi-
cally separated. They may also require the use of conveyance and storage systems
controlled by parties who are neither selling nor purchasing water. The controver-
sies and complexities of effecting water transfers under these conditions may have
initially deterred water managers from pursuing this option. However, with the
changing economic and policy environment of water management and the absence
of other attractive choices, water transfers can offer engineers a cost-effective
alternative for enhancing the performance and flexibility of their systems (Lund et
al., 1992).
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4.7.2 Economic Theory of Water Transfers

There is vast literature on the merits of water markets and voluntary water trans-
fers (Milliman, 1959; Hartman and Seastone, 1970; Howe et al., 1986; Brajer et
al., 1989; Eheart and Lyon, 1983). One important question addressed by some of
this literature is the magnitude of the potential efficiency gains from trading. In
several studies, it was estimated by computer simulation of markets in irrigation
water to be significant. Wong and Eheart (1983) report an improvement of about
13 percent over nontransferable permits for surface-water permits from the Little
Wabash River in Illinois. Enright and Lund (1991) report only around 1 percent
for a simple demand system exposed to different hydrologies, the Mad River in
California and Tionesta Creek in Pennsylvania. Eheart and Barclay (1990) report
an improvement ranging between 3 and 86 percent, depending on the amount of
water available and the predictability of weather and crop-yield response. Other
investigators (e.g., Tregarthen, 1983) have indirectly confirmed these findings.

Improved economic efficiency is not the only important advantage of such a
program. Transfers also provide an incentive to develop and adopt ways of using
water more efficiently through recycling and waste reduction. It is widely believed
that many of the historically documented cases of wasteful use of water under the
appropriative system might have been avoided by allowing transfers (Anderson,
1983b).

With regard to political feasibility, transfers of both water and pollution permits
have received endorsements from policy analysis organizations of various politi-
cal persuasions (Tietenberg, 1985; Bandow, 1986; Stavins, 1989). Permit transfers
are a part of the most recent version of the Clean Air Act (1990), following a report
commissioned by the U.S. Congress that endorsed a host of market-based incen-
tives for environmental protection (U.S. Congress, 1988).

The additional administrative costs imposed by transfers are expected to be
modest. The agency must maintain a registry of permits. Registration of trades
must be sufficiently formal, and enforcement adequate, to prevent users from sim-
ply transferring permits from one to the other just before the enforcement agent
arrives to check for violations. Transfer restrictions must be decided upon and
administered. No cost data need be collected, however, and no cost optimization
need be done by the agency. The agency may opt to set up a brokering operation
or may let a private concern do so, but transfers are generally voluntary and need
not be brokered by anyone.

In addition to these potential strengths of permit-transfer systems, there are
some issues that must be addressed before an agency would wish to embark on the
development of a system of such transfers.

4.7.3 Imperfect Markets

While water-market transfers are often desirable, the economic efficiency of water
markets is usually imperfect when compared to ideal market performance. The
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conditions required for a perfect market are difficult to attain for a commodity
such as water. Some problems include (Howe et al., 1986; Brajer et al., 1989):

* Water rights are often poorly defined.

e Water transfers can have high transaction costs.

* Water markets will often consist of relatively few buyers and/or sellers.
* Water is often costly to convey between willing buyers and sellers.

e Communication between buyers and sellers may be difficult.

¢ In humid regions, the dispersed nature of water sources and sinks may make def-
inition of water rights difficult.

These difficulties commonly exist for other goods and services provided with
great success through market mechanisms, and are not barriers to the use of water
markets. The political appeal of market in offering trading opportunities and
incentives for innovation is undiminished by these concerns. However, in apprais-
ing water transfers, planners, engineers, and policymakers should consider that
trading activity may not be as lively as originally anticipated.

4.7.4 Third-Party and Environmental Impacts

The transfer of water can significantly affect third parties not directly involved in the
transfer. The neighbors of the buyer may be impaired and the neighbors of the seller
may receive a windfall benefit under permit transfers. For example, a freely trans-
ferable permit to pump a given amount of groundwater could impair the neighbors
of the buyer with additional drawdowns and pumping costs in their wells.
Furthermore, permits for irrigation will tend to be transferred toward farms whose
soils have low moisture-retention capacities and these farms are often close together.

Another type of third-party impairment associated with prioritized water per-
mits defined as withdrawals (Anderson, 1983a; 1983b; Johnson et al., 1981) is the
forfeiture of third-party rights that may attend a permit transfer. Consider, for
example, a low-priority, third-party user situated downstream of the seller of a
high-priority permit and upstream of its buyer. If the seller historically has a large
return flow, the middle user has become dependent on that return flow, and the
transfer requires the middle user to curtail or forego withdrawal to preserve a
streamflow adequate to satisfy the downstream user.

The greatest challenge for implementing water transfers in the future may lie in
properly identifying the affected parties and adequately mitigating these impacts.
Many interests can be affected by water transfers, as noted in Table 4.1. Impacts
can be direct, as with reduced instream flows below the diversion point for a trans-
fer; or secondary, as represented by the loss of farm-related jobs in an agricultural
region when farmers choose to transfer their water supplies. More detailed discus-
sions of the third-party impacts of water transfers appear in Eheart and Lyon
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TABLE 4.1 Some Potential Third Parties to Water Transfers

Urban
Downstream urban uses
Landscaping firms and employees
Retailers of lawn and garden supplies

Rural
Farm workers
Farm service companies and employees
Rural retailers and service providers
Downstream farmers
Local governments

Environmental

Fish and wildlife habitat
Those affected by potential land subsidence, overdraft, and well interference
Those affected by potential groundwater-quality deterioration

General
Taxpayers

(1983); National Research Council (1992); Howe et al. (1990); and Little and
Greider (1983).

Paradoxically, water transfers might aid members of a group in one region
while harming other members of the same group in another region. Water trans-
fers from one farming region to another will lower farm employment and demand
for farming services in the selling region and increase them in the purchasing
region. Similarly, transfers of surface water from farms to cities can both help and
harm fish and wildlife. By reducing application of water to farms, water quality
downstream of the farm might improve, to the benefit of fish and perhaps other
downstream water users. Also, there is a likely reduction in fish kills at the farm
intake pumps because of the decreased withdrawals. Yet, where the on-farm appli-
cation of water serves as habitat for migrating waterfowl, the removal of this water
could harm bird populations.

Several mechanisms have been suggested to ameliorate the impact of or com-
pensate groups harmed by water transfers. These mechanisms include (National
Research Council, 1992; California Action Network, 1992):

¢ Taxing transfers to compensate harmed third parties

¢ Requiring transferors to provide additional water for environmental purposes
¢ State compensation to help economic transitions in water-selling regions

¢ Requiring public review and regulatory and third-party approval of transfers

¢ Requiring prior evaluation of third-party impacts of transfers, similar to an envi-
ronmental impact report
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¢ Requiring formal monitoring of third-party impacts
¢ Restricting transfers to “surplus” waters

e In certain cases, redefining water rights to prevent third-party effects

Trading restrictions may undermine efficiency gains and may not be effective in
protecting third parties anyway. Eheart and Barclay (1990) found in simulations of
water-permit markets for irrigation in Kankakee County, Illinois that the return of
water was sufficiently homogenous among users that no user bought more than 40
percent of his or her original allotment even without the imposition of transfer restric-
tions. At the same time, Cravens et al. (1989) found that seasonal drawdown associ-
ated with irrigation is very significant for the same aquifer, even without transfers.

Third-party compensation has been endorsed by some researchers (e.g., Coase,
1960). Others (e.g., Baumol and Oates, 1988) note potential problems of strategic
behavior if third parties are given final authority on whether a transfer is allowed.

Direct impacts on third parties can be reduced through legislation. Potential
third-party effects from changes in return-flow quantity are commonly eliminated
by state regulation allowing the transfer of only consumptive water use (Gray,
1989). Nevertheless, difficulties in assessing consumptive use may cause impacts
to users of return flows (Ellis and DuMars, 1978). Likewise, the relative magnitude
of secondary impacts is often difficult to determine accurately, but their presence is
undeniable. Under ideal economic conditions of full employment and perfect labor
and materials markets, such secondary impacts should be self-canceling in the
aggregate. However, the common presence of significant unemployment, imperfect
labor and capital mobility, and potentially important equity impacts raise these sec-
ondary economic impacts of water transfers to prominence.

4.7.5 Nonuser Market Players

Fourth, if permits are initially given away rather than sold and are also transfer-
able, there is a potential for certain other kinds of inequities, if only perceived
ones. A user who never intended to exercise a permit could, upon receiving it free
from the agency, sell it and reap a windfall reward. There thus may be a need, if
only a political one, for the agency to scrutinize requests to insure that claimants
are bona fide potential users of water and not just speculators attempting to acquire
windfall permits to sell later. On the other hand, some would argue that anyone
who meets the established requirement to receive a permit is entitled to do so
whether or not his or her doing so is for speculative reasons.

4.7.6 Market Thinness

A fifth issue related to water transfers is that because of the usually small number
of participants, one or a few parties may be able to manipulate the permits market
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to their advantage. Many other markets are vulnerable to such manipulation, and
while manipulation may pay off to an individual, trading will always improve the
overall economic efficiency of the outcome. No exchange, no matter how it is
manipulated, will take place unless both parties have an interest in it. Several
researchers (e.g., Hahn, 1984; Saleth et al., 1991) have studied this problem and
have estimated that the potential for market dominance is small, but exceptions are
possible, and would occur where one user is much larger in size than any other and
can exercise monopoly or monopsony strength. Such cases pose problems of both
efficiency and equity.

4.7.7 Multiple-Forum Origins of Transfers

A sixth issue is that water transfers can emerge from various forums: bipartisan or
multilateral negotiations, several forms of brokerage and bidding, and other means
(Hartman and Seastone, 1970; Saleth et al., 1989). There is of course the potential
to mix the use of different forums in the water-transfer process, using one forum
to set a price and quantity, with other forums performing technical and legal
review of transfer proposals. The forum or institutional mechanism under which
water transfers are developed, reviewed, and approved can substantially affect the
number, type, and details of transfers that actually take place, and is particularly
important for the consideration of third-party impacts (Nunn and Ingram, 1988;
Little and Greider, 1983; Eheart and Lyon, 1983).

4.8 TYPES OF WATER-TRANSFER
ARRANGEMENTS

Water transfers can take many forms, as presented in Table 4.2. The specific
needs of the purchasing and selling parties may dictate the type of transfer
sought and the forum through which transfer arrangements are made. However,
existing legislation and recent transfer experiences will also be important in
selecting the most appropriate form of transfer. Each transfer form can have a
different use in system operation and has different advantages and disadvan-
tages for water buyers, water sellers, and other groups (Lund et al., 1992).
The various uses and associated benefits of water transfers are summarized in
Table 4.3. Additionally, water transfers, like many forms of water-source diver-
sification, increase the flexibility of a water system’s operation, particularly in
responding to drought. This flexibility allows new forms of operation that
could not be accomplished without transfers and in many cases allows modifi-
cation of system operations on a rapid time-scale. The following discussion on
transfer types focuses on the possible uses and associated benefits of each.
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TABLE 4.2 Major Types of Water Transfers

Permanent transfers

Contingent transfers/dry-year options
Long-term
Intermediate-term
Short-term

Spot market transfers
Water banks
Transfer of reclaimed, conserved, and surplus water

Water wheeling or water exchanges
Operational wheeling
Wheeling to store water
Trading waters of different qualities
Seasonal wheeling
Wheeling to meet environmental constraints

TABLE 4.3 Major Benefits and Uses of Transferred Water

Directly meet demand and reduce costs
Use transferred water to meet demand, either permanently or during drought
Use purchased water to avoid higher cost of developing new sources
Use purchased water to avoid increasingly costly demand-management measures
Seasonal storage of transferred water to reduce need for peaking capacity
Use drought-contingent transfers to reduce need for overyear storage facilities
Wheeling low-quality water for high-quality water to reduce treatment costs

Improve system reliability
Direct use of transferred water to avoid depletion of storage
Overyear storage of transferred water to maintain storage reserves
Drought-contingent contracts to make water available during dry years
Wheeling water to make water available during dry years

Improve water quality
Trading low-quality water for higher-quality water to reduce water-quality concerns
Purchase water to reduce agricultural runoff

Satisfy environmental constraints
Purchasing water to meet environmental constraints
Wheeling water to meet environmental constraints
Using transferred water to avoid environmental impacts of new supply capacity
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4.8.1 Permanent Transfers

A permanent transfer of water involves the acquisition of water rights and a
change in ownership of the right. Permanent transfers are a form of supply aug-
mentation and serve many of the same needs as capacity-expansion projects,
including direct use to meet demands and improved system reliability. In some
instances, the direct use of permanently transferred water can delay the imple-
mentation of increasingly costly demand-management measures or the need for
system expansion, which in turn has the advantage of avoiding or at least delaying
potential environmental impacts associated with construction (Table 4.3).

The majority of permanent transfers involve the purchase of agricultural water
rights by urban interests. These transfers can involve reversion of the farmland to
dryland agriculture, the immediate or gradual fallowing of farmland, the replace-
ment of the farm’s water supplies with an alternate supply source of possibly lower
quality (from an urban-use perspective), or the lease of the transferred water back
to the farmer in wet years when urban supplies are plentiful. Another form of per-
manent water transfer, common in Arizona, is for the developer to acquire ground-
water rights associated with recently developed, formerly agricultural suburban
lands. Some Arizona cities have made the provision of such rights to the urban
water supplier a prerequisite for annexation of new suburban developments to
urban water systems (MacDonnell, 1990). This ties permanent changes in water
use to changes in land use and does not require water rights to be severed from the
land, a political and legal difficulty in some cases.

4.8.2 Contingent Transfers/Dry-Year Options

In many cases, potential buyers of water are less interested in acquiring permanent
supplies than in increasing the reliability of their water-supply system during
drought, supply interruptions due to earthquake, flooding, contamination, or
mechanical failure, or during periods of unusually great demand. For these cases
temporary transfers contingent on water shortages may be desirable. The appro-
priate time horizon and conditions for a contingent transfer agreement will depend
somewhat on the particular source of unreliability that the buyer would like to
eliminate. For example, the timing of the call mechanism for earthquake supply
interruptions would likely be very different from the call mechanism for respond-
ing to drought. Regardless, drought-contingent contracts for water are probably
best made with holders of senior water rights, since they are the least likely to be
shorted during drought. However, the increased reliability of water from senior
rights tends to raise its market value (Lund et al., 1992; National Research
Council, 1992). An important benefit of contingent transfers is that longer-term
arrangements allow for a more thorough analysis and mitigation of potential third-
party impacts.
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The time horizon of contingent transfers is important. Contingent-transfer
agreements can be established to cover a period of several decades. This provides
each party long-term assurance of the terms and conditions of water availability.
Such long-term agreements can help an urban water utility modify release rules
for reservoir storage to maintain less drought storage than would otherwise be
desired or reduce the need for new source development. Long-term arrangements
also can provide flexibility where future water demands may not meet expecta-
tions. However, long-term leasing of water does entail risk for water buyers if
water demands meet or exceed current forecasts. Long-term leasing or contingent
contracts allow water-right owners to retain long-term investment flexibility in
anticipation of potentially greater future values for water leasing or sale of a
water right.

Intermediate-term (3 to 10 year) contingent-transfer contracts might be
employed to help reduce the susceptibility of the buyer’s system to drought dur-
ing periods prior to the construction or acquisition of new supplies. Short-term (1
to 2 year) contingent-transfer contracts might be utilized in the midst of a drought
by a water agency with depleted storage, preparing for the possibility that the
drought might last a year or two longer. This type of short-term contingent-
transfer contract would enable the buyer to have committed water supplies when
their system might be extremely vulnerable.

Advantages of contingent transfers for the seller, typically agricultural inter-
ests, are the immediate infusion of cash when the contract is made, the infusion of
additional revenues if the contingent-transfer option is called, and an increased
ability to predict the conditions and timing of transfers, rather than relying on the
vagaries of timing, price, and quantity of a water spot market.

The potential sale of water by farmers during drought affects the need for
groundwater management (if available as an alternate supply of water) and the
special operation of conveyance and storage facilities. The ability of farmers to
sell water might also affect the operation-rule curves used by agricultural water
suppliers for allocating water from storage to farmers over multiyear droughts.
Perhaps additional hedging or overyear storage by agricultural water suppliers
will increase farm incomes more than adherence to current reservoir operating
rules, by creating a greater scarcity of water and higher water-transfer incomes
during drought years. Similar issues relate to the overyear use of groundwater
storage.

4.8.3 Spot Market Transfers

It may be desirable for the agency to allow short-term transfers in a water-rental
or water-futures market. Spot market transfers are short-term transfers or leases.
Typically spot market transfers are agreed to and completed within a single water
year. However, for large systems, there is a possibility to establish spot futures
markets for water for seasonal or overyear periods.
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Spot transfers may garner improvements in economic efficiency beyond those
from long-term permits. Eheart and Barclay (1990) and Wong and Eheart (1983)
estimated that for irrigation such improvements are small (less than 2 percent), as
long as trading of long-term permits is allowed. For other types of uses, they could
conceivably be more significant, but the seasonal variation of the value of water is
usually greater for irrigation than other types of water use.

Spot market transfers are typically established by some sort of bidding process,
often with some of the conditions for transfer being fixed (e.g., price and quan-
tity). However, spot market transfers can arise from negotiations between individ-
uals or groups of buyers and sellers. A wide variety of bargaining rules for the
operation of spot markets have been examined on a theoretical basis and through
the use of simulation (Saleth et al., 1991). These results illustrate the importance
of bargaining rules when the numbers of buyers and sellers are small, less than
about a dozen participants. For large spot markets, the effects of particular bar-
gaining rules are quickly overshadowed by competition among buyers and sellers.

Spot market purchases can be advantageous in both dry or wet years. During
periods of drought, short-term transfers may be sought to directly meet demands,
especially demands still not met after implementation of drought water-
conservation and traditional supply-augmentation measures. As with permanent
transfers, temporary transfers used to meet demands directly can have the advan-
tage of delaying or avoiding the costs of developing new supply sources or imple-
menting more stringent demand-management measures.

In wet years, water purchased through a spot market can be stored in reservoirs
or aquifers as overyear storage. This enhances the yield of the system during
drought years by increasing the amount of stored water available upon entering a
drought. Overyear storage of transferred water is particularly well suited to acquir-
ing water from junior water-rights holders. Junior water rights are typically less
expensive than senior water rights, although they may only be available during rel-
atively wet years. However, storage of transferred water during wet years may
require additional surface or groundwater-storage capacity, and is subject to evap-
orative and seepage losses and any costs associated with storage. This approach
may also work for within-year storage.

4.8.4 Water Banks

Water banks are a relatively constrained form of spot market operated by a central
banker. Here, users sell water to the bank for a fixed price and buy water from the
bank at a higher fixed price. The difference in prices typically goes to covering the
bank’s administrative and technical costs. Each user’s response to the bank and
involvement in the market is largely restricted to the quantity of water it is willing
to buy or sell at the fixed price.

The California Drought Emergency Water Banks, beginning in 1991, are exam-
ples of water banks or spot markets where the terms and price of transfer were rel-
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atively fixed, with the state acting as a banker (California DWR, 1992; Howitt et
al., 1992). A similar, but smaller water bank was established in Solano County,
California (Lund et al., 1992). In agricultural regions, it is common for water
banks or pools to exist within large irrigation systems. For many existing water
pools, sellers avoid only the cost of purchasing unneeded water from the system.
Water buyers in these pools pay the system normal wholesale water prices, plus
some administrative cost (National Research Council, 1992; Gray, 1990).

Where spot market or water bank transfers have become established, as in
California, agencies of all types are likely to plan on these markets being avail-
able for either buying or selling water (Lund et al., 1992; Israel and Lund, 1995).
The existence of spot markets and water banks during droughts provides incen-
tives for urban water suppliers to rely somewhat less on more expensive forms
of conventional water-supply capacity expansion and urban water conservation
in planning, and also may encourage different designs for new facilities and
modified operation of existing facilities. For agricultural water districts, the
existence of water banks and spot markets during drought has implications for
the wording of water-supply contracts and the management of water and crop-
land during a drought.

4.85 Wheeling and Exchanges

In the electric-power industry, power is often wheeled through the transmission
system between power companies and electric generation plants to make power
less expensive and more reliable. Water can similarly be wheeled or exchanged
through water-conveyance and storage facilities to improve water-system perfor-
mance. Again, such movements of water involve the institutional transfer of water
among water users and agencies. There are a number of forms of wheeling water
or water exchanges (Lund et al., 1992).

Sometimes the cost of conveying water or the losses inherent in water con-
veyance can be reduced by wheeling water through conveyance and storage sys-
tems controlled by others. An example would be the use of excess capacity in a
parallel lined canal owned by another agency, rather than use an agency’s own
unlined canal to convey water. Differences in pumping efficiencies might also
motivate operational wheeling between conveyance facilities. Similar considera-
tions might apply to decisions on where to store water during a drought when dif-
ferent reservoirs have different seepage or evaporation rates (Kelly, 1986) or if the
distribution of hydropower heads is considerable for different storage options.

Seasonal wheeling of water is common in agricultural regions where different
subareas have complementary demands for water over time. This can provide
opportunities for one water user to exchange water to another user during the low-
demand season, with repayment coming in the form of additional water during the
user’s high-demand season.
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Also, by paying farmers not to use their rights to water, the consumptive use
foregone becomes available for in-stream demands downstream. This mechanism
is particularly applicable to riparian rights which cannot be legally transferred for
use away from the riparian lands (Lund et al., 1992). Another application of
wheeling to meet environmental constraints could involve the use of storage facil-
ities to release water when desired for in-stream flows while meeting demands
before this time from other reservoirs or groundwater.

In many cases, historical happenstance has left agricultural users with rights
to high-quality water for irrigation while new urban development is left with
remaining water sources of lesser quality. In such cases the additional costs of
treating low-quality water for urban use is usually much greater than the costs
from slightly lower crop yields from use of the lower-quality water. Given rea-
sonable conveyance costs, it therefore becomes desirable for water-quality-
based trades between agricultural and urban users. Urban users can often afford
to make these trades on an uneven basis, trading more low-quality water for less
high-quality water or providing a monetary inducement for a volumetrically
even trade of water. Lesser-quality waters might also be traded for environ-
mental uses of aquifer recharge or habitat maintenance (Lund et al., 1992).

4.8.6 Transfer of Reclaimed, Conserved, and Surplus Water

Although not always recognized as such, the purchase of water made available
by reclamation or reductions in water demand is a form of water transfer.
Numerous urban water utilities have become involved in purchasing water back
from their retail customers. Such schemes usually involve rebates to customers
for installing low-flow toilets or removing relatively water-intensive forms of
landscaping (California DWR, 1988). Some cities have developed clever
schemes where water transfers are made within their customer base. For
instance, Morro Bay, California has a program whereby developers can receive
water utility hook-up permits if they cause a more than equivalent reduction in
existing water demand through plumbing retrofits, landscaping, or other mea-
sures (Laurent, 1992).

Urban areas have taken an interest in financing the conservation of irrigation
water to make additional water available for urban supplies. This has primarily
been accomplished through the lining of irrigation canals. For example, the trans-
fer of water between the Imperial Irrigation District (IID) and the Metropolitan
Water District of Southern California (MWD) involves a 35-year contract for
MWD payments for canal lining and other system improvements in IID’s irriga-
tion infrastructure in exchange for the water saved by these improvements. The
savings are estimated at 123.3 Mm?/y (100,000 acre - ft/y) from IID’s Colorado
River water supplies (Gray, 1990; Sergent, 1990). This approach can have addi-
tional benefits where agricultural seepage and drainage water has led to water-
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quality problems or high water tables, but can create additional problems where
canal seepage is used to recharge groundwater.

4.9 IMPLEMENTING WATER TRANSFERS

Perhaps the most important implication of water-transfer planning is the need to
increase integration and cooperation among diverse water users. Since for eco-
nomic reasons most water for water transfers will probably come from agricultural
users and much of this water will go to urban and perhaps environmental users,
any planning for water transfers implicitly integrates urban, agricultural, and envi-
ronmental water supplies. As the tendency to seek and implement water transfers
continues, it will become less possible, and less desirable, for individual urban or
agricultural water districts or regions to plan and operate their water supplies inde-
pendently. This necessary coordination of planning and operations between func-
tionally diverse water agencies will imply potentially protracted and probably
controversial negotiations, at least for long-term transfer arrangements.

Additionally, if intersectoral and interregional water transfers are to become
significant long-term components of water-resources planning, they must be inte-
grated with traditional water-supply augmentation and demand-management mea-
sures. Given the complex nature of many water-resource systems and the wide
variety of different possible water-transfer designs, it seems apparent that some
form of water-supply-system computer modeling will be required to achieve this
integration of water transfers with other water-management measures.

Most major water-supply agencies already possess significant conventional
water-modeling capability. However, most models are specific to individual water
systems, in accordance with the needs of traditional water-supply and water-
conservation measures which can be implemented by a single system. The inte-
gration of water transfers will likely require significant modifications to these
single-system models to allow explicit examination of long- and short-term water
transfers and exchanges. Water transfers also encourage more explicit considera-
tion of the economic nature of water-supply operations in system modeling.
System models for examining water-transfer options together with supply source
and water-conservation expansions and modifications might usefully provide eco-
nomic measures of performance (component and net costs) in addition to tradi-
tional technical measures of performance (e.g., yields and shortages). Various
agencies and academic researchers have already begun such efforts (Lund and
Israel, 1995a; Smith and Marin, 1993).

The economic nature of the design of water transfers and their integration with
other water-supply-management measures encourages the use of optimization mod-
els, where the model itself suggests promising combinations of water transfers, con-
struction, and water conservation. While technically more difficult and still
somewhat inexact, optimization modeling can aid in identifying promising solu-
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tions, which can then be examined in more detail with simulation models.
Performance of economically based optimization (or simulation) of water-resource
systems with water transfers requires technical studies estimating the value of and
the willingness to pay for different water uses and different water quantities.

During California’s recent drought in which water transfers were actively pur-
sued and implemented, both traditional supply infrastructure and demand-
management strategies continued to have important, albeit modified, roles in
water management (Israel and Lund, 1995). Some hints of how the integration
should take place and several specific areas of concern for implementing water
transfers are discussed below.

4.9.1 Legal Transferability of Water

The legal transferability of water is a major consideration in designing water trans-
fers. Legislation pertaining to the transferability of water will vary between states
and can vary within a given state over time as a state’s water law evolves.
California has strong statutory directives to promote water transfers (Gray, 1989;
Sergent, 1990), yet legal constraints still pose a significant threat to water-transfer
activity. Legal considerations are particularly important when a proposed transfer
involves changes in conditions stipulated by the original water right, such as
changes in type of use, place of use, or timing of withdrawals. The type of water
right to be transferred is also an important consideration. Riparian rights, for
instance, are generally nontransferable from their initial location of use, and the
transferability of groundwater rights varies substantially by state.

