ANL/EES-TM-96, Vol. 2

ARGQNNE
NAT/ONAL
KABORATOQRY.

Proceedings of the U.S. Department of Energy
Energy Optimization of Water and Wastewater Management
for Municipal and Industrial Applications Conference

December 10-13, 1979

New Orleans, Louisiana

Volume 2 s

%

&" /o
4
v ,

RETURN TO REFERENCE FILE o7,
TECHMICAL PUBLISATIONS 2
DEPARTHENT

ARGONNE NATIONAL LABORATORY

Energy and Environmental Systems Division

prepared for

U. S. DEPARTMENT OF ENERGY
under Contract W-31-109-Eng-38



The facilities of Argonne National Laboratory are owned by the United States Government. Under. t'he
terms of a contract (W-31-109-Eng-38) among the U. S. Department of Energy, Argonne Universities
Association and The University of Chicago, the University employs the staff and operates the Laboratory in
accordance with policies and programs formulated, approved and reviewed by the Association.

MEMBERS OF ARGONNE UNIVERSITIES ASSOCIATION

The University of Arizona The University of Kansas The Ohio State University

Carnegie-Mellon University Kansas State University Ohio University

Case Western Reserve University Loyola University of Chicago ~ The Pennsylvania State University

The University of Chicago Marquette University Purdue University

University of Cincinnati The University of Michigan Saint Louis University

Illinois Institute of Technology Michigan State University Southern Illinois University

University of Illinois University of Minnesota The University of Texas at Austin

Indiana University University of Missouri Washington University

The University of lowa Northwestern University Wayne State University

Iowa State University University of Notre Dame The University of Wisconsin-Madison
NOTICE

This report was prepared as an account of work sponsored by
an agency of the United States Government. Neither the United
States Government or any agency thereof, nor any of their
employees, make any warranty, express or implied, or assume
any legal liability or responsibility for the accuracy, com-
pleteness, or usefulness of any information, apparatus,
product, or process disclosed, or represent that its use would
not infringe privately owned rights. Reference herein to any
specific commercial product, process, or service by trade name,
mark, manufacturer, or otherwise, does not necessarily con-
stitute or imply its endorsement, recommendation, or favoring
by the United States Government or any agency thereof. The
views and opinions of authors expressed herein do not
necessarily state or reflect those of the United States Govern-
ment or any agency thereof.




ARGONNE NATIONAL LABORATORY
9700 South Cass Avenue
Argonne, Illinois 60439

ANL/EES-TM-96, Vol. 2

PROCEEDINGS OF THE U.S. DEPARTMENT OF ENERGY
ENERGY OPTIMIZATION OF WATER AND WASTEWATER MANAGEMENT
FOR MUNICIPAL AND INDUSTRIAL APPLICATIONS CONFERENCE

December 10-13, 1979
New Orleans, Louisiana

Volume 2

compiled by

Argonne National Laboratory
»

Published August 1980

prepared for

U.S. DEPARTMENT OF ENERGY
Assistant Secretary for Conservation and Solar Energy
Office of Buildings and Community Systems



}M X
e
P

R T

M T

) 8% S0 5
; S m
'H“ :-Uffﬁ'!’»':‘ e s




FOREWORD

These proceedings document the presentations given at the Energy
Optimization of Water and Wastewater Management for Municipal and Indus-
trial Applications Conference, sponsored by the Department of Energy (DOE).
The conference was organized and coordinated by Argonne National Laboratory.

The conference focused on energy use and conservation in water and
wastewater. Each session was led by an authority in that field.

Conference sessions and workshops were attended by consultants,
federal, state and local government employees, industrial representatives,
researchers, engineers, scientists, educators and other professionals
involved with water and wastewater treatment.

The first three talks of the General Session -- Introduction, Welcome

and DOE Perspective -- spell out the objectives and set the mood for the
presentations that follow.

The General Session also reflects DOE's commitment to the support
and development of waste and wastewater systems that are environmentally
acceptable.

The conference proceedings are divided into two volumes. Volume 1
contains the General Session and Sessions 1-5. Volume 2 covers Sessions
6-12.
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ENERGY CONSERVATION IN WATER TREATMENT

By: Ben S. Pearson
Allen & Hoshall, Inc. Engineers, Architects, Consultants
Memphis, Tennessee

In recent years, the conservation of energy has become a primary con-
cern of the design engineer. In the design of a water treatment plant,
the challenge to the engineer is to design a plant that will conserve
energy and, at the same time, accomplish the necessary functions of a
treatment facility. Many opportunities for both direct and indirect
energy conservation are available to the designer.

Direct energy conservation includes savings in electricity, natural
gas, fuel oil and similar types of energy. These savings can be achieved
in many ways, but one of the most significant is by conducting a careful
hydraulic analysis of the facility to keep pumping heads and, in turn,
pumping costs to a minimum.

For example, the following calculation indicates that the energy
needed each year to 1ift a flowrate of 1000 gpm one additional foot in
height is enough to provide heat and 1lights for one month for the average

electrically heated residence in the Mid-South area.

KWH/Year = Q x H x 0.746 x 365 x 24

3960 x Pump eff. x Motor eff.

1000 x 1 x 0.746 x 365 x 24
3960 x 0.82 x 0.90

2236 Kwh

Another opportunity for conserving direct energy is the careful
selection of building materials. The use of effective insulation in
building walls and roof structures, double glazed windows and skylights

and other architectural features can easily be incorporated into the



design of a facility in order to reduce heating, cooling and Tighting
costs over the entire life of the facility. Specifying highly efficient
motors, engines, pumps and other mechanical equipment offers still another
opportunity for savings in direct energy.

An often overlooked direct energy savings technique is to make use of
waste energy generated by the normal and necessary operation of the treat-
ment facility, such as using the heat generated by large electric motors to
heat other rooms in the building and reclaiming portions of the water used
to backwash rapid sand filters.

Savings in indirect energy can be achieved by selection of building
materials that are not energy intensive in their manufacture and by careful
analysis in early planning to assure construction of necessary components
oniy. Savings in future building materials can be realized by the careful
layout and sizing of some components so that, if future expansion is needed
to obtain additional capacity, slight modifications to these components will
allow them to perform a different function, or the same function at an
increased capacity, thus minimizing both new construction and renovation
efforts.

Since energy is also used to manufacture and transport treatment
chemicals, indirect energy savings can be achieved by reducing the quantity
of chemicals needed in the water treatment processes. This can be accomp-
lished by efficient use of the chemicals by thorough mixing and careful
selection of feed points. The layout and relative location of feed equip-
ment and storage areas can reduce spillage and waste of chemicals.
Attention to future maintenance problems can reduce the quantities of

chemicals wasted during these maintenance activities.



The primary function of a water treatment plant is to produce an
acceptable quality of water and deliver it to the consumer, all at the
most economical price possible. By its very nature, a water treatment
plant, like many manufacturing facilities, is very energy intensive.

Some of the components in a water treatment plant that require Tlarge
amounts of energy are:

1. Raw water pumps: Raw or untreated water from a surface supply
or an underground aquifer is delivered to the treatment plant by these
pumps .

2. Intermediate pumps: As the water flows by gravity through the
treatment process, intermediate 1ift pumps are sometimes required to
reduce the below grade depth of tanks and structures, or, in the renovation
of a treatment facility, to better utilize existing components.

3. Treated water pumps: Often referred to as high service pumps,
these pumps deliver the treated water to the consumer and constitute one of
the largest energy consuming items in a water‘treatment plant.

4. Building heating, cooling, ventilating and lighting systems:
These items are required in a water treatment plant just as in any other
building. Heat is needed for the comfort of operating personnel and to
prevent exposed pipework from freezing. Air conditioning is essential, in
some cases, to control the environment around sophisticated electronic
equipment and is desirable in some areas of the plant for personnel
comfort. Adequate lighting is always essential, especially around large
machinery and equipment, both for maintenance activities and for the safety
of the personnel. Condensation control equipment is often included in a

design to reduce the quantity of water that condenses on the walls of water



containing pipes and structures. This condensation not only detracts from
the overall appearance of the facility, but it can damage and deteriorate
delicate equipment.

The North Water Treatment Plant in Jackson, Tennessee, which is
currently under construction, was designed to incorporate the energy
conserving ideas outlined above.

The plant was designed for a treatment capacity of 10 million gallons
per day (MGD) with provision for future expansion to a capacity of 20 MGD.
The water supply is from wells that are about 200 feet deep. The ground
water contains high concentrations of carbon dioxide which, if not removed,
causes corrosion in pipelines, pumps, and other equipment. The water also
contains traces of dissolved iron which, if not removed, stains laundry and
bathroom fixtures.

The well pumps were specified to be the most efficient practicable
and the materials used in the construction of the pumps were carefully
specified to maintain the high efficiency by reducing wear and corrosion.
The high overall efficiency will insure minimum raw water pumping costs
throughout the life of the facility. In constructing the wells, the water
bearing sand was chemically treated to remove fine grained material.
Removal of this fine grained material, which hinders the flow of water
through the sand, reduces pumping costs.

The ground water is pumped to a coke tray aerator to reduce the carbon

dioxide concentration to near ambient. The aerator has nine coke trays and

an efficient two-stage tray distribution system, all of which are highly

effective in the removal of carbon dioxide. By reducing the carbon dioxide

concentration as much as possible, the quantity of chemicals, in this case,

lime, needed to render the water non-corrosive is held to a minimum.



From the aerator, the water flows to a rapid mix basin, where a highly
effective mechanical mixer efficiently disperses chemicals into the water.

From the rapid mix basin, the water flows through a detention basin
to provide reaction time for the chemicals and then through mixed media,
rapid sand filters. By carefully utilizing the grade of the site, the
entire treatment process is accomplished by gravity flow, thus eliminating
the need for intermediate pumping, even though the headloss through the
plant after aeration is more than 10 feet.

In the rapid sand filters, special filter media and other equipment
were specified to insure long intervals between backwashing and to insure
that the quantity of backwash water used will be held to a minimum. This
was done to reduce operating costs and conserve energy since every gallon
of water pumped unnecessarily requires additional energy.

The detention basin was specifically sized and constructed to allow
its conversion to rapid sand filters when needed in the future.

Treated water is pumped from an undergrouqd reservoir into the dis-
tribution system by four 200 horsepower high service pumps. Since these
pumps constitute the largest energy consuming equipment in the plant, energy
conservation with regard to these pumps is of primary importance.

The treated water pumps are automatically started and stopped by the
water level in an elevated storage tank. Before a pump automatically
starts, however, the plant operator receives a 60-second audible warning.
If other pumps are already operating, the operator has the opportunity to
override the pump start command if he knows from previous water consumption
records that the high consumption period, which initiated the pump start

command. will be of short duration and that the operating pumps can indeed



meet the water demand. By overriding the pump start command for one of these
large horsepower motors, he has not only reduced power consumption but also
reduced the wear on the pump, motor and auxilary equipment.

The four 200 horsepower high service pumps are located in the Pump
Room along with a 100 horsepower backwash pump and a diesel powered
auxilary engine. There is also space available for two future pumps which
will be 250 to 300 horsepower each. A 200 horsepawer electric motor will
generate 50,000 BTU/hour in heat Toss. With this in mind, the importance
of proper ventilation in the Pump Room is obvious and the opportunity for
recovering some of the waste heat becomes very attractive.

During the summer months, ventilation of the Pump Room is rather
straightforward; outside air is simply directed toward the pump motor by
two 9400 CFM roof mounted supply fans. The warm air is removed by two
9600 CFM exhaust fans. A1l of the fans are controlled by thermostats.

During the winter months, when heat is needed in the adjacent Maintenance
Room, air handling equipment circulates the warm air from the Pump Room
through the Maintenance Room to economically heat this part of the building.
When heat is not needed in the Maintenance Room but ventilation is needed in
the Pump Room, a fan jet system is used to furnish make-up air to the Pump
Room. With this system, a high pressure fan inflates a polyethylene tube
Tocated near the ceiling of the Pump Room. Air exits the tube through a
series of orifices at a high velocity. The high velocity causes the cold

outside air to thoroughly mix with the hot inside air. The resulting warm
air is then exhausted. Without the fan jet system, make-up air heaters
would be required to reduce the chill of the incoming outside air in order

to eliminate the cold zones which would cause discomfort to operating



personnel and, under very cold temperature conditions, freeze small water
lines.

During the winter months, more than 184 million BTU of waste heat
equivalent to 53,900 KWH of electrical energy, will be available to be
transferred to other areas in the water treatment plant building. Approxi-
mately one-third of this waste heat will be used to heat the adjacent
Maintenance Room.

Water used to backwash rapid sand filters has, in the past, been dis-
charged to surface streams without treatment. Current stream pollution
regulations have, however, rendered this practice illegal. The backwash
water must now be treated to the degree required by regulatory agencies,
either with treatment facilities on site or at another treatment facility,
usually the municipal wastewater treatment plant. In either case, a holding
structure must be provided to contain the backwash water because a very
large volume of water is used in a relatively short period of time. The
holding structure acts as a surge tank to contain the large volume of water
until it can be treated. The backwash water is then treated at a lower
flowrate over a longer period of time, thus reducing the size of the
treatment facilities.

Experience has shown that most of the solids that are removed from
the filters by backwashing can be removed from the backwash water by sedi-
mentation. The clear water that remains can then be reclaimed for re-
processing as raw water.

At the Jackson plant, pumps have been provided to return the clarified
portion of the backwash water to the treatment process. This provision

could reclaim nearly 70 million gallons of water each year. In addition
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to reclaiming the water, substantial savings in electrical energy are
achieved since less power is needed to pump water from the holding struc-
ture than from the ground water supply. Savings in electrical energy
could exceed 48,000 KWH annually. Additional energy savings are realized
by reducing the quantity of water handled at the wastewater treatment
facility.

In order to conserve energy used in heating and cooling the building
and to reduce vandalism, windows were omitted in the design of this treat-
ment plant. However, double dome skylights have been strategically located
to provide Tight in hallways and other areas, eliminating the need for
artificial light during daylight hours.

In conclusion, numerous areas for energy conservation are available
to the design engineer. At the North Water Treatment Plant, Jackson,
Tennessee, several of these areas were carefully considered, not only to
conserve direct energy such as electricity, but also to conserve indirect
energy in the form of building materials and chemicals. Systems to recover
waste heat and backwash water, normally wasted, were also incorporated into
the design of the facility.

In summary, it would be difficult to evaluate the indirect energy
savings realized by an efficient layout and wise choice of construction
materials. A less efficiently designed facility would be needed for com-
parison. Fortunately, however, most water treatment plants, designed by
competent and conscientious design engineers, are efficiently designed.

However, the direct energy savings at the North Water Treatment

Plant, Jackson, Tennessee can be quantified as follows:



b1k

1. Heat Recovery: 184 million BTU available per year equal
to 53,900 KWH of electrical energy.
Approximately 60 millions BTU (18,000 KuH
per year) used initially (1).

2. Backwash Water Recovery: 70 million gallons of water
per year
48,000 KWH per year.
8,000 1bs. of Time per year

(1) While all of the heat is not recovered from the high service
pumps, the basic application used in this project is technically feasible
and cost effective. Although more of the heat could have been recovered
to heat the remaining parts of the building it was not cost effective at
this time.

In future designs of water treatment plants, as well as other
facilities, the designer should ask the question, "Is anything being wasted
that can be economically reduced or recovered?" He must be reoriented to
constantly try to apply some basic laws of physics and chemistry - that the
movement and processing of matter requires energy. With this in mind, and
as the cost of basic energy increases, many other applications wili become
apparent and can be applied.
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ENERGY RECOVERY ON HIGH
PRESSURE WATER CONDUITS

David MacDonald
Engineering-Science Inc.
Santa Ana, California

INTRODUCTION

Since the turn of the century, the United States has experienced a
growing dependence on o0il as a source of energy. This dependence included
both domestic and imported oil. The 1970's saw the formation of the
Organization of Petroleum Exporting Countries and large increases in the
prices of imported oil. The government controls on the price of oil has
discouraged the development of alternative and more costly energy sources
such as o0il shale and coal gas. As a result the supply of oil has become
limited and more costly.

Solutions to the o0il crisis include the development of additional
coal and oil deposits, more efficient use of o0oil and the development of
other energy sources such as wood, solar, hydro and biomass. Because of
the increased cost of energy in the United States, sources of energy which
in the past were considered expensive are now becoming economically feasible.

One such source of energy is small scale hydroelectric facility.

SMALL SCALE HYDRO

A small scale hydroelectric project is defined by Section 408 of
the "Public Utility Regulatory Policies Act of 1978", PL-617, as any
hydroelectric power project which is located at the site of any existing
dam and which produces less than 15,000 kilowatts of installed capacity.
In general, however, the potential for power development exists, not only
at existing dam sites but also from high pressure water conduits and low
pressure water irrigation canals.