Also, different types of water contracts impose different transferability
requirements. In California, many water contracts stipulate that any water not used
by the contractor reverts to the contractee, while others may stipulate that water
cannot be transferred outside of a district and can only be transferred within a dis-
trict at cost. These types of provisions reduce the ability and incentive of contrac-
tors to sell surplus or conserved water (Sergent, 1990; Gray, 1989). Short-term,
emergency water transfers may be able to gain relatively easy approval and rapid
implementation, given sufficient flexibility in the conveyance and storage system
and sufficient professional flexibility and readiness on the part of water managers.
Legislation often exists which reduces or eliminates barriers to transfers during
drought or other emergency conditions. This was certainly the case for the 1991
and 1992 California Drought Emergency Water Banks (California DWR, 1992).
On the other hand, long-term, planned transfers, such as dry-year option contracts
and permanent water transfers typically face more difficult legal and economic
constraints. Many of the longer-term transfers that require the storage of surplus
water during wet years also involve complex legal issues (Getches, 1990), partic-
ularly for groundwater storage (Kletzing, 1988). The costs, delays, and risks
involved in overcoming these constraints can induce agencies not to consider or
participate in water transfers.
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4.9.2 Real versus Paper Water

Where water transfers are motivated by real water shortages, the transfer of water
by contract must correspond closely with the transfer of water in the field. This is
sometimes known as the distinction between real and paper water. Associating
quantities of paper water to real water is a difficult technical problem. In the case
of transfers from farms, farmers typically do not know with certainty how much
water they use or how much real water would become available if land were to be
fallowed or cropping patterns altered (Ellis and DuMars, 1978). Even where such
flow measurements are made, they are often inexact.

As water moves through a complex conveyance and storage system, there are
seepage and evaporation losses, withdrawals by or return flows from other users,
and natural accretions downstream. All these factors complicate the estimation of
how much water is physically available to the receiver of a water transfer, given
that the sender has relinquished use of a given amount. Another problem with link-
ing paper water to real water is establishing the hydrologic independence or inter-
dependence of water sources. This is a common problem where pumped
groundwater may induce recharge from nearby surface water.

Particularly where there are many potential buyers and sellers of water, there
would seem to be some need for standards or governmental involvement in tying
real water to paper water transfers (Blomquist, 1992). Without such standard
accounting, amounts of paper water are likely to exceed amounts of wet water
available, leading to excessive withdrawals by water users to the detriment of
downstream users and those not party to transfers. This will be true for transfers
of water for both consumptive and in-stream uses. Litigation and calls for greater
regulation of water transfers would be the likely result.

4.9.3 Conveyance, Storage, and Treatment

The mere purchase of water is usually insufficient to effect a water transfer.
Transferred water must typically be conveyed and pumped to a new location,
often stored, and commonly treated. Since both emergency short-term transfers
and long-term transfers may require modifying the operation of existing water
infrastructure, considerable work may be required to coordinate the use of con-
veyance, storage, and treatment systems. This can be particularly challenging
because these facilities are often designed for very different operations.
Occasionally, canals must be run backwards, water must flow backwards through
pumps, and treatment plants must treat waters of a quality different from their
design specifications. Construction of additional conveyance interties or other
facilities may be required in some cases.

The difficulties encountered by San Francisco illustrate well the traditional
engineering limitations and concerns with the use of water transfers in system
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operations and planning (Lougee, 1991; Lund et al., 1992). San Francisco pur-
chased 62 Mm? (50,000 acre.ft) from the 1991 California Drought Water Bank,
but their water-treatment plant was unable to accept more than a limited rate of
transferred water from the Sacramento—San Joaquin Delta. Delta water is of lower
quality than San Francisco’s normal Sierra supply and the mixing of waters in the
treatment plant beyond certain ratios increased the likelihood of trihalomethane
formation. This limitation forced much of the transferred water to be stored in
state-owned facilities and slowly released into San Francisco’s treatment plant.
California’s East Bay Municipal Utility District (EBMUD) faced similar quality
limitations on the treatability of transferred water which, combined with other dif-
ficulties in effecting transfers, led EBMUD not to use transferred water and to rely
more on urban water-conservation measures.

Water transfers are likely to be more successful in regions with an extensive
system of conveyance and storage facilities and well-coordinated operations.
Locations with restricted conveyance and storage infrastructure are likely to have
limited potential for effecting water transfers unless creative operations or new
conveyance and storage facilities can be developed. The coordination and physi-
cal completion of water transfers will be more difficult, and perhaps impossible,
if agencies controlling major components of a region’s water conveyance and stor-
age system choose not to participate in transfers, are legally restrained from par-
ticipating, or participate only in a limited way.

4.9.4 Contracts and Agreements

The legal transfer of water is typically effected by contracts which must specify a
number of logistical and financial conditions of the transaction. Among the logis-
tical and fiscal details that must be specified are: the location and timing of water
pick-up from the seller; the fixed or variable price of the water; the fixed or vari-
able quantity of water; and potentially the quality of the water. The responsibili-
ties for contract execution and liabilities for failure to completely execute the
contract might also be included.

Where transferred water cannot be conveyed directly between the buyer and
seller, agreements are often required with other entities, either to make use of their
conveyance facilities (pumps or aqueducts) or to coordinate the conveyance of
transferred water through natural waterways, within environmental limitations
(Lougee, 1991). Similarly, facilities owned or operated by entities not directly
involved in the transfer may be necessary to store transferred water until it can be
used. This will often require agreements or contracts for the storage of water with
agencies which oversee storage facilities. When water is stored in aquifers,
recharge and pumping facilities will be required, and legal arrangements with
overlying landowners are common (Kletzing, 1988). Likewise, contractual
arrangement may be required for the treatment of transferred water.
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4.9.5 Price, Transaction Costs, and Risks

As demonstrated by the 1991 and 1992 California Drought Water Banks, both
sellers and buyers can be quite sensitive to the price established for water (Lund
et al., 1992). At lower prices, there are fewer willing sellers and greater demand
for water from agricultural users. Higher prices encourage sellers but tend to
exclude most potential agricultural buyers. The price set by the market, through
negotiations, or by a governmental water bank has important implications for the
character and number of resulting transfers.

The cost of water to a user includes more than its purchase price. As noted above,
much of the work in establishing successful transfers of water lies in arranging for
the conveyance, storage, and perhaps treatment of the transferred water. In some
cases, the costs of these activities may exceed the cost of the water itself. For exam-
ple, in 1991 San Francisco purchased 18.5 Mm?® (15,000 acre - ft) from Placer
County at a price of $36,500/Mm? ($45/acre . ft). However, total costs including
wheeling charges through state and federal facilities and storage costs were between
$200,000 and $300,000/Mm? ($250 to $350/acre - ft). Also, the final delivery cost of
water purchased by San Francisco from the Water Bank was nearly double the pur-
chase price of $142,000/Mm? ($175/acre - ft). Water transfers are also subject to
numerous other transaction costs, including legal fees, costs of public agency
review, costs of required technical studies, and costs involved in settling claims from
third parties. MacDonnell’s survey (1990) found that transaction costs averaged sev-
eral hundred dollars per acre - ft of transferred perpetual water right, with averages
of $309,000/Mm? ($380/acre - ft) of perpetual right in Colorado and $150,000/Mm?
($184/acre - ft) in New Mexico. These transaction costs can add substantially to the
purchase price of water, which in Colorado and New Mexico ranges from $200,000
to $1.2 million per Mm?® ($243 to $1,500 per acre - ft). The unit costs for transac-
tions commonly decrease for larger transfers and increase with the controversy of a
transfer. Still, transaction costs are highly variable between transfers.

The risks of a transfer not being completed may also dissuade potential partners
in transfers. The risk of a proposed transfer being stopped entirely is particularly pal-
pable where a substantial part of the transaction costs must be expended before a
transfer agreement is finally approved, or if there are high costs to delaying imple-
mentation of other water-supply alternatives while transfers are being negotiated.
This would be the case where large expenditures for technical and legal work must
be made before final approval of a transfer is in place (Lund, 1993).

4.9.6 Evaluation of Impacts to Third Parties

Evaluating the third-party impacts of water transfers can be formidable and inex-
act, involving difficult ecological and economic studies (National Research
Council, 1992). There is currently little technical work quantifying physical, envi-
ronmental, economic, and social impacts from water transfers (Howe et al., 1990;
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Agricultural Issues Center, 1993). Less is known about how these impacts would
vary with different specific transfer cases and mechanisms and how effective dif-
ferent approaches to mitigating third-party impacts might be.

Some of the technical issues in managing third-party impacts are illustrated by
the case of Yolo County, California. Farms in Yolo County contributed about 185
Mm? (150,000 acre - ft) of water to the 1991 California Drought Water Bank.
Some of this water came from fallowing farmland and transferring the surface-
water rights. However, most of the surface water was replaced by increased
groundwater pumping. Yet the county does not employ a water engineer or
groundwater specialist dedicated to countywide water-supply problems who could
assess and manage the long-term impacts of these transfers (Jenkins, 1992). There
is also little legal authority for counties to assume this role. Furthermore, rural
county governments may lack expertise to estimate the economic impacts of dif-
ferent types of transfers. Without an understanding of the economic and physical
effects of water transfers, water-exporting regions are likely to be suspicious of
and somewhat resistant to water transfers.

This same lack of a technical basis for assessing and managing impacts of
water transfers takes on a more important role at the statewide level where water-
transfer policies are made. Technical studies are needed to support policies and
perhaps specific cases should be investigated of when and how water transfers are
made and how any third-party impacts should be managed (Howitt et al. 1992). Of
course, as noted earlier, there is a possibility of avoiding certain kinds of third-
party impacts by defining water rights in terms of consumption.

4.9.7 Roles for Government in Water Transfers

The role of state and federal government is so important in many cases that it must be
considered part of the system engineering. In California, for instance, a significant
part of state and federal involvement in water transfers is due to the technical role
required by their ownership and operation of major conveyance and storage facilities
and their requirements and responsibilities under various environmental regulations.

A number of roles for federal, state, and local governments can be identified for
facilitating water transfers, some of which may require modification of existing
regulations, legislation, and local agency enabling legislation. Perhaps the most
appropriate role for government in water transfers is that of an arbiter of technical
and third-party disputes and a regulator of the market. This role is needed to ensure
a close tie between trades of paper water and real water and the coordination of the
movement of transferred water with environmental regulations (Blomquist, 1992).
State or regional governments would also seem to have a useful role in the collec-
tion and analysis of data for monitoring and resolving external and third-party
impacts. Regional governments can also act as bankers in the formation of
regional water markets, taking advantage of the regional hierarchy of governmen-
tal water jurisdictions commonly found in water management.
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Government involvement can improve the prospects for water transfers by:

. Improving information regarding transfers and transfer impacts
. Establishing a process for managing third-party impacts

. Reducing the transaction costs of arranging and implementing water transfers

AW N =

. Increasing the probability that efforts between parties to arrange a water trans-
fer will be successful and reducing the risks to parties from involvement with
transfers

Of course, as noted previously, government must maintain the registry of permits
and may act as broker (but need not necessarily). Individual agencies have their
own agendas and will continue to pursue short- and long-term contracts regardless
of the existence of government-sponsored water banks. However, government
involvement can greatly accelerate the development of water-transfer agreements
by initial sponsorship of transfers through the establishment of water banks or by
other means. The development of transfers as part of a larger water-resource sys-
tem is likely to continue after government sponsorship of water banks has ended.

4.10 SUMMARY AND IMPLICATIONS
FOR REGULATORY PROGRAMS
AND WATER TRANSFERS

Against the backdrop of the sections on water regulatory programs, it is possible
to single out several options that currently appear more attractive than others and
that should be considered for a water-permits program in a humid region. This is
not to be construed as a recommendation, but a suggestion that these options are
appropriate to consider first, pending further research and public dialogue for each
specific situation.

The flexible-permit basis seems to be more consistent, on an equity basis, with
the riparian doctrine than prioritized permits or nonpermit approaches such as ad
hoc restrictions, subsidies, or charges. The western first-in-time rule for prioriti-
zation may not be legally feasible in riparian areas. Fractional permits are also
more consistent with legal precedents for groundwater regulation. The constant
use basis for permits is simply a physically intractable means of allocating water
from a watercourse whose flow rate fluctuates with time.

One way or another, the agency must grapple with the equity issue of deciding
how the resource must be distributed among the participants. The historical prece-
dent or riparian equivalent bases are administratively easier and will probably be
regarded as more equitable than either the historical-use or ad hoc bases, even
though the latter may be more flexible.

It should be possible to set up a system of regulation that requires little admin-
istrative effort until supplies become constraining and that automatically invokes
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controls at that point. In areas where demand is currently light compared to sup-
ply, users could be issued permits which entitle them to their current normal with-
drawal. By issuing the same number of new permits of limited duration every year,
the agency could eventually achieve a staggered permit system.

Given the host of potential problems associated with alternative approaches,
the upstream-gauged, fixed pass-through system seems to be the most administra-
tively tractable method for addressing the complexity of river systems. It enables
the use of fractional permits without ambiguity of individual users’ allowable
withdrawal. The disadvantage of this approach is that it requires a larger number
of gauges and therefore entails a higher administrative cost.

Averaging periods could be set at any level initially, as long as there is a pro-
viso that they may be lowered later. To prevent substantial streamflow depletion,
averaging periods for free-flowing streams should usually be from hours to a
week. Lakes and reservoirs could use a longer averaging period, perhaps months,
depending on the size of the water body. Aquifer averaging periods could be as
large as a year or more. The agency should consider staggering the time of calcu-
lation of averages over users so that the incentives for increased pumping near that
time do not occur simultaneously.

Allowing transfers of water rights among users has advantages and disadvan-
tages. The principal advantage is that economic efficiency may be improved by
voluntary trading and the allowance of such trading is considered equitable by the
users. This improvement in efficiency is robust to data errors and does not require
data collection or planning by the agency. The principal disadvantage is that the
agency relinquishes some control over where withdrawals occur. This may under-
mine its effectiveness in protecting streamflows and aquifers and may lead to
some third-party impairment problems. Most third-party problems are solved
when permits are defined in terms of consumption, however.

Water transfers have far-reaching implications for water-resource planning and
management. In addition to contributing to the bag of tricks available to water man-
agers, transfers require a broader conceptualization of water-management problems.
Unlike traditional supply-augmentation and demand-management measures, which
can typically be accomplished by a single water agency, water transfers require coor-
dinated planning and operations between both groups party to the transfer. Also,
water transfers often require the use of storage and conveyance facilities belonging
to or operated by entities not directly involved in the buying or selling of water. The
evaluation of transfers demands a more explicit economic perspective on the pur-
poses of water-resource systems and more detailed economic measures of operation
performance. The water acquired by transfers can serve a variety of operational,
environmental, and economic purposes. Overall, the multiple forms of water trans-
fers and their flexibility, combined with legal, third-party, and technical issues in
implementing transfers, make water transfers one of the more promising, yet com-
plex techniques for improving water management.

As traditional forms of water-resource development become more difficult and
expensive, the profession must turn to the management of water use, including the
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management of water allocations and water demands. This chapter has reviewed
the use of permit systems and water-transfer systems for managing water alloca-
tions. Notwithstanding significant difficulties, both approaches have been increas-
ingly employed in recent years and show promise for the future.
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5.1 DEFINITION AND MEASUREMENT
OF WATER USE

From the hydrologic perspective, water use can be defined as all water flows that
are a result of human intervention within the hydrologic cycle. A more restric-
tive definition of water use refers to water that is actually used for a specific pur-
pose. Table 5.1 contains definitions of nine such uses (Solley et al., 1998). Urban
water supply systems deliver water to most of these categories of use with
domestic and commercial uses being almost entirely dependent on public deliv-
eries. Several other categories such as industrial, irrigation, and public uses are
also present in urban areas. Some categories are found primarily outside of
urban areas or require large quantities of untreated water, and they tend to be
self-supplied.

Measurements of water use are reported as water volumes per unit of time.
The volumetric units include cubic meters, cubic feet, gallons, and liters, and
their decimal multiples. In some cases, composite volumetric units such as
acre-foot or units of water depth such as inches of rain may be used. The time
periods used include second, minute, day, and year. Because the annual volumes
of water use usually involve large numbers, annual water-use totals are often
reported as the average daily usage rates. Two popular units for measuring total
urban demands are thousand cubic meters per day (Km?*/d) and million gallons
per day (mgd).

5.3
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TABLE 5.1 Major Purposes of Water Use

Water-use purpose Definition

Commercial use Water for motels, hotels, restaurants, office buildings, and other
commercial facilities and institutions

Domestic use Water for household needs such as drinking, food preparation,
bathing, washing clothes and dishes, flushing toilets, and watering
lawns and gardens (also called residential water use)

Industrial use Water for industrial purposes such as fabrication, processing,
washing, and cooling

Irrigation use Artificial application of water on lands to assist in the growing
of crops and pastures or to maintain vegetative growth in
recreational lands such as parks and golf courses

Livestock use Water for livestock watering, feed lots, dairy operations, fish
farming, and other on-farm needs

Mining use Water for the extraction of minerals occurring naturally and
associated with quarrying, well operations, milling, and other
preparations customarily done at the mine site or as part of a
mining activity

Public use Water supplied from a public water supply and used for such
purposes as firefighting, street washing, municipal parks, and
swimming pools

Rural use Water for suburban or farm areas for domestic and livestock needs
which is generally self-supplied

Thermoelectric Water for the process of the generation of thermoelectric power.
power use

Source: Adapted from Solley et al., 1998.

In order to make the estimates of water use easy to comprehend and to make
meaningful comparisons of water use for various purposes (and various users), the
annual or daily quantities are divided by some measures of size for each purpose
of use. The result is an average rate of water use such as gallons per capita per day
(gcd), gallons per employee per day (ged), or other unit-use coefficients.

The reported quantities of water use can be in the form of direct measurements
obtained from water meters that register the volume of flow (such as displacement
meters or venturi meters), or they may be estimates. Estimates of water use derived
from the measurements of water levels in storages or from pumping logs are gen-
erally more accurate than those derived from related data on the volume of water-
use activity. For example, the estimates of water use for industrial purposes may
be obtained by multiplying the number of manufacturing employees or the value
added (in dollars) by a water-use coefficient. For example, in 1995 the ratio of
water use to value added by manufacture in the United States was 5783 gallons
(gal) per $1000 (Dziegielewski et al., 2002a).
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5.2 PUBLIC SUPPLY WATER USE

National data on water withdrawals for public supply purposes include public and
private water systems that furnish water, year-round, to at least 25 people or that
have a minimum of 15 hookups (Solley et al., 1998). Nearly 55,000 community
water systems serve more than 263 million people. Transient community water
systems and nontransient noncommunity water systems serve another 20 million
people.

Table 5.2 shows the distribution of the community systems by the size of pop-
ulation served. Approximately 81 percent of the population is served by 3769 sys-
tems, which deliver water to communities with more than 10,000 persons. While
nearly 80 percent of public water supply systems rely on groundwater, more than
one-half (58 percent) of the larger systems use surface water as their principal
source of supply (calculated from table 2.1, USEPA, 1997).

In any public water supply system, water-use records can be characterized with
respect to the relative needs of various customer groups (e.g., single-family resi-
dential, hotels, food processing plants), the purposes for which water is used (e.g.,
end uses such as sanitary needs, lawn watering, cooling), and the seasonal varia-
tion in water use. The analysis of water use can be expanded to also include the
development of information on water users in the service area. Data on housing
stock, household characteristics, business establishments, and other demographic
and economic statistics are important because such characteristics are major
determinants of water use.

The data and techniques for analyzing water demand in a public water supply
system are the subject of the following sections. Such analysis must necessarily
begin with a determination of quantities of water used. While total water deliver-
ies to urban areas can be measured at one (or several) points on the water supply
system, the volumes of water used for specific purposes can be obtained through
an inventory or sampling of individual users.

5.3 SAMPLING OF WATER USERS

Water supply agencies and regional or state regulatory bodies usually have the
ability to monitor the water use of all users or entire classes of users. In statisti-
cal terms, studies involving all users would represent the use of entire popula-
tions. However, a complete enumeration or inventory of all users may not always
capture the entire population because in addition to populations defined in terms
of users, which can be viewed as finite (or delimited), some studies may require
expanded definitions of populations. For example, a study population can be
defined as the monthly water-use quantities of all users over a time horizon.
Because such a definition includes future water use, historical records of with-
drawals constitute only a part (or a sample) of the total population. Also, in
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TABLE 5.2 Community Water Systems in the United States

System Number of  Percent of Population Percent of
description systems systems served population

By system size

500 or less 31,688 59 5,148,700 2
501-3,300 14,149 26 19,931,400

3,301-10,000 4,458 8 25,854,100 10
10,001-100,000 3,416 6 96,709,100 37
>100,000 _ 353 _1 116.282.800 _44
Total 54,064 100 263,926,100 100

By water sources

Groundwater 42,661 79 85,868,500 33
Surface water 11,403 21 178.057.600 _67
Total 54,064 100 263,926,100 100

Note: Groundwater systems include groundwater and purchased groundwater.
Surface-water systems include surface water, purchased surface water, and ground-
water under the influence of surface water.

Source: USEPA, 2000.

many cases, a study of an entire population must limit the number of measure-
ments of each unit (due to cost constraints) and may not be capable of produc-
ing answers to some research questions. Because of these considerations,
knowledge of water use is almost invariably based on samples or fragments of
total populations. Sampling has many advantages over a complete enumeration
(or inventory) of the population under study. These advantages include reduced
cost, greater speed of obtaining information, and a greater scope of information
that can be obtained. In addition, a greater precision of measurements can be
secured by employing trained personnel to take the necessary measurements and
analyze the data.

Scientific sampling designs specify methods for sample selection and estima-
tion of sample statistics that follow the principle of specified precision at the min-
imum cost, i.e., they provide, at the lowest possible cost, estimates that are precise
enough for the study objectives. Probability sampling refers to any sampling pro-
cedure that relies on random selection and is amenable to the application of sam-
pling theory to validate the measurements obtained through sampling. This
requires that, within the sampled population, one is able to define a set of distinct
samples (where each sample consists of sampling units) with known and equal
probabilities of being selected. One of these samples is then selected through a
random process. In practice, the sample is most commonly constructed by specifying
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probabilities of inclusion for the individual units, one by one or in groups, and then
selecting a sample of desired size and type. Nonprobability sampling refers to
sampling procedures that do not include the element of random selection because
samples are restricted only to a part of the population that is readily accessible,
selected haphazardly without prior planning, or they consist of typical units or vol-
unteers. The only way of examining how good the nonprobability sample may be
is to know parameters for the entire population or to compare it with the proba-
bility sample statistics taken from the same population. For more information on
sampling procedures, see Dziegielewski et al. (1993), Cochran (1963), Kish
(1965), or Fowler (1988).

5.3.1 Types of Sampling Plans

There are many ways of constructing a probability sample of water users. Simple
random sampling refers to a method of selecting n sampling units out of a popu-
lation of size N, such that every one of the distinct samples (where each sample
consists of n sampling units) has an equal chance of being drawn. In stratified
sampling, the sampled population of N units is first divided into several nonover-
lapping subpopulations. These subpopulations are called strata because they
divide a heterogeneous population into homogeneous subpopulations. If a simple
random sample is taken from each stratum, then the sampling procedure is
described as stratified random sampling. In order to design a stratified random
sampling plan, it is necessary to determine (1) which population characteristic
(i.e., variable) should be used in stratification, (2) how to construct the strata (i.e.,
how many strata to use and where to set the stratification boundaries), and (3) what
sample sizes should be obtained from each stratum. The statistical theory of strat-
ified sampling offers some methods for selecting the optimal number of strata,
strata boundaries, and sample sizes in advance (Cochran, 1963). However, it is
usually necessary to collect and examine some data before designing a good sam-
pling plan.

Systematic sampling is often the most expeditious way of obtaining the sample
and may be used in situations where time is critically constrained. The units in the
population sampled are first numbered from 1 to N in some order. To select a sam-
ple of n units, one should take the first unit at random from the first k units and
every kth unit thereafter. The selection of the first unit determines the whole sam-
ple, which is often called an every kth systematic sample.

If individual sampling units are arranged according to some characteristic or
variable (e.g., water use), then the systematic sample is equivalent to a stratified
sample in which one sampling unit is taken from each stratum. Constructing a
list of sampling units can be avoided by dividing a geographic area into subunit
areas; for example, a subarea could be a county or river basin. This sampling
plan, called cluster sampling, can result in significant cost savings. For example,
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a simple random sample of 600 industrial users may cover a state more evenly
than 20 counties containing a sample of 30 plants each, but it will cost more
because of the time devoted to travel and finding individual establishments.
However, cluster sampling creates a greater risk of obtaining a nonrepresenta-
tive sample.

The sample size depends on the precision of measurement that is required and
the variance in the parameters to be estimated. The precision of an estimate
refers to the size of the deviations from the mean of all sample measurements
obtained by repeated application of the sampling procedure. In contrast, the
term accuracy is usually applied to indicate the deviations of the sample mea-
surements from the true values in the population. For example, a simple random
sample can be used to estimate average daily water use and variance in water use
of all single-family houses in an urban area during a given year. According to
sampling theory, the mean water use y obtained from the simple random sample
is an unbiased estimate of the average water use Y for all houses (i.e., the popu-
lation mean). Also, ¥ = Ny is an unbiased estimate of total water use of the pop-
ulation (N customers).

The standard error of y, which describes the precision of the estimated mean
value, is

(5.1

where S is obtained from population variance S? (by taking its square root).
Because in practice $? may not be known, it must be estimated from the sample
data using the following formula:

DI
g TUTY (5.2)
n—1

which provides an unbiased estimate of S* and where n is the sample size. Usually,
with a population having a mean Y and a simple random sample having mean Y,
control of the following probability condition is desired:

"

where «a is a small probability (e.g., 0.05) and r is the relative error expressed as a
fraction of the true population mean. By multiplying both sides of the parentheti-
cal expression in Eq. (5.3) by Y, the same condition can be restated as

T
y? ‘Zr)zoz (5.3)

Pr(ly—Y=r)=a (5.4)
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If, instead of the relative error 7, control of the absolute error d (i.e., the absolute
value of the difference between the sample mean and the population mean) in Y is
desired, the formula can be written as

Pr(ly-Y|zd)=a (5.5)

It is usually assumed that y is normally distributed about the population mean Y,
and given its standard error from Eq. (5.1), the product rY is

: \% (5.6)

rY=toy =t

where ¢ is the value of the normal deviate corresponding to the desired confidence

probability. This value is 1.64, 1.96, and 2.58 for confidence probabilities 90, 95,

and 99 percent, respectively. Solving Eq. (5.6) for n gives
(tS/rY)?