The department of Energy studied the potential for small hydroelectric
development in 1976. This study was further refined by the United States
Army Corps of Engineering. These estimates show a potential for small
hydroelectric development of approximately 44 billion kilowatt hours of
energy annually. This energy production translates into a daily savings

of about 200,000 barrels of oil per day.
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These assessments are related to existing dam sites. There are @
number of irrigation canals in the Western United States which are suited
for small hydroelectric development. There are also a number of municipal
water systems which have aqueducts and conduits delivering water under
high pressure to the centers of consumption. These systems are also
suitable for hydroelectric development where flow of water to the consumer
is not interrupted and the quality or potability of the water is not
affected.

Small scale hydroelectric development can be classified into two
categories, (1) high flow-low head hydro and (2) 1low flow-high head hydro.
The high flow (greater than 500 cfs) low head (less than 50 feet) hydro-
electric development is normally seen on irrigation canals. The low flow
(less than 500 cfs) and high head (greater than 50 feet) are customarily
seen on high pressure domestic water systems. These classifications are
illustrated in Figures 1 and 2.

In Southern California, several water supply agencies are evaluating
the recovery of energy from high pressure water conduits. This paper
contains a discussion of the evaluation factors which should be considered
in the feasibility analysis for a small scale hydroelectric project. The
factors discussed included technical feasibility, economics, regulation
potential marketability and the environmental impacts.

The examples used in this paper are from the project being reviewed
by the City of Santa Barbara, and the City of San Luis Obispo, both
in the State of California. The Metropolitan Water District of Southern
California is also actively involved in a program for installation of

hydroelectric unit within its water system.

TECHNICAL

General

Figure 3 shows the project components for a typical high head-low
flow hydro project. The components usually involved a main water supply,
reservoir where runoff is collected and stored before treatment and
delivery to the consumer. The delivery system may have a small reservoir
ahead of the treatment plant to balance the flow difference between the

rate of delivery of the treatment rate. The hydroelectric unit is usually
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located at low point in the delivery system. Power transmission lines
are needed to convey the electric power to the owner's facilities or
to the power company grid.
In the evaluation of a small scale hydro project there are several
technical aspects which should be considered. Some of these technical
considerations include flow rate variations, available pressure, operating

hours and selection of electromechanical equipment.

Flow Analysis

The first step in evaluating the power generation potential is to
perform a statistical analysis of the past and projected water delivery
flow rates. An example of this analysis is shown in Table I and Figure 4
for the City of Santa Barbara's Gibraltar Water Supply.

The annual deliveries from the Gibraltar system for 1950-51 to
1977-78 are summarized in Table I. These annual deliveries have ranged
from a low of 2,497 AF in 1950-51 to over 11,000 AF in 1955-56, 1958-59,
1959-60, 1970-71, and 1971-72. These data have also been plotted on the
probability graph shown in Figure 4. The graph shows that 50 percent
of the time the deliveries from Gibraltar over the last 28 years were
equal to or greater than 8,000 AFY. The annual delivery of 11,000 AFY

was exceeded only 10 percent of the time.



16

TABLE I

ANNUAL DELIVERIES-GIBRALTAR RESERVOIR

Fiscal Year Acre Feet Fiscal Year Acre Feet
1977-78 4,064 1963-64 8,527
1976-77 5,269 1962-63 9,410
1975-76 8,719 1961-62 6,467
1974-75 8,866 1960-61 4,301
1973-74 Ch il 1959-60 11,669
1972-73 9,268 1958-59 13,858
1971-72 11,538 1957-58 714,918
1970-71 11,240 1956-57 75098
1969-70 8,736 1955-56 11,287
1968-69 75785 1954-55 4,818
1967-68 8,522 1953-54 6,600
1966-67 7,831 1952-53 4,972
1965-66 9,487 1951-52 2,803

1964-65 6,437 1950-51 2,497
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The rate at which power can be generated on a pipeline may also
depend upon the amount of on line storage. If a flow balancing reservoir
exists between the water source and the point of delivery, this reservoir
could function as an afterbay for the hydroelectric unit. This concept
allows for the generation of power with some independence from the water
supply demands.

The pipeline sizing will have an impact on the amount of available
head for power generation and the economic benefits of the power generation
station. Each foot of headloss results in a corresponding reduction in
the amount of available head for power generation. This can be expressed
in economic terms as the present worth of one foot of available head

using the following equation:

PW/ft

[}

(Q) () (H) (eff) (Kw/hp) ($/Kwhr) (operating hours) pwf
550

Q = 15 cfs (average)
3 = 62.4 1bs/cf

H =1 foot
eff = 0.82
Kw/hp = 0.75
$/Kwhr = 0.05
hours = 6500

=~

pwf = 15.762 at n = 50 yr, i =6

PW/ft = (15) (62.4) (1) (.82) (0.75) €0.05) (6500) (15.762)
550

PW/ft = $5400/foot at head

In the near future the average cost of power is estimated to be
50 mils per Kwhr. At this power cost, the present worth of one foot of
available head is approximately $5,400 based upon 6,500 hour operation
per year, a 50 year project life and 6 percent discount rate. The
estimate is considered conservative because it does not reflect the
escalation of the cost of power. The calculation shows that the pipe-
line should be sized to provide the optimum level of power generation

consistent with hydraulic delivery capacity.
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Under solely hydraulic delivery criteria, the basic pipeline size
required to carry 15 cts is 18 inch diameter. An economic analysis
should be conducted to determine the optimum size of the pipeline when it
is considered as a penstock to the power station. These analyses of the
present worth of the pressure head loss and the incremental construction
cost of the pipeline greater than 18 inches in diameter can be compared
for various pipe sizes. Table 2 shows an example of this calculation.
The analysis was repeated for various operating times of 8,500 hrs/yr,
6,500 hrs/yr, and 4,500 hrs/yr. This comparison is shown in Figure 5.
In this example, a 27 inch diameter penstock proves to be the most

economical size.

TABLE 2

PENSTOCK ECONOMIC ANALYSIS!

Q 15 cfs
Operation time = 6,500 hrs/yr

Friction P.W.2 Con- Construction Net total® PW Sum®
Penstock Loss Value of struc- Cost of 18 in. PW Cost of Costs
Diameter (for 15 cfs) ¢ Erictilon tion3 Line w/out for Gen- h_ + Net
(inches) () Loss Cost Generation eration Penstock
(1) (2) (3) (4) (5) (6) (7)
20 58.5 315 258 250 8 323
24 227 122 318 250 68 190
27 10.0 54 360 250 110 164
30 6.9 37 402 250 152 189
33 4.1 22 450 250 200 222
36 250 14 504 250 254 268
1 A11 costs in 1,000's dollars. % Column 4 minus Column 5.
2 P.W. = $5,400/foot of head. 5 Column 6 plus Column 3.

3 Penstock.

Assuming a typical hydro project as shown in Figure 3, and given
that the 50 percentile annual delivery of 8,000 AF occurs over a nine
month period at a continuous flow rate of 15 cfs and a residual pressure

of 600 feet, the power generation potential can be determined as follows:
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Kw = (Q) (W (H) (eff) (.75)
550
Kw = (15) (62.4) (600) (.82) (.75)
550
Kw = 630

If a balancing reservoir is available for use as an afterbay to the
hydro-unit, the daily water deliveries can be made during a 12 hour
period each day, thus doubling the amount of potential energy available
during peak energy periods. In this operating mode, the reservoir would
function as an afterbay to balance the flow fluctuations between delivery
rates and demand rates. These available flow rates translate into a
potential energy generation of 630 kw on a continuous basis and 1,260 kw
on a peak use basis for annual yields which can occur 50 percent of the

time.
Equipment

There are three basic types of turbines and each are characterized

by their specific speeds. Specific speed is defined as:

s specific speed

N = shaft speed (rpm)
P = rated power (ﬁ%)
H = rated head (ft)

The three types of turbines are propeller, reaction, and impulse
turbines. Illustrations of these turbines are shown in Figure 6.
The propeller turbine is characterized by high specific speeds of
over 100 and is used in low head and high volume applications such
as low dams and irrigation channels.

The reaction turbine, often called the Francis turbine, has a runner
which is similar to a centrifugal pump impeller with the flow and rota-
tional direction reversed. The water enters the runner radially from an
enclosed spiral case and the flow is guided and regulated by vanes called
wicket gates. Reaction turbines are designed to operate with the heads
of 50 to 1,000 feet and in a specific speed range of 20 to 100. The re-
action turbine must operate with a submerged rumner to avoid cavitation.

The efficiency of the reaction turbine is significantly reduced at low
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load as shown in Figure 7. Maximum efficiency is achieved at 90 percent
loading and reduces to 65 percent at 50 percent loading.

The impulse turbine has a runner with a series of buckets which are
driven by a water jet regulated by one or more needle valves. The flow
and power can be regulated by opening and closing this needle valve. Im-
pulse turbines are designed to operate with heads up to 2,000 feet and
have specific speed range of up to 20, depending upon the number of jets.
The impulse turbine can operate with a free discharge thus allowing some
aeration of the water. As shown in Figure 7, the impulse turbine can
maintain good efficiencies over a wide range of flows.

An important consideration in the selection of a turbine is the
runaway characteristics. If the generator is disconnected from the
electrical system while power is being generated, the rotational speed of
the turbine will increase until it reaches runaway speed which is usually
180 percent of the design speed. The turbine and generator are designed
for this condition. However, the flow through the propeller and reaction
turbines are effected by the speed of the runner. At low specific speeds,
turbine can cause a flow reduction which may create upstream water hammer
conditions. At high specific speeds, a turbine such as the propeller
turbine, can cause high flows at runaway speed and water hammer conditions
downstream. However, the flow through an impulse turbine is unaffected
by the speed of the runner.

The type of turbine normally recommended for the high head-low flow
application is the impulse type. The unit will provide high efficiencies
over the range of flows, runaway speed and surge control is not a concern,
and some aeration of the water may be provided at the free discharge. The
impulse turbine is also the least costly because the reaction turbines
are commonly not built for the low flow ranges and, at the present time,
would require special fabrication by some domestic manufacturers.

There are two basic types of generators which can be used in a small
scale hydro project. The generator types are the synchronous and induction.
The selection of the proper generator type depends on the size of generator,
site location, and power company electrical grid requirements.

The synchronous generator reqpires an exciter regulator to provide
accurate voltage regulation over varying conditions of load, power factor
frequency and load unbalance. Accurate control of generator voltage is

achieved through the use of a closed-loop regulating system consisting of
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valve or blade positioner, governor and exciter. Excitation power is
normally obtained from the generator output voltage. The synchronous
generator has the advantage of operating independently from the other
power sources and is, therefore, applicable for isolated operation, end
of the line installation and where the power factor is a concern.

The induction generator is driven at a speed slightly greater than
the synchronous speed and obtains its excitation from the power system.
As a result, this generator is usually less costly because it doesn't
need the automatic speed control and accessories that are associated
with the synchronous generator. The induction generator may be used for
(1) operation in conjunction with a large power system, (2) low capacity
and high generator speed and (3) applications where power factor correc-

tion is not a concern.

PROJECT COST

The single most important criteria for the development of a hydro-
electric project is the economic feasibility. The economics of a project
must consider basic construction and engineering costs, operating costs,
the market value of the power generated and the estimated escalation of
the cost components.

Table 3 shows a preliminary project cost estimate for a typical
project. The estimate should be developed from a preliminary project
design which has identified the various cost components. Depending on
the level of the design effect, a continge;cy factor of 10 to 30 percent
should be added to the project subtotal. The preliminary cost estimate
for the hydroelectric project, including the incremental increase in
penstock diameter and the power transmission line, is $728,000. Hydro-
electric units of this type are operated without personnel attendance,
have a long equipment life and low maintenance cost. Therefore, the
annual operation and maintenance costs are very low; and in this case,
it is estimated to be about $10,000/year in the first operating year. If
the capital cost is amortized at 8 percent for 30 years, the initial
annual cost of the hydroelectric station would be $74,000 per year. The
station will produce power which has a present value of 30 to 40 mils per
Kwhr. The value is expected to increase to 50 mils per Kwhr in the near
future and to 100 mils per Kwhr within the next 15 years. Figure 8 shows
a plot of the annual project cost and the variable value of the power

generated as a function of the available annual yield from water source.
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The breakeven points are the intersections of the estimated annual cost
line with the estimate annual revenue value plotted for the unit energy
cost of 40, 50 and 60 mils per Kwhr.

A cost-benefit analysis can also be performed. The example shown

in Table 4 is based upon the following assumptions:

1. Available water - 4,000 AFY

2. Continuous flow - 15" cts

3. Power generated - 750 Kw

4. Hours of operation - 3,200 hours

5. Energy value - 40 mils per Kwhr

The analysis is a comparison of the present worth of the annual
project cost and the annual energy value. In this example, the unit
realized by displacement of local power plus the sale of excess energy
to the Power Company. The calculations were based upon a 30-year
financing period and a 50-year equipment life. The annual operating
costs and energy value were escalated at 6 percent per year and the
present worth of the annual costs is based upon an 8 percent discount
rate. The analysis, shown in Table 4, indicates that the initial benefit
to cost ratio is in the range of 1.3 to 1.4 during the first few years
of operation. As the value of energy escalates the ratio increased to
4.5 after 30 years. The benefits increase because the major portion
of the total annual costs is the amortized capital cost which does not
escalate. After the capital cost is repaid in the thirtieth year, the
ratio significantly increases to 9.6. Over the 50-year project life

the average benefit to cost ratio is estimated to be 5.9.
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TABLE 3

POWER STATION

PRELIMINARY COST SUMMARY

(JANUARY 1979)

Power Station
Earthwork
Structures
Mechanical Equipment
Electrical and Metering Equipment
Piping and Valves
Subtotal

Contingencies @ 10%

Transmission Power Line
Incremental Penstock Size, 18 to 27 inch‘
Estimated Project Construction Cost
Engineering @ 157%
Subtotal

Escalation to January 1980 @ 127

Total Estimated Project Cost

Amortized Annual Capital Cost
at n = 30 years i = 8%
Estimated First Year O&M Cost

Estimated Annual Cost (First Year)

58,700
54,500
275,600

32,500

40,200

$406,500

41,000

$447,500

7,500

110,000

565,000

85,000

$650,000

78,000

$728,000

$ 64,000
__10,000

$ 74,000
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TABLE 4

COST BENEFIT ANALYSIS

YFARS ANUAL, CAPTTAY ANJUAL ORM TUTAL ANNUAL COST PUWER REVENUF. CR RATIO
1 0dU0U, 00 10600,00 74000.00 101759.99 1.364
2 04000,00 11236,00 75236,00 107865,59 1.434
3 64000,00 11910,.1% 75910.16 114337.5? 1.506
4 04u0u,00 12624.71 76624,11 121197,76 1,582
5 04000, L0 13382.25 173R2.25 12R4K9,62 1.660
6 ©34000,00 14185.19 78185.19 136177.78 1.742
7 bALNY 00 15036,30 79030, 30 144340.44 1.826
] 64000, 00 15938.47 79938.48 153009.33 1.914
9 640NV, L0 16894 ,74d 80894 ,78 1621RY.87 2.005
10 b4V0V. L0 17908.46 H190%5,47 171921.27 2.099
1 nAV0V,. L0 14982,91 B2982.98 182236,53 2.196
12 64000,00 20121,.95 84121,95 193170.72 2,296
13 64000,00 20329221 85329.27 2041760,95 2.400
14 0A000.,00 22609.02 ¥6609,.02 ?217040.59 2.506
15 ©4000,00 23965.50 87965,56 230069.38 2.6515
16 64uh0,00 25403.19 59403,49 243873.53 2.728
17 AALND 00 726927.70 90927.70 258505,.92 2.843
18 04000,00 24543.36 97543,36 274016.25 2,961
1Y 0AONO 00 30255.96 94255,96 ?290457.2? 3,082
20 vAuby,u0 1)n71,.31 Yh0T1.31 Ju7684.63 3.205
21 04000, 00 319995059 ¥7995.59 326357.69 3,330
22 0AV0Y LU0 I6b035.32 100035,.33 3459139.13 3,458
24 oAUy, Lb Iv197.44 102197.45 366695.44 3,588
24 54000,060 40449,29 1044R9,29 38R697.16 3.720
25 oAby, 00 42918, 64 1069158.04 412018.97 3,854
20 bAUOL . 0N 45493,70 109493,76 436740.09 22989
21 04000, 00 44223.34 112223.38 4672944,47 4,125
24 0A40L00 . L0 51116.78 115116,.78 490721.13 4,263
79 6AUNY, U0 S4143.76 1181R3,78 5¢0164.37 4,401
30 ©4uNY U0 57434,80 121434.,.80 551374.19 4,540
N VL. L0 huFy0 A9 CUCLITCL] S54450.63 9,600
32 V.00 64533.74 04533.74 A19524.00 9.600
13 (UST RgM05,.717 hR4NS 77 £56695.37 9.600
34 V.00 7251091 712510.11 6£96097,06 9.600
35 Vel Tnkon, 71 16660.71 737462.87 9.600
36 .00 R1412.35 81472.35 782134.63 9.600
37 0.u0 fn3n0 A9 86360.69 R29062.69 9.600
BL] v.uh 91542,.32 Y1542.32 R1RK06,.37 9,600
3y v.un 27034 .85 ¥7034.85 931534.69 9.600
Ay Deun 1N2856,94 102856.94 957426.69 9.600
a1 0.00 LOYN 2R 35 109028.35 1046672.25 9.600
42 0.00 115570,05 115570.05 1109472.50 9.600
A3 u.un 122504.24 122504,24 1176040.75 9,600
14 V.00 129R54 .49 129854,49 1746003,12 9,600
a5 V.00 137645.7% 137645.75 1321399.25 9.600
a6 V.00 145904 . 6n 145904 .48 14006R3,12 9,600
47 u.un 154h58,75 151658,75 1484724,.00 9,600
a4 V.00 163938,2) 163934.27 1573807.37 9.600
Ay V.00 173774.55 173774.55 166R235,75 9,600

S0 V.00 LR4201,02 184201,02 1768329,.75 9:600
PWC = 40?2/3164.50 PNK = 27356036,00

CH RATIN = PWR/PwC = 5,912
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POWER PLANT OPERATION

A small hydroelectric plant can be designed to operate in several
modes depending on the water available, energy need, physical facilities
and the basic economics of energy. 1In the case of the Santa Barbara
project, four basic operating options were identified:

(1) Operate the water plant and pump stations from the power

station on a 24-hour continuous basis and sell the excess
energy to the utility company. This operation will incur a
standby charge or a heavy demand charge.

(2) Purchase all power required for the water plant and pump
stations and sell to the utility company all generated power
on a 24-hour continuous basis. No standby charges will be
incurred by this alternative.

(3) Operate the Water Plant and pump station from the power
station on a 24-hour continuous basis and sell excess power
to the utility company during '"on peak" periods only. The
alternative will require daily regulation of the flow and
the utility company would require a standby charge for pro-
viding a second power source. A higher revenue may be
received for the power sold during '"on peak" periods.

(4) Purchase all power required for the Water Plant and pump
station and sell to the utility company all power generated
during the "on peak' period. No sEandby charge is incurred.

Whatever operating mode is selected the utility company will be
involved either as a supplier of standby energy or actual energy and as
a potential buyer of excess energy. The Southern California Edison
Company is presently in the process of formulation policies for parallel
generation. Discussions with the Edison Company have revealed the
following policies which are under consideration.

Edison Company could provide a standby power service in parallel
with the customer's hydropower generation mode. All the required elec-
trical equipment including, but not limited to the primary switchgear;
synchronization, protection and automatic metering equipment; pad-
mounted transformer, etc., would be engineered, supplied and installed,
operated and maintained by the Edison Company at a flat charge of 1-1/2

percent of the capital cost per month to the customer.
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If the customer is able to meet his power requirements and has
surplus hydropower available, Edison Company will purchase the energy
at a price of 85 percent of the A.S.E.C. A.S.E.C. stands for the
Average System's Energy Cost and is calculated on a daily basis. In
early 1979 the A.S.E.C. was valued at approximately 15 mils/Kwhr. At
the present time Edison is not offering higher rates for "on peak'
power generation. Most of their co-generation customers do not have
this ability so the policies do not provide this feature. To implement
a co-generation program, where Edison would provide energy when needed
and purchase energy when available, Edison would require a 10-year
contract which defines the guidelines for the program.

Under a different scheme, Edison would purchase capacity in the
power plant at approximately $30/Kw-year, if the capacity were available
at least 70 percent of the entire year. With a firm commitment, Edison
would purchase energy at a rate of 85 percent of the 0il Fired South
Coast Basin System Cost which is presently 19 mils/Kwhr. For this
type of a program Edison would require a 20-year contract.

Based upon the energy credit available from Edison, it is evident
that the City should operate the hydroelectric station to first meet the
energy requirements of City-owned facilities such as the Water Plant,
the pump stations and any other facilities within reasonable transmission
distance from the power station. The Edison Company would be agreeable
to the rental of their poles to carry power lines to local City facilities
which can utilize the energy. By displacing Edison's energy, the City
can produce power which has a value to the City of 40 mils/Kwhr.

If the customer is not able to meet his power requirements and
requires Edison power at any time during the year, he has the two billing
choices, as follows:

(1) No Standby Service Charge

a. Demand charge of approximately $2.10/Kw demand to be
billed for the next consecutive 11 months.
b. Energy charge of approximately 45 mils/Kwhr.
(2) Standby Service Charge of $1.50/Kw Demand
a. Demand charge of $2.01/Kw demand to be billed during

the next month.

b. Energy charge of approximately 45 mils/Kwhr.
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For the City of Santa Barbara, it appears that Atlernate No. 1
is the most cost-effective mode of operation based upon the currently
anticipated power company policies. The method of operating the power
station should be evaluated periodically to reflect changes to these
policies. Whatever operating scheme is used, the system should be
designed for parallel service. Figure 9 shows a proposed conceptual
wiring diagram which provides parallel service with the power company
and allows operation under any of the four possible operating schemes
previously outlined.

One concept which was not mentioned above, is the concept of
"wheeling'". Wheeling power means the power is generated by one agency,
distributed through another agencies grid system and retrieved by the
original power generating agency at its point of use. The concept is
used frequently by large power companies but is seldom applied to power
company - customer related projects. The approach also involves a
complex procedure for determining the wheeling charge for use of power

company's grid system.
REGULATION

Water Rights

There are a variety of regulatory and legal problems which may face
a small hydroelectric project. These problems may include water rights
conflicts, licensing issue, environmental regulation and marketing disputes.

There are two principle bodies of law‘on water rights in the United
States. In the eastern states riparian owners of land abutting a water
way own rights to the thread of the non-navigable streams and the state
owns the bed of all navigable streams. Before the state will lease the
rights to the stream bed it must determine that the public's right of
navigation will not be abused and that the use of the stream bed is in
the public interest. Riparians, owners of land abutting the stream,
have the right to the reasonable use on the natural flow of the water
past their land. The generation of hydroelectric power is considered
a reasonable use of flowing water.

In the western states, water rights are determined by the doctrine
of prior appropriation. Under this doctrine the person who first uses
the water has right to the water so long as the water is put to its
highest and most beneficial use. A person may lose their rights if they
are not perfected or used for the intended purpose within a reasonable

time after acquisition.
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Water rights doctrines may play a large role in the development of
in-stream small hydroelectric projects. In the case of energy recovery
in high pressure water conduits, the water purveyor has established his
right to the use of the water for domestic or agricultural uses and the

secondary beneficial of power generation is not usually disputed.
Licenses

Small hydroelectric project may require licensing from federal or
local agencies. In many cases a federal license may be required by the
Federal Energy Regulatory Commission, (FERC).

FERC issues three types of licenses (1) a minor project license
(projects of less than 1.5 mw of capacity), (2) major project license
for projects at existing sites in excess of 1.5 mw and (3) a major
project license for projects at new sites. The licensing system for
minor projects or major projects at existing sites have been simplified
by new FERC regulations. In accordance with the National Energy Act,
the FERC has established a short-form license application to encourage
the use of small hydroelectric plants. The short-form application is
limited to power plants with not more than 1.5 mw capacity. The
application must be accompanied with an environmental report. These
regulations are outlined in the FERC, Order No. 11, Simplified Pro-
cedures for Certain Water Power Licenses

FERC jurisdiction extends to four varieties of hydroelectric projects:

(1) Projects Located on Navigable Waterways

The FERC must license any hydroelectric project to be
constructed on any water way which has ever been, is or
may become navigable for purposes of commerce.

(2) Projects Affecting Interstate Commerce

The FERC must license hydroelectric projects located on
non-navigable waterways if they affect interstate commerce.
Commerce may be affected by the operation of the project in
such a way as to affect the flow of water in a navigable
waterway of which the non-navigable waterway is a tributary,
or by the connection of the pProject to an interstate
transmission grid.

(3) Projects Which Utilize Federal Land

The FERC must license hydroelectric projects which utilize
public lands and reservations belonging to the federal govern-

ment. These terms do not include all federal lands. Public
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lands are those which may be devoted to private use under the
public land laws. Such lands are generally administered by
the Department of Interior. Reservations include national
forests, Indian reservations and other federal lands withheld
from private use. Neither term includes national parks or
national monuments. The FERC has the power to reserve federal
lands for hydroelectric development.

(4) Projects Which Utilize Surplus Water of Water Power

from Government Dams

The property clause has been construed to apply to electricity
generated at a government dam and to water made available at a
government dam. Consequently, the FERC licenses the use of
federal tangible property, just as it licenses the use of
federal real property to be used for the generation of hydro-
electric power.
The Federal Power Act permits a developer to request FERC to exempt

a particular project from the federal licensing process. A developer may

file a "Declaration of Intent'" with the FERC and seek a waiver of the

federal license requirement or, if the developer is installing a hydro-

electric facility in a water conduit or water main which is not closely

related to a dam, may ask for exemption from licensing. In this latter

regard the Public Utility Regulatory Policies Act of 1978 has recently

authorized the FERC to exempt ''conduit' hydroelectric projects from the

licensing requirements and, even more recenzly, the FERC promulgated

regulations establishing a simple, quick procedure for obtaining the

exemptions.

In the case of the private developer a permit may also be required
from the Public Utility Commission (PUC). If the developer is a public
agency such as a city or municipal water district, a PUC permit may not

be required.
FUNDING

Under Title IV of the National Energy Act entitled Small Hydroelectric
Power Project, the Secretary of the Department of Energy is directed to
establish a program to encourage municipalities, electric cooperatives
and industrial development agencies, non-profit organizations and other
persons to undertake the development of small hydroelectric power projects
in connection with existing dams which are not presently being used to

generate electric power. This energy act can influence the project funding.
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Under Title IV, Section 402, the Secretary after consultation with
the Federal Energy Regulatory Commission (FERC) is authorized to make
loans up to 90 percent of the cost of feasibility studies. This loan
is forgiveable if the project is determined to be neither technologically
nor economically feasible.

Project costs are also eligible for loans of up to 75 percent of
the total cost if they meet the following requirements:

(1) The project will be constructed in connection with an

existing dam or dams,

(2) All licenses and other required Federal, state and local
approvals necessary for construction of the project have
been issued,

(3) The project will have no significant adverse environmental
effects including significant adverse effects on fish and
wildlife, on recreational use of the water and on stream
flow, and

(4) The project will not have a significant adverse effect on
any other use of the water used by such project.

Loans made under Title IV are subject to an interest rate determined
at the time the loan is made as set forth in Section 80 of the Water
Resources Development Act of 1974. The term of each loan shall be de-
termined by the Secretary, but shall not exceed 10 years for feasibility
studies and 30 years for project costs. At the present time, the interest
rate on Federal loans is in the range of 6-1/2 to 7 percent. Loans are also
available for the preparation of FERC licenses.

Cities and other municipal agencies have the option of financing the
projects through municipal bonds, such as general obligation bonds or
revenue bonds. Depending on the agency's bond rating, municipal bonds
can be sold at a discount rate of 6 to 7 percent with a 20 to 25 year
repayment period. The federal loan programs will be particularly
interesting to private developers who are faced with the high cost of

private financing.

ENVIRONMENTAL CONSIDERATIONS

In the development of any small hydroelectric project the environmental
impacts must be considered. The environmental review process is usually

coordinated through federal, state or local agencies. Areas of concern are

similar to other public works projects, such as water quality control,
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protection of fish and wildlife and the preservation of historic

places, archeological sites and natural areas. Environmental regulations
which effect the development of small hydroelectric projects include the
Clean Water Act, Federal Power Act, Anadromous Fish Conservation Act, the
Fish Restoration and Management Act, and the Rivers and Harbors Act 1888.
Projects effecting historic or archeological sites on federally owned or
controlled lands must be permitted by the Secretary of Interior, through
the National Park Service. The above regulations are of particular
importance for projects which have federal funding or require an FERC
license.

Experience, thus far, has shown little adverse environmental impacts
for small hydroelectric projects located in high pressure conduits. The
small hydro project creates little change in the water use, therefore,
does not greatly impact the existing water quality conditions. The small
hydro plant (less than 1.5 mw) requires little space and does not displace
a significant amount of wildlife. The hydro plant is usually located near
urban or rural development where the access is easy. The greater impacts
may occur during the construction period, particularly if any new pipelines

are being constructed.

CONCLUSION

As the cost of domestic and foreign enérgy sources increase, the
small hydroelectric plant shows greater potential as an additional and
economical energy source. The parts of the world such as Europe and
Asia, where energy costs have been traditionally high, the small hydro
electrical plant concept has been successfully used. In future years,
this concept will receive greater application in the United States
thus providing a new energy source to replace the foreign oil we have
depended upon too much and to keep our economy growing while maintaining

the American standard of living.
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PRIORITIES FOR INCREASING EFFICIENCY OF WATER USE

der Bl Gl hert
Vice President
Brown and Caldwell

We are seeing a basic change in public attitudes. Conser-
vation has become a very popular topic indeed. People are
beginning to perceive careful use of resources as desirable and
beneficial. Support and enthusiasm, however, vary from place
to place depending on local factors. Water users are not yet
unanimous in their willingness to sacrifice; leadership in
business and government is not yet all that clear about pri-
orities for conservation.

But we all tend to think of it as basically good, some-
thing we ought to do that would be good for ourselves and the
country.

This generally positive attitude will form the foundation
for any significant program to husband any valuable resource--
Hater ol igasMelectricity . .« energy. Without the public's
understanding, acceptance and cooperation, little of a lasting
nature can be accomplished.

The American Water Works Association defines conservation
as, "Every effective means to prevent and minimize waste and to
promote wise use." We don't think of conservation in negative
terms, but rather in the positive "wise-use" way that encourages
cooperation. We've distributed millions of water conservation
booklets and have created award-winning television public serv-
ice spots on this basic theme.

While this sort of public relations activity is very
broadly based, the fact remains the maximum conservation effect
can be achieved by working with relatively few water utilities.

The drinking water industry includes some 60,000 public
water systems, of which 63% are investor owned and 37% govern-
ment owned. The bulk of the investor utilities are extremely
small, typically serving less than 25-hundred people. Although
more than 80% of the country's water systems fit this less-than-
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2500 category, they serve only about 8% of the public.

At the other end of the scale, the largest one per cent of
our water systems, which serve at least 50,000 people, handle
some 63% of the total population.

So you can see that concentrating conservation efforts
among a relatively few systems promises benefits to a very
large percentage of the population. Smaller systems shouldn't
be ignored, of course, but the big ones are our best bet for

rapid, meaningful results.

There are a number of basic programs in our industry that
achieve conservation goals by simply emphasizing good manage-
ment practices. For instance, metering the water provided to
customers has several advantages. The most obvious is that
customers tend to pay more attention to how much they use when
the charge is based on that measured quantity instead of a flat
rate. They conserve, because it's in their own best interests.

We estimate about 83% of the government-owned water
systems and 73% of the investor-owned systems do use meters.

Accurate metering also helps a community determine how
much water fails to reach customers; in other words, how much
is being lost somewhere in the distribution system. We call it
"unaccounted for" water. This can lead to development of effec-
tive leak detection programs that not only save on the cost of
drinking water production, but support timely maintenance of
the system.

It is not at all unusual for water systems to lose as much
as 15% of their total production to leaks and other unaccounted-
for losses. In some cities, where the pipelines are extremely
old and where maintenance has had low priority, the leak losses
may exceed 50%! g

The utter waste of energy to treat and distribute water
that never reaches its destination is obvious. But funds

available to communities remain limited. And drinking water,
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so long as it appears at the tap when a consumer wants it, re-

mains a relatively low priority item in most community budgets.

The only time people really become conscious of water is
during sustained periods of drought, such as much of the nation
endured in 1976 and 77. But the public's willingness to coop-
erate wholeheartedly when it perceives a real emergency is
little short of amazing. For instance, in Marin County just
north of San Francisco, citizens cut home water usage by 40 to
60 per cent. They were encouraged by extremely high rate
scales, but the accomplishment was largely a case of community
self-discipline in the face of overwhelmingly obvious need.

In San Francisco itself, major use reductions were man-
dated, complete with severe punitive measures for failure to
comply; measures that included flow restrictors in service pipe-
lines, billing penalties and even termination of service. The
public reaction, unfortunately, exceeded the city's goal of a
25% reduction, which led to a need for higher rates, which led
to nationwide publicity on the Johnny Carson show, among other
things, about having to pay more for the privilege of using
less. -

In Denver, where construction of new treatment facilities
was delayed for several years, successful measures to reduce
peak demand have included public education and moderately
severe lawn-sprinkling restrictions. Washington Suburban
Sanitary Commission near the nation's capitol has distributed
free shower flow-reduction devices and toilet tank dams.