1+ (1/N) (tS/rY) 2

n=

(5.7)

The expression in the denominator represents a finite population correction, and it
should be used when n/N is appreciable. Without this correction, we can take the
first approximation of the desired sample size n, as

n=(4) 2 (538)

According to this equation, n, depends on the coefficient of variation (the ratio
S/Y) of the population that is often more stable and easier to guess in advance than
S itself. It also depends on the error r that can be tolerated and the confidence level
that is needed as captured by the value of t. For the absolute error specification as
in Eq. (5.5), Eq. (5.8) is changed into

n, = (%)2 (5.9)

The preceding sample size relationships are illustrated in the following example.

5.3.2 Example of Sample Size Determination
for Continuous and Proportional Data

A water supply agency serves 80,000 customers. The analysis of billing frequen-
cies for the entire fiscal year indicates that average daily use per customer is 250
gal and the standard deviation is 180 gal. Using simple random sampling, how
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many customers must be sampled to be 95 percent confident of estimating aver-
age daily use within 2 percent of the true value?

Solution: N = 80,000, S = 180 gal, Y = 250 gal, « = 0.05, r = 1.96, and
r = 0.02. Substituting these values into Eq. (5.8):

oS 962 (1807

= 4979
° ry? (0.02)* (250)%

where n = sample size (n, is the first approximation)
N = population size
S = population standard deviation
Y = population mean
t = confidence probability (¢ statistic)
r = relative error

Because n,/N is not negligible, we need to take the finite population correction,
found from Eqgs. (5.7) and (5.8):

n,
I . L —— 4687

1+ n,/N 1 + 4979/80,000
The results indicate that if the average water use is unknown, to be 95 percent con-
fident of estimating it by sampling billing records with an error of 2 percent (or 5
gal), a sample of 4687 single-family homes would be required.

In some cases, it may be necessary to obtain estimates of the percent of water
users who possess a certain characteristic (e.g., use groundwater as their sources
of supply) by surveying a sample of users. The sampling problem in this case is
referred to as sampling for proportions, where the respondents are classified into
two classes: groundwater users and users of other sources. In order to determine
the required sample size, we must decide the margin of error d in the estimated
proportion p of users who rely on groundwater and the risk « that the actual error
will be larger than d. Therefore, control of the following probability condition is
desired:

Pr(lp—Plza)=0 (5.10)

where P is the true proportion of users of groundwater. Assuming simple ran-
dom sampling and a normal distribution of p, the standard error of p, 0,,, is given
by:

N-n |PQ (5.11)
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where N = population size
n = number of respondents in the sample
P = proportion of groundwater users in the population
Q = proportion of users of other sources in the population
(e, Q=1—P)

The formula for the desired degree of precision is

N-—n PO

d=t N1+ (5.12)

where 1 is the critical value of the ¢ distribution corresponding to the desired con-
fidence probability (i.e., the abscissa of the normal curve that cuts off an area of «
at the tails). Solving Eq. (5.12) for n gives:

B 2 POId*
" 1 (UN) (RPOIE — 1) (5-13)

If n/N is negligible because N is large, we can take the first approximation of n, by
using an advanced estimate p for P (and g for Q) from the formula

£ pq
n,= ——+- 5.14
=2 (5.14)
After obtaining 1, we can introduce the finite population correction to the sample
size from the following formula:

)
= 5.15
1+n, /N (5.15)
The sampling plans and sample size determinations are important elements of
the process of collecting water-use data. Because water users are unlikely to form
a homogeneous group, stratified random sampling is the most useful procedure for
obtaining representative samples of water users.

5.4 DEVELOPMENT OF DATA SETS

Water-use data are usually collected for the purpose of monitoring water use.
Many states require that water users submit annual (and/or monthly) records of
their water withdrawals or discharges as a part of their permitting process. These
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data can be used for statistical analysis of water-use trends as well as for the devel-
opment of water-use models. The latter purpose would also require data on vari-
ables which influence water use such as weather, price, employment, and land use.

In economics, data on economic activities (or variables) are collected at micro-
or macrolevels. Observations on individual households, families, or firms are
referred to as microdata. National-level accounts and observations on entire indus-
tries are called macrodata. In water-use modeling and analysis, the corresponding
types of data are sometimes referred to as disaggregate and aggregate data. Levels
of aggregation may vary from the end-use level (e.g., toilet flushing, lawn water-
ing) or the municipal level (e.g., total production or total metered use) to total
withdrawals in a region or state.

In developing water-use models, it is necessary to distinguish among different
types of variables and their levels of measurement. The latter are also referred to
as scales. In a mathematical sense, a variable is a quantity or function that may
assume any given value or set of values, as opposed to a constant that does not or
cannot change or vary. Depending on the character (or type) of values that can be
assumed by a variable, the following can be distinguished: (1) continuous vari-
ables, (2) discrete variables, and (3) random variables. A continuous variable can
assume any value within the interval where it exists (e.g., monthly water use in a
demand area). A discrete variable can assume only discrete values such as the
number of customers in a demand area. Finally, a random (or stochastic) variable
can take any set of values (positive or negative) with a given probability. Random
variables can be discrete or continuous.

5.4.1 Data Scales

The data on a variable can be measured on different kinds of scales. Such scales
are used to describe the data and variables used in the analysis. The data can be
nominal (either ordinal or nonordinal) or interral (including ratio data).

Nominal, or categorical, data are measurements that contain sufficient infor-
mation to classify and count objects. Nominal data can be classified according to
ordinal or nonordinal scales. Ordinal scales rank data according to the value of the
variable that is being analyzed. Objects in an ordinal scale are characterized by rel-
ative rank, so a typical relationship is expressed in terms such as higher, greater,
or preferred to. Ordinal ranking of data commonly occurs in the use of surveys.
For example, survey data of household income are usually ranked (or classified
ordinally) by income range, such as 1 = $25,000; 2 = $25,000 to $49,999; 3 =
$50,000 to $74,999; etc. Notice then that ordinal rankings are hierarchical.
Nonordinal data are ranked by variable type and therefore cannot be ranked hier-
archically on a numerical scale. An example of nonordinal data comes from a sur-
vey of residential landscapes in southern California. Survey teams were asked to
classify turf landscapes as 1 = Bermuda grass, 2 = other warm-season grasses,
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3 = tall fescue, and 4 = cool-season grasses. Unlike the example of ordinal rank-
ing given above, category 2 is not in any sense greater than category 1, because the
categorization is based on landscape type without reference to numerical mea-
surement of the distance between ranked objects. Finally, there are interval data
that contain numerical values from a continuous scale. Variables with interval data
are therefore most frequently called continuous variables. Because a continuous
variable can assume an infinite number of values, continuous variables can theo-
retically be measured only over an interval, hence the name interval data. If the
continuous measurement scale contains a true theoretical zero (e.g., water use),
then it is called a ratio scale.

Another classification of variables is used in statistical or econometric model-
ing. In constructing statistical relationships, an attempt is usually made to predict
or explain the effects of one variable by examining changes in one or more other
variables that are known or expected to influence the former variable. In mathe-
matics, the variable to be predicted is called the dependent variable, while the vari-
ables that influence it are called independent. However, in the analytical literature
from various disciplines, a number of alternative terms are often used to describe
and classify variables. Table 5.3 contains a list of such terms.

5.4.2 Data Arrangements

For modeling purposes, data (or observations) on water-use and related variables
can be obtained and arranged in several ways. Depending on which type of
arrangement is used, four types of data configurations can be distinguished: (1)
time series data, (2) cross-sectional data, (3) pooled time series and cross-sectional
data, and (4) panel (or longitudinal) data. In time series data, observations on all
variables in the data set are taken at regular time intervals (e.g., daily, weekly,
monthly, annually). In cross-sectional data, observations are taken at one time
(either point in time or time interval) but for different units, such as individuals,

TABLE 5.3 Alternative Terms for Dependent and
Independent Variables

Dependent Independent
Explained Explanatory
Predicted Predictor
Regressed Regressor
Response Causal
Endogenous Exogenous
Target Control
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households, sectors of water users, cities, or counties. Pooled data sets combine
both time series and cross-sectional observations to form a single data matrix.
Finally, panel data represent repeated surveys of the same cross-sectional sample
at different periods of time. Databases can be built from records of water use by
supplementing them with data from other sources such as random samples of
water users. The possible data configurations that can be constructed from water-
use histories of individual water users include

1. Time series of measurement period water-use data for individual water users

2. Time series of measurement period water-use data for all users in the sample

3. Cross-sectional water-use data for the same measurement period extending
across all customers in the sample

4. Cross-sectional water-use data aggregated for two or more measurement periods
representing seasonal or annual use extending across all users in the sample

5. Pooled time series cross-sectional data for all measurement periods and all
water users

6. Pooled time series cross-sectional data aggregated over two or more measure-
ment periods for all water users

In mathematical terms, we can describe each data configuration by designating
the water use of user i during measurement period ¢ as g,,. If n and m represent,
respectively, the number of users in the sample and the number of measurement
periods, we can describe the six data configurations as

1. Customer time series data. Represents total water use of user i in each time
period #:

it

where i is a constantand r = 1, ..., m.

2. Aggregate time series data. Represents total water use of all users in the
sample in each time period f:

n
Z qit
i=1

wherer =1, ..., m.

3. Cross-sectional billing period data.  Represents total water use of each user
i during billing period :

i

wherei = 1, ..., n and ¢ is a constant.
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4. Seasonal (or annual) cross-sectional data. Represents total water use of
each user i during seasonal or annual period k:

k
z qi/

t=1

where i = 1, ..., n and k is the number of billing periods in each season.

5. Pooled time series cross-sectional data. Represents water use of each user
i in each time period #:

it

wherei=1,...,nandt =1, ..., m.

6. Pooled time series cross-sectional data with seasonal (or annual) aggrega-
tions. Represents water use of each user i in each season comprising k billing
periods:

k
Z it
t=1

where i = 1, ..., n and k is the number of billing periods in each season.

If observations on water use, g, are supplemented with data on variables that
are believed to be predictors of water demand, then regression analysis can be
applied to any of the above data configurations. Section 5.7.2 describes various
water-use modeling techniques.

5.5 WATER-USE AND SERVICE AREA DATA

Water-use data from water supply agency (i.e., water utility) records can be used
for examining historical trends in water use and disaggregating total use into sea-
sons, sectors, and specific end uses within each sector.

5.5.1 Water-Use Data

Water production records are a good source of data on total water demands in the
area served by a public system. Water utilities usually have one or more produc-
tion meters that are generally read at least daily. These production meters are typ-
ically maintained for accuracy and therefore usually produce highly reliable
measurements of water flows into the distribution system. The water treatment
plants or pumping stations usually employ continuous metering of the flow of
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finished water to the distribution system. The data may be recorded on paper
recording charts which can be used to generate a time series of total production (or
production from various supply sources) at daily or hourly time intervals. These
data can be used for deriving temporal characteristics of aggregate water use (e.g.,
peak-day, peak-hour, day-of-week). The usefulness of the production data for
water-demand analysis may include, but is not limited to, (1) the analysis of unac-
counted water use (comparing production with water sales data), (2) the measure-
ment of the aggregate effect of emergency conservation campaigns on water use,
or (3) the analysis of the relationship between water production and weather vari-
ability.

Customer billing data can be used for disaggregating water use into customer
sectors. Typically, retail water agencies maintain individual computer records of
monthly, bimonthly, quarterly, or, less often, semiannual or annual water-con-
sumption records for all metered customers. Active computer files usually retain
up to 12 or 15 past meter readings for each customer. Depending on the length of
the billing cycle, the active file records can contain a 12- to 36-month history of
water use. This is a valuable source of water-use data that is often not exploited to
its full potential. However, billing data can suffer from the following problems: (1)
unequal billing periods, (2) lack of correspondence between billing periods and
calendar months, (3) estimated meter readings or incorrect meter readings due to
meter misregistration, (4) unusual usage levels, (5) meter replacements and man-
ual adjustments to meters, and (6) changes in customer occupancy. Because of
these problems, sole reliance on customer billing records necessarily limits the
usefulness of these data for various measurements. Although billing data are
becoming more readily available on electronic media, the use of electronic media
is still not routine with many utilities.

Special metering is sometimes undertaken in order to obtain water-use data for
research purposes. In recent years, water utilities have begun to utilize new meter-
reading technologies that greatly reduce the cost of monitoring the water use of
individual customers. However, the initial investment costs of adopting these new
technologies can be prohibitively high. The new technologies include automatic
meter-reading (AMR) devices and electronic remote meter-reading (ERMR)
devices (see Schlenger, 1991). Automatic meter-reading devices are carried by
meter readers on their routes and plugged into the site meters for the automatic
meter reading. The data from the automatic meter readings are stored in the AMR
device and then can be downloaded to central computer systems. The ERMR
devices can be used to read site meters without actually visiting the meter location.
Various methods of remote meter reading include (1) telephone dial-outbound, (2)
telephone dial-inbound, (3) telephone scanning, (4) cable television, (5) radio fre-
quency, and (6) power-line carrier.

These new technologies may permit water agencies to obtain daily or weekly
meter readings from individual accounts. More frequent readings can improve the
precision of water-use measurements. However, the most useful measurements
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can be obtained by devices that monitor individual pulses of water use on the ser-
vice line. These pulses can be correlated with water flows through individual fix-
tures and appliances on customer premises (toilet flushes, shower flows, etc.), thus
permitting accurate measurements of all end uses of water (DeOreo et al., 1996).
For example, the Research Foundation of the American Water Works Association
and 12 cities in the United States and Canada sponsored a unique study of water
use in 1200 households. The study utilized the latest technology in micrometering
of residential flows to measure precisely the amounts of water used for individual
domestic purposes such as showering, bathing, toilet flushing, clothes washing,
dish washing, yard watering, and other end uses of urban residents. Water meter
readings were recorded in 10-second intervals using electronic data loggers. More
detailed technical information about this study can be found in the final technical
report authored by DeOreo et al. (1998).

Currently, these technologies are used only by a few water agencies. However,
as the technology becomes more frequently adopted, there is great potential for
new information sources for water-demand analysis. Unobtrusive metering tech-
nologies that permit accurate measurements of end uses of water are particularly
useful for measurement of efficiency-in-use and water conservation planning.

5.5.2 Service Area Data

Because water use is a function of demographic, economic, and climatic factors,
an accurate description of the characteristics of the resident population, housing
stock, economic activities, and weather patterns in the service area can serve as a
basis for the analysis of water demands. This section discusses the types of infor-
mation that can be used to characterize the service area and identify potential data
sources.

Accurate service area maps are indispensable. Often water service areas do not
follow political (i.e., city or county) boundaries. However, demographic and
socioeconomic data are most readily available by political boundaries or by cen-
sus-designated boundaries (i.e., census tracts). Therefore, in order to relate water
service area data to demographic and socioeconomic characteristics for planning
purposes, it is often necessary to determine the relationship between service area
boundaries and political or census-designated boundaries. A service area map
with overlays for census tract, zip code, or other political boundaries is most use-
ful for this purpose. Service area maps with geographic or land-use overlays have
usefulness in many other planning activities. For example, only parts of the ser-
vice area may be targeted for specific activities (e.g., the service area might be dis-
aggregated spatially into pressure zones or rate zones for the purpose of water-use
forecasting and/or facility planning).

Usually, a set of maps can be obtained from the facility planning or engineer-
ing department of the water agency. These maps should indicate the historical
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growth of the service territory and potential future additions. Also, the maps
should note areas within a given community that are partially served or are served
by other water supply agencies. Maps denoting political boundaries and demo-
graphic characteristics can often be obtained from local and regional planning
agencies. Mapping work is greatly simplified by geographic information system
(GIS) technology, which is a computerized mapping technique. The GIS may have
the service area divided into separate units (e.g., census tracts, pressure zones) and
have several information bases about each separate unit (e.g., water-use charac-
teristics, land use, socioeconomic characteristics).

Population and housing characteristics (i.e., household income, lot size, per-
sons per household, home value) are determinants of residential water use.
Therefore, it is important to obtain information on these characteristics as well as
to understand their impact on water use. The conventional method of estimating
population served by multiplying fotal service connections by persons per con-
nection is not very accurate. Although this method may be acceptable to estimate
the population served in the residential sector (assuming an accurate measurement
of persons per connection), this is not an accurate method for total service area
population served because of the confounding effect of commercial, institutional,
governmental, and industrial accounts.

Knowledge of the number and type of housing units in the service area is very
useful in water-demand analysis because water-use patterns differ among housing
types. On both a per housing unit and a per capita basis, water use in the multi-
family sector tends to be lower than in the single-family sector. This is the result
of different household compositions and the fact that residents in multifamily
housing, on a per unit basis, have less opportunity for outdoor water-use practices.
The total number of residential accounts served by a water supply system is not a
good indication of the number of housing units in the service area because of the
varying number of units served by multifamily accounts. However, the number of
single-family customer accounts is typically a good indication of the number of
single-family housing units served by the water system. Unless the water agency
maintains records on the number of multifamily living units per multifamily
account, housing count data must be obtained from the demographic data devel-
oped by (1) the U.S. Bureau of the Census, (2) state departments of finance or eco-
nomic development, (3) regional associations of governments, and (4) local
county and city planning agencies.

Again, deviations of the water service boundaries from political boundaries
must be considered when using these data. In addition to population and housing
counts, some of the agencies listed above can also provide data on population
characteristics (e.g., family size, age, income) and data on local housing (e.g.,
number of homes by type, new construction permits, vacancy rates). Table 5.4
gives examples of demographic and housing data that are included in the 2000
census files. Two primary questionnaires were used in the collection of census
data—the short form which included questions that were asked of all persons and
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TABLE 5.4 Selected Examples of U.S. 2000 Census Data

Population

Housing

100% component

Household relationship
Sex

Race

Age

Ethnic/racial origin

Number of units in structure

Number of rooms in unit

Tenure (owned or rented)

Value of home or monthly rent paid
Congregate housing (meals included in rent)

Vacancy characteristics

20% sample components

Social characteristics:
Education
Ancestry
Migration

Language spoken at home

Economic characteristics:
Labor force
Place of work and journey to work
Year last worked

Occupation, industry, and

Year moved into residence

Number of bedrooms

Plumbing and kitchen facilities

Telephone in unit

Heating fuel

Source of water and method of sewage disposal
Year structure built

Condominium status

Farm residence

Shelter costs, including utilities

class of worker
Work experience in 1999

Income in 1999

housing units (i.e., the 100 percent component) and the long form which targeted
only about 20 percent of the population on additional subject items (i.e., the sam-
ple component). These data are presented by geographic and political subdivisions
(i.e., states, counties, cities). For major urban areas, census data are further disag-
gregated into census tracts, city blocks, and block groups (but not for individual
dwellings).

Information on commercial, institutional, and industrial activities in the ser-
vice area is helpful in analyzing nonresidential water demands. There is a great
diversity of purposes for which water is used in the commercial, institutional, and
industrial (manufacturing) sectors. The uses of water may include sanitary, cool-
ing and condensing, boiler feed, and landscape irrigation. The type of business
activity conducted in a commercial and industrial establishment can provide useful
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information regarding the purposes for which water is used and therefore the types
of conservation measures that might be applicable. Furthermore, data on square
feet of floor space, land acreage, number of employees, number of rooms (for
hotels and schools), and financial performance can also be useful information in
predicting commercial and industrial water use. However, some of this informa-
tion is not readily available for individual establishments or aggregated into polit-
ical or census-designated boundaries. Some of the previously listed agencies
maintain data on local economic activities including the number of establish-
ments, employment, and financial performance of businesses (e.g., sales) disag-
gregated by industry type as denoted by the Department of Commerce Standard
Industrial Classification (SIC) and the newly devised North American Industry
Classification System (NAICS) codes.

Additional establishment or employment data can be obtained from local and
regional planning commissions and local chambers of commerce or purchased
from private firms. Some private vendors can provide customized computer data-
bases containing information on large samples of businesses in designated geo-
graphic areas. Establishment and employment data can be analyzed to determine
types of business establishments that represent a major portion of nonresidential
water use either because of large employment or because of large water require-
ments for processing or other needs. Business types can be cross-checked with
agency billing records and used for disaggregating water use into specific groups
of nonresidential users.

Water used in parks, cemeteries, school playgrounds, and highway medians can
account for a significant portion of total use and offer a potential for conservation.
Data on public and government facilities can be obtained from city and regional
planning departments, city park districts, street departments, and the department
of transportation (for highway medians). Information that might be obtained
includes land-use data for various purposes (in square feet or acres) as well as the
number of employees in various facilities.

5.6 COMPONENTS OF WATER DEMAND

The quantities of water delivered by a public water supply system can be disag-
gregated by user sector and season. Table 5.5 gives an example of such decompo-
sition of water demands in the urban area of southern California. This section
describes analytical methods for disaggregating total urban water use.

5.6.1 Sectors of Water Users

Customer billing records can be used to obtain estimates of total metered use of
water and to determine the distribution of total water use among several homoge-
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neous classes of water users. A disaggregation of total metered use into major user
sectors (such as residential, commercial, and industrial) can be developed from
customer billing records by using one of the following four methods: (1) analysis
of available premise (user type) categories, (2) distribution of meter sizes, (3) sam-
pling of billing files, and (4) development of premise code data.

If individual customer files contain customer premise categories identifying
the type of customers, then a simple computer program may be used to produce
annual billing summaries by customer type. Each premise code can be assigned to
one of the following homogeneous sectors of water users: (1) single-family resi-
dential, (2) multifamily complexes and apartment buildings, (3) commercial sec-
tor, (4) government and public sector, (5) manufacturing (industrial) sector, and
(6) unaccounted uses. Water use in these sectors can be disaggregated into seasons
and end uses if necessary.

In cases where the customer billing file does not contain premise code (or cus-
tomer-type) information, an approximate separation of users by residential, com-
mercial, and industrial categories can be performed based on the distribution of
meter sizes with a manual classification of the largest users. For example, single-
family homes and small businesses are usually serviced by 3/s-inch (in) or 3/4-in
meters. The problem with this method is that some meter sizes, particularly the
larger meters (e.g., 1-in) may overlap several customer types thus decreasing the
precision of the disaggregation of water use into customer classes.

In cases where water-use data by customer class are not available and the dis-
tribution of water use by meter sizes produces unreliable estimates of water use by
customer class, disaggregation can be accomplished by taking a random sample
of customer accounts. The number of accounts in the sample (i.e., sample size)
will depend on the desired accuracy of water use in different customer classes.
Sampling efficiency (or precision) can be improved by taking a stratified random
sample of users with complete enumeration of the large water-using customers.
Possible stratified sampling procedures include (1) taking a random sample of
customer accounts from each meter-size category (sample size within each stra-
tum can be proportional to the total water use within each stratum); (2) using the
same approach as in procedure 1 except excluding the upper strata (e.g., meter
sizes greater than 2 in) from the sampled population and performing complete
enumeration of the largest users; or (3) separating all accounts into two categories
based on meter size, with the smallest meter sizes representing the residential sec-
tor and the remaining meters representing the nonresidential sector, and then tak-
ing a random sample from each category.

The samples of the customer accounts can then be assigned manually into cus-
tomer classes by visual inspection of customer record (account name) and/or by
telephone verification of customer accounts. Depending upon the sample sizes,
this can be a time- and resource-intensive exercise.

Regardless of which sampling approach is selected, analysis of the sample
should produce the following two estimates: (1) proportion (or percent) of total
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customers by customer class, and (2) proportion (or percent) of total metered
water use by customer class. It is also desirable to calculate the precision of the
estimates based on the sample variance.

If sufficient time and resources are available, the classification of all customer
accounts into appropriate user types is a worthwhile undertaking. The classifica-
tion would require: (1) adding a data field (or using existing unassigned fields) to
the customer computer file; (2) developing a set of nonoverlapping customer
classes and precisely defining each class; (3) determining the customer class for
each existing customer by classifying all customers during meter reading or sur-
veying (independently) all customers and requesting them to classify their
premises on water bills; and (4) adding customer classification categories to the
application forms for new connections.

5.6.2 Seasonal and Nonseasonal Components

Within each user sector, water use can be separated into its seasonal and nonsea-
sonal components. Seasonal use can be defined as an aggregate of end uses of
water, such as lawn watering or cooling, that varies from month to month in
response to changing weather conditions (or due to other influences that are sea-
sonal in nature). Nonseasonal use, on the other hand, can be defined as an aggre-
gate of end uses of water, such as toilet flushing or dishwasher use, that remain
relatively constant from month to month because these uses are not sensitive to
weather conditions or other seasonal influences. Often, seasonal and nonseasonal
components of water use are taken to represent the outdoor (or exterior) and
indoor (or interior) water uses, respectively. Such an assumption is imprecise
because some uses that occur inside the buildings can be seasonal (e.g., humidi-
fier use or evaporative cooler), and some outdoor uses can be nonseasonal (e.g.,
car washing in warmer climates). The difficulties in classifying various end uses
into outdoor and indoor categories must be kept in mind when water use is divided
into seasonal and nonseasonal components.

Monthly water use data can be used to derive estimates of seasonal and non-
seasonal water use. The terms seasonal and nonseasonal relate to the method of
characterizing a monthly time series of water-use records. This method is some-
times referred to as the minimum-month method because it uses the month of low-
est use to represent the nonseasonal component of water use. With the
minimum-month method, the percent of annual use in a given year that is consid-
ered seasonal is calculated from the formula

S, =100 — (M, - 12) (5.16)

where S, is the percent of annual use that is seasonal and M, is the percent of
annual use during the minimum month.
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The best representation of how much water is used during a given calendar
month is the aggregation of daily pumpage information which records how much
water enters the distribution system every day. Monthly water use information for
customer groups is more difficult to obtain because of the effects of monthly and
bimonthly billing cycles. When water utilities summarize the amount of water
sold in a given month (both in aggregate or by customer group), this information
typically represents the amount of water billed in a given month rather than the
amount of water used. Bimonthly billing cycles (which indicate the amount of
water used over a 2-month period) further confounds calendar month water use.
Differences between the amount of water billed in a given month and the actual
water consumed occurs because (1) accounts are read in different months (e.g.,
some accounts are read in January, March, May, etc., and others are read in
February, April, June, etc.), and (2) meter readings are typically recorded on any
given day within a month.

In order to get a better representation of monthly water-use patterns, it is nec-
essary to allocate water use from monthly and bimonthly billing cycle records into
water use during specific calendar months. Thus, the primary purpose of the allo-
cation (or smoothing) techniques is to adjust water consumption billing records
which are read on either a monthly or bimonthly basis (e.g., even accounts read on
even months and odd accounts read on odd months in the bimonthly case) into cal-
endar month consumption for purposes of further analysis. Data smoothing pro-
cedures are performed on two levels. First, the information provided by water
utilities on the amount of water billed to a customer group in a given month is
smoothed to represent the amount of water actually consumed by a customer
group in a given month. The smoothing procedure varies depending on whether a
bimonthly or monthly billing cycle is in effect. Second, account-level water-use
records are smoothed so that estimates of calendar month water use can be deter-
mined. Both types of procedures are described below.