Increasingly, water rates are being modified to affect
water use and demand. So-called inverted rate structures charge
heavy users more than people who use less water. But naturally,
without 100% metering, most creative rate making won't be

entirely successful.

Two points should be appreciated. First, energy saving

in the home is primarily a factor of having to heat less water.
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Toilet tank dams and lawn sprinkling bans don't save energy at
home because they don't save hot water. Second, at the produc-
tion end, the major energy consumption points are treatment

and distribution. Let's translate this into dollars and cents.

A few months ago, a survey of Los Angeles and some parts
of Nevada indicated that for $100 expenditure in shower flow
controls, faucet aerators and hot-water-line insulation, a home-
owner could expect to save about $8 a year if he had gas water
heating and $22 a year with electric water heating. The actual
amount of hot water not used would be some 13 gallons a day per
home or about 5,000 gallons a year.

For the water system itself, a projection of typical costs
of production indicate about 4.4 cents per thousand gallons was
a reasonable energy cost for treatment and distribution in
1976 -- about 15% of total system operating cost. In ten years,
1986, the projection saw energy-related expense rising to 27%
of the total, or about 13.2 cents a thousand gallons. And if
treatment has to be modified to include such energy-intensive
techniques as granular activated carbon filtration, the energy
cost could be 30% of the total.

In other words, the cost of water delivered to the customer
can be expected toincrease 2% times by 1986, while the energy

component of that cost may increase five fold.

What about immediate savings? The St. Louis Water Company
estimated last summer that it might reasonably expeet to cut
its energy requirements through good management by some 20%.
However, since the firm uses only about 3% of the energy in the
St. Louis area, a 20% reduction would represent a saving of

just 6/10ths of 1% of the area's total energy consumption.

Our association is developing a Water Conservation Hand-
book that will bring together in one place the activities, pro-
grams, techniques and practices of effective conservation by

water utilities on both an emergency and a long-term basis
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We expect the book to be off the presses by late next year.

The reason for such diversity of approach in the book is
the great diversity of water supply situations throughout the
U.S. and Canada. For instance, in the arid West and Southwest
water is always in short supply or facing the threat of short
supply. But in the humid East, around the Great Lakes and
along major rivers, water is readily available and can be used
at virtually whatever rate the community desires.

It is simply a fact of life that what works in one loca-
tion won't necessarily work in another. There is no single
program or policy that will cover all conditions.

In addition to geographic differences, our new handbook
will address conservation variations inherent in different
types of water supplies. Water that comes mostly from high
ground and can utilize gravity is far more energy efficient,
for instance, than water that must be pumped several times from
source to treatment to storage to customer. In another case,
salt water intrusion that is due, say, to overpumping of a
coastal aquifer may lead to energy-intensive desalination
systems. The need for pure drinking water outweighs the need
to conserve energy in a case like that.

5

Adding to the diversity of location and source is an
immense diversity of customer demand. There was a study by
Johns Hopkins University nearly 17 years ago that began to
explore the reasons behind different levels of customer demand
for water during different times of day, week or year. The
goal, of course, was to find ways of matching peak and off-
peak power requirements for pumping, treatment and storage with
peak consumer demands for water service. Major potential
savings in energy and the need for new facilities were clearly
indicated.

The study was too limited. But it showed great promise
as a significant management tool if its investigation could be

extended throughout the nation. The American Water Works
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Association Research Foundation has spearheaded an effort to
revive and expand the Johns Hopkins Study, but unfortunately
with little success. We had set aside $90,000 to support the
effort but couldn't find enough other backers. It doesn't have
high enough priority yet among water utilities and other organi-
zations in the field, including the federal government.

An area where our Research Foundation has enjoyed good
response is its monthly newsletter, "Municipal Wastewater Reuse
News." This 24-page publication goes to 39-hundred subscribers
who find its reports of activity in the reuse field an invalu-

able service.

Last July, we gave testimony in Washington in which we
tried to make clear our dedication to the principle of water
conservation, as well as our conviction that a pragmatic and
flexible approach -- not a simplistic search for a cure-all --
was the only sensible way to proceed. We pointed out that
measurable energy savings can only be achieved when a combina-
tion of practices is implemented; and that all conservation or
energy-saving programs do not apply to all water systems. We
especially emphasized (as we have here today) the great diver-
sity of the 60,000 public water supply systems extant--their
variations in size, age, source, treatment and energy require-
ments.

We recommended that the federal role, at the outset, be
one of defining energy conservation and setting appropriate
goals, with the assistance of representatives of the water and
power industries. We wanted to avoid the familiar government
tendency to launch massive and costly programs without first
establishing a sensible target that reasonable people can agree
with.

We know from experience that communities will conserve
water when they're convinced there's a good sound reason for

it. We know companies will praétice conservation when they
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recognize it's in their own best interests. And we know free-
wheeling native ingenuity can often produce solutions where a
straightjacket of regulations and requirements becomes
counter-productive.

Current events have accomplished the most difficult task,
capturing the public's attention and beginning to convince
everyone that a real energy problem actually does exist. Close
coordination and cooperation on local, state, regional and
national levels is the only sensible road to travel now. 1It's
a road people in the water supply industry are firmly committed
0.
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ENERGY CONSERVATION STUDIES FOR A MUNICIPAL WATER SYSTEM

T. Anthony Reid, P.E., Member, A.W.W.A
Freese and Nichols, Inc., Consulting Engineers, Fort Worth, Texas

The cost for energy has assumed an increasing percentage of a water
utility's operating expense in recent years, and it will Tikely continue
to increase in the foreseeable future. Although always important, current
trends require greater consideration of energy consumption in a water
utility's operation.

In recognition of this situation, the City of Arlington, Texas has
taken two steps. A study team was formed in 1978 which consisted of
the City of Arlington, Texas A & M University, University of Texas at
E1 Paso, Texas Electric Service Company and Freese and Nichols, Inc.,
Consulting Engineers. The primary objective of this study was to deter-
mine through field measurements and review of records how energy could
be saved in the operation of a water utility system. The second step,
which was under taken in 1979 by City of Arlington and Freese and Nichols,
was to evaluate the potential energy conserving techniques as a part of
the planning of water distribution system improvements for the 1980-2000
period. Each of these studies was funded by the State of Texas Governor's
0ffice of Energy Resources under the Innovative Energy Conservation
Grant Program and by the City of Arlington.

This energy conservation study concentrated on the Arlington 72-MGD
Pierce-Burch Water Purification Plant and Pump Station. These facili-
ties were constructed in four different phases, the earliest in 1957
and the Tatest in 1973. The plant currently provides service to an esti-
mated population of 160,000. An expansion to 96 MGD is planned in 1980
to match Arlington's anticipated growth.

The evolution of the study on how energy could be saved in the
operation of a water utility system suggested that there are a series of
logical steps that should be followed to accomplish this objective in
any water utility.

These steps are:

T Determine the quantity of energy being consumed in the opera-
tion of the utility and at what cost.
2. Determine how or where the energy is being consumed.

3. Evaluate the physical characteristics of the water utility
equipment that have the most significant impact on the energy require-
ments.

4. Evaluate operational procedures that involve this equipment
with particular emphasis on establishing how efficiently the equipment
is being utilized.

5. Establish revised operational procedures that are designed
to make the most efficient use of the water utility equipment.
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The determination of the quantity of energy being consumed in the
operation of the water utility and at what cost can be made from a re-
view of the previous utility bills. In the case of Arlington, a total
of 15,290,980 KWH of electricity at cost of $274,698.10 were consumed
during 1977. During 1978, 16,747,900 KWH of electricity (a 9.53% in- ;
crease) were used at a cost of $364,077.80 (a 32.54% increase). A typical
annual distribution of the electrical consumption and demand are 111us-
trated in Figure 1. Slightly over one half of the total consumption
occurs during the five month period June through October. Th1s em-
phasizes the importance of efficient operation in both the high and
low demand periods.
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How or where the energy consumption is occuring can be answered by a
detailed energy audit of the facilities. An energy audit is simply a
tabulation of all items that utilize some form of energy with a listing
of their significant energy consuming characteristics. The electric
power consumed at the Arlington Water Purification Plant and Pump Sta-
tion is recorded on ten Texas Electric Service Company meters. As the
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energy audit was performed, the items were categorized with these meters
which permitted a greater refinement of where or how the energy was being
used than may be possible in many municipalities. The audit results
indicated that, although a small amount of energy may be used for
building heating and other secondary operations in the water system,
pumping requirements are by far the largest consumer of energy. 1In
Arlington, approximately 68.6% of the energy was used by the high ser-
vice pumps and approximately 25.0% was used by the raw water pumps,

or 93.6% of the total.

Since such a high percentage of the energy required is consumed by
the pumping units, it is obvious that the recommended third step, to
evaluate the physical characteristic of water utility equipment that
have the most significant impact on the energy requirements, should be
primarily towards the pumps. Although pump manufacturers often provide
curves that describe the head-discharge-efficiency characteristics of
a pump, they sometimes change with wear, and actual field operating con-
ditions may not correspond to the design conditions. The Arlington
pumps were tested in the field to determine whether the present head-
discharge relationships remained in general agreement with the original
manufacturer's curves when operating under actual field conditions.

Tests performed in the field are rarely as accurate as those that
can be obtained under controlled laboratory conditions. A method of
testing was devised which permitted the measurement of the operating head,
the rate of flow, and the amount of power consumption with a reasonable
degree of accuracy. The discharge operating head was measured with a
pressure gage mounted on the discharge of each pump. The suction Tevel
was based on the water surface level in the clearwell. The operating
head can be varied by manipulation of a valve downstream from the pump
or by operating other pumps which discharge into the same header. It
is important to vary the head over as wide a range as possible in order to
obtain a reliable comparison with the original manufacturer's head-dis-
charge-efficiency curves. The flow rate was determined by measuring the
level change in a clearwell of known dimensions over a carefully noted
time span during which the pump was operating against a reasonable con-
stant discharge pressure. The elapsed time of the test should be suf-
ficient to minimize the effect of any error in the determination of the
change in volume. The electrical power consumed during the test can be
measured using the standard power meter already installed by the electric
service company. The rotating disc within the meter moves at a speed pro-
portional to the power demand. The time required for the disc to com-
plete an appropriate number of revolutions, usually five or ten, can be
measured. This method of testing pumps is fairly inexpensive and requires
no special equipment, yet the results obtained can give a valuable indi-
cation of each pump's performance. Although these methods used may not
be possible in all systems, techniques can be developed to provide the
necessary data in almost any system.



52

Using this method, field tests of head-discharge-energy require-
ments were performed on the Arlington eleven high service pumps and
three raw water pumps. The results of the tests indicated that most of
the pumps were still performing in accordance with the manufacturer's
original pump curves. The tests did indicate that two of the older
pumps were apparently no longer providing the flows indicated by the
original manufacturer's curves. Of even more importance, the tests
results indicated that the modern-day system curve did not allow the
pumps to ‘operate within their design head range during much of the year.

Operating conditions which differ significantly from the design
criteria force pumping units to operate less efficiently than intended.
The basic operational approach to the conservation of energy is through
proper use of the pumping units. The fourth step in the determination
of how energy can be saved is a thorough evaluation of the current
pump operational procedures.

An evaluation of the water system operating procedures to deter-
mine modifications to the procedures or improvements to the physical
system that will result in energy consumption reductions requires a
detailed recording of the operational actions. A form was developed
to record the daily operations. It contained entries for all critical
items such as the raw water pumps, clearwells, high service pumps,
high service discharge pressures, flow rates, elevated storage levels,
and booster pump operations. The system operators were instructed to
make an entry in every category each time a pump was started or stopped
and on each hour. Although it does represent a considerable amount of
effort to complete a daily form, the City of Arlington found it to be so
beneficial to their operation that they continued the use of the form
beyond the data collection period.

Data on the operating procedures should be collected over as wide a
range of flow conditions as possible. In Arlington, data were collected
for the months of April through July which included both low and high
demand conditions. An in-depth evaluation of a system's operation can
provide a very valuable understanding of a water supply system.

Before suggesting some general guidelines for energy efficient
pumping techniques which can be used to evaluate the current operating
procedures and as possible revisions for future operations, it is im-
portant to note that the prime responsibility of any water utility
operator is to strive to provide adequate service to all customers. To
satisfy this responsibility, often requires less than the most energy
efficient operating procedures. This situation can result from equipment
characteristics and system limitations; however, as opportunities arise
modifications can be made that will permit more energy efficient opera-’

ting procedures while satisfying the prime responsibility of adequate
service.
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General guidelines for the most efficient pumping operations for
energy conservation which are frequently suggested are:

ke Use the pump stations that operate against the Towest total
heads, and deliver water to consumers by pumping the fewest times pos-
sible.

2. Anticipate the required daily pumpage and make efforts to
meet demands with constant-rate pumpage combined with flow to and from
storage.

3. Use the most efficient combination of pumps available at a
given station to provide the required flow.

4. Ensure that all valves are completely open during pumping
operations.

5. Avoid throttling or bleeding flow between pressure districts
within the system.

The application of some of these general guidelines can be illus-
trated with examples from the City of Arlington evaluation. The first
is the anticipation of required daily pumpage and efforts to meet de-
mands with constant-rate pumpage combined with flow to and from storage.
An average usage day (April 25, 1977) and a higher demand day (June 21,
1977) were selected to compare pumping rates with the hourly demands.
These comparisons are shown graphically in Figures 2 and 3. In
both cases, the pumping rates generally follow the demand pattern.
On the average usage day, the pumping rates actually exceeded the demand
during the higher use period. This action means that the elevated storage
tanks were being filled rather than being utilized to level out the pumping.
On the higher demand day, the elevated storage tanks were used during
the highest demand period, but the full benefit of the storage was not
realized and constant rate pumping was not achieved.

The second guideline that can be illustrated is the use of the most
efficient combination of pumps available at a given station to provide
the required flow. An evaluation of the pump operations for April 25,
1978, the average day, indicated that the selected pumps were operating
in a fairly inefficient range during the early morning hours. The effi-
ciencies attain a more desirable level in the evening. For the available
equipment, the best selection of pumps may have been made.

As an indication of what might be achieved with the proper selec-
tion of pumps, consider this example. If all the pump efficiencies that
were less than 80% for April 25, 1978, were increased to at least 80%,

a 3.4% savings in energy could be obtained. If this degree of reduction
had been possible during 1977, approximately a $9,300 (1977 dollars)
savings would have been realized. At this rate, a more efficient pump
for the Tower demand rates would pay back in only a few years. Modifica-
tion of existing equipment would pay back even sooner. The results of
this study indicate that with a thorough understanding how energy

is being consumed in a municipal water supply system, a savings of

3 to 5% should be possible with existing facilities through more
effective operating procedures.
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Arlington is expected to grow at a very high rate during the next
twenty years. A population of 368,654 is projected for the year 2000.
Numerous improvements to the water distribution system will be required
to keep pace, and this situation provides an excellent opportunity to
achieve even greater savings of energy through the selection of equip-
ment that will provide energy efficient operations under both low and
high demand conditions.

Studies were undertaken with the objective of determining the com-
bination of facilities that would result in the minimal total cost
through the year 2000. The facilities included in this evaluation were
the pipelines, high service pumps and the elevated and ground storage
tanks. The size or capacity of the required facilities were determined
with a mathematical computer model of the water distribution system.

The size of each facility is related to some extent to the
adopted operating rules. To include a range of operating procedures,
three combinations of pumping and contribution from elevated storage to
supply the maximum-hour demand were considered, 80% - 20%, 70% - 30%, and
60% - 40%. For each combination, maximum-hour, nighttime on peak-day,
peak-day and average-day demand rates were evaluated to provide a range
of flow conditions.

The topography of Arlington requires the separation of the water
distribution system into two pressure planes. Identical procedures
were employed for each pressure plane to provide some comparison of the
impact the size of the system and the system configuration has on the
total cost. The lower pressure plane maximum-hour demand is projected
to increase from 110.81 MGD in 1980 to 178.94 MGD in 2000. During the
identical time period, the upper pressure plane maximum-hour demand is
projected to increase from 24.62 to 104.56 MGD. The larger, lower pres-
sure plane has a single principal source of supply while the smaller,
upper pressure plane has two sources of supply. “

For each operating procedure, the system model was exercised and
modified until an acceptable solution based on level of service criteria
was obtained. The cost for energy and capital improvements were then
computed. The cost for energy was based on a representative annual de-
mand pattern and the derived water distribution system network system
curve. The cost for capital improvements were based on current unit
costs. All of the costs were expressed in present-day dollars by using
a ten percent inflation rate and a 6.5% cost for money.