Figure 5.1 presents a graphical representation of the procedure used to smooth
aggregate sales data which utilize a monthly billing cycle. A monthly billing prac-
tice involves reading water meters of individual customers in approximately 1-
month-long time intervals. Meters are read every working day, and all meters read
during, for example, the month of February, are billed and recorded as the
February water use (Qg,,,"). In reality, only a portion of the billed water use, Qg,,’,
actually occurred during the calendar month of February. Theoretically, Qy,,” rep-
resents water use of individual customers during n monthly periods (where n is the
number of billed customers) ending between the first and last meter-reading date
in February. Therefore, for individual customers, 1-month-long periods of water
use would fall between January 1 and February 28.

Assuming that all users in a given customer group (e.g., single-family, com-
mercial) are relatively homogeneous with respect to water use and that the effects
of weather on water use during the two consecutive calendar months are not
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January February March April May

[ 1 = beginning and end of customer’s billing period

FIGURE 5.1 Allocation of monthly water-use billing records into calendar month consump-
tion. Estimate of calendar month water-use (Q,°): February, Q¢ = x O’ + ¥ Opa’s March,
Oy” = X Oy” + ¥ Qpps Nthmonth, 0, = x 0,0 +y Oy ). Oy,” = water use billed to cus-
tomer during the month of March; x and y = proportions of 0, and O, _ ,* billed water use allo-
cated to O, and Qy _ ,“.

substantially different (i.e., that water use of the individual customers is evenly
distributed throughout the period between meter-reading dates), the calendar
month water use during month N can be estimated as

0,°=0.50," + 0.50,, ., * (5.17)

where Q¢ is the amount of water used during the calendar month and Q” is the
amount of water billed during the calendar month. This equation indicates that
water actually used during the calendar month of, for example, March (Q,,,)
would comprise one-half of the consumption billed in March (Q,,,,”) and one-half
of the consumption billed in April (Q Apr”).

Whereas Eq. (5.17) allows the calculation of calendar month water use, a vari-
ant of this equation can be used to calculate the average water use per account in
a given month when the number of billed accounts varies between the two con-
secutive months:

:& AN +QN+1 AN+1 (518)
AN AN+AN+1 AN+1 AN+AN+1

dn

where g, = average water use per account in any given month
0O, = amount of water billed in any given month
A, = number of accounts billed in any given month
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Figure 5.2 presents the procedure that was used to allocate aggregate monthly
sales data produced as a result of a bimonthly meter reading cycle. In this proce-
dure, although individual meters are read every 2 months, customer billing is per-
formed during each calendar month. As a result, all customers within a given
sector are divided into two groups, referred to as group A and group B. Meters of
customers in group A are read and billed during odd months (January, March,
May, etc.), while in group B, meters are read and billed during even months
(February, April, June, etc.).

Because some accounts are billed in any given month, aggregate monthly sales
data will reflect, in any given month, only approximately one-half of the true num-

| January | February | March |  April | May | June
| | | | | |
| } } | | |
| i | | | | |
Customer | | I I | | | |
group A l | | | | |
(odd months) : : : | : : | :
| | | | | |
| | | | | |
| C?ljan | | QbMar | | Qlli/lay |
| | | | | |
| | | | | |
| | } } | |
| | J | | | |
Customer | | | I T | | |
group B l | | | | |
(even months) : : : : | I I |
I I
| | | | | |
| | | | | |
| | Qllgeb | | C}%pr | | qun
|;| = beginning and end of consumption period of i customer in group A
(billed during odd months)
J

beginning and end of consumption period ofjth customer in group B
(billed during even months)

FIGURE 5.2 Allocation of bimonthly water-use billing records into calendar month con-
sumption. Estimate of calendar month water use (Q,°): March, Q\,° = O.25QMMS7A)” =
0.500 5 + 02500 April, Qx, ¢ = 0250, + 0.500y,5" + 0.25Q;,,,"s Nth
month, Q,° = 0.250,7 + 0.500y . > + 0.250y . ," = [(Oy + Oy 1 2)/2 + O, /2. Oy’ = water
use billed during the month of March (includes only customers in group A); Q Apr” = water use
billed during the month of April (includes only customers in group B).
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ber of accounts. For example, water use billed and recorded as the March con-
sumption (Q,,,”) includes only customers of group A whose individual 2-month
consumption period falls between January 1 and March 31. By analogy, water use
billed and recorded as the April consumption (Q Apr”) includes only customers of
group B whose individual 2-month consumption period falls between February 1
and April 30.

Again, assuming that water users in both groups are homogeneous with respect
to water use (because they represent the same user sector) and that weather effects
during the consecutive calendar months are not drastically different (i.e., that
water use of the individual customer is evenly distributed throughout his or her 2-
month consumption period), we can estimate total water use during any calendar
month using the following formula:

0, = 0250, + 050, , > + 0.250, . ,* (5.19)

This relationship is derived from Fig. 5.2. It indicates that water actually used dur-
ing the calendar month of March would comprise one-fourth of consumption
billed in March, one-half of that billed in April, and one-fourth of that billed in
May.

Whereas Eq. (5.19) allows the calculation of calendar month water use given
bimonthly billing records, a variant of this equation can be used to calculate aver-
age water use per account in a given month:

gy = (0.25 Ov 4 go5 Q2

) 0.5Ay+ 0.5Ay + »
AN AN +2

0.5Ay+ Ay, + 054, ,

QN+1 AN+1
Ayiy O05A,+ Ay, +054,,,

+ 0.5

(5.20)

20.25(&+QN+2> Ayt Ay+o 105 Ov+1
Ay Ayia) Ayt 24y Ay, Ay
2AN + 1

(5.21)
Ayt 24yt Ay,

where g, is the average water use per account in any given month.

In the case where both monthly and bimonthly billing cycles exist within a water
utility, total monthly water use in a given month can be obtained by adding smoothed
calendar water use from the monthly smoothing procedure to smoothed calendar
water use from the bimonthly smoothing procedure. In the case of determining the
average water use per account in any given month given the existence of both monthly
and bimonthly billing cycles, the following weighting procedure can be used:
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qN,avg = qN,b WFb + QN,m WFm (522)

where g ,,, = average water use per account in any given month
qy, = average water use per account in any given month from bimonthly
billing cycle
qy,, = average water use per account in any given month from monthly
billing cycle
WEF, = weight factor for water use per account from bimonthly billing
cycle [see Eq. (5.23) ]
WE,, = weight factor for water use per account from monthly billing cycle
[see Eq. (5.24) ]

O.SAN![, + AN+ Lb + O.SAN+ 2.b

WF, =
P (05Ay, T Ay, + 054y, ,,) + (054, + 0.5y 1,)
+ +
_ Anp+ 2AN + 10+ AN+ 20 (5.23)
(AN,b + 2AN+ 1,b + AN + 2,h) + (ANm + AN+ l,m)
—_ 0.5Anm + 0.5AN + 1

" (0.5Ay, + Ayyr, + 054y 5 ) + (054, + 054y, 1)

AN,m + AN + 1.m
(AN,h + 2AN+ 1Lb + AN + 2,h) + (ANm + AN+ l,m)

(5.24)

In addition to the allocation of aggregate billing data into calendar month,
water consumption records for individual customers can also be allocated to cal-
endar months. For example, if a single account’s meter is read on March 15 and
then again on May 15, a smoothing procedure can be used to standardize individ-
ual account billing cycle data into calendar month use. The meter-reading cycle
can be monthly, bimonthly, or even trimonthly. The composition of the equation
applied to this type of smoothing is as follows:

0°= N; O, (5.25)

where n = nth calendar month
x = number of months prior to month n that fall within the billing period
y = number of months beyond month » that fall within the billing period
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i = summation index (ith month)
0, = quantity of water allocated to calendar month n
N; = number of days in ith month that are proportioned to consumption in
month n
Q} = average daily water consumption for billing period which represents

ith month

This smoothing procedure is applied to the water billing histories for each
account. In this procedure, each account will be smoothed in accordance with the
current read date and the prior read date. That is, the smoothing procedure must
first look at the current and prior read dates. Next, consumption for each record is
allocated into calendar months by the fraction of water use that belongs to each
month encountered in the billing period [see Eq. (5.25)]. Finally, consumption is
summed for each account by month.

5.6.3 End Uses of Water

A meaningful assessment of the efficiency of water use cannot be made without
breaking down the seasonal and nonseasonal uses of water into specific end uses.
Precise measurements of the quantities of water used for showering, toilet flush-
ing, and other purposes require installation of flow-recording devices on each
water outlet found on customer premises. Because such measurements are very
costly, engineering estimates are often used. However, such estimates are of lim-
ited validity because they tend to rely on many assumptions and often ignore the
physical and behavioral settings in which water use takes place. Analytical meth-
ods for quantifying the significant end uses of water are described in Sec. 5.7.

5.7 WATER-USE RELATIONSHIPS

Reasonably precise estimates of water use can be obtained by disaggregating the
total delivery of water to urban areas into two or more classes of water use and
determining separate average rates of water use for each class. The disaggregate
estimation of water use can be represented as the product of the number of users
(or the demand driver count) and a constant average rate of usage.

Qt = Z Nt,ch (526)

where N, . represents the number of customers in a homogeneous user sector ¢ at
time ¢, and ¢. is the unit-use coefficient (or average rate of water use per customer)
in that sector.
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Gains in accuracy of disaggregated estimates are possible because the histori-
cal records often show that the variance of average rate of water use within some
homogeneous sectors of water users is smaller than the variance of the aggregate
use. Although in some nonresidential sectors the variance of g, is large, it is often
more than offset by the smaller variance in the residential sectors with a dispro-
portionately greater number of customers.

The sectoral disaggregation of total urban demands may also be extended spa-
tially and temporally. With the added dimensions of disaggregation, Eq. (5.26)
would be expanded to the form:

0= > > > Nyvyloss (5.27)
c s g

where s denotes the disaggregation of water use according to its seasonal varia-
tions (e.g., annual, seasonal, monthly) and g represents the spatial disaggregation
of water use into various geographic areas, such as pressure districts or land-use
units, which are relevant for planning purposes. An example of a unit-use coeffi-
cient g, , could be average use in single-family residential sector during the sum-
mer season in a pressure district.

The level of disaggregation is limited by the availability of data on average
rates of water use in various sectors and the ability to obtain accurate estimates of
driver counts (V) for each disaggregate sector. The latter are typically obtained
from planning agencies who maintain data on population, housing, and employ-
ment for local areas.

The last three decades have produced numerous studies of the determinants of
urban water demand. The advancements in theory were followed by the develop-
ment of water use models which recognized that both the level of average daily
water-use and its seasonal variation can be explained adequately by selected
demographic, economic, and climatic characteristics of the study area. Such
advanced models retain a high level of disaggregation; however, they allow the
average rates of water use and the number of users (i.e., drivers) to change in
response to changes in their determining factors:

Ql = Z Z Z NI,(‘,S,g ql,c,s,g (528)
c s g

where
Nt,(:,s,g = f(Zz) (529)
and

RN (0.6 (5.30)
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where Z; and XJ are, respectively, determinants of the number of water users (e.g.,
residents, housing units, or employees) and determinants of the average rates of
water use (such as average water use per person, per household, or per employee).
Table 5.6 gives examples of determinants of the number of users and their average
rates of water use.

The remainder of this section describes the available data on the average rates
of water use and reviews a number of empirical water-use models.

5.7.1 Average Rates of Water Use

The first step in the analysis of water demands in an area served by a public water
supply system is to determine average annual rates of water use. The simplest rate
is the gross per capita water use which is determined by dividing the total annual
amount of water delivered to the distribution system by the estimated population
served. Other rates are obtained by dividing the metered water use by various
urban sectors by the number of users or customers in each sector. In addition to
the average annual use, average rates during high-use and low-use seasons can be
estimated.

The average rates of use are sometimes compared among service areas in order
to assess the relative efficiency of water use. However, the aggregate nature of these
rates precludes any meaningful comparisons among various service areas. These
rates vary from city to city as a result of differences in local conditions that are unre-
lated to the efficiency in water use. For example, per capita use may range from 50
to 500 gal per person per day [189 to 1893 liters per day (L/day).] Table 5.7 shows
the distribution of per capita rates among 392 water supply systems serving
approximately 95 million people in the United States. The mean per capita use in

TABLE 5.6 Determinants of Urban Water Demand

Determinants of demand drivers, Z;  Determinants of average rates of use, Xj

Natural birth rates Air temperature and precipitation
Net migration Type of urban landscapes
Family formation rates Housing density (average parcel size)

Availability of affordable housing Water-use efficiency

Economic growth and output Household size and composition
Labor participation rates Median household income
Urban growth policies Price of water service

Price of wastewater disposal

Industrial productivity
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TABLE 5.7 Average per Capita Rates of

Water Use

Range of

per capita Number of Percent of
use, gcd systems systems

50-99 30 7.7

100-149 132 33.7
150-199 133 339
200-249 51 13.0
250-299 19 4.8
300+ 21 _69

Total 392 100.0

Source: Source: AWWA (1986).

this sample was 175 gcd (662 L/day) with a standard deviation of 72 ged (273
L/day) (AWWA, 1986).

Generally, high per capita rates are found in water supply systems servicing
large industrial or commercial sectors. Therefore, more meaningful comparisons
would require the disaggregation of total use into homogeneous sectors of water
users. Table 5.8 shows average use rates per housing unit in the residential sector
for selected cities. Nonresidential water-use rates in gallons per employee per day
(ged) are shown in Table 5.9.

5.7.2 Modeling of Water Use

Water-use models are usually obtained by fitting theoretical functions to the data
sets described in Sec. 5.1. The selection of appropriate data and estimation tech-
niques depends on the desired characteristics of the final model. For example, time
series models of aggregate data can be used for developing models of aggregate
use for near-term forecasting. Generally, time series aggregate models can be
expected to provide predictions of water use that are less reliable than those
obtained from pooled time series cross-sectional observations on water use of
individual customers from homogeneous groups of users.

The most commonly used technique for developing water-use models is regres-
sion analysis. A simple regression model that captures the relationship between
two variables can be written as

v, =a+ BX, + g (5.31)
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TABLE 5.8 Average Rates of Water Use in Single-Family and
Multiple-Unit Buildings

Average use per dwelling unit, gpd

Multiple-unit Single-family

Area/State Year buildings homes
A. Metered sales data
National City, Calif. 1987 226 309
San Diego, Calif. 1990 261
Santa Monica, Calif. 1988 231 376
Torrance, Calif. 1987 183 383
Anaheim, Calif. 1987 284 526
Beverly Hills, Calif. 1987 241 917
Camarillo, Calif. 1987 246 437
Fullerton, Calif. 1988 246 566
Los Angeles, Calif. 1987 264 408
Cape Coral, Fla. 1990 123
Boston, Mass. 1990 167
Framingham, Mass. 1992 152
Newton, Mass. 1992 199
Las Vegas, Nev. 1989 290
B. Samples of buildings
New York City, N.Y. 1990 248
Seattle, Wash. 1988 107
Baltimore, Md. 1965 218
Washington, D.C. 1981 197
Springfield, I11. 1985 117
Los Angeles, Calif. 1976 165
San Francisco Bay, Calif. 1976 183
Central Valley, Calif. 1975 144
San Diego, Calif. 1991 137
Pasadena, Calif. 1991 187
Newton, Mass. 1992 155
Bailment, Mass. 1990 121
Framingham, Mass. 1992 164
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TABLE 5.9 Average Rates of Nonresidential Water Use from
Establishment-Level Data

SIC
Category code Userate, ged  Sample size
Construction — 31 246
General building contractors 15 118 66
Heavy construction 16 20 30
Special trade contractors 17 25 150
Manufacturing — 164 2790
Food and kindred products 20 469 252
Textile mill products 22 784 20
Apparel and other textile products 23 26 91
Lumber and wood products 24 49 62
Furniture and fixtures 25 36 83
Paper and allied products 26 2614 93
Printing and publishing 27 37 174
Chemicals and allied products 28 267 211
Petroleum and coal products 29 1045 23
Rubber and misc. plastics products 30 119 116
Leather and leather products 31 148 10
Stone, clay, and glass products 32 202 83
Primary metal industries 33 178 80
Fabricated metal products 34 194 395
Industrial machinery and equipment 35 68 304
Electronic and other electrical equipment 36 95 409
Transportation equipment 37 84 182
Instruments and related products 38 66 147
Misc. manufacturing industries 39 36 55
Transportation and public utilities — 50 226
Railroad transportation 40 68 3
Local and interurban passenger transit 41 26 32
Trucking and warehousing 42 85 100
U.S. Postal Service 43 5 1
Water transportation 44 353 10
Transportation by air 45 171 17
Transportation services 47 40 13
Communications 48 55 31
Electric, gas, and sanitary services 49 51 19
Wholesale trade — 53 751
Wholesale trade—durable goods 50 46 518
Wholesale trade—nondurable goods 51 87 233
Retail trade — 93 1044
Building materials and garden supplies 52 35 56
General merchandise stores 53 45 50
Food stores 54 100 90
Automotive dealers and service stations 55 49 198
Apparel and accessory stores 56 68 48
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TABLE 5.9 (Continued)

SIC
Category code  Use rate, ged Sample size
Retail trade
Furniture and home furnishings stores 57 42 100
Eating and drinking places 58 156 341
Miscellaneous retail 59 132 161
Finance, insurance, and real estate — 192 238
Depository institutions 60 62 77
Nondepository institutions 61 361 36
Security and commodity brokers 62 1240 2
Insurance carriers 63 136 9
Insurance agents, brokers, and service 64 89 24
Real estate 65 609 84
Holding and other investment offices 67 290 5
Services — 137 1878
Hotels and other lodging places 70 230 197
Personal services 72 462 300
Business services 73 73 243
Auto repair, services, and parking 75 217 108
Miscellaneous repair services 76 69 42
Motion pictures 78 110 40
Amusement and recreation services 79 429 105
Health services 80 91 353
Legal services 81 821 15
Educational services 82 117 300
Social services 83 106 55
Museums, botanical, zoological gardens 84 208 9
Membership organizations 86 212 45
Engineering and management services 87 58 5
Services, NEC 89 73 60
Public administration — 106 25
Executive, legislative, and general 91 155 2
Justice, public order, and safety 92 18 4
Administration of human resources 94 87 6
Environmental quality and housing 95 101 6
Administration of economic programs 96 274 5
National security and international affairs 97 112 2

Source: Planning and Management Consultants, Ltd., 1994, unpublished data.

where y; = water use of customer i
a = intercept term of the equation and the component of the effect of X
upon y that is constant regardless of the value of X
BB = slope coefficient of the equation and the component of the effect of X
upon y that changes depending upon the value of X
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g, = error term for the ith customer, and i = 1, 2, ..., n, which measures the
difference between the estimated value of y and the true observed

value of y

This model also assumes that X, the independent variable, influences y, the depen-
dent variable, while the dependent variable does not influence the independent
variable in any way. Equation (5.31) decomposes water use y; into explained and
unexplained components, where the explained component is expressed as a func-
tion of a systematic force X. The unexplained component is expressed as random
noise. In other words, in Eq. (5.31), a + BX is the deterministic component of y,
and € is the stochastic or random component.

In ordinary least-squares (OLS) regression analysis, the parameters « and 3
are estimated by fitting a regression line to water-use data so that the sum of
squared residuals of y (3.€?) away from the line is minimized. The method of least
squares dictates that one choose the regression line where the sum of the squared
deviations of the points from the line is a minimum, resulting in a line that “fits”
the data as well as possible.

In order for OLS to yield valid results, the residuals (€) must meet the five
assumptions of simple linear regression:

1. Zero mean. E(g;) = O for all i, or the expected value of mean error is 0. In
other words, the errors are expected to fluctuate randomly about O and, in a
sense, cancel each other out.

2. Common (or constant) variance. Var (g) = o> for all i, which states that
each error term has the same variance for each customer.

3. Independence. €, and ¢, are independent for all i # j.

4. Independence of X; € and X; are independent for all 7 and j, which says that
the distribution of & does not depend on the value of X.

5. Normality. €, are normally distributed for all i. This also implies that ¢; are
independently and normally distributed with mean 0 and a common variance
2. The concept of normality is needed for inferences on parameters, but is not
required to find least-square estimates.

When the five basic assumptions of the regression model are satisfied, OLS
provides unbiased estimates of the regression coefficients a and 3, which have
minimum variance among all unbiased estimates. In other words, the least-squares
estimators indeed yield the estimated straight line that has a smaller residual sum
of squares than any other straight line. For this reason, OLS estimates are referred
to as best linear unbiased estimates (BLUE). Any violation of these assumptions
can reduce the validity of the OLS method. The greater the departure of the model
from this set of assumptions, the less reliable is OLS. In such situations, one must
use alternative estimation procedures depending on the type of violation of the
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above assumptions. One alternative estimation technique called generalized least
squares (GLS) is described later in this section.

Multiple-regression techniques should be used to model a dependent variable
instead of simple regression because (1) the dependent variable can be predicted
more accurately if more than one independent variable is used and (2) if the depen-
dent variable depends on more than one independent variable, a simple regression
on a single independent variable may result in a biased estimate of the effect of
this independent variable on the dependent variable. The theoretical model of mul-
tiple regression is basically the same as in simple regression. The only difference
is that the dependent variable is assumed to be a linear function of more than one
independent variable. For example, if there are three independent variables, the
model is

y=a+pX +6X+5X,+ ¢ (5.32)

where X, X,, X; = independent variables assumed to affect the dependent vari-
able y
€ = random error term
o, 31, 3,, 35 = estimated coefficients

Just as in the case of simple regression, the coefficients « and 3, are estimated
by finding the value of each that minimizes the sum of the squared deviations for
the observed values of the dependent variable from the values of the dependent
variable predicted by the regression equation. Furthermore, in order to obtain
least-square estimates, multiple regression must follow each of the five assump-
tions required by simple regression, with two added conditions. The first condi-
tion is that none of the independent variables can be an exact linear combination
of any of the other independent variables. In other words, no one variable can be
an exact multiple (or linear combination) of any other independent variable. For
example, X; cannot be written as aX,. This situation is called multicollinearity. The
second condition is related to degrees of freedom. Specifically, the number of
observations N must exceed the number of coefficients being estimated. In prac-
tice, the sample size should be considerably larger than the number of coefficients
to be estimated in order to obtain meaningful information about the underlying
relationship.

A time series analysis of monthly data on volumes of water sold in consecutive
billing periods can be used to estimate water-use models. However, the reliability
of such models will depend on (1) the ability to disaggregate sales data into classes
of similar users (e.g., single-family residential, multiunit residential, small com-
mercial, large industrial); (2) the ability to separate (or account for) the seasonal
effects and weather effects in the time series data; and (3) the ability of the esti-
mation technique to deal with nonconstant error variance and correlation of model
errors through time. A theoretical time series model can be written as
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N M P R
y=a+)> bS,+ Z Z X, +> eC,+d (533)
= = = r=1

where y, = aggregate volume of water sold to a homogeneous class of cus-
tomers during a monthly or bimonthly billing period ¢ where ¢ =
L..,T
a = model intercept
S, = set of N seasonal variables that capture the seasonal variability of

wateruse (i = 1, ..., N)

W, = set of M weather variables that capture the effect of actual weather
conditions on water use (j = 1, ..., M)

X, = setof P “trend forming” variables that capture changes in water use
unrelated to seasonal and weather effects (k = 1, ..., P)

C, = set of R conservation variables (r = 1, ..., R)

€, = error term

b, ¢ d,, e, = coefficients to be estimated

The selection and definition of variables to represent the four types of system-
atic forces that affect aggregate water use over time are very important. The sea-
sonal component in water-use data can be captured in many ways. Three possible
specifications used in modeling time series water-use data include (1) a seasonal
index, (2) a discrete step function, and (3) a Fourier series of sine and cosine terms.

A seasonal index is usually expressed as the average fraction of total annual
water use to be expected during a given calendar month. This fraction can be
estimated using the time series data on water use. For example, the value of the
index in July can be obtained by dividing water use during the month of July by
total annual use for each calendar year and then calculating the average value of
the index for all years in the data set. The process is repeated for each calendar
month until all 12 values of the seasonal index are obtained. The seasonal index
is then used as a simple variable to capture the seasonal component of water use
in Eq. (5.33). A discrete step function can be represented by 12 indicator vari-
ables corresponding to individual calendar months (e.g., M,, ..., M,,, where
M, = 1, if the month in the data is January, and M, = 0 elsewhere). When
bimonthly data are modeled, six indicator variables would be created, one for
each bimonthly period. In order to avoid multicollinearity, only M — 1 indica-
tors should be specified, where M denotes the number of monthly or bimonthly
periods. A Fourier series of sine and cosine terms is a harmonic function that
can be applied to the data to generate a smooth sinusoidal cycle of seasonal
effects. In the case of monthly data, the Fourier series may include six sine and
cosine harmonics that can be written as

6 . 2mhm 2thm
Z (ah sin 5 F b, cos 12 ) (5.34)
=1
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where a, and b, are coefficients to be estimated and m is the calendar month (m =
1 for January, m = 2 for February, etc.).

The cycle corresponding to 4 = 1 has a 12-month period. The cycles corre-
sponding to 7 = 2 are harmonics of the 6-month period. All six harmonics repre-
sent the seasonal cycle of water use, which is periodic but not directly sinusoidal.
Because the lower harmonics tend to explain most of the seasonal fluctuations, in
most situations, it may be possible to omit higher-frequency harmonics in Eq.
(5.34), thus representing the seasonal component as

4
> bS,, = b, SIN(1) + b, COS(1) + b, SIN(2) + b, COS(2)  (5.35)
i=1

where b,, b,, b;, b, = coefficients to be estimated
SIN (1) = sin (2mm/12)
COS (1) = cos (2mm/12)
SIN (2) = sin (4mm/12)
COS (2) = cos (4nm/12)

The significance of each cycle is usually tested first. The cycles with insignificant
amplitudes (i.e., b;) can then be deleted from the equation.

Air temperature and rainfall are usually used to capture the effects of weather
on water use. In most cases, these two variables will be correlated with the sea-
sonal variables. Therefore, the weather variables should be measured as deviations
from their normal values for each month (or billing period). Also, lagged weather
variables can be used to take into account (1) the fact that the recorded consump-
tion in any given month represents water use which took place during the current
and the previous month and (2) the short-term memory in water use (e.g., water
use in month 7 is affected by rainfall in month # — 1). The following weather vari-
ables can be included in the specification of the weather effects in Eq. (5.33): (1)
deviation of monthly rainfall from monthly norms, (2) deviation of monthly aver-
age of maximum daily temperatures from monthly norms, (3) deviation of the
number of days with precipitation greater than 0.01 in from monthly norms, and
(4) deviation of cooling-degree days from monthly norms.

These deviations can be specified both as contemporaneous and lagged mea-
surements. The normal values can be calculated for the period of the time series
data or for weather data extending up to 30 years back (i.e., long-term averages).