The results of these detailed evaluations indicated that the water
system with 80% pumping and 20% contribution from elevated storage dur-
ing the maximum hour had the least combined cost for both pressure planes.
The 70% pumping - 30% elevated storage combination was only slightly
higher while the 60% - 40% combination was significantly higher. The
costs per 1000 gallons over the twenty-year period are illustrated in
Figure 4. The small difference between the 80% - 20% and the 70% - 30%
combination is considered important because it provides a great amount
of flexibility in the operation of the system without a significant
change in the combined costs.
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In Arlington over the next twenty years, the cost for energy will rep-
resent approximately 12.9% of the combined cost of the lower pressure plane
and approximately 6.1% of the combined cost of the upper pressure plane.

The Tower percentage for the upper pressure plane results from a lower pump-
ing head and from the tremendous capital expenditures required to statisfy a
developing area. In this case even though energy costs are projected to
increase at a significant rate, capital improvements to the water system
will represent the preponderance of the water utilities expenditures.

This relationship does not diminish the importance of minimizing the

total cost through effective energy conservation.

The results of this study lead to the following conclusions:

1. A thorough understanding of a water utility system's energy
consuming the equipment and its use are essential to energy conservation.
2. Savings of 3 to 5% in the energy requirements through more
effective operating procedures with the existing facilities can be

achieved.

e Designing a water distribution system to serve a developing
community with from 80% pumping - 20% contribution from elevated storage
during maximum-hour to 70% pumping - 30% contribution from elevated
storage during maximum-hour will result 4n the least combined construction
and energy cost over the next twenty years.
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4. Energy cost during the next twenty years for a developing system
such as Arlington will represent approximately 5 to 15% of the combined cost,
but this relationship does not diminish the importance of minimizing the
total cost through effective energy conservation.
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ENERGY CONSERVATION WITH WATER FLOW CONTROLS

" 1/

William E. Sharpe—

Institute for Research on Land and Water Resources
The Pennsylvania State University

Flow controls are part of a growing effort to reduce water and energy
use. The potential of flow controls to reduce residential energy use is
outlined in a paper by Muller (1976) and the recent congressional testi-
mony of Hartsell (1979). Hartsell points out that a significant contri-
bution to energy self-sufficiency can be achieved through the use of these
devices.

However, there has been a considerable amount of disagreement over the
amount of water and energy that can be saved in this manner. Cohen and
Wallman (1974), Baker (1976), and Bishop (1975) have all reported little
or no savings as a result of using shower flow restrictors. In fact,
Bishop reported water-use increases for an apartment building in a study
conducted by the Washington Suburban Sanitary Commission.

Many are as yet unconvinced that shower flow controls are effective in
reducing shower-water use. Detractors argue that restrictions in shower
flow rates will be compensated for by showers of longer duration and that
average flow rates are presently so low as to allow for little savings.

The aforementioned studies tend to support their point of view. Unfortu-
nately, all of these studies are open to question because either the sample
tested was small or the study was not adequately controlled. More recent
studies have shown shower flow controls to be effective water and energy
conservation tools. Schatzberg et al. (1975) found that shower duration
was little affected by a change from a 4.2 gpm conventional shower to a
0.5 gpm air assisted shower. In Schatzberg's‘study, a mean shower time of
2.8 minutes for the conventional shower was increased to 3.2 minutes for
the air assisted shower, an increase of only 14 percent. Sharpe (1978)
reporting on a carefully controlled study in two dormitories at The
Pennsylvania State University showed significant water use reduction as

a consequence of installing shower flow controls. A summary of Sharpe's
data appears in Table 1. As the data presented in Table 1 indicate, sub-
stantial reductions in water use accompanied the installation of shower
flow controls.

A recently completed study at Penn State (Sharpe, 1979) confirms
these earlier findings. In this study six showers in a recreational camping
facility were alternately equipped with 2 gpm and conventional showerheads
on a weekly basis for nine months. Cold water use for these periods with
and without the 2 gpm flow limited showerheads is given in Table 2.

i

=" Instructor of Forest Resources Extension and Water Resources Specialist,
School of Forest Resources and the Institute for Research on Land and
Water Resources, The Pennsylvania State University, University Park, Pa.
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Table 1. Summary of Cold Water Use Data

Average Daily Water Use

Period 1 Period 2% Period 3

Location gal gal gal
Snyder-2nd floor 109.4 248.2 957
Snyder-3rd floor 15508 250.4 158.5
Stuart-2nd floor* 282,71 246.9 260.9

* No flow controls.

Table 2. Cold Water Use Data for Men's Showers

Use
Period Total Use
(gal)
Conventional
327~ ..3/31 163.5
4/10 - 4/14 376.4
4/26 - 4/28 282.0
578 = 5/12 568.5
5/23 - 5/26 39250
6/5 - 6/9 66.7
7/10 - 7/14 1417.9
7/24 - 7/28 1882.4
10/30 - 11/3 319.8
11/6 - 11/9 367.0
Mean 583.6
Flow Limited
4180 —silifil 93.0
4/17 - 4/21 13053
5/dii=  5/5 120.9
5/15 - 5/19 70.3
5/30 - 6/22 57253
6/27 - 6/30 232.2
7 ey 538.1
T/AT =721 1059.8
9/18 - 9/22 396.7
10/2 - 10/6 140.9
10/16 - 10/20 382.2
10/23 - 10/27 7%

Mean 3221
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Mean weekly water use with conventional showerheads was 583.6 gallons,
while that for the 2 gpm flow limited showerheads was 322.1 gallons. On
average, the conventional showerheads used 81 percent more water than the
flow limited showerheads. Camp occupancy varied from week to week but the
mean occupancy was essentially equal for both test conditions.

Shower duration was measured indirectly by means of a thermocouple
attached to each showerhead and connected to a strip-chart recorder. The
temperature change at the showerhead caused by turning the shower on and off
was recorded. By measuring the elapsed time between temperature changes an
estimate of shower duration was obtained. Shower water temperature was also
recorded. Although the measurement method was admittedly crude, relative
differences between the two types of showerheads under evaluation are valid.
Table 3 contains a summary of shower duration and temperature data.

Table 3. Summary of Shower Duration and Temperature Data in Penn State
Environmental Learning Center Study.

Length Temperaturei/
n (+ 0.6 min.) n (F°)
Conventional
Mean 6.4 99.5°F
Range 203 (2-23) 207 (90°-110°F)
Flow Limited
Mean 6.6 . 102.2°F
Range 510 (2-33) 304 (90°-110°F)

Ly Events with recorded temperatures <90°F and >110°F not included.

As the data in Table 3 indicate, the difference in mean shower duration
for the two types of showerheads is insignificant. Average shower water
temperature was slightly higher for the flow limited showerhead but the
difference was also not significant. The results of these studies do not
support the hypotheses that shower duration will increase when shower flow
rates are limited to a maximum of only 2 gpm. Further, these and other
studies plus information gained from the experiences of an increasingly
large number of users indicate that flow controls can effectively reduce
the amounts of water and energy used for showering.

There is no doubt that in institutional and commercial settings proper
use of shower flow controls will result in substantially reduced water and
energy use. The same can be said for single family residences where
showers are the principal form of bathing.
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Reliable estimates of the reduction in water use for flow limited
showers can be made using the formula:

= C i
q, = 4,(c,.) (1)
where : Qc = water use with flow controls
Qm = water use without flow controls
Cc = conservation coefficient

Cc can be obtained by:

Fm - Fc
Ger = (2)
T
F
m
where: Fm = flow rate without controls
Fc = flow rate with the control in place

Estimates obtained using equations 1 and 2 will be valid as long as
the control remains in place. If the control enjoys user acceptance, this
condition will be met. Our research and the rapidly growing experiences of
the many users of these devices indicate that showerheads limited to maximum
flow rates of 2 gpm can meet these conditions.

Water conservation programs involving the retrofit of shower flow con-
trols and restrictors in existing dwellings have been conducted at numerous
locations around the country. In almost all cases the sponsoring utility
has purchased the devices and distributed them at no cost to their customers.
Because of the large aggregate cost of the devices, most utilities have
selected shower flow restrictors of low unit cost for mass distribution.

One notable exception is Hamilton Township, New Jersey, (Horn 1978). Most
of the restrictors used have been designed to limit flows to a maximum of
3.0 gpm (gallons per minute) at a water pressure of approximately 50 psi
(pounds per square inch).

Limited physical testing of shower flow devices has been undertaken by
several agencies with extensive recent tests by the California Department
of Water Resources (1978). Additional test results involving subjective
evaluations by a selected group of shower users has also appeared in
Consumer Reports (1978).

Most of these testing programs have placed heavy emphasis on the flow
rate characteristics of the shower device at either a single water pressure
or at several pressures simulating the range of service pressures experi-
enced in water supply systems. Additional criteria such as ease of cleaning
type of construction, appearance of the device and cost have also been )

applied to the shower device selection process. In some cases a subjective
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evaluation of the quality of the shower has also been made by soliciting
the opinions of users.

Flow rate comparisons are of limited value in judging the suitability
of shower devices because they bear little relation to the quality of shower
received by users. In general the device that most closely approximates the
selected flow rate (usually 3 gpm) for the water pressures used in the test
is judged best. However, if the shower is as satisfactory at 1.5 gpm and
30 psi as it is at 2.5 gpm and 80 psi the difference in flow rate matters
little to the user. In fact such a difference may be desirable in that it
does allow for some variation in water flow to accommodate the preferences
of different users. Such variation may be obtained by the user by opening
cold and hot water valves to allow for greater water flow.

Another criterion that has been used to judge shower devices is that
of spray adjustment. Some evaluators have felt that the showerhead should
be adjustable from needle to gentle spray with the device in place and that
both of these sprays should be satisfactory. Whether or not an adjustable
spray is really important to the average user is a matter of conjecture.

Cost is a criterion used to judge shower devices that has often been
misapplied. Certainly, devices that meet all other established criteria
should be differentiated on the basis of cost, but all too often cost is
weighted too heavily in comparison with other criteria. The result has
been selection of cheaper devices that involve greater risk of poor user
acceptance, or devices that are not effective conservers of water. Device
costs are only one factor in the cost decision. Distribution costs, costs
of discarded or unused devices, and the cost savings resulting from the
use of the device must also be considered. 1In the long run it may be more
economical to select a device with a much higher initial cost that will be
more acceptable to the user.

»

Determining the maximum flow rate of the shower devices to be selected
is also an area of potential difficulty. National codes have suggested
maximums of 3.0 gpm. The American National Standards Institute standard
is 2.75 + .25 gpm which is essentially a 3.0 gpm standard. Most of the
really inexpensive devices are engineered to limit flows to 3 gpm at a
pressure of around 50 psi. With most cheap restrictors, maximum flow
rates below 3 gpm would cause a higher risk of producing an unacceptable
shower, especially at lower water pressures. Unfortunately, maximum
savings of water cannot be achieved at flow rates around 3 gpm and savings
resulting from the use of such devices may be disappointingly modest.
Showerheads are available that give an acceptable shower at 2 gpm with a
much greater actual savings of water; consequently, the 2 gpm showerhead
should be given much stronger consideration than it has in the past,
irrespective of its higher cost.

The most important criteria for selecting a shower device in order
of importance are user acceptability, compatibility with existing
installation, durability, amount of water saved, and lastly, cost. The
2 gpm, all metal showerhead with the necessary ball joint adapters meets
these criteria. Follow-up surveys of user acceptance of mass distributed
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shower devices show a user installation rate of 40 percent for a less costly
plastic showerhead with built-in restrictor, Rodgers (1976) and 65 percent
for a 2 gpm showerhead, Horn (1978).

Until more information becomes available on user acceptance of 2.0 gpm
devices, code requirements for water saving showerheads in new construction
should specify a maximum flow rate of 2.75 gpm as per ANSI A112.18.1-1978.

Flow controls have also been applied to faucets with impressive
results. Important work on water conservation in lavatory sinks was con-
ducted in the United Kingdom during the 1950's, Crisp and Sobolev (1957).
This work resulted in the development of a single spray tap that delivered
water of a preselected temperature to the user. Tests of this faucet
showed that it was actually preferred by users. Amazingly, the use of this
faucet reduced hot water use in an office lavatory by 86 percent.

In the 1979 Penn State study, lavatory sink faucet flows were limited
to a maximum of 1 gpm. Comparative data for shower hot water use combined
with total lavatory sink use are given in Table 4.

As the data in Table 4 indicate a substantial reduction in water usewas
obtained by limiting faucet flows to 1 gpm in conjunction with the 2 gpm
flow limited showerheads. Uncontrolled faucets and showers used 106 percent
more water. Water use reductions resulting from the use of faucet-flow con-
trols in residences will probably be less spectacular, but nevertheless
highly worthwhile.

Most mass retrofit programs have ignored faucet water use because of
the relatively low potential savings. Flow rates from faucets other than
the tub filler should be limited to a maximum of 1 gpm. Most recent code
revisions stipulate maximums of 2.5 gpm. If shutoff valves are provided
for the hot and cold water service lines to the fixture, they may be
partially closed to allow a flow of 0.5 gpm from the hot and cold water
faucets. Adjustment can be made by timing the filling rate of a vessel of
known volume. If a single, center-set faucet is in use, the cold and hot
water lines should be set to deliver a maximum flow of 0.5 gpm. However,
in the kitchen sink, such a low maximum flow rate may be undesirable.

Various inexpensive and easily installed faucet aerator-flow control
devices are available to fit threaded faucet spouts. Care should be
exercised in the purchase of such devices because faucet thread sizes
and diameters vary considerably. These devices are easily installed.

Based on the information presented, the following recommendations
appear to be justified.

Retrofit Programs

For programs involving the mass distribution of water conservation
devices the following are recommended:

1) Showerheads producing a flow rate of approximately 2.0 gpm at or
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Table 4. Hot water use for showers and total lavatory
sink use in 1979 Penn State Study.

Shower and

e]:]rsieod sink use
P (gal.)

(Total for (Daily
Period) Average)

Conventional
3/27i= 03/3L 878 220
4/10 - 4/14 ¥,576 394
4/26 - 4/28 1,085 542
5/8 ¢~ 5/12 2,247 562
5/23=» 5/26 1561 587
6/5 - 6/9 &7 29
7/10 - 7/14 25222 556
7/24 - 4/28 53 33F 1,328
10/30 - 11/3 745 186
1176 = 11:/9 945 315
Mean 1,689 472

Flow limited
i S 1,346 337
&l 75450 20 816 204
S5il.= [5/5 746 186
5/15 —_ 5/19 545 136
5/30°=16/2 15282 427
6/27 - 6/30 634 211
3= /7 1,126 282
TILT —n il 21 916 229
9/18 - 9/22 835 209
10/2 - 10/6 461 115
10/16 - 10/20 685 171
10/23 - 10/27 439 110

Mean 819 218
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near 50 psi service pressure with the required ball joint
adaptors if necessary.

Flow control faucet aerators limiting flows from bathroom
and lavatory sinks to a maximum of 0.5 gpm.

Newfit Programs

For programs involving the regulation of new or replacement con-
struction the following is recommended:

1)

2)

3)

4)

5)

An ordinance or code change requiring water saving toilets
(3.5 gallons per flush) at a specified pressure in all new
or replacement construction where tank type toilets are to
be used.

Water saving showerheads designed to operate with a maximum
flow rate of 2.75 + .25 gpm (ANSI A112.18.1-1978).

Bathroom and utility sinks (other than kitchen) with faucet
aerator-flow controls limiting the flow to a maximum of 0.5
gpm.

Institutional (gas stations, bars, restaurants, hospitals,
dormitories, etc.) lavatories should be equipped with flow
limited (as per item 3), spray type faucets or taps.

Pressure reducing valves where normal water service pressure
will exceed 60 psi.
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ENERGY OPTIMIZATION IN GROUNDWATER DEVELOPMENT
AND PRODUCTION

M.E. Ford, Jr., Regional Vice President
Boyle Engineering Corporation

INTRODUCTION

It has been estimated that ninety seven percent (97%) of the fluid fresh
water on our planet Earth - on the order of 9.9 x 109 cubic hectometres
(8 x 1012 acre feet) - is underground.l/ The total groundwater withdrawals in
the United States are estimated to exceed 95 x 103 cubic hectometres (77 x
106 acre feet) annually. This is a relative contribution to total water use
in the U.S. of on the order of 172.2/ A large percentage of groundwater with-
drawals must be lifted to ground surface or higher for distribution and appli-
cation. This requires large amounts of energy.

Groundwater can be found in a variety of geologic formations or aquifers,
such as limestone, volcanic rocks, glacial, alluvial and eolian deposits, and
is extracted from wells, springs and horizontal infiltration galleries. Un-
consolidated deposits of sand and gravel are considered to provide more than
90% of all groundwater pumped in the conterminous United States.é/ This paper
considers energy optimization in the development and production of groundwater
from wells in sand and gravel aquifers. _

Energy optimization in groundwater development and production is con-
cerned with minimizing pumping lifts and increasing pumping efficiencies.