In addition to properly measuring the seasonal and weather effects, it is neces-
sary to include the effects of variables such as the number of customers, the price
of water, the cost of wastewater disposal, and other factors such as income in res-
idential sectors and productivity in nonresidential sectors. The changes in the
number of customers can be incorporated by expressing the dependent variable in
terms of water use per customer (by dividing total volume of water by the number
of customers billed). The price of water and wastewater disposal should be
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included in the model. In modeling aggregate water-use data, it is difficult to deter-
mine what measure of price should be used. The relevant measure is the marginal
price faced by an individual customer. This price is the same for all customers
when a uniform rate structure is used. If increasing block rates are used, then the
average price determined for an average consumption level can be used, so that
only actual increases in the price of water and wastewater are captured by the price
variable. All nominal values of price should be converted into constant dollars
using the Consumer Price Index (CPI) for all items. Median household income
should also be included among the variables of residential models if the data are
available and expressed in constant dollars. Usually, household income statistics
can be obtained for each quarter from the Internal Revenue Service. Monthly val-
ues of income can be obtained by interpolating the quarterly data. Several other
variables that are known to influence water use can be omitted if the changes over
time are minimal (e.g., average number of persons per customer connection, aver-
age lot size). If changes in such variables are significant, then these variables
should be included in the model.

Finally, the effects of the conservation programs can be accounted for in the
time series model by including an indicator variable which separates the data into
pre- and postprogram periods. This variable takes on the value of O for all months
before the program, and the value of 1 for the months after program implementa-
tion. The effects of other passive and active conservation measures such as a con-
servation-oriented plumbing code should be included in the model. This can be
accomplished by introducing a variable that measures the cumulative number of
new service connections sold after the code went into effect. The error term can
be specified as additive or multiplicative. A logarithmic transformation of the
water-use variable will result in a multiplicative error term. Such a transformation
will often produce a better fit of the model than untransformed water use.

The potential problems with estimating the parameters of the time series
regression model are endogeneity of the price variable (i.e., the price is related to
the quantity of water used), nonconstant error variance (also known as het-
eroskedasticity), and autocorrelation. Most regression software packages have
routines that attempt to correct for the problem of autocorrelation. Nonconstant
error variance and endogeneity are problems best suited for alternative regression
methods such as generalized least squares.

If customer-level monthly (or billing period) data on water use for a period of
2 to 4 years can be obtained and supplemented with information on customer char-
acteristics and external factors such as price of water and weather, then a pooled
time series cross-sectional (TSCS) data set can be constructed and used to esti-
mate the parameters of a multiple-regression model. The theoretical form of the
model may be written as

K
Vi =Bt Z BXiiw T & (5.36)
i=2

Downloaded from Digital Engineering Library @ McGraw-Hill (www.digitalengineeringlibrary.com)
Copyright © 2004 The McGraw-Hill Companies. All rights reserved.
Any use is subject to the Terms of Use as given at the website.



WATER DEMAND ANALYSIS

5.42 DEMAND AND MANAGEMENT MODELS

where y,, = monthly water use of customer i in month ¢ (instead of months, billing
periods may be used)
B3, = intercept term
B, = regression coefficients
X, = set of independent variables that represent all possible systematic
forces which affect that use
&, = error term

The types of independent variables of residential water-use models that may be
used in Eq. (5.36) are illustrated in Table 5.10. Variables that explain use in other
sectors can be found in Dziegielewski et al. (2002b). Measurements of these vari-
ables (or as many variables as possible) should be obtained for each customer and
each time period using such sources of information as (1) telephone or mail sur-
veys of customers in the sample, (2) real estate and tax assessor records, (3) aerial
photographs, (4) “driveby” surveys of customer premises, (5) water and waste-
water prices and rate structures, and (6) meteorological stations. Many variables
will have values that are constant over time or will have only one observation in
the time that is available. In the latter case, their values can be assumed constant
over the period for which water-use data are obtained.

Once the pooled time series cross-sectional database is complete, an appropri-
ate form of the functional relationship between water use and its determinants
must be selected. Also, in the context of the structure of systematic forces, the ana-
lyst should consider the appropriate structure of the model error. Residential water
demand models are often estimated using one of the following functional forms:

1. Linear model
k
Vi =B+ Z BXiow T & (5.37)
k=2

in which the error is additive

2. Log-linear (or double-log) model

k
log y, = log (8) + > B, (log X, ;) + log &, (5.38)

k=2

with multiplicative error

3. Exponential model

k
logy, =B+ > B X+ &, (5.39)
k=2

with multiplicative (and/or exponential) error
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TABLE 5.10 Important Explanatory Variables for Residential
Water-Use Models

Family characteristic variables

1. Family size (number of persons)
2. Number of children under 18

3. Household income

4. Ownership of residence

Household fixture and appliance variables
1. Number of showers

2. Number of toilets

3. Washing machine (presence of)

4. Dishwasher (presence of)

5. Garbage disposal

Frequency of appliance use variables
1. Laundry loads per week
2. Dishwasher loads per week

Outdoor feature variables

1. Lot size

2. Lawn size

3. Total irrigated area

4. Automatic sprinkling system
5. Swimming pool

Frequency of outdoor use variables

1. Lawn and landscape watering per week
2. Car washing per week

3. Hosing of concrete (blacktop) surfaces

Price variables

1. Marginal price of water
2. Rate structure

3. Wastewater charge

Weather variables

1. Monthly average of maximum daily temperatures

2. Total monthly precipitation

3. Number of days with precipitation greater than 0.01 in
4. Cooling-degree days

Other variables
1. Age of the house
2. Type of sewerage system

Good examples of a pooled time series cross-sectional multivariate regression
model can be found in Dziegielewski and Opitz (1988) and Dziegielewski et al.
(1993).

Most frequently, pooled time series cross-sectional analyses use the linear
functional form of the model and estimate parameters using the OLS estimation
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technique. However, the nature of pooled time series cross-sectional data often
results in the violation of one or more of the basic regression assumptions. Two
common problems that have been encountered in practical research are het-
eroskedasticity and autocorrelation. Heteroskedasticity usually arises from cross-
sectional components of the data. The variance of the error term &€ is not constant
across all observations. When this occurs, the scale of the dependent variable and
the explanatory power of the OLS model tend to vary across observations.
Autocorrelation is usually found in time series data. The disturbances &, are not
independent of each other; they are correlated. Time series data often display a
“memory” such that variation is not independent from one period to the next. For
example, an earthquake or flood may affect water use in a particular community
for many periods following the actual event. Note, however, that it does not always
take such a large disturbance to produce autocorrelated errors. If either one of
these problems exists, the coefficient estimates of the OLS model no longer have
minimum variance among all linear unbiased estimators. In other words, the OLS
estimators are no longer the best linear unbiased estimates.

Several diagnostic tests for heteroskedasticity and autocorrelation are com-
monly available in statistical software packages. Perhaps the simplest diagnos-
tic check is to plot the residuals. If heteroskedasticity and/or autocorrelation are
detected, it is advisable to specify an alternative to the OLS model. One such
model, the generalized least squares (GLS) regression model, can be shown to
provide the best linear unbiased estimators under these conditions. Instead of
minimizing the sum of squared residuals as in OLS estimation, the GLS proce-
dure produces a more efficient estimator by minimizing a weighted sum of the
squared residuals. Observations whose residuals are expected to be large
because the variances of their associated disturbances are known to be large are
given a smaller weight. Observations whose residuals are expected to be large
because other residuals are large are also given smaller weights (Kennedy,
1985). In order to produce coefficient estimates using GLS, the variance-covari-
ance matrix of the disturbance terms must be known (at least to a factor of pro-
portionality). In actual estimating situations, however, this matrix is usually not
known. A procedure called estimated generalized least squares (EGLS) can then
be employed to estimate the variance-covariance matrix of the disturbances.
EGLS estimators are no longer linear or unbiased, but because they account for
the effects of heteroskedastic and autocorrelated errors, they are thought to pro-
duce better coefficient estimates.

The EGLS estimation technique is used to estimate what are called error
components models of pooled time series and cross-sectional data (see Kennedy,
1985). The general specification for the random-effects model can be written as

K
Vi =Bt Z B X £ (5.40)
i=1
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where
E=u,+v,+g,

Notice that this model has an overall intercept and an error term that consists of
three components. The u; represents the extent to which the ith cross-sectional
units intercept differs from the overall intercept. The v, represents the extent to
which the 7th time period’s intercept differs from the overall intercept. The u; and
v, are each assumed to be independently and identically distributed with a mean of
0 and variance of a’u2 and o-vz, respectively. The third component, €, represents the
traditional error term that is unique to each observation. All three error compo-
nents are assumed to be mutually independent. The extent to which the intercept
coefficients differ across cross-sectional units and across time is assumed to be
randomly distributed. Because of this, the error components model is sometimes
referred to as the random effects model. A good example of an error components
model can be found in Chesnutt and McSpadden (1990).

5.8 ANALYSIS OF WATER SAVINGS

A precise measurement of water savings that can be attributed to various demand
management programs is difficult because the observed water use often shows
great variability among different users and it also significantly varies over time for
the same user. For example, the amounts of water used inside and outside a resi-
dential home can vary substantially from month to month and from household to
household. This variability is caused by many factors, including conservation
practices. Because of the great variability in water use, the observed changes in
water use over time, or differences in use between individual customers or groups
of customers, may be caused by influences unrelated to the customer participation
in a conservation program. Therefore, the most important consideration in mea-
suring water conservation savings is the design of a measurement procedure that
is capable of correctly measuring not only the changes in water use but also sepa-
rating these changes into those caused by the program and those caused by
changes in weather, prices, economic factors, and other confounding factors. The
precision of the measurements of water savings depends on whether the study
design was capable of isolating and controlling for (1) the characteristics of the
conservation program that could significantly influence the results of the estima-
tion of water savings, (2) the characteristics of the customer groups targeted by the
program that could also influence the results, and (3) the characteristics that are
external to both the conservation program design and the targeted customer
groups. Research in evaluation designs identified a number of factors referred to
as outside effects or externalities (Dziegielewski et al., 1993).
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Once a conservation practice is adopted, the baseline demand that represents
water use without the practice cannot be directly measured, and the unaltered
demand has to be reconstructed somehow. In practice, all study designs employ
comparisons of water-use behavior (and other customer characteristics in some
cases) over time and/or between groups of customers. Possible types of compar-
isons are illustrated by Fig. 5.3. Implementation of a conservation program divides
the time continuum into two periods, namely, pretreatment conditions and post-
treatment conditions. It also divides the water users into two groups—the control
group of nonparticipants and the treatment group of program participants. The
conditions of a valid study design are achieved by a careful selection of a sample
of water users and the use of proper methods of data analysis.

There are two basic approaches for estimating water conservation savings: sta-
tistical techniques and leveraged approaches. These two approaches will be dis-
cussed.

5.8.1 Statistical Estimation of Savings

Statistical comparison methods produce estimates of conservation savings by
comparing water use between a participant group and a control group (or changes
in water use before and after the program). The comparison-of-means method is
derived from the statistical theory of randomized controlled experiments which
utilizes a treatment and control design. Conservation savings are estimated as the
difference in the mean level of water use between the treatment group and the con-
trol group, i.e.,

Time
—»
Treatment
Pretreatment conditions Posttreatment conditions
' Control group
Pre- __SiTp_Ie_o_f ________ | (nonparticipants) Post-

test water users \ test
I
Treatment group
\_/ (participants)

Posttreatment/ pretreatment
comparison

FIGURE 5.3 Evaluation designs for measuring water conservation savings.
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d=9,—q. (5.41)
where
o1 4
a.=—> q (5.42)
n =1
and
I
.=— > q. (5.43)
n2 c =1

where d = conservation effect (difference between means)
¢, = mean water use in treatment sample
¢, = mean water use in control sample
q, = water use of customer ¢ in treatment sample
q,. = water use of customer c in control sample
n, = number of customers in treatment sample
n, = number of customers in control sample

The data can be used to test whether the observed difference d can be attributed
to chance, or whether it is indicative that the two samples come from populations
of unequal means. Given that the parent population distribution of the differences
in means is unknown or not normal, and that the population standard deviation of
water use in each group (o, and o) are unknown but assumed equal, the sampling
distribution of the differences in mean water use should follow a # distribution for
large samples. The central limit theorem (and the concept of repeated sampling)
implies that for large sample sizes, the sampling distribution of the difference in
means between groups will approach a normal distribution. This allows statistical
inference about population parameters when the population distribution is
unknown or not normal. However, in order for the sampling distribution of the dif-
ference in two means to be approximated by the normal distribution, the popula-
tion standard deviations (o, and o) must be known. If ¢,and o, are not known but
are assumed equal, one may use the sample estimates of o, and «, (s, and s5,) and
the ¢ distribution for statistical inference. For large sample sizes, the ¢ distribution
will approximate the normal distribution.

A calculated ¢ statistic can be used to test the hypothesis that the differences
between mean water use of the treatment and control samples is 0. In order to cal-
culate a ¢ statistic, the standard error of the difference between the two means must
be determined using the following formula:

(n,— s>+ (m.— s> n.+n

Sa= n+n,—2 nn, (5.44)
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where S, = estimated standard error of conservation effect d

s, = standard deviation of water use in treatment sample
= standard deviation of water use in control sample
number of customers in treatment sample
= number of customers in control sample

t

SC
nt
nl.‘
The t statistic is then calculated as

t=—— = — (5.45)

Using the properties of the ¢ distribution, one can test the null hypothesis stat-
ing that the true population mean of the treatment group is equal to the population
mean of the control group, or the alternative hypothesis stating that the population
means of the treatment and control groups are different. The value of the 7 statis-
tic calculated by Eq. (5.45) uses the sample estimates to infer whether the differ-
ence d is large enough to reject the null hypothesis that the true difference in
means is equal to 0. To test the null hypothesis, the resultant value of # must be
compared to statistical tables of the ¢ distribution. These tables may be found in
any standard statistics textbook. Depending on the type of assertion to be made
about the difference between means, one may use either a one-tail or two-tail (also
called one-sided or two-sided) test of significance.

The two-tail test should be used to test the hypothesis that the difference
between means, d, is 0, against the alternative hypothesis that the difference in
means is positive or negative. The one-sided test of significance should be used to
test the null hypothesis of no difference in means against the alternative hypothe-
sis that, after the treatment, the mean water use in the treatment group is lower
than the mean water use in the control group.

In order to produce reliable estimates, the comparison-of-means method must
satisfy two requirements: (1) the two random variables representing water use in
the treatment and control groups must be drawn from the same population distri-
bution, and (2) the distribution is normal. The first assumption is often violated. In
the classic experimental design on which the comparison-of-means method is
based, the experimenter has careful control over all factors that might affect the
variable under consideration. Therefore, by carefully designing the samples to be
used in the experiment, any difference between the treatment and control groups
can be attributed solely to the “treatment.” However, the water planner is not likely
to have complete control over the confounding factors that affect household water
use. Although statistical theory suggests that randomly assigning households into
treatment and control groups will result in groups that are less likely to be sys-
tematically different in terms of water use, this does not ensure that the two groups
are identical with respect to household income, average number of persons per
household, yard size, and many other factors. Therefore, unless a great deal of
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matching or sampling work is done, water use cannot be considered a random
variable. It is related, if not caused, by the uncontrolled-for factors that differ
between the treatment and control groups. In other words, one runs the risk of
incorrectly attributing observed changes in water use to the treatment (e.g., a retro-
fit), when in fact they are caused by the different average values of external fac-
tors in each group. With respect to the second assumption, it must be stressed that
empirical distributions of water use have most often been found not to follow a
normal distribution. Typically, distributions of water use show a long right-hand
tail, and thus do not conform to the symmetric bell-shaped appearance associated
with the normal distribution. The violation of this assumption is not a fatal flaw,
however, if a normalizing transformation of the data is used. For example, taking
the log of water use should at least pull in the right-hand tail and minimize the
leverage of “‘contaminated” or outlying data points or they can be screened out by
rejecting values greater than x + 3s.

When adhering to a strict experimental design, the comparison-of-means
method is more likely to produce meaningful and reliable results in situations
where (1) the expected conservation effect is large when compared to mean water
use, (2) the variance in water use is small compared to the conservation effect, (3)
the mean and variance in water use are very similar (in terms of size) for both
groups prior to treatment, and (4) the sample sizes in the treatment and control
groups are large. The comparison-of-means method can produce reliable and
informative results if used in conjunction with experimental designs and large
sample sizes.

Multivariate regression models represent the most sophisticated method of
comparing water-use data over time or between groups of customers while con-
trolling for the effects of a large number of external factors. One can choose from
a variety of regression methods depending on the types of available data and the
acceptable level of estimation complexity. The statistical models described in
Section 5.7.2 can be used for this purpose.

5.8.2 Time Series Analysis of Conservation Effects

A time series of the volumes of water sold in consecutive billing periods can be
used to measure conservation effects of full-scale programs while controlling for
external influences other than the conservation program. The reliability of the esti-
mates will depend on (1) the ability to disaggregate sales data into classes of sim-
ilar users (e.g., single-family residential, small commercial), (2) the ability to
separate (or account for) the seasonal effects and weather effects in the time series
data, and (3) the ability of the estimation technique to deal with nonconstant error
variance and correlation of model errors through time. The effects of a conserva-
tion program under investigation can be measured by including an indicator vari-
able which separates the time series data into pre- and postprogram periods.
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However, it is also important to capture the effects of other passive and active con-
servation measures which are adopted by water customers independently of the
program under evaluation.

If customer-level monthly (or billing period) data on water use for a period of
2 to 4 years can be supplemented with information on customer characteristics,
and such external factors as price of water and weather conditions, then a pooled
time series cross-sectional data set can be constructed and used to estimate the
parameters of a multiple-regression model. The important explanatory variables
will depend on the customer class. In the residential sectors they usually include
information on family characteristics, household features and appliances, fre-
quency of appliance use, outdoor features, and frequency of outdoor uses. This
measurement technique can produce very accurate estimates of actual water sav-
ings for some programs, especially those targeting the residential sector.

The major drawback of the multivariate regression models is that they are rel-
atively expensive and time-consuming. They require large amounts of data and a
lot of expertise from the analyst. They also need large sample sizes and are less
appropriate for nonresidential water users.

5.8.3 End-Use Accounting System

The accumulating experience in the evaluation of conservation programs indicates
that it is very difficult to obtain measurements of water savings with a high level
of precision using a single best method. The most precise estimates can be
achieved by taking advantage of the strong features of the statistical methods with
engineering methods. The known strengths, weaknesses, and biases of each
approach can be used to narrow down the confidence bands surrounding the actual
water savings.

Engineering (or mechanical) estimates are obtained using laboratory measure-
ments or published data on water savings per device or conservation practice.
These data can be combined with assumptions regarding the magnitude of factors
expected to impact on the results of the conservation program in order to generate
estimates of program savings. However, the resultant estimates can be very sensi-
tive to the underlying assumptions and relationships. For example, the savings
resulting from the installation of an ultralow-flush toilet replacing a standard
toilet will depend on assumptions regarding flushing volumes and frequency
of flushing. The resultant savings can range from 19.5 gal per person per day
(3.9 gal X 5 flushes per person per day) to 7.6 gal per person per day (1.9 gal X 4
flushes per person per day). The high estimate is almost 3 times greater than the
low estimate. The validity of the assumptions used in the above example can eas-
ily come under attack, since they rely on subjective conclusions and a great deal
on the professional judgment of the engineer or analyst.

Despite their obvious shortcomings, engineering estimates may be considered
appropriate for providing preliminary estimates of potential savings when field
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measurements are not available. They can also be used to verify statistical esti-
mates by setting limits on a possible range of savings. However, they become most
useful in leveraged techniques where they can be used to augment and strengthen
statistical models.

The most promising method of leveraging information involves the use of
information from one approach within the procedures of another. For example,
engineering estimates or special metering measurements can be used as indepen-
dent variables in statistical models. Statistical models of urban water demands do
not accommodate the needs of planning and evaluation of demand management
programs because of an inability to disaggregate water demands down to the end-
use level. Because many demand-side programs target specific end uses, the
absence of end-use water demand models severely impairs the development of
effective demand management policies. Without adequate end-use models, the
effects of various demand management programs cannot be measured precisely.
In order to enhance the ability of water planners to formulate, implement, and
evaluate various demand management alternatives, it is necessary to disaggregate
the usually observed sectoral demands during a defined season of use into the
applicable end uses. Only such a high level of disaggregation will permit water
planners to make all necessary determinations in estimating water savings of var-
ious programs.

The first step is to disaggregate the observed water demands into their specific
components or end uses. Figure 5.4 illustrates how water demand of a homoge-
neous sector of water users can be disaggregated into its seasonal and end-use
components. A rational representation of each end use is made using a structural
end-use equation of the following form:

q = [(M,S, + M,S, + M,S)U + KFA (5.46)

where g = average quantity of water in a given end use
M,, M,, M, = efficiency classes of end use (design parameters)
S, 8,, 83 = fractions of end uses within efficiency class
U = usage rate (or intensity of use)
K = average flow rate of leaks
F = fraction of end uses with leaks (incidence of leaks)
A = presence of end use in a given sector of users

A graphical representation of this structural end-use relationship is given in Fig. 5.5.
An application of Eq. (5.46) to the toilet end use in the residential sector would
require the knowledge of all end-use parameters. An example of the uses of this
equation for analyzing the toilet end use is presented in Table 5.11. Other end uses
and effects of improvements in their efficiency can be estimated using similar
parameters and data.

The structural end-use relationship [Eq. (5.46)] is dictated by the need to distin-
guish between changes in water demand caused by active and passive demand
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FIGURE 54 Disaggregation of annual water demands.
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FIGURE 5.5 Structural end-use relationships.

management programs from the changes caused by other factors. The structure of
end uses which exists in the service area at any point in time will not remain con-
stant over the planning horizon. It will change in response to changes in the deter-
minants of water use such as income, household size, and housing density. The
effects of various interventions of demand management programs must be counted
relative to the baseline forecasts of water demands, which capture the effects of the
relevant external factors. The parameters of each end use are affected by the exter-
nal factors. For example, changes in price will cause a decrease in the incidence of
leaks in the short run and will affect the distribution of end uses among the classes
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TABLE 5.11 Example of Estimating Water Savings with End Use Accounting
System (Toilet End Use)

End-use parameter Before change  After change  Net effect (savings)
Inefficient class rate 5.50 5.50
Inefficient class fraction 0.35 0.25 —0.10
Standard class rate 3.50 3.50
Standard class fraction 0.55 0.50 —0.05
Efficient class rate 1.60 1.60
Efficient class fraction 0.10 0.25 +0.15
Intensity of use, fpd 14.00 14.00
Presence of end use 1.00 1.00
Leakage rate, gpd 20.00 20.00
Incidence of leaks 0.15 0.15
Average quantity, gpd 59.10 52.35 —6.75

of efficiency in the long run. The other two parameters in the end-use equation (i.e.,
intensity and presence) also will be affected by changes in price.

For example, changes in price will cause a decrease in the incidence of leaks in the
short run and will affect the distribution of end uses among the classes of efficiency
in the long run. The other two parameters of the end-use equation (i.e., intensity and
presence) also will be affected by changes in price. The ideal forecasting model
would be capable of predicting the parameters of the structural end-use equations as
a function of such influencing variables as price, income, household size, housing
density, and weather. For example, in the case of lawn irrigation end use, the para-
meters of Eq. (5.46) should be modeled as functions of the explanatory variables.

The structure of the end-use equation allows the planner to estimate the net
effects of long-term conservation programs by tracking the values of end-use para-
meters over time. It also accommodates the handling of such issues as interaction
and overlapping of multiple programs, customer-initiated conservation effects,
and the relationships between long-term and short-term (e.g., drought emergency)
programs. Each of these effects creates problems in measuring the effectiveness of
efficiency improvement programs.

5.9 SUMMARY

Urban water supply systems are designed to deliver water “on demand” as the sys-
tem operators have no direct control over the quantity of water taken out by the
customers. Accordingly, water demands are usually taken as given quantities that
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have to be matched with supplies. However, statistical studies of historical rates of
water use have shown that water use fluctuates in response to various influencing
factors. As a result, the per capita use rates in urban areas can fluctuate from year
to year in response to changing weather conditions and other conditions. The
usage rate also exhibits strong long-term trends caused by changes in the mix of
housing types, commercial activities, new growth, prices of water, and other fac-
tors. Because these influencing forces are likely to operate in the future, future
demand cannot be assumed to be a simple product of the projected population and
the historical rate of per capita water use. The adoption of water conservation mea-
sures, price of water, housing density, urban growth policies, and types of land-
scaping are important determinants of water use and can be viewed as instruments
for managing water demands.

Analytical techniques described in this chapter can help water planners to
isolate and quantify the effects of many explanatory factors, and the impacts on
water demand of anticipated changes in these factors. An even greater challenge
will be the development of models that are able to estimate the long-term effects
of water-demand management programs and policies with a high degree of con-
fidence.
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Source: URBAN WATER SUPPLY HANDBOOK

CHAPTER 6

WATER PRICING AND
DROUGHT MANAGEMENT

Messele Z. Ejeta
California Department of Water Resources
Sacramento, California

Larry W. Mays
Department of Civil and Environmental Engineering
Arizona State University
Tempe, Arizona

6.1 INTRODUCTION

Droughts continue to rate as one of the most severe weather-induced problems
around the world. Global attention to natural hazard reduction includes drought as
one of the major hazards. Changnon (1993) gave seven lessons or truths that have
emanated out of studying the major droughts from 1932 to 1992 in the United
States. These lessons are summarized below:

1. A major drought is a pervasive condition affecting most portions of the physi-
cal environment as well as the socioeconomic structure.

2. Droughts are a major but unpredictable part of the climate of all parts of the
United States. Moreover, they occur infrequently, and this results in a decay in
the attention to drought preparedness and mitigation.

3. Responses and adjustments to drought problems can be sorted into two classes:
(a) short-term fixes and (b) long-term improvements.

4. Although many long-term adjustments have been made as a result of the major
droughts of the last 60 years, many factors make today’s society generally more
vulnerable to drought than ever before.

6.1
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5. Agriculture, in general, cannot escape from experiencing major drought losses
in the future, even with healthier crop strains and increased irrigation.

6. Opportunities for improvement in water management exist and could make the
nation’s water resources more impervious to drought. However, many water-
related problems are localized and at the substate scale and often do not get
needed attention.

7. Drought is ubiquitous: everything and everybody is affected, and yet no one
(everyone) is in charge.

The shortage of water supply during drought periods is such a significant fac-
tor for the general welfare that its effect cannot be easily undermined. Domestic
water supply shortages during these periods in particular have been crucial in
some cases, and as a result, various measures targeting different means of reduc-
ing water demand during such periods were initiated by different water supply
agents. These measures, which may be considered semiempirical to empirical,
included water metering, leak detection and repair, rate structures, regulations on
use, educational programs, drought contingency planning, water recycling and
reuse, and pressure reduction. Such efforts are collectively termed water conser-
vation, although there has not been a uniform definition among authors.