The potential for energy savings is significant. For example, if annual
groundwater withdrawals in the U.S. were lifted an average of 300 mm (1 foot)
less, the annual energy savings would be on the order of 129 x 106 kilowatt
hours (KWH). This assumes an average pumping efficiency of 60%. Further, if
overall pumping efficiencies were increased 17, approximately 2.1 x 105 KWH
could be saved annually for each 300 mm the water is lifted.

Minimization of drawdown during pumping begins with proper well design
and construction. Little can be done to influence the piezometric elevation
at which groundwater is encountered or the aquifer characteristics that de-
termine its ability to yield water. However, competent design, proper dril-

ling, construction and development of wells can reduce the pumping lift re-
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quired to withdraw groundwater from the well.

Properly designed and maintained well pumping equipment complete the
energy optimization equation. Since almost limitless opportunities exist in
selection of pumps and prime movers for groundwater production, it is essen-
tial they be matched to the well characteristics to provide an efficient
operating unit. In addition to a proper maintenance program, the perfor-
mance of the well pumping equipment should be monitored to detect changes
which indicate reduced efficiency.

A more detailed discussion of factors to consider in energy optimization

in groundwater development and production follows.

DRAWDOWN IN WELLS

The drawdown in a well producing water from an unconsolidated sand and
gravel aquifer is the result of viscous friction forces as water flows
through the aquifer toward the well and enters the well through the openings
in the well casing. Two flow regimes are generally encountered in wells;
laminar flow in the aquifer surrounding the well and turbulent flow through
the openings in the well casing or well screen and the filter or aquifer
material adjacent to the screen. The transition point from laminar to tur-
bulent flow will vary with well construction, water temperature and velocity.

Drawdown in a well is frequently characterized by the formula:

i n
S=C,Q+C,Q

where . S = drawdown Q = production rate

C1 and C2 are constants known as the formation

and well constant, respectively. The exponent

n usually falls in the range of 2 to 3.
Though this formula is not universally accepted, it is useful in discussing
the components of drawdown in pumped wells. For example, the drawdown in
the aquifer varies linearly with well production whereas that in the well
entry zone varies exponentially with production. As production is increased
from a given well, the well loss, CZQn, becomes the dominant component of
drawdown. Nonetheless, both components are important and merit an effort to

minimize through proper design and construction of water wells.

FORMATION LOSS

The expression CIQ’ the formation loss, is the first area in well design
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and construction which is subject to management. The formation constant, Cl,
is affected by several factors, such as:

1. Hydrogeologic characteristics of the aquifer.

2. Depth of well penetration in the aquifer.

3. Well diameter.

4. Development of the well.

5. Location of well relative to other wells.

6. Groundwater basin hydrology.

The transmissivity and storage coefficient of the aquifer; whether the
aquifer is confined, semi-confined, or unconfined are established hydrogeo-
logic characteristics that are relatively unchangeable. Within the limits
of these characteristics, it is possible to lessen drawdown associated with
the formation by fully penetrating the aquifer with the well. Plate I illus-
trates the relationship of partial well penetration and attainable specific
capacity for wells in homogeneous confined aquifers.l/

If the general hydrogeological characteristics of the area are kmown be-
fore the well is drilled, the additional cost of energy to overcome the grea-
ter drawdown due to partial penetration can be estimated and compared in a
present worth evaluation with the cost of greater depth of the well. This
will enable the designer to estimate the most economical depth for the well.

Well diameter also affects drawdown. The following table shows the
relation between well diameter and yield for an‘unconfined aquifer.i/

Well Diameter vs Yield Ratio, in 7%
pllSI 20 I8 DA E30", |86 48"

AP0 IO ST 12 241012 7 | 13| .37
San 1 DORE TITERSNUTEE S i6 30N G125
- =T OISO ) DRI-T 128|117
= = = 100 | 104 | 107 | 112
= = = - 100 | 103 | 108
= = = - - |100| 105

It can be seen the specific yield of a 12-inch well can be increased by
117% by doubling its size to 24-inch. In the case of a 12-inch well produ-
cing 500 gallons per minute with a drawdown of 10 feet, the drawdown would be

9 feet in a 24-inch well. The economic feasibility of increasing well diame-
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ter to save energy requires high energy costs.

Well development is probably the most important factor to minimize draw-
down related to formation loss. When a well is drilled, the earth materials
that are penetrated by the bore hole are disturbed. Fines generated during
drilling or drilling mud may invade the aquifer due to the fluid pressure
in the bore hole exceeding that in the aquifer in order to control caving of
the hole, and carry drill cuttings out of the hole. There are greater ha-
zards in conventional mud rotary drilling than reverse rotary or cable tool
drilling; however, a well engineered mud program will minimize mud penetra-
tion in most aquifers. Additionally, some aquifers have an element of fines
that create high velocities in the aquifer surrounding the well with atten-—
dant drawdown. One of the aims of well development is to open up the aquifer
by drawing this fine material into the well where it can be removed. Three
beneficial results are brought about during well development:

1. Correction of damage or clogging of the aquifer
which occurs during drilling.

2. Increases in porosity and permeability of the
aquifer in the vicinity of the well.

3. Stabilization of the sand/gravel formation
around a screened well forming a filter to
keep sand from entering the well.

Methods of well development will be discussed below, however it is
emphasized that complete development of a new well may take several days,
even weeks. If proper techniques are not used, the well may never be com-
pletely developed. Development is usually considered complete when the speci-
fic yield of the well (gallons per minute per foot of drawdown or similar
unit) does not change with continued development or pumping.

The location of the well relative to other wells must be considered
because of the possibility of interference among wells increasing drawdown.
This occurs when the cone of water level depression around a pumped well
spreads out to intersect a nearby well. Interference can be predicted from
aquifer transmissivity values determined during well tests or by plotting
simultaneous drawdown measurements in observation wells against distance of
the observation wells from the pumped well. This plot is made on semi-log
paper with distance plotted on the log scale.

The zero drawdown intercept
of the resulting sloping line approximates the limit of the cone of depres-
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sion. When estimating well interference in this manner, the pumped well
should be operated at anticipated production rate for a sufficient length

of time such that plots are reasonably straight lines and parallel when plot-
ted for successive time intervals. Allowance should be made for further
spread of the cone of depression as pumping continues over a long term.

The following equation develops the optimum well spacing of two produc-

tion wells pumping at the same rate from a thick, areally extensive aquifer.é/
i 2.5 x lO8 Cp 92

KT

r = optimum production well spacing, in feet.
Cp = Cost to raise one gallon of water one foot. (Power,
operation, maintenance and cost of capital.)
K = Capitalized cost of operation, maintenance and capital for
the transmission pipeline connecting the wells.
Q = Pumping rate of each well, in gallons/minute-
T = Coefficient of transmissivity, in gallons/day-ft.
Groundwater basin hydrology affects drawdown in wells to the extent
that there is sufficient recharge to overcome the effects of long-term pumping
or not. This factor can sometimes be altered by artificial recharge and
groundwater replenishment programs. Wells should be located close as practi-
cable to the source of recharge and far as possible from underground barriers

to the flow of groundwater. -

WELL LOSS

The expression for well loss, Can, is influenced largely by the con-
struction of the well and its development. Narrow or relatively impermeable
aquifers may also contribute to this loss where groundwater migrating to the
well reaches turbulent velocities.

Well construction practice varies throughout the world. In many cases,
local practice is the result of years of experience with regional groundwater
formations. All wells have certain elements in common, however. In sand and
gravel aquifers, the most important is the opening through which the water
enters the well. The water inlet may consist of rough slots pierced in the
well casing after it is in place in the well; mill slotted casing; pre-formed

louvered or bridge slot casing or wire wound screen.
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There are several important factors to consider in the selection of a
water inlet in order to minimize well loss and the attendant drawdown. They
are:

1. Corrosion resistance and strength of material.

2. Ability to control the sand/gravel around the well
to form an effective, permeable filter.

3. Maximum open area per unit length of inlet.

Resistance to corrosion is important because the buildup of corrosion
products can reduce the open area of the inlet and increase the drawdown in
the well. Inlets should have sufficient strength to resist deformation
during handling, well development and production. The ability of an inlet
to control the sand/gravel around the well is a function of its design and
slot size as related to the natural formation or gravel pack, if used. In
coarse gravel aquifers, particle sizes are often large enough to bridge over
most slots; however, if fine sands are encountered it may be necessary to
gravel pack the well to create an artificial filter. In this instance, the
ratio of the median particle size in the gravel pack to that of the formation
should be about 5 to 6 in order to maintain a high permeability in the gravel
pack, yet effectively filter out the formation sand. Screen slot size is
selected to retain 90% of the gravel pack.

In any screened well, it follows that some portion of the screen open-
ings are occluded by formation or gravel pack particles. This can be miti-
gated by selecting well rounded gravel pack material. However, the greater
the area occluded, the greater the drawdown in the well at a given flow. The
use of well screen with maximum open area per unit length, coupled with low
water velocity through screen openings, should minimize this condition. Max-
imum design velocity through the well screen openings is recommended not to
exceed 0.1 feet per second.

Typical screen types with open areas are shown below:

TYPICAL SCREEN OPEN AREAS

Percent
Screen Open Area
Bridge Slot 2R=137
Louvered 27%- 9%
Wire Wound Screen 287%-57%

Note: Based on 12-inch I.D. screen and average
slot opening, one tenth inch.
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Another important consideration in selecting well screen is the mode of
development intended. If the well is in a formation little affected by the
drilling method and requiring minimal development, the screen plays a lesser
role. Well development can be accomplished by pumping the well at various
rates, stopping the pump frequently and allowing the water in the pump
column to surge back through the screen.

When formations have been penetrated by drilling mud or contain fines
which must be removed to provide optimum well yield, more force must be ex-—
erted during development. Methods such as surging and pumping with an
air-1lift, surging with a surge plunger, and high velocity jetting may be used.
In unusually difficult circumstances, chemical aids, such as detergents or
acids may be employed. Whatever the method, it can be postulated that screens
with the largest percentage of open area will allow the greatest amount of
development energy to be transmitted into the formation and gravel pack around

the well.

PUMPING EFFICIENCY

Vertical turbines are one of the most common type of pump encountered in
groundwater production, therefore are the sole type discussed. Various
elements of the following discussion apply to all types of pumps, however.

There is a truly large variety of vertical turbines from which to select.
This also applies to prime movers, thus the possible combinations are legion.
In addition to flow desired and pumping lift, thg selection of a pump requires
a knowledge of hydrogeology of the aquifers exploited, well construction and
efficiency to the extent these factors will effect drawdown. Ideally, flow
and total pumping lift should be constants allowing the pump to be designed
for its most efficient point of operation. This rarely occurs however, due
to changes in drawdown or in pump discharge pressure.

Plate II shows a typical family of head-capacity curves for a vertical
turbine. It can be seen that pump output increases as total pumping head
decreases and vice-versa. There is, however, only one most efficient point
of operation and departures from this point carry penalties in energy con-
sumption. When designing the pump and its prime mover, the factors which
will cause changes in the head-capacity relationship must be considered and
a selection made that will yield the greatest overall efficiency over the

anticipated operating range. Accomplishing this is more direct for a con-
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stant speed electric motor than for variable speed prime movers such as
engines or variable speed electric motors where additional load related
factors affecting efficiency must be considered.

Once the pump and prime merr are selected and placed in operation, it
can be anticipated that the pump will show a drop in performance over a
period of time due to wear or changes in pumping conditions. In a deep well
turbine, major performance deterioration due to wear can result from sand in
the water. This causes increased clearances at seal rings and bearings as
well as changes in hydraulic passages in the pump bowls and impellers. To
detect deteriorating pump performance, it is necessary to secure sufficient
data at regular intervals to determine the rate of change in performance.

The data necessary consists of:

--Flow rate

--Total pumping head

--Specific yield of the well

--Horsepower input or amperage

--Hours of operation

--Visual observation of vibration, shaft run out, excessive
shaft seal or packing leakage and occurrence of sand or
gases in the water.

If possible, each data measurement should be taken at the same total
pumping head to establish reference. Pump shutoff head should also be
measured as it is indicative of wear. Most vertical turbine pumps have
sealing surfaces between the impellers and pump bowls whose clearance can be
reduced by lowering the impellers, and this adjustment should be made if per-—
formance drops off. Continued drop in pump performance over a long period
can be extrapolated to indicate when pump removal and repair will be economi-
cally justified. Extraordinary drops in performance should be investigated
when first discovered inasmuch as serious mechanical trouble may be indicated.

If well specific yield declines, it may become necessary to rehabilitate
the well by redevelopment or chemical treatment of the well.

A recent article presented performance standards for how an average
new pumping plant should perform in terms of water horse

Sy

unit of fuel.= These standards are reproduced below.

power hours per
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NEBRASKA PERFORMANCE STANDARD FOR
DEEP-WELL TURBINE PUMPING PLANTS

Fuel whp-hrs per unit of fuel*
Diesel 10.94 per gallon
Gasoline 8.66 per gallon

Propane 6.89 per gallon

Natural Gas 0.0667 per cubic foot
Electric 0.885 per Kwh

*Whp-hrs refers to the actual work being accomplished by
the total system (pump and engine).

An average, new deep-well turbine pumping plant should be able
to perform at or above the values given for water horsepower-hours
per unit of fuel used in the above table. These performance stan-
dards are based on several assumptions. These are:

-- The average, new turbine pump will have an operating efficiency
(o 7y A

-- The average, new internal combustion engine will have the same
fuel use efficiency (for the respective fuel types of diesel,
gasoline and propane) as the average of tractors tested at 85%
of maximum PTO hp at the Nebraska Tractor Testing Laboratory.
(Natural gas values are from manufacturers' data corrected for
5% drive loss.)

-- The average, new electric motor will have an operating ef-
ficiency of 887 (although they may vary from 85% to 927, de-
pending on horsepower) and has a direct connection with the
pump shaft.

Because the standards are based on how an average new pumping
plant should perform, some pumping plants %ill exceed the standards.

CONCLUSION

The impact of energy optimization measures in groundwater production and
development can be illustrated by a hypothetical well producing 114 cubic
meters/hr (502 gal/min) with a total pumping lift of 30 meters (98 ft), a po-
wer cost of 3¢/Kwh and pumping efficiency of 60%. Power for this well costs
46.5¢/hr. 1If, through the energy optimization measures discussed herein, a
pumping lift of 25 meters (82 ft) and efficiency of 70% could have been at-
tained, power costs would be reduced to 33.2¢/hr. If the well were operated
300 days each year, the present worth of the power saving would exceed $8,000
for a twenty year well life. Energy savings of this nature multiplied by the
thousands of wells throughout the nation can contribute significantly to the

alleviation of our shortage and therefore must be pursued.
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PROJECTING THE IMPACT OF TIME-OF-USE ELECTRIC RATES
ON MUNICIPAL WATER UTILITIES

Philip A. Naecker
Junn-Ling Chao, Ph.D.

James M. Montgomery, Consulting Engineers, Inc.

About three percent of all electrical energy consumed in the United States is

used to pump water for agricultural and municipal purposes, and over ninety percent
of the pumping energy used for irrigation in the country is electrical.” Further-
more, because in the U.S. both water and electric utilities experience peak con-
sumption during the hottest summer days (with the exception of the Pacific Northwest,
where electrical heating dominates), a similar percentage of electrical generating
capacity is dedicated to the production of electricity for pumping water during

the peak demand period. In recent years it has become difficult for electrical
utilities to increase their generating capacity. Environmental concerns, rising
construction costs, and other factors have all played a part. As a result, util-

ities have begun to turn away from rates schedules that measure and charge on

the basis of the quantity of energy consumed toward rates that measure and charge
on the basis of peak demand as well as the quantity of energy consumed. This

paper presents a technique for projecting the financial impact of new electric

rate schedules on water purveyors and operators of large water systems. Of

special interest are Time-of-Use (TOU) Rates, and the way that this kind of

rate structure may alter the operation of municipal water utilities.

INTRODUCTION

Electric utility customers who pump water have long been large and conspicuous
consumers of energy. In many areas of the country, pumping and agricultural
electricity customers operate under separate and often favorable rate schedules.
Typical electric rate schedules for pumping have been of the decreasing block
type, but recent difficulties in constructing new generating capacity have caused
a trend toward rates based upon peak power demand gnd the time of use of the
power, as well as total energy consumed.

To understand the relationship between electricity demand and water demand,
let us first examine the diurnal consumption pattern of the two utilities as shown
in Figures 1 and 2. Water and electricity producers have very similar problems
in meeting the demands of their respective consumers. Both water and electric
utilities experience broad temporal fluctuation in the demand for their services,
on both a seasonal and a daily basis. Both are generally required by law to supply
as much of their product as their customers require, more or less irrespective

of the consumption rate, pattern of use, or other characteristic of the demand.
Utilities have created rate structures that attempt to recover the average cost
of service to a particular class of customer, generally categorized on the basis
of type of user and the capacity of the user to place a peak load on the system.
A lighting service, for example, has a different kind of electric demand than

the electric service that is used to pump water. Thus, the two services would
typically operate under different rate schedules. Until recently, however, more
precise knowledge of the characteristics of the demand was not considered neces-
sary for the utility to fully recover the cost of service.
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From their inception, electric utilities have had to deal with the problem of meeting
wide temporal fluctuations in demand without incurring overburdening generating
costs.” Modern utilities have tried to cope with the problem by constructing

a variety of generating facilities, each with characterisitics suited to a particular
segment of the demand (Figure 2). Large coal or nuclear generating units are

used to supply the system's base demand, typically about one-half of the peak
demand. Less steady demands are met by less efficient fossil fuel thermal plants,
gas turbine generating stations, or diesel generating units. These stations undergo
a process called "cycling", meaning that they are turned on and off during the

day as demands change. The result of this method of generating electricity is

that the conversion of fuel to electricity is less efficient, but the overall operation
is economical because of the differences in capital and operating costs between
the cycled units and the large base load units. Nonetheless, the power consumed
on-peak (say, between 8 AM and 10 PM) is several times more costly to produce
than power consumed off-peak. First, this is true because the capital investment
for peaking capacity is not used all the time. Secondly, the efficiency of fuel

to electricity conversion for peak power generating units may be several percent
lower than the efficiency of base load generators, so on-peak power is more fuel-
intensive as well.

Electric utilities are dealing with the economics of peak loads in a number of
ways, including a variety of energy storage systems (such as hydroelectric pump-
back schemes and large scale battery installations) and several peak load manage-
ment techniques. Peak load management methods in operation or under study
include a variety of "load shedding" methods for eliminating less essential and
less timecritical demands during peak demand periods. Electric utilities are

also studying the use of economic incentives to encourage large users to shift
their demand to off-peak periods, generally by monitoring the time of use of
electricity and creating a rate structure that recovers the true cost of meeting
on-peak demands with cycling generating units and gives off-peak users the benefit
of the lower cost of base-load power. Water utilities are in an exceptionally

good position for taking advantage of low off-peak energy rates. Unlike almost
every other large user of electricity, water utilities generally have substantial
storage capacity that allows them to pump at a time other than at the instant

of the water demand. Although a typical muncipal water demand curve overlaps
considerably with the typical electricity demand curve, the storage capacity

built into most municipal water systems could potentially be used to shift the
demand for the electricity used for pumping water to off-peak, thus saving the
water utility money and possibly saving the electric utility fuel as well as gener-
ating capacity. Figure 3 shows how one water utility consumes energy under
normal operating conditions and under operations designed to minimize costs

with TOU rates. Note that it is possible to not only shift the time of peak demand
(represented by the height of the curve) from on-peak to off-peak, but it is also
possible to shift the bulk of the energy consumption (represented by the area
under the curve) as well.

QUESTIONS

Two important questions need to be addressed before water utilities embark on

a plan for off-peak pumping. The first is basically economic: Will the financial
incentives offered by the electric company (in the form of a new TOU rate sche-
dule) be sufficient to motivate the disruption of current operating procedures?
Unless the financial gains are substantial, few water purveyors will risk disruption
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of current pumping schedules to save a few dollars. Second, is the proposed oper-
ation scheme a practicable and feasible one that will not decrease the level of
service or reliability currently enjoyed by the water consumers? If the level

of service would be impaired, are there simple and relatively inexpensive measures
that can be instituted to recover the previous standards of service? For example,
would the money saved in electricity bills be sufficient to amortize the cost of
new pumping or storage facilities? One of the authors (Chao) hag described before
a conceptual analysis which provides some clues on these issues.” He was able

to show that a defineable minimum cost differential must exist between off-peak
and on-peak power before it will be advantageous for the water purveyor to shift
to off-peak pumping. That analysis is based on the differences in head loss in
pipes under the two pumping schedules, and is therefore accurate only for a simple
pump/pipe/reservoir arrangement, and does not consider the effects of a hydraulic
network. Furthermore, it provides no mechanism for estimating deleterious effects
of off-peak pumping schedules, such as changes in service pressure and excessive
velocity in pipelines.

The resolution of these questions is not a simple matter. The relationship between
electricity consumption and water demand is highly complicated and includes
consideration of the water system's storage capacity, the location and other charac-
teristics of the water demand, pumping capacity, pipeline capacity, and other
factors. Because of the non-linear relationship between water demand and head
loss in pipes, the mathematicEl equations describing the operation of a water
system are difficult to solve.” However, in recent years a number of techniques

for the solution of these equations have been devised, making possible the writing

of a computer program to simulate the operation of a water system. The program
allows engineers to model the financial impact of time-of-use rates, decreasing
block rates, or any other electric rate structure, and to simulate the impact of
modifications to the operations and facilities of the water utility. By operating

the model under a variety of real or imaginary conditions, the engineer is able

to deduce the combination of facilities and operational methods that result in
minimal cost of operation. Furthermore, it is possible to project the changes

in energy consumption that may be caused by new operation schemes and to measure
the impact of those schemes on the generating and fuel requirements of the electric
utility.

To fully understand the potential for savings in electric service costs to a water
utility, it is first necessary to understand something about the many different

rate structures that are in use throughout the country. Most agricultural and
municipal pumping plants operate under a decreasing block rate schedule, in which
the cost of each unit of energy decreases in steps or blocks as the total amount

of energy consumed increases (Table 1). The theory behind a decreasing block
rate is that the incremental or marginal cost of service decreases as the user
consumes more energy because a large portion of the cost of service is fixed
(capital cost of generating facilities, cost of accounting, etc.). One rate schedule
that may well replace the decreasing block rate is the time-of-use (TOU) rate,

in which the impact of the temporal distribution of electric demand is explicity
considered in determining the cost of electric service. Table 1 also shows a typical
TOU rate schedule.
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TABLE 1
EXAMPLE RATE SCHEDULES

Decreasing Block Rates

Demand Charge

First 75 KW $ 281.75/month

All Excess KW $ 3.75/month
Energy Charge

First 150 KWh per KW $ 0.04057/KWh

Next 150 KWh per KW S 0.03857/KWh

Excess KWh $ 0.03657/KWh

Time-of-Use Rates

Demand Charge
Based on Standard Transformer Size

Minimum of 12 months S 1.50/KW/month
Energy Charge

On-peak (8 AM to 10 PM) $ 0.05397/KWh

Off-peak (10 PM to 8 AM) $ 0.03497/KWh

EXAMPLE ANALY SIS

The example we will discuss here examines the potential for economic benefit

for a moderate sized water utility in Southern California in the conversion to

a TOU rate from a decreasing block rate. One pressure zone (Figure 4), encompas-
sing about twenty-five percent of the water system's total demand of 100 million
gallons per day, was studied to determine the feasibility of converting to a TOU
rate and to estimate the impact of the conversion on system performance and
reliability of water service. The city's water master plan had pointed out the
need for consideration of off-peak pumping in the system's numerous elevated
pressure zones. Work is currently under way to increase the storage capacity

in many areas of the city, and it is likely that there will initially be some excess
storage in certain areas as demands grow toward the expected future level. Thus,
it appears that the city could utilize the new storage and pipeline capacity to
pump during the off-peak period and thus reduce electric service costs.

A computer program was used to simulate the operation of the water system
during a forty-eight hour period representing typical high demand summer days.
The program, called TIMER, is based upon a methodology for stajtic analysis of
hydraulic networks first described by Wood and Charles in 1971.” The program
linearizes the non-linear equations describing the head loss in pipes as a function
of flow and solves the equations iteratively by matrix methods. This technique
was selected for the analysis because it is especially efficient for repetitive anal-
ysis, such as that done in simulating the daily cycle of a municipal water system.
Since most water distribution systems cannot be supplied by gravity flow alone,
they rely on a combination of pumping stations and elevated storage reservoirs.
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Thus, it is necessary to simulate the operation of these facilities during the diurnal
demand cycle. The program also simulates the operation of pressure reducing
valves, automated valves, control loops, and other network facilities. The diurnal
cycle of demand is modeled by the program, and any number of pressure zones

or services areas can be simultaneously modeled. The program provides a detailed
output of flows, pressures, pumps status, reservoirs status, and similar information
for each time increment (usually one hour) in the analysis. It also monitors and
plots energy use and cost in pumping stations; parameters recorded include energy
consumption, pump efficiency, energy charges, demand charges, and unit energy
use (kilowatt-hours per thousand gallons pumped). The engineer typically uses

the program by first simulating the existing conditions within the water system.
The engineer then modifies certain operating parameters such as pump set-points
(for those pumps turned on and off by reservoir levels or pressures in the network),
time clock settings (for those pumps controlled by time clocks), reservoir sizes,
pressure reducing valves settings, etc., and runs the program again to simulate

the new conditions. The output of the two analyses is then compared to determine
differences in energy charges and demand charges, and to observe the behavior

of the network under the new operating conditions.

In the analysis performed here, the program was used to project the impact of

a conversion from a decreasing block rate schedule to a TOU rate. Pumping
operations in the water system have previously been either manual or automat-
ically controlled by reservoir level. The top portion of Figure 5 shows the reservoir
hydrograph during a typical high demand period, corresponding to the demand

curve presented earlier (Figure 1). As demands increased during the day, the

water level in the reservoir dropped and pumps were actuated by the automatic
control system. If the storage in the reservoir continued to decrease, additional
pumping units were turned on until the reservoir level began to climb or all of

the available pumping units were operating. Similarly, as demand diminished

at night the pumps were turned off, one by one, until the level in the reservoir
stabilized. Because the demand for water coincides with the on-peak period

for electricity consumption (Figure 3), the pumps were generally turned on during
those hours that have the greatest impact on the generating capacity of the elec-
tric utility. Thus, a shift to TOU rates without a concurrent change in pumping
operations would result in a substantial increase in electric service charges (Table 2).
Therefore, a pumping arrangement using time clocks was devised and modeled

to anticipate any deleterious side effects.

RESULTS OF THE ANALY SIS

It was determined that there could be substantial differences in the conditions
within the network under the two pump operating schemes. The service pressures
at some point within the network were closely related to the status of pumps

at one of the pump stations. Under the off-peak operations those pumps were
left off during daytime hours, resulting in low pressures during the afternoon
hours (Figure 6). Before, low pressure had been limited to the early morning
hours, at which times it was generally of little consequence. Also the changes

in the elevation of water in the reservoirs connected to the network were much
more pronounced under the modified operations than under the normal operations
(Figure 5). Until additional reservoir capacity comes on line (to meet expected
future requirements), it may not be possible to allow the reservoir to be drawn
down to such a level. (It should be noted here that, like many water storage reser-
voirs, the reservoirs in this system are used for three purposes: operational or
equalization storage, fire protection storage, and emergency outage protection.
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TABLE 2
TYPICAL ENERGY SERVICE CHARGES
Normal Normal Off-Peak

Operation Operation Operation

Block Rates TOU Rates TOU Rates
Demand Charges
(Average Daily) $§79 S112 $112
Energy Charges
(Maximum Day) $1239 $1225 $1207
Energy Charges
(Average Day) S6ul $670 $521
Estimated Total
Annual Charges $262800 $285430 $231045
Avg. Cost per
Thousand Gallons $0.0515 $0.0560 $0.0453

Since only a portion of the reservoir is allocated to equalization or operational
purposes, it is detrimental to the other purposes to withdraw more water than
is allocated to operational purposes. Therefore, although the figure indicates
that the reservoir is more than half full, there is actually an overdraft of oper-
ational storage.)

Despite the changes in the performace of the network under typical maximum
day conditions, the changes in performace under less stressful conditions would

be minimal and would probably go unnoticed by the public. It is under these con-
ditions, when there is excess pumping and storage capacity available in the water
system, that the potential benefits of TOU rates can be realized. During the
winter when demands are low, for example, the pumping operations can be shifted
entirely to the off-peak without any undue impact on the performance of the
water system. The financial impact of this fact is evident in Table 2, which dis-
plays a twenty percent decrease in average day energy charges as a result of

a shift from normal operations to off-peak pumping.

As shown in Table 2, the overall financial advantages of an off-peak pumping

mode of operation could be substantial. Potentially large energy costs on the
maximum day could be avoided by a shift to off-peak pumping, provided the pumping
and storage facitlities exist to enable this non-standard mode of operation. If

the facilities do not presently exist, the difference in the estimated total annual
charges under the two schemes can be examined to determine if sufficient eco-
nomic incentive exists for the construction of appropriate capital facilities and

a subsequent conversion to a TOU rate and off-peak pumping operation.

It is interesting to observe the changes in energy consumption under the two
modes of operation. As one might suspect, because there is a higher rate of flow
through the pumping station under the off-peak operating schedule (the higher
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peaks in Figure 3) there are greater energy losses to friction. Through the use
of the network analysis and simulation model described above, it was possible
to quantify these losses for the particular system under consideration in this
example. Off-peak pumping would require approximately three to five percent
more energy than the normal pump operating schedule. However, because of
the nature of the system analysed here it appears that a slightly higher range,
say five to seven percent, would be expected for a typical network. The loss

in overall (global) system efficiency, i.e., the efficiency computed by dividing
the energy value of the fuel used at the power plant into the potential energy
added to the water that was pumped, would probably be somewhat less than two
percent. This is due to the higher efficiency of the base-load generating stations
when compared with the cycling generating units.

SUMMARY

In the future, there is likely to be ever more careful control of out very limited
energy resources and continuing difficulties with increasing electric generating
capacity. As time-of-use electric rates become more prevalent, the use of off-
peak pumping in municipal water systems to provide a kind of pumped storage
of energy will no doubt be exploited. It has been shown that off-peak pumping
can result in substantial savings to water utilities currently operating under TOU
or decreasing block rates, provided that the differential between on-peak and
off-peak energy rates is non-trivial. A technique for projecting the potential
financial impact of TOU rates has been presented, utilizing a dynamic computer
model of the hydraulic network. Now that this methodology has been developed,
it remains only for the institutional framework to built on the basis of common
gain for the utilities involved.
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EXTENSIVE POWER SAVINGS THROUGH MAXIMIZATION
OF SAGI!NAW-MIDLAND WATER SUPPLY SYSTEM
PUMPING EFFICIENCY - A CASE STUDY

William S. Howard
Vice President
Camp Dresser & McKee Inc.
Boston, Massachusetts

In 1946, the Michigan cities of Midland and Saginaw, located in the Saginaw
Bay area of Lake Huron, established the Saginaw-Midland Water Supply System
(SMWSS) to provide for their combined water supply needs. The system, with a
current average demand of about 50 million gallons daily (mgd) used over

A0 X 106 Kwhr of electricity annually.

At average energy costs of $0.035 per Kwhr, the Saginaw-Midland system spends

over one million dollars annually for power use alone. In view of a total
operating budget of $2.5 million, the amount spent for power is a sianificant
operating cost of the system. In response to rising energy costs in the early

1970s, the SMWSS took steps to monitor power usage more closely. The environ-
mental consulting firm of Camp Dresser & McKee Inc. (CDM) was retained to
conduct system studies in 1973, and again in 1974, in an effort to develop an
effective energy monitoring approach.

SYSTEM DESCRIPTION

Since 1946, the Saginaw-Midland Water Supply System has grown to include three
pumping stations which supply two major municipal treatment facilities for a
total design capacity of about 80 million gallons daily (mgd), see Figure 1.
Raw water is obtained from outer Saginaw Bay - at a point approximately 65miles
from the two cities to ensure good water quality. The capacities, pumping
configurations and available storage volumes of each pumping station are
summarized in Table 1.

At one end of the system is the Whitestone pumping station with five constant-
speed pumps; three two-stage 20 mgd units; one 30-mgd unit; and one 40-mgd unit.
The 20-mgd pumps can be uncoupled for single-stage operation, Presently,
Whitestone can deliver about 41 mgd directly to the treatment plants. If
total system demand exceeds this volume, Whitestone pumps directly to Pin-
conning, the next station downstream rather than bypassing it.

Pinconning has five pumps: three two-stage, 20-mgd, constant-speed units;

one two-stage, 20-mgd, variable-speed unit; and one single-stage, 50-mgd,
constant-speed unit. The four 20-mgd pumps can be uncoupled for single-stage
operation (although they have never been so operated in the past). Pinconning
reservoirs have a usable volume of 2.1 million gallons. As presently operated,
Pinconning can deliver about 64 mgd directly to the treatment plants. |f total
system demand exceeds this volume, Pinconning pumps directly to the Junction
station, rather than bypassing it.
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Junction has four constant-speed pumps: three two-stage 20-mgd units and one

single-stage 40-mgd unit. The 20-mgd pumps cannot be uncoupled, but could be
modified by valving and piping changes to allow single-stage operation. All

units can pump directly from either the 48-in. Pinconning line or from a 5-mg
reservoir (usable volume = 3.38 mg). This last of the three pumping stations
can pump a total system demand of about 80 mgd to the treatment plant.