On the other hand, different researchers and scientists have tried to develop
more scientific methods for water conservation during drought periods. These
methods have been aimed at water conservation through price increases of the
water supply to the customers. The results elucidated the fact that water is more of
a commodity than it is a public resource. However, the several models developed
so far which relate reduction in demand for water due to the increase in its price,
through price elasticity, used different variables that range from the income of the
customers to hydrologic conditions. The relations developed used regression
analysis, and as a result the differences and the variations of the variables consid-
ered are significant enough that the estimated demand is subject to uncertainty.
Thus the demand may be better expressed by an estimated value and a probability
distribution.

The basics of the price-elasticity approach presumes that the demand can be
adjusted to the available supply. This may happen on an average basis; however, the
demand has a random distribution about the available supply. By similar reasoning,
the available supply corresponding to a given return period of weather conditions
may have a random distribution about the expected value. All the aforementioned
uncertainties call for risk evaluation to determine the probability that the demand
exceeds the available supply, for water supply project planning. Conversely, the
price of water supply for a given tolerable risk level can be determined.

This chapter first discusses various efforts reported in the literature for water
conservation and then culminates with the new idea of a risk-based approach. The
different water-conservation practices are briefly discussed, giving coverage of the
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price-elasticity formulation. The basic reasons that make it necessary for a risk-
based approach are described. Some risk-level indices, which have been used for
the evaluation and prediction of a drought period, are given and their limitations are
explained. A method for evaluation of the damage associated with certain levels of
drought severity is developed. This new approach relates the risk, the price, and the
return period. It is found through this relationship that risk is sensitive to the return
period and to the price changes.

6.2 BACKGROUND OF WATER CONSERVATION

6.2.1 Drought Management Options

Experiences from past droughts have shown that the action of water managers can
greatly influence the magnitude of the monetary and nonmonetary losses from
drought. There have been a variety of drought management options that have been
undertaken in response to anticipated shortages of water, which can be categorized
as (1) demand reduction measures, (2) improvements in efficiency in water sup-
ply and distribution system, and (3) emergency water supplies (Dziegielewski,
1986). A topology of drought management options is given in Table 6.1.

Not only is water conservation necessary during drought periods, but the eco-
nomic merits are also important to consider. In the United States, federal mandates
urge that opportunities for water conservation be included as a part of the eco-
nomic evaluation of proposed water supply projects (Griffin and Stoll, 1983).
Water conservation during drought periods, however, requires important attention
because our demand of water may exceed the available resources in the demand
environment. Conservation may be achieved through different activities.
According to the U.S. Water Resources Council (1979a), these activities include,
but are not limited to,

1. Reducing the level and/or altering the time pattern of demand by metering, leak
detection and repair, rate structure changes, regulations on use (e.g., plumbing
codes), education programs, drought contingency planning

2. Modifying management of existing water development and supplies by recy-
cling, reuse, and pressure reduction

3. Increasing upstream watershed management and conjunctive use of ground and
surface water (Griffin and Stoll, 1983)

The effort to conserve water started out with metering rather than providing a
flat rate. Both domestic and sprinkling demands reduced significantly as a result
of the introduction of water meters (Hanke, 1970). Grunewald et al. (1976) stated:
“Traditionally, water utility managers have adjusted water quantity [rather] than
prices as changes in demand occurred.”
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TABLE 6.1 A Topology of Drought Management Options

I. Demand Reduction Measures
1. Public education campaign coupled with appeals for voluntary conservation
2. Free distribution and/or installation of particular water-saving devices:
2.1 Low-flow showerheads
2.2 Shower flow restrictors
2.3 Toilet dams
2.4 Displacement devices
2.5 Pressure-reducing valves

3. Restrictions on nonessential uses:
3.1 Filling of swimming pools
3.2 Car washing
3.3 Lawn sprinkling
3.4 Pavement hosing
3.5 Water-cooled air conditioning without recirculation
3.6 Street flushing
3.7 Public fountains
3.8 Park irrigation
3.9 Irrigation of golf courses

4. Prohibition of selected commercial and institutional uses:
4.1 Car washes
4.2 School showers

5. Drought emergency pricing:
5.1 Drought surcharge on total water bills
5.2 Summer use charge
5.3 Excess use charge
5.4 Drought rate (special design)

6. Rationing programs:
6.1 Per capita allocation of residential use
6.2 Per household allocation of residential use
6.3 Prior use allocation of residential use
6.4 Percent reduction of commercial and institutional use
6.5 Percent reduction of industrial use
6.6 Complete closedown of industries and commercial establishments with heavy
uses of water

II. System improvements

1. Raw water sources

2. Water treatment plant

3. Distribution system:
3.1 Reduction of system pressure to minimum possible levels
3.2 Implementation of a leak detection and repair program
3.3 Discontinuing hydrant and main flushing
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TABLE 6.1 (Continued)

III. Emergency water supplies
1. Interdistrict transfers:

1.1 Emergency interconnections
1.2 Importation of water by trucks
1.3 Importation of water by railroad cars

2. Cross-purpose diversions:
2.1 Reduction of reservoir releases for hydropower production
2.2 Reduction of reservoir releases for flood control
2.3 Diversion of water from recreation water bodies
2.4 Relaxation of minimum streamflow requirements

3. Auxiliary emergency sources:
3.1 Utilization of untapped creeks, ponds, and quarries
3.2 Utilization of dead reservoir storage
3.3 Construction of a temporary pipeline to an abundant source of water (major
river)
3.4 Reactivation of abandoned wells
3.5 Drilling of new wells
3.6 Cloud seeding

Source: Dziegielewski, 1986.

In general, some of the major measures followed for water-conservation efforts
with references are as follows:

1. Use restrictions (no car washing, or hosing down of sidewalks, alternate-day
lawn and garden watering and the like) (Moncur, 1989).

2. Increasing rate structures, also called inverted-block rates, inclining-block
rates, increasing blocks, inverted pyramid rates (Jordan, 1994).

3. A lump-sum charge and a commodity charge per unit volume imposed in addi-
tion to the normal rates (Carver and Boland, 1980).

4. Allowing the market process to operate, that is, adopting marginal cost pricing,
even for normal periods, rather than averaging price (Moncur, 1989).

5. Attempting to decrease the amount used by industries by trying to utilize exist-
ing technology to design and install production processes using less water per
unit of output (Grebenstein and Field, 1979).

6. Reducing withdrawals for production processes by recycling (Grebenstein and
Field, 1979).

7. Passing water-conservation acts, requiring builders to install ultralow-flow fix-
tures in all new projects (Jordan, 1994).
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8. Forcing the public to be bound to treated wastewater for new recreational use.
Officials in Phoenix, for instance, considered not allowing new recreational
lakes unless treated wastewater was used (Maddock and Hines, 1995).

Increasing the price of domestic water supply has been a focus of several stud-
ies. These studies were conducted to analyze the effect of urban water pricing and
how it contributes to water conservation during a drought period (Agthe and
Billings, 1980; Moncur, 1989). However variations have been observed in the
approaches followed. According to Jordan (1994), water pricing is an effective
way of conserving water, compared to the other measures mentioned above. An
increase in the price of water contributes to water conservation because of the fact
that customers have limited money. For every percent increase in the price, there
is some decrease in the demand, which is explained through price elasticity. A sig-
nificant number of studies have been undertaken in different regions to determine
price elasticity associated with pricing. Section 6.2.2 explains price elasticity.

6.2.2 Price Elasticity of Water Demand

The elasticity of demand is the responsiveness of consumers’ purchases to vary-
ing price. The most frequently used elasticity concept is price elasticity, which is
defined as the percentage change in quantity taken if price is changed 1 percent.
Young (1996) states that “the price elasticity of demand for water measures the
willingness of consumers to give up water use in the face of rising prices, or con-
versely, the tendency to use more as price falls.” Two different ways have been fol-
lowed to formulate the price elasticity of demand for water: one based upon
average price and the other based upon marginal price. Agthe and Billings (1980)
state that the elasticity determined based upon average price overestimates the
result. Therefore they recommend (as do several others) that the marginal price be
used.
Howe and Linaweaver (1967) defined the price elasticity of water as

_Ad. Ap

: 6.1
Np 4 P (6.1)

where 7, = price elasticity
d = the average quantity of water demanded
P = average price
Ad = change in demand
AP = change in price

For a continuous demand function, the following more general formula is applic-
able.

m= = (6.2)
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Table 6.2 is a summary of some of the values of price elasticity of water demand
reported in the literature.

The use of the price elasticity of water has been applied to some cities with
some important achievements having been obtained. The following schematic
may depict the general trend of this principle, as derived from the conclusion
reached by Jordan (1994):

T (Price) — d (water demand) & T (revenue) (6.3)

An increase by less than 40 percent of the price resulted in a 10 percent decrease
in the demand in Honolulu—the announced goal of the restrictions imposed in the
drought episodes of 1976 to 1978 and in 1984 (Moncur, 1987). This was achieved
using a price elasticity of only —0.265. In Tucson, Arizona, an inverted rate struc-
ture was claimed to have been credited with reducing public demand from about 200
gal per capita per day (ged) to 140-160 gcd (Maddock and Hines, 1995).

The way in which water utilities are structured is probably the most important
factor, which complicates the study of price elasticity. For instance, some cus-
tomers who own homes or who pay water bills, more or less, react to the price
change, whereas those who rent apartments or who do not pay for water bills are
almost indifferent to it. Furthermore, water necessity for residential, commercial,
and industrial purposes are not equally important. Because of this reason, differ-
ent researchers had to study demand elasticity by categorizing water distribution
systems for industrial, commercial, and residential uses. The demand patterns
under these categories are not uniform. One of the most comprehensive studies on
price elasticity of water demand done by Schneider and Whitlatch (1991) for six
user categories (residential, commercial, industrial, government, school, and total
metered) showed different results for these categories. Residential water use is fur-
ther complicated by different factors: many residents who rent housing do not pay
for water and as such are indifferent to demand regulations; the patterns for indoor
and outdoor water demand differ quite significantly and hence necessitate differ-
ent approaches of demand analysis. The climatic conditions of a given area and
the time of the year are also worth mentioning. These are probably the reasons
why apparently different elasticity values are reported for the eastern and the
western United States and for winter and summer uses.

From the studies enumerated so far, a general conclusion is reached: demand is
elastic to price increase. Almost all research has reinforced this hypothesis.
However, differences exist between the elasticity values calculated for different
geographic locations. For instance, Howe (1982) obtained values of —0.57 and
—0.43 for the eastern and the western United States, respectively. On the other
hand, no clear consistency exists in the way that elasticity is calculated: some use
average price, some use marginal price, and still some include the intramarginal
rate structure. Although some of the studies targeted alleviating water shortage
problems during drought periods, they did not approach the problem from the per-
spective of risk analysis.
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TABLE 6.2 Summary of Some of the Price Elasticity Values

Estimated Estimated
Research price income
No.  Researchers area Year elasticity elasticity Remarks
1 Howe & Eastern U.S. 1967 —0.860
Linaweaver
2 Howe & Western US. 1967 —0.52
Linaweaver
Wong Chicago 1972 —0.02 0.20
4 Wong Chicago 1972 —0.28 0.26
suburb
5 Young Tucson 1973 —0.60 to —0.65 Exponential
and linear
models used
6 Gibbs Metropolitan 1978 —0.51 0.51 Elasticity
Miami measured with
the mean
marginal price
7 Gibbs Metropolitan 1978 —0.62 0.82 Elasticity
Miami measured with
the average
price
8 Agthe & Tucson 1980 —0.27t0 —0.71 Long-run model
Billings
9 Agthe & Tucson 1980 —0.18 to —0.36 Short-run model
Billings
10 Howe 1982 —0.06
11 Howe Eastern U.S. 1982 —0.57
12 Howe Western U.S. 1982 —0.43
13 Hanke & Malmo, 1982 —0.15
de Maré Sweden
14 Jones & Metropolitan 1984 —0.14t0 —044 040to  Linear and
Morris Denver 0.55 log-log models
used
15 Moncur Honolulu 1989 —0.27 Short-run model
16 Moncur Honolulu 1989 —0.35 Long-run model
17 Jordan Spalding 1994 —0.33 A price
County, elasticity of
Georgia —0.07 was also
reported for no
rate structure,
but increased
price level
6.8
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6.2.3 Demand Models

It is important to have demand related to the drought severity. Several studies have
expressed demand as a function of different variables. Mays and Tung (1992) gave
a general form of demand models as

d=f(x;,xy, ... x) + € (6.4)

where fis the function of explanatory variables x|, x,, ..., x, and £is a random error
(random variable) describing the joint effect on ¢ of all the factors not explicitly
considered by the explanatory variables.

Several explicit linear, semilogarithmic, and logarithmic models have been
developed through different researches. Billings and Agthe (1980), for example,
gave the following water demand function for Tucson, Arizona (notations modi-
fied to fit the notations adopted for this study).

Ind=—736—-0267InP + 1.61In7/— 0.123InDIF + 0.0897In W (6.5)

where d = monthly water consumption of average household, 100 ft?
P = marginal price facing average household, cents per 100 ft3
DIF = difference between actual water and sewer use bill minus what would
have been paid if all water was sold at marginal rate, $
I = personal income per household, $/month
W = evapotranspiration minus rainfall, in

Equation (6.5) implicitly relates demand to the hydrologic index, W. The posi-
tive coefficient of W shows that demand increases exponentially with W, which
indirectly indicates increases of demand with the dryness of weather conditions.
The general trend of the average demand with the return period, therefore, may be
shown as given by the demand curve in Fig. 6.1. Demand increases with the return
period of the drought severity because the more severe the drought, the more the
customers are prompted to use more water. Different demand curves are illustrated
in Fig. 6.2 for different price levels. As shown in this figure, the higher the price,
the lower the demand for a given hydrologic conditions.

Equation (6.5) may be rearranged as

d = 0.00006362P 0267 1-61(DI) ~ 0123y} 0.0897 (6.6)
or in more general terms,
d = o PYIF (DIF)Y W¢ (6.7)

where a’, b’, ¢, d’, and ¢’ are constants. The price elasticity of demand for Eq. (6.6)
is —0.267. Therefore, changing the price while keeping the other variables con-
stant results in different average demand values, d by Again, varying W while keep-
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FIGURE 6.1 Water supply availability and average demand as related to the return
period, 7.

ing the other variables constant gives a general relation of the average demand
associated with the return period 7.

As given in Eq. (6.7), it can be seen that the demand d is related to the hydro-
logic index W, which is also related to the return period. The available supply
(flow) g is also related to the return period (Hudson and Hazen, 1964). Thus the
general relationships between demand and return period and supply and return
period which are shown in Fig. 6.1 are based on these trends.

6.2.4 The Need for a Risk-Based Approach

A few past studies analyzed risk only by defining it as the monetary (financial)
loss. They did not consider the risk as the probability of the supply not meeting the
demand. To make these two connotations of risks distinctive, the terms financial
risk and probabilistic risk are introduced and used differently. Many of the previ-
ous studies on risk did not explicitly define financial and probabilistic risks.

Financial risk can be simply stated as the monetary loss associated with a cer-
tain damage. Probabilistic risk, which is explicitly used in this paper, may be for-
mulated as the probability p( ) that the demand d,. at price P, for level i exceeds
the available supply g;, expressed as l
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FIGURE 6.2 Water supply and average demands for different price values as related to 7.

Risk = p(d,, > ) (6.8)

Municipal water supply shortage problems have been manifesting themselves
in different regions at different times for a long time. A study by Dixon et al.
(1996) for California showed that projections of future water supply and demand
(including environmental uses) indicate that the gap between supply and demand
will widen to 4.1 million acre-ft in average water years and 7.4 million acre-ft in
drought-water years by 2020. In 1977 in Fairfax County, Virginia, the drought was
so severe that drastic measures such as the closing of schools and businesses were
actively being considered (Sheer, 1980).

Two major groups of actions are undertaken by water agencies in order to avert
some serious consequences of impending water shortages caused by droughts: (1)
measures that reduce demands and (2) measures that enhance existing supplies.
Developing practical methods for determining the necessary prices and devising
structures of water rates that would achieve the desired reductions in water use are
the most critical needs for establishing effective drought pricing policies
(Dziegielewski et al., 1991).
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There are different uncertainties involved with either one of these measures. In
trying to reduce demands by increasing the price, uncertainty is involved in that
the demand volume may not be equal to the limited available supply. This is sim-
ply because the demand depends on so many factors that cannot be totally con-
trolled, irrespective of the price increase. On the other hand, enhancing the
existing supply may cost more than the risk of not undertaking this task at all. By
way of risk analysis, it is possible to optimize between the economic loss and the
cost of enhancing the existing supply—such as emergency supply construction.
Many scientists in different professions agree that the level of risk as a decision
support system is a good indicator for sound decisions. Decisions in which the
effects are portrayed relatively in the long run may finally result in adverse effects.
Such effects are incurred at the expense of nonconservative risk-level designs.

Suter (1993) gave the following reasons for using the risk assessment approach
for decision making:

1. Cost of estimating all environmental effects of human activities is impossibly
high.

2. Regulatory decisions must be made on the basis of incomplete scientific infor-
mation.

He concluded that a risk-based approach balances the degree of risk to be per-
mitted against the cost of risk reduction and against competing risks. Lansey et al.
(1989) also suggested that reliability analysis (a complement of risk analysis) be
viewed as an alternative to making a decision without an analytical structure.

It has not been a common practice by responsible bodies to systematically
incorporate in the decision process the risk of water supply shortages during sus-
tained drought periods. Bruins (1993) indicated that “...governments often
respond to drought through crisis management rather than pre-planned programs
(i.e., risk management).” Wilhite (1993) also criticized that until recently, nations
had devoted little effort toward drought planning, preferring instead the crisis
management approach.

A consensus among water managers and researchers regarding water supply
during drought is that the key to adequate management in urban areas lies in pre-
drought preparation, especially as it relates to conservation and planning for future
water needs (Dziegielewski et al., 1991). All the above accounts prompt us to
focus on the necessity of risk-based design, especially when we deal with phe-
nomena such as drought that are very difficult to predict accurately with regard to
timing and magnitude.

6.2.5 Drought Severity as Risk Indices

Every natural phenomenon with associated detrimental effects to human beings
and their environment need our keen attention to how and when it occurs.
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Unfortunately, the degree of severity of some such phenomena including drought
is difficult to determine, as accurately as desirable, before they occur. A study by
the National Research Council (1986) indicated that there is not a firm rationale
or explanation of the drought mechanism. It added that though empirical relations
have been documented so far, why and when these relations trigger the occurrence
of significant drought is not understood.

In the absence of such rationale, it is worth studying the degree (level) of risk,
such as in the case of droughts, based on the available indices. The level of risk is
apparently reflected by the severity of the drought. Severe drought implies a rela-
tive shortage of the required water supply, which in turn can be expressed by a cer-
tain level of the risk that the demand is not met. Thus calibrating drought severity
may be used to indirectly determine the risk level.

No single definite method has been in use as a drought severity indicator.
Nonetheless there are some methods being used in different fields. According to
Wilhite (1993), the simplest drought index in widespread use is the percent of nor-
mal precipitation. This, indeed, is a good approach to infer the status of the avail-
able supply. However, it does not render an obvious forecast to enable a risk
management body to be prepared for a forthcoming drought period.

Sheer (1980) tried to calculate the risk that the reservoir of a water supply sys-
tem becomes empty by blending together the severest hydrologic and hydraulic
conditions of different time periods. Specifically, he considered a condition in
which the demands were the highest, the reservoir storage the lowest, and the date
when these conditions occurred the beginning of one of the worst drought years.
This simulation resulted in 4 out of 26 years in which the reservoir was empty, and
it is concluded that the risk is 4/26.

Although the approach is reasonable enough to indicate what would have hap-
pened had the conditions been met, the authors hardly believes that it fully reflects
the realistic situation. One simple reason is that if the actual conditions were as
bad as the ones selected, the demand could be higher and might result in more
years of an empty reservoir, since the demands under such conditions would be
much higher over the considered time span. Another reason may be that the risk
in that study is not fully analogous with the usual convention. This is to say that
the risk is based on the demand exceeding the supply, which is reached long before
the reservoir becomes empty.

As the best alternative, risk analysis may be viewed in relation to the uncer-
tainty associated with the different variables. Tung (1996) points out that the most
complete and ideal description of uncertainty is the probability density function of
the quantity subject to uncertainty. It is, therefore, very feasible to consider the
probability density function of the demands about a fixed available supply during
drought and thus derive the risk as the cumulative probability function of the sup-
ply being exceeded.

To be able to calculate the risk, the level of the drought severity must be deter-
mined (forecast). There are several drought severity indices, which have been used

Downloaded from Digital Engineering Library @ McGraw-Hill (www.digitalengineeringlibrary.com)
Copyright © 2004 The McGraw-Hill Companies. All rights reserved.
Any use is subject to the Terms of Use as given at the website.



WATER PRICING AND DROUGHT MANAGEMENT

6.14 DEMAND AND MANAGEMENT MODELS

so far. Some of them are used to assess the severity of a drought event that has
already happened, while a few others are used for forecasting. The Palmer
Drought Severity Index (PDSI) and the Sheer Steila Drought Index (DI) are exam-
ples of the former category, while the Surface Water Supply Index (SWSI) and the
Southern Oscillation Index (SOI) are examples of indices used for drought fore-
casting.

Palmer (1965) expressed the severity of a drought event by developing the fol-
lowing equation (Steila, 1972; Puckett, 1981):

PDSI, = 0.897 PDSI, _, + % Z, (6.9)

where Z is an adjustment to soil moisture for carryover from one month to the next,
expressed as

Z, = kPPT, — (&PE, + BG, + YR, — L) (6.10)

1

where PPT, = precipitation

= potential evapotranspiration

G, = soil moisture recharge

surface runoff (excess precipitation)
L; = soil moisture loss for month i.

g
es]
|

=
Il

Subscript j represents one of the calendar months and i is a particular month in
a series of months. The coefficients @, B, Y and 81 are the ratios for long-term
averages of actual to potential magnitudes for E, G, R, and L based on a standard
30-year climatic period.

The SWSI gives a forecast of a drought event. It is a weighted index that gen-
erally expresses the potential availability of the forthcoming season’s water sup-
ply (U.S. Soil Conservation Service, 1988). It is formulated as a rescaled,
weighted equation of nonexcedence probabilities of four hydrologic components:
snowpack, precipitation, streamflow, and reservoir storage (Garen, 1993).

SWSI = 0P snow + Bpprec + YPstrm + WOPresy — 50
12

(6.11)

where «, 3, v, and w are weights for each hydrologic component and add up to
unity; p; is the probability of nonexcedence (in percent) for component i; and the
subscripts snow, prec, strm, and resv stand for the snowpack, precipitation,
streamflow, and reservoir storage hydrologic components, respectively. This index
has a numerical value for a given basin, which varies between —4.17 to +4.17.
The following are the ranges for the index for practical purposes: +2 and above,
—2to +2, =3 to —2, —4 to —3 and —4 and below. These ranges are associated
with the qualitative expressions of abundant water supply, near normal, moderate
drought, severe drought, and extreme drought conditions, respectively.
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The SWSI has been in use to forecast monthly surface water supply forecasts
of different basins (see, for example, U.S. Soil Conservation Service Monthly
Report, 1988). In fact, it gives a forecast of both wet and dry (drought) months. On
the other hand, Wilhite (1993) reports that several scientists agree that it has been
possible to forecast drought for up to 6 months in Australia by using the SOI,
which is based on forecast meteorological conditions.

6.3 RISK-PRICE RELATIONSHIP

Risk can be defined as the probability that the loading exceeds the resistance
(Chow et al., 1988; Mays and Tung, 1992). Analogously, the risk in water distrib-
ution systems is defined as the probability that the demand exceeds the available
supply where the demand is considered as the loading and the supply as the resis-
tance. For future planning purposes, it is not certain when a drought event of a cer-
tain severity level will occur.

In planning for urban water supply projects, therefore, it is important to deter-
mine the probability distribution parameters of the demand and the supply. Both
demand and supply are related to hydrologic indices. Also, operation and man-
agement of an existing water distribution system can be handled better through a
risk analysis approach when the forthcoming period’s (say month’s) conditions of
weather or water supply availability can be predicted ahead of time.

One of the common ways to represent uncertain events such as demand and
supply under drought conditions is using an appropriate probability distribution of
these variables. On the other hand, both variables are related to the return period
T of the drought. The available supply data of many years can be arranged in
descending order of magnitude for drought indication. These arranged flow data
can be plotted versus the return period 7, which is a measure of hydrologic condi-
tions, as shown in Fig. 6.1. Two basic ways can be considered for selecting the rep-
resentative flow data in relation to the return period. The first one is selecting one
extreme value for each unit of time, e.g., the lowest monthly flows in a period of
years. The second is selecting the lowest monthly flows in a period of years
(Hudson and Hazen, 1964). Both of these procedures give a general relationship
between available supply (flow) and its corresponding return period, as given in
Fig. 6.1.

6.3.1 Developing Risk-Price Relationships

Demand depends on many uncertain factors and consequently is uncertain for a
given return period drought event. The uncertainty can be represented through a
probability distribution function as illustrated in Fig. 6.3, which indicates the risk
at two different return periods.
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FIGURE 6.3 Probability distribution of demand at different return periods.

For decision purposes, the design may be fixed at the condition where the
demand equals the available supply for a given price level. Beyond this point the
demand exceeds the supply and there will be some associated risk. As shown in
Fig. 6.2, the intersection points and the region beyond represent different values
of water price and the associated risk. The illustrations in Figs. 6.1 and 6.2 show
that for return periods larger than the critical return period 7* at the intersection
point of supply and demand, the demand at the given price is greater than the sup-
ply. As the price decreases, the shortage volume increases thereby increasing the
risk. Thus a graph of risk versus price may be plotted as shown in Fig. 6.4.

The regions beyond each of the intersection points in Fig. 6.2 have some cor-
responding risk levels, that is, the probability p( ) that the available supply falls
below the demand corresponding to the price adopted at level i, i = 1, 2, 3, ..., n.
Such a relation can help water supply planners to determine a municipal water
supply price based on a predetermined tolerable risk or to assess the risk associ-
ated with a certain price level. Although not yet demonstrated by data analysis, the
price-risk relationship indicates that price is infinite at no risk and risk is close to
1.00 at zero price (Fig. 6.4).

Risk Evaluation Procedures. The general procedures for evaluating the risk of
a system’s loading exceeding a system’s capacity are considered under two dif-
ferent scenarios. For water supply systems, the demand may be considered as the
loading and the supply as the capacity. The two scenarios are (1) when the load-
ing is uncertain and the capacity is certain, and (2) when both the loading and the
capacity are uncertain. Risk evaluation in the first case involves consideration of
the probability density function of one variable (the demand) which is computa-
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FIGURE 6.4 Risk-price relationships for different return periods.

tionally simpler. Risk evaluation in the second case involves composite risk eval-
uation.

Suppose that the probability density function of loading L is f{(L). The proba-
bility p that the loading will exceed a fixed and known capacity C* is given as
(Chow et al., 1988; Mays and Tung, 1992)

p(L>C*) = f : f(L) dL (6.12)

This relationship holds true when the capacity C is a deterministic quantity, which
corresponds to the first scenario. Analogously, if the probability density function
of demand d, at price level P, is fid, ) the risk of demand d _at price level P,
exceeding the supply qr for return penod T is expressed as

Riskg, = | f(dy) dd 6.13)
47
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Using this definition for risk, the risk-price relationship may be developed for each
T. The higher the price the lower the demand is, and consequently the lower the
risk.

When the capacity is also uncertain but may be represented by a probability
density function g(C), i.e., the second scenario, the composite risk is used. The
general formula for risk in this case is (Fig. 6.5).

Risk = [ [ [ rw dL] ¢(C) dC 6.14)
— oo C

Again in a similar analogy, the corresponding composite risk where both demand
and supply are considered to be uncertain (for a given price and return period) is
expressed as (Fig. 6.6)

Risk, ) = ,(dp > )

= ||} stap da sidy) aa (6.15)
L

A similar relationship as the one shown in Fig. 6.4 can also be developed for the
composite risk from these relationships. In both cases [Egs. (6.13) and (6.15)], the
risk at a given price and return period is computed as the probability of the demand
exceeding the supply. The difference is in the certainty of the supply in the former
equation and its uncertainty in the latter one.

S(C)
S(L)

Risk = |~ £ (L)dL

Probability density functions

Cc* . .
Loading, L, Capacity, C

FIGURE 6.5 Probability distribution functions of loading and capacity.
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FIGURE 6.6 Probability distribution of both demand and supply at different return

periods.

Methodology of Risk Evaluation. Numerical evaluations of risk using the above
equations call for the approach to determine the quantitative values of different
statistical parameters of the loading and/or the capacity. The risk equations con-
sist of complex probability distribution functions, which become difficult to inte-
grate. Because of this, alternative ways of evaluating the value of risk are often
utilized. The safety margin and safety factor approaches (see Chow et al., 1988;
Mays and Tung, 1992) are generally used for the computation of the risk from the
probability distributions of the loading and/or the capacity. The safety margin
approach is illustrated below with numerical data and the safety factor approach
will be introduced in Sec. 6.4.5.

The safety margin SM is generally given as the difference between the loading
and the capacity or SM = C — L. Thus the risk in terms of the safety margin is
given as

Risk = p(C — L < 0) = p(SM < 0) (6.16)

If C and L are independent random variables, the mean value and the standard
deviation of SM are given, respectively, as

Mgy = Mo = My (6.17)

oo = 02+ 0, (6.18)
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By taking water demand and the available supply as the loading and the capacity,
respectively, the risks at different price levels for different return periods can be
easily computed. Using the safety margin approach,

Risk = pl(dp, — g;) < 0] = p(SM < 0) (6.19)
Mgy = Mg = Map (6.20)
ool =0+ crdP2 (6.21)

where w, is the mean supply and p,, is the mean demand at price level P, respec-
tively. Assuming that the safety margin is normally distributed, the risk is
expressed as

o (SM—pusm 0 —usm\ —Msm \ — (g — Ha)
Risk = p ( . < . ) =p <z < . ) =p (Z <—(0',,2 T )
Msm N A
:CI)Z<— a)=®z(m) (6.22)

where z is the standard normal variable with mean 0 and standard deviation 1.

However, before using these equations it is further required that the mean and
the standard deviation estimates of demand and/or supply must be estimated. The
expected value of demand at different price levels can be estimated using the price
elasticity formula. Its standard deviation, on the other hand, can be estimated from
the first-order analysis of uncertainty of the demand model (equation). If a depen-
dent variable Y is a function of independent variables X (X = X|, X,,..., X}) such
that Y = g(X), the first-order approximation of Y is given as

_ K 0g _
Y=g @& + Zl [gi] i X, X) (6.23)
in which X = (X, X,,..., X,), a vector containing the means of k random variables
(Mays and Tung, 1992). The variance of ¥, Var[Y] or crYz, is estimated by the fol-
lowing equation, which can be derived from the first-order analysis of uncertainty
of Eq. (6.23).

k kK k
o = Var[Y]=> alo?+2> > aa Cov[X.X] (6.24)
i=1 1<
where a; = [8g/6X;]. and o? is the variance corresponding to random variable X;.
When the X;’s are independent random variables, Cov [X, X1= 0.
The foregoing discussion in general indicated that for a given return period for
design, water supply planners can decide the price of the water supply for an
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affordable risk level or can determine the risk at a given affordable water price.

The flowchart given in Fig. 6.7 summarizes the basic steps used to develop the
risk-price-return period relationships.

Risk Evaluation Example.

Select appropriate demand
equation; e.g.

, Eq. (6.6)

v

v

Select price

—)' Select return period I
>

v

Based on the safety margin analysis given by Eqgs.
(6.19) to (6.22) and the price elasticity of demand definition [Eq. (6.1)], it is pos-

Get monthly lowest flow
data for N number of years

Determine demand for given return
period hydrologic and other conditions

v

demand; e.g.

Use first-order analysis of variance to
determine the standard etimate of
, Eq. (6.25)

Determine risk; e.g., Eq. (6.22) |————

Is the
risk tolerable

Yes

for the given
price?

Can
other return

period be
selected?

FIGURE 6.7 Flowchart for the proposed planning procedure.
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sible to determine the risk values for a given return period and different price lev-
els. For a given return period of drought, the expected demand when the price is
increased by a certain amount can be determined by Eq. (6.25). Table 6.3 lists
demand for an initial price level P; and also the available supply for different
return periods. Equation (6.1) for the price elasticity of demand is rearranged to
solve for d; as

d = di—[1+ mp(Pi = Pi— ) [ (Pi+ P )] (6.25)
' L= mp(P; = P )/ (P + P )

Equation (6.25) is used to determine the demand at a given price level and a given
return period. Price increases of up to 200 percent and a price elasticity of —0.5
are used to compute the demand reduction due to the increases in the price for each
of the return periods. The risks associated with different price levels and different
return periods are determined based on approximate estimates of the standard
error for supply as 2.0 units and for demand as 4.0 units, for which oy, equals
4.47. The results thus obtained are given in Table 6.4 and also plotted as shown in
Fig. 6.8. The plots show that the risk is not significantly sensitive to the price
change for small price increases. The plot in Fig. 6.9 shows how sensitive risk is
to the return period 7. It is inferred from these two plots that planning and/or over-
coming the shortage of water supply during drought periods requires a strong
commitment to increase the price sufficiently.

6.4 OPERATION AND MANAGEMENT PLANNING
UNDER SUSTAINED DROUGHT CONDITIONS

The price-elasticity formulation indicates that when the available supply is less
than the demand, the latter can be adjusted to the former by increasing the price.
In other words, for a drought event of severity index greater than the one at which
the demand equals the available supply (Fig. 6.10), it is possible to force the
demand curve down to the supply curve by increasing the price. However, the fact

TABLE 6.3 (Hypothetical) Data of Demand and Supply for Different Return Periods

Return period 7, years Demand at price level P,, units Available flow ¢, units
1 8.0 12.0
5 8.5 11.0
10 9.5 9.5
25 11.0 8.0
50 13.0 7.0
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FIGURE 6.8 Risk-price-return period relationships.

that it has not been easy to forecast drought conditions well ahead of time and the
uncertainty in its magnitude and length requires operation and management of
water supply systems that will attempt to smooth out the effect of the drought.
Such operation and management efforts will be based on data of a short time inter-
val. The efforts in effect are a supplement to the planning procedure already men-
tioned above. The planning basically turns out to be a one-time decision, while
operation and management especially under sustained drought conditions involve
routine decisions. The severity of the drought could be so high that emergency
water supply construction projects may be considered. An estimate of the damage
that would result from a sustained drought period is required and, most of all, may
be used to determine if an emergency water supply should be implemented.

6.4.1 Economic Aspects of Water Shortage

The shortage of water supply during drought periods results in different types of
losses in the economy including, but not limited to, agricultural, commercial, and
industrial. In agriculture, lack of water supply results in crop failures; in com-
merce, it may result in a recession of the business; and in industry, it may result in
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TABLE 6.4 Risk Values for Different Return Periods
and Price Increases of up to 200%

Return period, 7, years

Price (unit) 1 5 10 25 50
1.0 0.183 0.288 0.500 0.749 0.910
1.2 0.147 0.236 0425 0.674 0.864
1.4 0.123  0.198 0.367 0.614 0.813
1.6 0.102  0.169 0.326 0.564 0.770
1.8 0.090 0.147 0295 0.516 0.726
2.0 0.079 0.131 0.264 0480 0.674
22 0.069 0.119 0.245 0.448  0.655
24 0.064 0.109 0.224 0421 0.622
2.6 0.058 0.102 0.212 0394  0.599
2.8 0.054 0.093 0.198 0378  0.568
3.0 0.050 0.087 0.187 0.359 0.544

underproduction of commodities. The loss in each production or service sector
depends on the purpose of the sector. For instance, the economic impact of
drought on agriculture depends on the crop type (Easterling, 1993). There is no
single common way of assessing the economic impact of drought on any one of
the sectors. Evaluating and comparing what actually happens during a drought
period with what would have happened had there been no drought may be one way
of assessing the effects of drought (Dixon et al., 1996). Dixon et al. (1996) adopted
the concept of willingness-to-pay to value changes in well-being. They define
willingness-to-pay as the maximum individuals would have been willing to pay to
avoid the drought management strategies imposed by water agencies.

On the other hand, since water is supplied during a drought period at a greater
price, it can be viewed as a revenue generator. Therefore, when the demand
exceeds the available supply, the revenue collected by the water supply agency
will be less than what could have been collected had there been more supply
than that actually available. In other words, if the demand exceeds the supply,
the problem is not only limited to lack of water but there will also be economic
loss since the customers would pay for more supply if there were enough.
Depending on the risk level, it is possible to reach a decision of whether supply
augmentation is necessary or the pressure for more demand could be tolerated
with the available supply.

Some water shortage relief efforts can be undertaken so that emergency water
supplies may be made available to the users. This can be implemented by well
drilling, trucking in potable supplies, or transporting water through small-diame-
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FIGURE 6.9 Risk-price-return period relationships. The legend indicates the price in units.

ter emergency water lines. In such cases, it may be required that the emergency
supply construction costs be paid by the users (Dziegielewski et al., 1991). The
estimation of the expected financial loss can be used to determine and inform the
users of its extent and advise them of the necessity, if any, of paying for the emer-
gency supply construction costs.

If the option for emergency supply construction is justified, then the design
needs to take into consideration the possibilities of optimization. The construction
can be designed such that the financial risk and the cost of construction are at opti-
mum. Figure 6.11 illustrates this optimization process.
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FIGURE 6.10 Water demand during a sustained drought period as adjusted to the available
supply (the broken line shows the adjustment).

The economic loss (damage) can be calculated with the help of Egs. (6.29) and
(6.30) (given in Sec. 6.4.2), and the cost of emergency construction must be deter-
mined from the physical conditions at the disposal of the water supply agency.

6.4.2 Damage Assessment

The damage that would result if a certain drought event occurred is used as one of
the main decision factors. Since the time of occurrence of the drought event that
causes the damage is difficult to determine, only the expected value is assessed by
associating its magnitude with its probability of occurrence.

Chow et al. (1988) define the expected annual damage cost D, for the event
X > xras

Dy = f D) fw) dx (6.26)
*r

where f(x) dx is the probability that an event of magnitude x will occur in any given
year and D(x) is the damage cost that would result from that event. The event x in
this case can be assumed as the demand and x; can be the available supply during
a drought event of return period 7.
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FIGURE 6.11 Optimization for emergency water supply construction.

Breaking down the expected damage cost into intervals,

D= [" D fe dx (6.27)
X1

from which the finite difference approximation is obtained as

ap, = DEDILE) [
Xi—1

D(x._ ) + D(x.
_ D 1)2 (x,) Pe=x_ ) — plr=x)] (6.28)

Thus the annual damage cost for a structure designed for a return period 7'is given as
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DT _ .(21 D(x; - 1) + D(x;)

> pae=x_)-pax=x)] (629

To determine the annual expected damage in Eq. (6.29), the damage that results
from drought events of different severity levels must be quantified.

The magnitude of the drought (in monetary units) may be obtained by estimat-
ing the volume of water shortage that would result from that drought. In other
words, not having the water results in some financial loss to the water supply cus-
tomer. The resulting financial loss to the customer from a certain drought event is
thus considered as the damage from that drought event.

As was shown in Fig. 6.1, after the critical return period 7%, the divergence
between the demand and the supply increases with the return period. Expressing
the demand and the supply as a function of return period T of drought events
enables one to estimate the annual expected water supply shortage volume as

T
Sy = f L D) = q(D] dt (6.30)

The shortage volume S, is illustrated by the shaded area in Fig. 6.12. The short-
age volume for a drought event of a higher return period than the critical one
results in a higher shortage volume and consequently a higher associated dam-
age. The relationship between the shortage volume and the associated damage
generally depends on several factors including the water-use category—resi-
dential, industrial, commercial, agricultural, and so on. To use the procedure
presented herein for assessing the damage that results from a certain water short-
age volume, the damage given by Eq. (6.29) must be developed for a specific
user category.

6.4.3 Operation and Management

For operation and management of an existing municipal water supply system dur-
ing a sustained drought period, administrative decisions may be based on short-
time forecasting of the hydrologic conditions. A forecast of, say 1 month ahead of
the available supply, helps the supply managers to preadjust the expected demand
to the forecasted available supply by increasing the price. In other words, the
expected demand can be, in principle, suppressed to the forecasted available sup-
ply by increasing the price. Howe (1993) points out that since price presumably
affects the quantities users demand, price can be used to adjust demand to the
available supply. The basic factor in the decision will be the damage that would
occur if the adjustment were not undertaken. This is the reason why we need to
focus on the assessment of such damages.

It may be easily conceived from the above reasoning that it is possible to
express price increase as some function of damage. If dP is an elementary increase
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FIGURE 6.12 Demand and supply showing water shortage volume when demand
exceeds supply.

in price due to a certain level of drought, the following general relationship may
be formulated:

dP = ¢ (9 6.31)

where £is an implicit variable for the drought severity level.

The amount of decrease in the demand attained as a result of the increase in the
price may be determined from the concept of price elasticity of demand for water,
which is rewritten in finite difference form as

nld, |+ d )2
- i EZ AP 6.32
Ad="—p PR (6.32)

i

The equation for the increased price P, is obtained from Eq. (6.32) as

le-_ 1 + le-_ 1(dxi - dxi_ 1)/T)P(dxi_ 1 + dxi)

P = 6.33
i 1 - (dxl« - dxi_ 1)/7’P(dxi —1 + dxi) ( )

Also Eq. (6.31) can be written in finite difference form as
AP = Pxi — Px,- 1= (6.34)
P =P, + ¢ (6.35)
i [
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A close-up look at Eq. (6.33) indicates that the price P, at drought event level
x; is greater than the price P,, _ | at drought event level lxi _ . as expected. To
achieve this, the price must increase from P, _,toP, by the amount ¢(§), as
shown by Eq. (6.35). Thus by increasing the price, the supply deficiency of water
during sustained drought periods can be overcome or minimized. In fact, the price
can be forced to rise to the level that limits the demand of water to that amount
which is available. Doing so will theoretically enable us to adjust the portion of
the demand curve beyond the critical drought severity index (Fig. 6.11) down to
the supply curve. However, this may not be readily accepted by the customers and
thus arises the uncertainty. In essence, there will result a positively skewed distri-
bution tendency of the customers for the demand, and hence the analysis of the
associated uncertainty comes into picture.

6.4.4 The ¢(¢) Function

To fully make use of Eq. (6.33) or (6.35) for water demand abatement through
price increase, an explicit form of the drought function, ¢(¢), in which ¢ is the
drought severity index must be determined. Different approaches have been fol-
lowed to develop indices for a drought event. Presuming that the SWSI is one of
the alternatives available to forecast a drought severity level, ¢(SWSI) will be
used herein. The subscripts of d and P may be substituted by the numerical values
of SWSI. For instance, if a drought month of SWSI = —2.00 is forecast to follow
a normal month of SWSI = 0.00, the price P_, , can be determined based on Eq.
(6.33), with the price during the normal month P, known. Since the SWSI
depends 0N Py Pprecs Psums Presys the following general relation between SWSI
and the variables may be conceived.

SWSI = lll(psnow’ pprec’ Pstrm> presv) (636)

Apparently, then,

¢(§) = ¢(SWSI) = d)l(psnow’ pprec’ Pstrm> presv) (637)

Once a fully explicit model is developed for Eq. (6.37), it becomes possible to
recompute the expected demand using Eq. (6.25). As an alternative for this, the
following equation may also be derived from Eq. (6.32):

(dy —dy ) (Py+ Py )2
P,=P, + np(d,,+ d, )2 (6.38)

The second term on the right-hand side in Eq. (6.38) is equivalent to the ¢(&) func-
tion mentioned earlier. It is to be noted that Eq. (6.33) gives an explicit equation to
determine the price at drought event level x, while Eq. (6.38) gives a term equiva-
lent to the ¢p(&). The SWSI can be used to indicate if a drought may occur and to
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determine its severity level if it occurs. It is to be recalled that, as indicated by Eq.
(6.33), the demand at drought event level x; can be adjusted to the estimated avail-
able supply ¢,. by increasing the price from its value at drought event level x; _ | to
a new value at drought event level x;.

6.4.5 Uncertainty and Risk in Demand

Although it is presumed that demands can be adjusted to the available supply,
there is uncertainty. Demand is a variable and may not meet the available supply
irrespective of the increase in the price. Hobbs (1989) points out that future
demands are random because they depend upon weather, consumer tastes and
preferences, household income, water rates, and level of economic development.
These reasons naturally cause the demand to have some positively skewed proba-
bilistic distribution.

Some organizations and researchers have used different probability distribu-
tions for demand. Charles Howard and Associates (in 1984) and Norrie (in 1983)
used a gamma distribution for demand for Seattle (Hobbs, 1989). Also, it may be
possible that the statistics of the distribution of the demand about the available
supply is not uniform at different drought severity levels.

A general trend of the supply with the drought severity index and the distribu-
tion of the demand about the supply may be represented as shown in Fig. 6.13. A
general gamma probability density function given by the following equation
(Montgomery and Runger, 1994) is assumed.

Nx " le= M

Sl A r) = T x>0 A >0, and r>0 (6.39)

where
r(r)zf Yole~tdy  r>0 (6.40)
(0]

Taking the SWSI as the drought severity level indicator and the demand as the
variable x in the gamma function given in Eq. (6.40), a general relationship
between the supply ¢, the SWSI, and the density function of the demand f(d) can
be given as illustrated in Fig. 6.13. Negatives of the SWSI values normally
adopted are used in this figure to indicate the increase of severity with the index
in absolute terms.

Let d,. be the random demand at drought severity level x, and by implication
let g, be the corresponding known available supply at drought severity level x;.
Tungl(l996) defines reliability as the probability that the resistance is greater than
the loading. In a similar analogy, the reliability of a water supply system may be
defined as the probability that the available supply is greater than the expected
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FIGURE 6.13 Expected water demand as adjusted to the available supply under sustained
drought conditions and its probability distribution.

demand. Thus, the reliability of supply is the probability that Iy is greater than dxl_,
expressed as
R =p(q,>d,) (6.41)
and the risk is
Risk = 1 = plg, > d,) = p(d, > q,) (642)

where R is the reliability that the available supply is greater than the estimated
demand and p is the probability. As illustrated in Fig. 6.13, a higher demand above
the available supply implies a higher risk and a lower reliability. The risk defined
by Eq. (6.42) can also be expressed in terms of the safety factor, SF, which may be

defined as
SF = % (6.43)
where the corresponding risk formula is
Risk = p(SF < 1) (6.44)
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For different drought severity indices, different risk—safety factor relationships
can be developed. This is illustrated in Figs. 6.14 and 6.15. Once such relation-
ships are developed, it is easier for water supply managers to decide the tolerable
risk for a given drought severity index. It is to be noted here that the reliability
analysis is just complementary to the risk analysis, whereas the safety factor
approach is simply an alternative to the safety margin approach discussed in
Methodology of Risk Evaluation in Sec. 6.3.1.

6.4.6 Operation and Management Strategy

It is indicated in the foregoing sections that urban water supply operation and
management during sustained drought periods requires preparation at least by the
water supply agents. Sound preparation procedures entail good strategy to be
used. Most of all, collection of enough data affecting the water supply during a
forthcoming period of time enables the supply agents to be prepared better for
smoothing out the effect from a forecast drought event. Such efforts must be
undertaken continuously during a sustained drought period. The flowchart shown
in Fig. 6.16 will help water supply operation and management during drought
periods. As indicated in the flowchart, the important data to forecast are the forth-
coming period’s (say month’s) weather conditions or available flow and the
expected demand. A comparison between the expected demand (after some nec-
essary price increase) and the available flow clearly indicates if there will be a

A

SF

Risk
FIGURE 6.14 General illustration of risk—safety factor relationship.
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FIGURE 6.15 Risk—safety factor relationship for different SWSIs.

drought event. If the expected demand is found to be greater than the available
flow, it implies that a drought event exists and hence necessary measure(s) should
be sought.

6.4.7 Risk Evaluation Procedure under Sustained
Drought Conditions

Developing the Procedure. The flowchart given in Fig. 6.16 for evaluating the
risk under sustained drought conditions entails an explicit method of risk assess-
ment. A certain gamma distribution must be determined among a possibly infinite
number of such distributions. Specifically, the parameters of the distribution, A
and r, must be selected. The chi-square distribution, perhaps the most widely used
gamma distribution, is selected for this example. The value of A for chi-square dis-
tribution equals 1/2, whereas an r value of 1 is selected from possible values of %,
1, 1%, ...

Figure 6.17 shows the relative values of the available supply s, and the
expected demand d,. which are plotted on a chi-square distribution with A = 12
and r = 1. The shaded area shows the probability that the demand exceeds the sup-
ply, or equivalently, the probability that the safety factor SF is less than 1. The area

under the chi-square distribution that lies to the right of the dx,- limit (or the x,, 2

Downloaded from Digital Engineering Library @ McGraw-Hill (www.digitalengineeringlibrary.com)
Copyright © 2004 The McGraw-Hill Companies. All rights reserved.
Any use is subject to the Terms of Use as given at the website.



WATER PRICING AND DROUGHT MANAGEMENT

WATER PRICING AND DROUGHT MANAGEMENT 6.35

| Estimate the forthcoming month's expected supply |

v

| Estimate the forthcoming month's expected demand |

v

| Estimate the forthcoming month's SWS/ |

Does
the value of
SWS/indicate
the presence of
drought?

Yes

No problem

Choose appropriate gamma
distribution parameters; i.e.,
rand A in Egs. (6.40) and (6.41)

!

—)l Increase the price to lower the demand |

| Determine the safety factor; Eq. (6.44) |

v

| Determine the risk; Eq. (6.45) |

Is the risk
tolerable?

FIGURE 6.16 Flowchart for adjusting demand to available supply under sustained drought
conditions.

limit) is simply p/2, which in essence represents a probability value. Also the area
that lies to the left of the x; _ , , 2 limit is p/2. The letter n represents the sam-
ple size used in determining the expected average demand, and the value (n — 1)
represents the degrees of freedom for the error in estimating the expected demand.
Therefore, the risk which is represented in the figure by the shared area is one-half
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of 1 — p, i.e., Risk = 1/2(1 — p). Equivalently, the risk can be derived from Eq.
(6.43) as

k Ti 4, 1
Risk=p|-<I1|=p[—L>
sk=p (g <1)=r (=)

= p(d, — q,,> 0) (6.45)

Since it is assumed that the expected demand is distributed as chi-square and the
available supply is considered deterministic, the quantity (d,, — ¢, is also dis-
tributed as chi-square. As shown in Fig. 6.17, the x,, ,—,* value where d.=gq,1is
Xos.n—1 - Therefore, the risk can be computed as

Risk = p(d, = ¢, > Xos 0~ 1) (6.46)

Figure 6.18 gives a simplification procedure that will help determine the risk
value for a given demand level. Figure 6.18a represents the actual demand level
on the chi-square distribution. However, to use some of the readily available prob-
ability values of the chi-square distribution at varying levels of the given variable,
the distribution must start from the origin (Fig. 6.18¢). Subtracting ¢, from d, dis-
places the actual demand distribution to the left by g,, as shown in Fig. 6.18b.
Adding X, ,_ ,* to d, — g, results in the desired final distribution. Referring to
this figure and simplifying Eq. (6.46) results in

Risk = p(d,; = ¢+ Xo5,0—1°) = PXos5.n—17) (6.47)

Risk = 4 (1- p)

ll

2
Zl—’z,n-—l

2
Z%,n—l

FIGURE 6.17 Available supply and expected demand as represented on a chi-square
distribution.
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fd,)

(a) /

v

fd,-q.)

(b)

v

- /‘és,m d.—q,

f(dx -4, +Z()25J1-])

(c) /

d.—-q.+ %Z.s,n—l

FIGURE 6.18 Representation of demand by the chi-square distribution: (a) general represen-
tation, (b) displaced distribution so that the mean demand is put at the origin, and (c¢) demand dis-
tribution in (b) displaced to the right by x5,

where p(x,s.,—;>) = 0.5. Therefore,
Risk = p(d, — q,,+ Xos.n - 2 =05 (6.48)

It may be noted here that the maximum value of risk given by Eq. (6.48) is 0.5.
This is in agreement with the definition of the safety factor and the procedure
developed in this work. Referring back to Fig. 6.10 shows that under sustained
drought conditions, the primary objective is to lower the demand down to the
available supply, lowering it to a level below the available supply not being the pri-
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mary focus. However, should the latter be considered, a little modification can be
applied to Eq. (6.48) simply by dropping the constant 0.5 for x>

Risk Evaluation Example Using Data from the City of Phoenix. To show numer-
ical evaluation of risk, data was obtained from the city of Phoenix (Table 6.5). As
indicated in the table, there is no uniform water price for the city. The price arrange-
ment is divided into two categories: inside city and outside city uses. The costs for
both categories are further divided into three seasons: low months (December,
January, February, March); medium months (April, May, October, November); and
high months (June, July, August, September) (Kiefer, 1994). In view of the proce-
dure developed in this work that is sought for drought conditions, the high months’
current price of $1.53/100 ft* and an applicable environmental charge of $0.08/100
ft* are used. In addition, the service charge' of $5.16 for inside city use for a meter
size of 5/8-in is selected. It is to be noted that if a customer having a 5/8-in meter
size doesn’t use more than the 600-ft* limit during the months of October through
May or the 1000-ft* limit during the months of June through September, she or he
pays only the monthly service charge. In general, such a customer pays $5.16 plus
$1.61 for every 100 ft* above the specified limit during a given month. Table 6.5
shows the general data from which the above information was extracted.

Based on the data for water price given in Table 6.5, the data given in Table 6.6,
an assumed price elasticity of —0.267 [a value assessed for Tucson (Agthe and
Billings, 1980)] and an assumed certain dry month (say SWSI = 2), the risk-price
relationship is determined as given in Table 6.7. Although the data in Table 6.6
show that, in June 1997, the demand was below the available supply, a demand as
high as 736.9 gallons per day (gpd) was recorded in July 1989 (Kiefer, 1994). To
show the application of the foregoing procedure, an expected demand of 700 gpd
is assumed as the typical demand during a given month of the selected drought
period. The price elasticity concept [Eq. (6.25)] is used to lower the demand first,
and then the risk at each price level is computed. With the assumption of a sample
size of 20, the risk value is determined for each safety factor computed.

The risk—safety factor result obtained (Table 6.7) is drawn as shown in Fig.
6.19. It may be noted that to bring the high demand down to the available supply,
it requires several price increase steps. Thus only part of the risk—safety factor data
are plotted.

6.5 SUMMARY AND CONCLUSIONS

The damages caused due to lack of urban water supply during drought conditions
may result in adverse and undesirable effects to the general welfare. The efforts

! The monthly service charge is for 600 ft* for the months of October through May inclusive and
1000 ft for the months of June throught September inclusive.
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TABLE 6.5 City of Phoenix Water Rates (Effective March 1, 1997)

Part I. Monthly service charge

Meter size, in Inside city, $ Outside city, $
5/8 5.16 7.74
1 5.61 8.42
172 8.88 13.32
2 9.78 14.67
3 39.06 58.59
4 47.24 70.86
6 51.33 77.00
Part II. Volume charges (above the limits)
Months Inside city, $ Outside city, $
Low months 1.01 1.52
Medium months 1.19 1.79
High months 1.53 2.30
Environmental charge 0.08 0.12

TABLE 6.6 Inside City Data for the City of Phoenix for Low-Density Residential Water
Use for the Month of June 1997

Avg.
Avg. supply
conservation, Total Supply available,
Conservation, % of  No. of gpd (f/d)  production, share gpd (ft*/d)
Code million gal  total* accts (A/730)C million gal ~ [B(E)/100] (F/30C)
A B) © D) B) ® (©)]
of 2435 24 132,584 612 (82) 11,247 2672 672 (90)

*Total water use during the same month equals 10,251,693,804 gal.
+This code is for single-family residential water use.
Source: City of Phoenix Water-Wastewater and Water Services Departments.

which may be taken basically include water conservation practices and/or new
water development projects. In the case when the availability of this resource is
limited due to the drought, water conservation is a viable target. Marginal pricing
of water demand is found to be one of the best alternatives in urban water conser-
vation efforts. This is achieved due to the fact that urban water demand is elastic
to price changes. In other words, an increase in urban water price decreases its
demand.
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TABLE 6.7 Price-Risk Relations for a Typical Drought Month

Available Basic Price
monthly Monthly Demand service per Total Safety
supply, demand, subject to  charge, additional price, Difference factor
ft3 ft3 surcharge, ft3 $ 1003,$  $ d,—q, (SF) Risk

2695  2800.00 1800.00 5.16 1.61 34.14  105.00 0.963 0.500
2695  2791.13 1791.00 5.16 1.65 34.78 96.13 0.966 0.500
2695  2784.28 1784.28 5.16 1.68 35.28 89.28 0.968 0.500
2695  2777.00 1777.00 5.16 1.72 35.82 82.00 0.970 0.500
2695  2769.83 1769.83 5.16 1.76 36.37 74.83 0.973  0.500
2695  2762.65 1762.65 5.16 1.80 36.93 67.65 0.976 0.500
2695 275549 1755.49 5.16 1.83 37.50 60.49 0.978 0.500
2695  2748.34 1748.34 5.16 1.87 38.07 53.34 0.981 0.500
2695  2741.21 1741.21 5.16 1.92 38.66 46.21 0.983 0.500
2695  2734.10 1734.10 5.16 1.96 39.26 39.10 0.986 0.500
2695  2727.00 1727.00 5.16 2.00 39.87 32.00 0.988
2695  2719.92 1719.92 5.16 2.05 40.48 24.92 0.991
2695  2712.85 1712.85 5.16 2.09 41.11 17.85 0.993
2695  2705.80 1705.80 5.16 2.14 41.75 10.80 0.996
2695  2698.77 1698.77 5.16 2.18 42.40 3.71 0.999
2695  2691.75 1691.75 5.16 2.23 43.07 —3.25 1.001
2695  2684.75 1684.75 5.16 2.28 43.74 —10.25 1.004

For urban water planning purposes during a drought condition, the inclusion of
a third dimension termed as the risk, the probability that the demand exceeds the
supply, plays an important role in deciding, for a given drought condition, the tol-
erable risk for a given affordable price or vice versa. Thus the risk-price-return
period relationship developed will help as one of the decision support systems for
urban water planning under drought conditions.

The use of the risk—safety factor approach under sustained drought conditions
may be also useful. It not only has the advantage of lowering the demand during
such conditions, but it is also a more effective way of controlling water use. This
is because the water-use control framework is enforced at the water meters of the
individual customers.

Although water demand is believed to be elastic to price, it is apparently not
significant for small price increases. The fact that the risk is highly sensitive to the
return period and less sensitive to the price demands that there be a strong com-
mitment to conserve water under adverse drought conditions. The price-elasticity
study has been geographically limited, mainly to the United States. More research
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FIGURE 6.19 Risk-safety factor relationship for sample sizes of 20 and 30.

is needed in regions with a different socioeconomic status and hydrometeorolog-
ical setup, that is, in regions where the incomes of the customers are relatively low
and the weather conditions are more uncertain and/or the drought occurrences are
more frequent. It is likely that the use of the concept of price elasticity will be more
effective in such areas.
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7.1 INTRODUCTION

The facts that every living being depends on water to live and that water’s avail-
ability is limited in terms of both quantity and quality, makes water a resource over
which there is growing competition. The various competitors for water have made
it often challenging in space and time to fully satisfy their needs. The viable solu-
tion under such conditions is balancing out. This may be achieved through inte-
grated hydrosystems management.

The concept of integrated hydrosystems management and computer programs
used for integrated hydrosystems management are discussed in this chapter. The
term integrated hydrosystems management is used for various types of water sys-
tems. A review of computer programs for hydrosystems management developed
prior to the 1960s up to the present day shows enormous evolution and revolution
of computing applications to hydrosystems. These efforts, which started in the
early days of computer programming for the simplification of calculations of ana-
lytical functions, have now reached the age of what is being referred to in com-
puting technology as artificial intelligence. In essence, it has become possible to
write computer programs that not only evaluate a hydrosystems problem, but also
draw preliminary conclusions based on the results and recommend appropriate
actions based on the conclusions.

71
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Various definitions have been given in the past to integrated resource manage-
ment in general and water resources management in particular by different authors
and institutions involved in the study of water resources. In addition, various terms
such as hydrosystems management, integrated water management, integrated
regional water management, water resources management, river basin manage-
ment, watershed management, and total water management have been used to
refer to the management of water resources on a large scale. Herein, the term inte-
grated hydrosystems management is consistently used unless otherwise specified.

The definitions of integrated hydrosystems management as used by various
institutions and individuals are cited and an attempt is made to give a definition
that considers its wide range of aspects. The evolution of simulation computer pro-
grams and the structure of optimization techniques for hydrosystems problems are
revisited. Examples of a relatively new set of computer programs, generally
termed decision support systems (DSSs), are reviewed. Some of the examples of
DSSs given for integrated hydrosystems management manifest the possibility of
incorporating or at least monitoring water policy issues in the process of allocat-
ing water to all the competing users.

Computer programs and computing techniques useful for hydrosystems man-
agement have been categorized into simulation programs, optimization tech-
niques, and DSSs. The discussion of different optimization techniques ranging
from mathematical programming to heuristic search techniques including genetic
algorithms and simulated annealing shows the potential resources available for
computer programming for integrated hydrosystems management. Incorporating
established water resources operation policies in simulation and optimization
computer programs may help develop DSSs that can be used for integrated
hydrosystems management. The study of a few such computer programs mani-
fests the relative importance of these computer programs for integrated hydrosys-
tems management. Only a limited number of DSSs for this purpose have been
developed and used in the past. However, the availability of technical resources
including database management systems, simulation computer programs, opti-
mization techniques, and advanced computing technology provide the opportunity
for more exploration to develop DSS for integrated hydrosystems management.

7.2 INTEGRATED HYDROSYSTEMS
MANAGEMENT

7.2.1 Definition

Mitchell (1990) noted that integrated water management may be contemplated in
at least three ways. These include (1) the systematic consideration of the various
dimensions of water: surface and groundwater, quality and quantity; (2) the impli-
cation that while water is a system it is also a component which interacts with
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other systems; and (3) the interrelationships between water and social and eco-
nomic development. In the first thought, the concern is the acceptance that water
comprises an ecological system, which is formed by a number of interdependent
components. In the second one, the interactions between water, land, and the envi-
ronment, which involve both terrestrial and aquatic issues, are addressed. Finally,
the concern is with the relationships between water and social and economic
development, since availability or lack of water may be viewed as an opportunity
for or a barrier against economic development. Each aspect of integrated
hydrosystems management depends on and is affected by other aspects. Loucks
(1996) points out that “integrated water resources systems planning and manage-
ment focuses not only on the performance of individual components, but also on
the performance of the entire system of components.”

Water policy issues, of which limited effort was made in the past to incorporate
them into hydrosystems computer programs, are some of the major factors that
affect integrated hydrosystems management. Grigg (1998) describes water policy
as dealing with finding satisfactory ways to allocate resources to balance between
diverse and competing objectives of society and the environment. He referred to
integrated water management as blending together actions and objectives favored
by different players to achieve the best total result. Mitchell (1990) states that inte-
gration in water management deals with ““...problems that cut across elements of
the hydrological cycle, that transcend the boundaries among water, land and envi-
ronment, and that interrelate water with broader policy questions associated with
regional economic development and environmental management.” The policies
that are needed for integrated water resources management require coordination
and collaboration among governments and agencies engaged in water manage-
ment (Viessman, 1998). Grigg (1998) notes that improving coordination is the
most promising route to the conceptual and perhaps utopian vision of integrated
water management.

AACM, a consulting company in Australia, and the Center for Water Policy
Research, Australia, in 1995 defined integrated resource management, of which
water resources is a part, as the coordinated management of land and water
resources within the region, with the objectives of controlling and/or conserving
the water resource, ensuring biodiversity, minimizing land degradation, and
achieving specified and agreed-upon land and water management and social
objectives (Hooper, 1995). The American Water Works Association Research
Foundation (AWWAREF) (1996) defined the concept of total water management,
which comprehends wide aspects of integrated hydrosystems management,
through the following statements.

Total Water Management is the exercise of stewardship of water resources for the
greatest good of society and the environment. A basic principle of Total Water
Management is that the supply is renewable, but limited, and should be managed on
a sustainable use basis. Taking into consideration local and regional variations, Total
Water Management:
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¢ Encourages planning and management on a natural water systems basis through a
dynamic process that adapts to changing conditions;

e Balances competing uses of water through efficient allocation that addresses
social values, cost effectiveness, and environmental benefits and costs;

e Requires the participation of all units of government and stakeholders in decision-
making through a process of coordination and conflict resolution;

e Promotes water conservation, reuse, source protection, and supply development
to enhance water quality and quantity; and

o Fosters public health, safety, and community good will.

Table 7.1 shows an elaboration by Grigg (1998) of the definition of total water
management as related to the concept of coordination. He emphasized what is
implied by each of the important phrases used in the definition. These phrases
which are apparently the central aspects of integrated hydrosystems management
include society and environment, stakeholder, watershed and natural water sys-
tems, means of water management, time-wise, intergovernmental, water quality
and quantity, local and regional concerns, and competing uses. Integrated
hydrosystems management is as much challenging as compromising between
these different aspects in making decisions.

The foregoing definitions and discussions indicate that integrated hydrosys-
tems management is multiobjective. It is necessary both for economic efficiency
(which is measured in monetary units) and for environmental quality (which may
be measured in terms of pollutant concentration). Shortly, it balances between
societal welfare and ecosystem sustainability. To summarize, integrated hydrosys-
tems management in a watershed involves a multidisciplinary approach of devel-
oping and using water resources by making possible balances between all the
competing water uses and through coordination between all parties without caus-
ing detrimental consequences to the ecosystem and/or future requirements.

7.2.2 History

Jamieson and Fedra (1996) report that practitioners have recognized the concept
of integrated hydrosystems management since the early 1970s. The United
Nations in the Dublin Statement endorsed this perception in 1992. Thus, inte-
grated hydrosystems management on a regional scale is a newly emerging
approach. The lack of a clear definition of a water resources region has, perhaps,
contributed to the absence in the past of a regional approach to hydrosystems man-
agement.

River basin boundaries often differ from political boundaries. Groundwater
flow has obviously never been dictated by political boundaries, and neither has the
movement of atmospheric water. Furthermore, the question of the size of a region
has been a challenge and will probably remain so in the near future. Viessman
(1998) states that it is not clear that integrated regional water plans can be fit
within the geographic limits of large river basins or watersheds. Vlachos (1998)
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TABLE 7.1 Types of Coordination from Total Water Management Definition

Effective-
Type of Phrase from total water ness
coordination management definition Discussion ranking

Society and The exercise of stewardship ~ This statement provides a 1
environment of water resources for the general organizing framework

greatest good of society for balancing. It is adequately
and the environment understood, but needs more
explanation.

Stakeholder Requires the participation Process is known as 2

of all...stakeholders in stakeholder and public
decision making through involvement. Good and

a process of coordination improving. A central issue of
and conflict resolution democratic government.

Watershed and  Encourages planning and It is recognized and currently 3
natural water management on a natural popular that water management
systems water systems basis on a basin or watershed basis

is desirable.
Further progress will require
more effort.

Means of water ~ Promotes water This means to coordinate 4
management conservation, reuse, different ways to meet needs

source protection, and and sustain the environment.
supply development A central planning and
management issue.

Time-wise Through a dynamic process  This requires valid planning 5

that adapts to changing methods to preserve

conditions institutional memory and keep
processes on track and requires
much improvement.

Intergovern- Requires the participation Intergovernmental coordination 6
mental of all units of government is given as separate from

in decision making through  stakeholders because of the
a process of coordination different kinds of authorities
and conflict resolution that government has.
Water quality To enhance water quality This is handled through water 7

and quantity

Local and
regional
concerns

and quantity

Taking into consideration
local and regional
variation

quality law and regulation.
Many problems still require
solution.

This is a difficult issue 8
requiring intergovernmental
cooperation in arenas which
lack adequate incentives and
often cannot be mandated. It
is not working too well.
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TABLE 7.1 (Continued)

Effective-
Type of Phrase from total water ness

coordination management definition Discussion ranking
Competing uses  Balances competing uses This is handled through state 9

of water through efficient and federal water law

allocation that addresses regulations, court decisions,

social values, cost- and other institutions. A very

effectiveness, and difficult arena.

environmental benefits

and costs

Source: Grigg (1998).

poses a very important question: Can integrated planning and management work
in the vast expanses of the Nile, the Amazon, the Parand/La Plata, or should it be
restricted to more regional, specific sociopolitical conflicts of rather well-defined
geographic, cultural, environmental, physiographic, and economic boundaries?

Defining a water resources region now appears to be driven more by the water-
shed approach than the other factors mentioned above. A national forum convened
in January 1994 by the Conservation Fund and the National Geographic Society
clearly recognized the critical need for the watershed approach for integrated
hydrosystems management rather than political jurisdiction or boundaries.
Similarly, the Environmental Advisory Board (EAB) of the U.S. Army Corps of
Engineers (USACE) recommended in 1994 that the watershed or ecosystem
approach be used as the holistic, integrated concept on which to base (water
resources) planning (Bulkley, 1995). Furthermore, the U.S. General Accounting
Office (1994) listed the importance of the watershed approach for integrated man-
agement. Accordingly, watershed boundaries

1. Are relatively well defined

2. Can have major ecological importance

3. Are systematically related to one another hierarchically and thus include
smaller ecosystems

4. Are already used in some water management efforts

5. Are easily understood by the public

Many water resources projects in the past lacked the integrated planning aspect.
Hall (1998) states that throughout history, water management systems have been
developed in a linear fashion; i.e., they had a piecemeal development in which the
components of integrated water management were put into place as the need for
each component arose. Similarly to the management aspect, the modeling aspect
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of water resources has also followed the same piecemeal fashion. Jamieson and
Fedra (1996) state that “although the principle of integrated river basin manage-
ment models has been aspired to in many countries, more often than not the prob-
lems have been considered in a piecemeal fashion, with experts from different
disciplines using separate computer programs (water resources, surface-water pol-
lution control, groundwater contamination, etc.), to tackle parts of the overall
problem in a reactive way.” Uncoordinated hydrosystems modeling efforts often
result in incompatibilities. As a result, these systems have not been sufficient and
effective enough, thus leading to the emergence of the regional management and
modeling approach.

7.2.3 Importance

We are becoming increasingly aware, with time, of the fact that our water supplies
are limited both in quantity and quality. Because water has multiple and often
competing uses, hydrosystems are interrelated with other physical and socioeco-
nomic systems. In some locations, when water supplies become extremely lim-
ited, their further use is based on the determination of which user has the oldest
“right” to them, or on a judgment about which uses have the highest priority (Hall,
1998). Hall (1998) also warns that unless dealt with appropriately, the forces of
population growth; urbanization; and increased water demands for home, indus-
try, and agriculture, coupled with an increasingly global economy and culture, will
in the future produce spreading, perilous degradation of water quality everywhere,
and a continuously widening gap between water needs and the availability of use-
ful water in all too many locations. As a solution to this problem, he suggested a
different approach, which includes: (1) management across political boundaries;
(2) the collective management of atmospheric water, surface waters, and ground-
water; (3) the combined management of water quality and water quantity.

Schultz (1998) gives the criteria for water resources management projects at
present and those criteria emerging as new ones in the future. Accordingly, the fac-
tors that have to be satisfied include: (1) economic benefits; (2) technical effi-
ciency; and (3) performance reliability. The approach, which seems to become
more and more dominant, includes

1. Principle of sustainable development

2. Ecological quality

3. Consideration of macroscale systems and effects

4. Planning in view of changes in natural and socioeconomic systems

It is evident from these comparisons that hydrosystems projects are geared toward

integrated management. These new planning approaches for integrated hydrosys-
tems management necessitate new ways of modeling. Schultz (1998) adds that
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new planning tools are required to plan and design water resources systems on the
basis of the new criteria. He concludes “since no planning tools following the four
new criteria are available, we are faced with a vacuum.”

In a different argument, an integrated hydrosystems project needs to be evalu-
ated on the following important factors: technical, economic, financial, environ-
mental, and sociopolitical. Technically, it must be feasible to build; economically,
it must be reasonably affordable; financially, it must have a source; environmen-
tally, its effect must be mitigated with ease; and sociopolitically, it must be accept-
able to the public. The project can be successful if effective coordination prevails
between the parties involved and if such parties are mandated to monitor clearly
defined scope and regional coverage. In this argument also, integrated hydrosys-
tems management is perceived to be a viable approach in planning efficient and
successful water resources projects. In England and Wales, for example, regional
water authorities whose boundaries were defined by the watersheds of the coun-
try enabled the replacement of 1600 separate water service entities with 10
regional watersheds (Bulkley, 1995).

7.3 COMPUTER PROGRAMS FOR INTEGRATED
MANAGEMENT

The implementation of the ideals of integrated hydrosystems management neces-
sitates analytical tools to simplify or assist the balancing-out process. Water poli-
cies need to be transformed into forms that can be understood and interpreted
using analytical tools such as computer programs. Consequently, robust computer
programs that not only solve the problems with analytical structure or mathemat-
ical formula but also are capable of reducing and incorporating water policies into
analytical structure are required. Furthermore, they may be required to interpret
the result of the computations, give conclusions based on the result, and make
appropriate recommendations based on the conclusions reached.

As we apply computing technology to water resources modeling, the lack of
conventional terms is apparent. In general, the terms computer programs and mod-
els have been used interchangeably. Models are also used to refer to the applica-
tions developed for specific computer programs. Herein, we will refer to computer
programs as the tools developed to solve any problem in a specific general area of
problems. In contrast, we will refer to a model as a specific representation of a
physical or real system that is prepared to be solved by a given computer program.
Thus, a computer program is generic whereas a model is specific. For instance, we
refer to the U.S. Environmental Protection Agency’s EPANET as a computer pro-
gram and a representation of a particular city’s water distribution system problem
that can be solved by EPANET as a model.

Although tremendous work has been done in the past to develop computer pro-
grams for integrated hydrosystems management, only a few exist that address the
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overall framework of problems associated with integrated hydrosystems manage-
ment. A few of the reasons may be attributable, among others, to

1. the lack of clear definition and better understanding of integrated hydrosystems
management

2. the variation of water needs with space and time

3. the evolution (revolution) of computer programming

Computer modeling approaches that at least partly tried to address some of the
concepts of integrated hydrosystems management are highly based on interfacing
simple computer programs written and used for the analysis of specific hydrosys-
tems problems. At the core of some advanced computer programs used for inte-
grated hydrosystems management lie simple simulation modules, rule-based
simulation modules (also known as expert systems), and optimization modules of
hydrosystems problems. While many simulation and optimization modules have
been developed and interfaced over the years by different institutions and agen-
cies, the incorporation of rule-based simulation modules in computer programs for
integrated hydrosystems management appears to have emerged recently as a
sound approach. By incorporating rule-based simulation modules, it has become
easier to manage decisions that involve several factors and water policies.

Section 7.3.1 discusses the development of simulation computer programs that
emerged in the United States over the past few decades for the simulation of var-
ious types of hydrosystems problems. Section 7.3.2 discusses the basic mathe-
matical structure of optimization computer programs, which may be viewed as
generic tools that can be customized to specific hydrosystems problems.

7.3.1 Development of Hydrosystems Simulation
Computer Programs

Over the past few decades, water resources professionals have witnessed the
development of quite a number of hydrosystems simulation computer programs.
Wurbs (1995) points out that a tremendous amount of work has been accom-
plished during the past 3 decades in developing computer programs for use in
water resources planning and management. The majority of these programs, per-
haps most of the earliest computer programs to be developed for water resources
problems, may be viewed as simulation computer programs.

As information technology advances, hydrosystems simulation computer pro-
grams have generally gone through an evolutionary process. Figure 7.1 depicts the
evolution of hydrosystems computer programs as classified into five generations
(derived from the explanation given by Jamieson and Fedra, 1996). The first-gen-
eration codes, which tremendously simplified calculation of analytical functions
through generic computer codes, are but mediocre by today’s standards. One may
draw an analogy between the coming into being of these codes and the transition
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First generation
Simplification of calculation Largely before 1960
of analytical functions

Y

Second generation
Solution of problems consisting of 1960s
finite difference and finite element algorithms

v
Third generation
Development of less bespoke and more 1970s
generic techniques

A

Fourth generation
Development of models that incorporate user- Since 1980s
friendly interfaces

Fifth generation

Models involving artificial intelligence so as to
evaluate, draw conclusions about, and recommend
appropriate actions

More recent

FIGURE 7.1 Schematic diagram showing the evolution of hydroinformatics. (After
Jamieson and Fedra, 1996)

of computation methods from using the slide rule to scientific calculators. In both
cases, similar jobs are done, but the new method highly reduced the time required
for numerical computations. The succeeding generations of programs enhanced
the robustness of the programs and/or the ease with which the programs can be
used. The fifth generation of programs is embodied with artificial intelligence that
not only performs analytical computations but also draws some preliminary con-
clusions and recommends appropriate actions.

7.3.2 Optimization Formulations

Background and General Formulation. Various optimization techniques, in
general, and their application to various hydrosystems problems, in particular,
have shown remarkable progress over the past 3 decades. The progress of the
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application of these techniques has occurred alongside the revolution of computer
programs, and as such, similar explanations can be given to the development of
simulation computer programs and optimization techniques over the past 3 or
more decades. Figure 7.2 gives the development of the application of optimization
techniques to hydrosystems problems, which is analogous to that given for simu-
lation computer programs in Fig. 7.1.

The general formulation for optimization problems in water resources, which
are generally nonlinear programming (NLP) problems, can be expressed in terms
of state (or dependent) variables (x) and control (or independent) variables (u) as
(Mays, 1997; Mays and Tung, 1992)

Optimize f(x, u) (7.1)
subject to process simulation equations
G(x,u) =0 (7.2)

and additional constraints for operation on the dependent (u) and independent (x)
variables

wW=wX,u=w (7.3)

where w and w represent lower and upper bounds, respectively. The term optimize
in Eq. (7.1) refers to either maximization or minimization, whereas the constraint
equation [(Eq. (7.3)] dictates the feasibility of the objective with respect to each
and every constraint. In other words, the solution to the simulation equation [Eq.
(7.2)] must satisfy the constraints defined by Eq. (7.3). The process simulation
equations basically consist of the governing physical equations of mass, energy,
and momentum.

Many hydrosystems problems can be formulated as discrete-time optimal con-
trol problems. The basic mathematical definition of a discrete-time optimal con-
trol problem is stated as

Mifll Z= i f(x,u, 1) (7.4)

subject to o
X, = &(X,u,1) t=12,....T (7.5)
x,=0 u=0 (7.6)

where x, = vector of state variables at time ¢
u, = vector of control variables at time ¢
T = number of decision times

A few possible optimization formulations for different hydrosystems problems
are given below.
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First generation
First application of LP and DP simple hydrosystems 1960s
management such as reservoir management

+
Second generation
Application of state-space reduction method for DP
application to such hydrosystems problems as reservoir 1970s
management and urban drainage systems; and
some application of NLP

Third generation
Beginning of interfacing of simulation with 1980s
optimization such as NLP solvers

Fourth generation
Continued interfacing of simulation with optimization

using optimal control approach, genetic algorithms, and 1990s
simulated annealing

Fifth generation

Interfacing of optimization not only with simulation but 2000s

also in DDS

FIGURE 7.2 Schematic diagram showing the developments in the application of opti-
mization techniques to hydrosystems problems.

Water Distribution System Operation. Mays (1997) defines the optimization
problem for water distribution system operation in terms of the nodal pressure
heads, H; pipe flows, Q; tank water surface elevations, E; pump operating times,
D; and water quality parameter, C, as follows.

Minimize energy costs = f{H, Q, D) 7.7)
subject to
GH,Q,D,E,C)=0 (7.8)
w(E) =0 (7.9)
H=H<H (7.10)
D=D=D (7.11)
E<E=<FE (7.12)
c=Cc=C (7.13)
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