The system hydraulics usually require throttling when flow is pumped from the
Junction Pumping Station to the treatment plants. Pressure in the 36-in.
Midland transmission line is usually maintained below 200-ft of water on
account of past problems when this head was exceeded. It is possible through
valve operations to use two of Junction's 20-mgd pumps to pump flow separately
to the Midland treatment plant while the Whitestone or Pinconning station is
pumping directly to the Saginaw facility.

Midland currently has a 125-mg raw water reservoir (overflow elevation -

651.5 ft, normal operation range = upper 3 ft), with a usable volume of 21 mg.
Water is ordinarily supplied to the Midland East Water Treatment Plant at a
hydraulic gradeline elevation of about 685 ft. By SMWSS agreement, Midland

is allocated about 47 percent of the total system capacity. In 1973, Midland's
average usage was 22.94 mgd, of which about 14 mgd were delivered to Dow Chem-
ical (hydraulic gradeline elevation 663 ft), and 9 mgd to the East plant.
Maximum day usage was 35.59 mgd. Nominal capacity of the East plant is 8 mgd,
although it has been operated at 12 mgd. Raw water from the reservoir can be
delivered to the treatment plant by two 15-mgd pumps.

Saginaw has a 50-mg raw water reservoir, of which approximately 27 mg are
hydraulically usable. Overflow elevation of the reservoir is 587 ft; per-
missible drawdown is 11.2 ft. At present, there are five raw water pumps
with capacities ranging from 7 to 14.7 mgd (total capacity 47.3 to 55.7 mgd).
However, significant taste and odor problems in the Saginaw raw water reser-
voir have resulted in consumer complaints whenever it has been used.

In 1973, Saginaw's average usage was 28.52 mga; maximum usage was 46.08 mgd.
The required hydraulic gradeline elevation at the Saginaw treatment plant
influent splitter box is 607 to 609 ft, depending on flow rate.

Under current demand conditions, the Whitestone station operates 52 weeks
per year, Pinconning 48-50 weeks per year, (e.g., whenever demand exceeds

41 mgd;, and Junction about 2 weeks per year, (e.g., when demand exceeds
64 mgd) .

EFFECTIVE ANALYSIS

Two general routes were taken to develop efficient operating procedures:
(1) SMWSS in-house analysis (comparison of operating records with equipment
specifications and actual operation under varied demand situations), and

(2) consultant analysis by CDM engineers experienced in systems analysis
hydraulics, pumps, and motors. ?
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In-house analysis. A number of different operating procedures were tried
by the SMWSS over the past few years. Daily log sheets were maintained,
and overall efficiencies of the various techniques were compared to develop
optimum pumping configurations. Operating procedures based on the above
data were then analyzed by CDM. Significantly, the maintenance of daily
records, and the fact that the SMWSS had operated the pumping stations
using different pumping configurations for the same flows, were factors
greatly facilitating the evaluation.

Consultant analysis. To evaluate potential energy savings, pump characteris-
tic curves and pumping station log sheets maintained by the SMWSS were evalu-
ated (log sheets contain daily information on power use per pump, average

TDH per pump, and total system demand), and pump performance curves were
plotted and compared with manufacturers' curves. The actual efficiency,

flow and head characteristics of each pump were then established. System
curves were developed between pumping stations and between each pumping
station and treatment plant (three stations, two plants). Pump characteris-
tic curves were plotted on each system curve, and the most efficient pumping
arrangements for various system demands were determined.

Next, the existing reservoirs at Pinconning, Junction, and the treatment
plants were examined to determine the feasibility of dampening demand fluc-
tuations from storage (thereby allowing each pumping station to deliver water
at constant- and most efficient-rates). Since the raw water reservoir at the
Saginaw plant is seldom used, and the required hydraulic gradeline elevation
is about 76 to 78 ft less than at the Midland plant for nearly equal flows,
conditions along the Midland route usually dictate pressure characteristics
at the SMWSS pumping stations.

Although the normal elevation in the Midland plant raw water reservoir is
about 651 ft (34 ft lower than the plant requirement), there is a high eleva-
tion of 661 ft about one mile upstream to be overcome before flow can be
delivered to the reservoir. Dow Chemical is at elevation 663 ft downstream
of the treatment plant. Thus, even if the SMWSS pumped directly to Dow
Chemical and the Midland reservoir, conditions at Midland would still deter-
mine system pressures. Maximum efficiency, therefore, could be attained if
Saginaw's demand were allowed to fluctuate and total system demands were
dampened from storage at Midland. (In this way, the stations could still
pump at a constant rate.)

ALTERNATIVES STUDIED

Three alternative operating techniques were investigated: (A) pumping to

both treatment plants at relatively constant overall rates and repumping
short-term deficiencies from the Midland raw water reservoir; (B) pumping

at constant rates to Dow Chemical, Midland raw water reservoir, and Saginaw
treatment plant, with Midland repumping all flow to its treatment plant,

and (C) pumping to the Saginaw treatment plant from Whitestone or Pinconning
(bypassing Junction), drawing the remaining total system flow through Junction
to Dow Chemical and the Midland treatment plant. The latter alternative was
evaluated with two-stage or single-stage operation.
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The first alternative would allow the SMWSS to pump at constant rates, and
would eliminate throttling. The second alternative would lower head require-
ments slightly, and thus possibly increase the capacity of the pumping station.
The third alternative would lower head requirements at Whitestone and Pin=
conning by 76-78 ft, and thus allow the pumps at these stations to deliver
greater flows at constant rates. Demand fluctuations would be met by the
Junction storage reservoir or directly by the two 20-mgd Junction pumps.

To evaluate these alternative pumping modes, an energy efficiency index (EEI)
which related power consumed (Kwhr) to pumpage (mgd), was developed. The EEI
under 1973 SMWSS conditions was plotted, and the effect of each alternative
operating technique was then superimposed on the reference curve, Figure 2.

A combination of the alternative techniques was found to yield the most
efficient power consumption.

Alternative A was recommended for system demands up to 41 mgd, and for demands
between 72 and 80 mgd. Alternative B was recommended for flows between 47 and
64 mgd. Alternative C was recommended for flows between 41 and 47 mgd, and

64 and 72 mgd. In addition, it was recommended that single-stage pumping be
utilized over certain flow ranges.

STORAGE CONS IDERATIONS

In order to avoid frequent pumping changes when operating in the above modes,
it is essential to utilize the Pinconning and Junction storage facilities

most efficiently. Figure 3 illustrates the time required to empty or fill

the usable portions of Pinconning and Junction reservoirs for given differences
between inflow and outflow. Consider the following example:

Average total system demand = 74 mgd

Pinconning reservoir = initially full, Junction
reservoir = initially empty

Whitestone station = initially pumping at 74 mgd,
Pinconning at 80 mgd, and Junction at 70 mad.

Assuming a normal flow split, 34.4 mgd would be required for Midland and

39.6 for Saginaw. At Junction, the reservoir inflow would be 80 mgd, the
outflow 70 mgd. An average flow of 39.6 mgd would be delivered to Saginaw
and 30.4 mgd to Midland; the remaining 4 mgd would be repumped from Midland's
raw water reservoir to the Midland East treatment plant. Table 2 summarizes
typical operation for the above example. Based on Figure 3, Junction would
fill in 8.1 hours, after which this station would pump 80 mgd to the treat-
ment plants (39.6 mgd to Saginaw, 40.4 mgd to Midland, 6 mgd to the Midland
raw water reservoir). After 10.1 hours, the Pinconning reservoir would be
empty, and the Pinconning station would pump 64 mgd with the 50-mgd pump for
4.6 hours. Over a 23.3 hour period, nine pumping changes would be made
(three at Whitestone, three at Pinconning, and three at Junction) - an average
of one change per station about every 8 hours.

It was also determined that use of Midland's raw water storage reservoir

could delay transmission system improvements by increasing present system
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capacity to 89 mgd. During high-demand periods, flow could be pumped at a
constant rate (80 mgd) to the cities, with water entering the reservoir at
night and on weekends and pumped from the reservoir on weekdays.

SUMMARY

Through in-house field experimentation and selective engineering consultation,
the SMWSS was able to realize substantial power savings. For example, in

1975 the first full operating year in which CDM's recommendations would show
their effects - at an average usage of 49.91 mgd, approximately 31,200,000
Kwhr were consumed at a cost of $624,000. Without the recommended changes

to past operating procedures, an estimated 32,800,000 Kwhr would have been
used at a cost of $656,000, for a savings of about 1,600,000 Kwhr, or

$32,000. In addition, an increase in overall system capacity from 80 to 89 mgd
was found to be feasible through more effective utilization of available
storage. System managers should take note! Power costs are increasing
rapidly, and usually are a major portion of water-utility expenditures.

A well-managed system, with selective engineering input, could reduce power
usage and thus costs. Figure 4 is a plot of the EEl since 1949. In 1972

the last major pipeline construction was completed, the EEl figures for 1972
through 1978 most accurately reflect the results of the energy efficiency
analysis.

Many water works systems that operate pumping stations, reservoirs, or treat-
ment plants could save power by more efficient operating techniques. A basic
goal in saving power in pumping station operations is to pump at relatively
constant rates without throttling. To evaluate potential power savings, the
water-utility manager should determine:

1. how much storage can be used safely;
2. the operating characteristics of each pump;

3. the required discharge pressure at'particular demand
conditions (i.e., system curves) .

in determining the amount of storage that can be utilized safely, it is
important to consider total storage volume, storage volume required for fire
protection (this was not applicable to the SMWSS, because fire protection is
provided after treatment plants), and storage volume required for emergencies
(such as power outages, if no standby power source is available).

Daily pumping records should be maintained, showing hours run, average suction
and discharge pressures, average flow, and total power use in kilowatt-hours.

This will enable the water-utility manager to determine actual pump character-
istics and required discharge pressure for specific flows. Once the operator

has determined these parameters, engineering analyses and system experimenta-

tion can be used to maximize efficiency and minimize power use.

The techniques described in this article could also be applied to private
industry, sewer or drainage systems, and other systems that utilize pumping
stations. Potential savings in power usage can be achieved by many utilities
throughout the country. Dollars saved by improved operations can then be
applied to system improvements and/or reduced consumer billings.
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TABLE 1. SMWSS PUMPING STATION
CAPACITIES AND CONF I GURATIONS

*Bypassing downstream pumping stations.

*%These pumps can be uncoupled to operate in a single-stage mode.

Single-Stage Two-Stage

Constant Constant Variable
Pumping Speed Speed Speed
Station Pumps Pumps Pumps
Whitestone

1-30 mgd 3-20 mgd**

1-40 mgd 0
Pinconning

1-50 mgd 3-20 mgd** 1-20 mgd**

(two-stage)

Junction

1-40 mgd 3-20 mgd*** 0

Maximum
Deliverable Usable
Flow Direct Storage
To Cities* Volume
41 mgd
64 mgd 2.1 mgd
3.38 mgd

*%%These pumps could be modified by valving and piping changes to operate in a single-stage mode

00T
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Economic Analysis of Potential Impact of Watersaving Toilets*
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BACKGROUND

Many predictions have been made for water savings through use of resi-
dential water-conserving devices, but few authors have been able to verify
these reductions. Examples of such studies include the Cabin John Drainage
Basin water-saving education and appliance test program of the Washington
Suburban Sanitary Commission in 1973,1 the Marin County, California, water-
saving device retrofit program of the Marin Municipal Water District in
1976,253 and the Elmhurst, Illinois and Ann Arbor, Michigan programs as
reported by Meyers, et El~4 The Cabin John study found increases as well
as decreases in water use during the water conservation program as compared
to a comparable period of the previous year. The Marin County program found
reductions of greater than 60% of normal consumption under drought emergency
conditions. The Elmhurst study reported that water consumption was reduced
by 15% and wastewater flows by 10%. In the Ann Arbor program the average
winter water demand was reported to decrease by 3-4%. None of these studies
separated habit change from device change, and none statistically verified
the results.

Economic savings to homeowners and utilities have similarly been pre-
dicted for areawide and nationwide conservation, but studies of the economic
inpact on localities are scarce. The potential for energy savings for resi-
dences through the use of flow-reducing devices was estimated by Muller.5
He also concluded that significant energy savings could be found at water and
wastewater treatment plants, but no investigation‘was conducted. Johnson
recognized the impending energy crisis, and spoke of its relationship to
water supplies.6 Baker, g£_§l.7 evaluated the effect of water conservation
on the residence as well as the treatment plant. However, he exaggerated the
impact since many costs at the wastewater plant including energy requirements,
are not very sensitive to changes in water flow. Konen8 also developed a pro-
cedure for evaluating the energy consumption for a utility. However, his
formula assumed constant unit costs and a uniform relationship between energy
consumption and wastewater flows, which is in error.

Recently Tiemens and Graham9 evaluated the money savings to a household
with retrofit or new construction. However, they too ignored the effect of
large-scale conservation on the unit prices for water and wastewater treatment

*Acknowledgments: The authors wish to acknowledge the data collection and
analysis that was performed by Michael Moulds, student assistant. They also
thank William Morris of the York Water Company and Thomas Neel, James Crooks,
and David Kelly of Springettsbury Township for supplying the data for the
study. The funding for the study was provided by the Ford Foundation through
the Environmental Policy Center, University Park, Pennsylvania.
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They predicted that a retrofitted household would save $54/year, and a new
household using water-conserving devices would save $96/year. Approximately
one-half of this estimate was energy savings which would not be affected even
if the unit cost of water should go up drastically. The potential nationwide
savings from a total residential conservation program between 1978 and 1990 is
to amount to $836 million on capital costs for plants and $1,045 million on
pipe costs. The energy savings for the same period was estimated at $19,500
million. The sum total results in a staggering $23.7 billion savings, and it
only includes the estimated fraction of new construction that would be affect-
ed by the flow reduction.

Lounsburg, EE_El.lo estimated future energy requirements of municipal
water supplies, sewage treatment, and irrigation for six major cities and
three regions of the Southwest. They projected that regional differences
in water supply were very large, significant increases were likely for the
energy required to treat sewage, and the Southwest would face an extremely
difficult choice in balancing energy, water, and agricultural land resources
after the year 2000. At least as early as 1974, persons forecast the mammoth
demands of the national energy requirements for wastewater treatment, Short-
ages were predicted for the future, but they are here now. The cost of
energy today is three times that of 1974.

Conservation is an approach for alleviating these problems. The liter-
ature reveals several areas of water conservation policy and technology that
need study. This article addresses the potential flow reductions and economic
benefits of energy and chemical savings in water conservation. A companion
study addresses the social ramifications of the devices in homes and commu-
nities.

STUDY PLAN AND OBJECTIVES

Erb and Fabianl? summarized the limited data on water conservation in
three Pennsylvania areas: Elizabethtown Borough, the city of Gettysburg, and
Springettsbury Township. Two other locations in Pennsylvania - Mt. Joy
Borough and Seven Springs Borough - have also utilized water conservation
fixtures. Mt. Joy had six demonstration homes which were investigated. Of
these groups only Springettsbury Township has carried-out a water conservation
program to a degree sufficient to warrant evaluation. Springettsbury Township
encouraged people to install water-saving toilets and water flow restrictors
in shower heads.

The existence of communities already involved in water conservation
practices provides a strategic research area in which to assess reactions
to the use of flow-restriction devices, water conservation attitudes and
behaviors, and chemical, energy, and dollar savings. A study of the savings
in chemicals and energy, and their impact on water bills was the major objec-
tive of this study. Actual reductions in water consumption were investigated
using a matched set of residences, those that had watersaving toilets, and
those that did not. The energy and chemical usage reductions were then pro-
jected based upon an assumed level of adoption of the water-saving toilets.
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RESULTS

Water Savings -
Watersaving Toilets

The bimonthly results of a matched set of houses having watersaving
toilets (3.5 gal/flush) versus non-watersaving toilets are shown in Table I.
For each group the number of people and gallons consumed in the period were
used to calculate a gallons per capita per day (gpcd) for each period. The
watersaving toilet group consistently used less water then the non-watersaving
toilet group up to 21% reduction with the exception of the November-December
period. Analysis of the individual houses with watersavers indicated that
only a few houses caused the abrupt increase in the November-December period.
However, conversations with owners did not pinpoint a specific reason for
the increase. No guests or additional family were home for the holidays.
Figure 1 possibly better shows the impact of the watersaving toilets.

Statistical analysis of the water consumption data for the 14 month
period beginning January 1978 verified that there was indeed a significant
reduction in water consumption caused by the watersaving toilets. Figure 2
is a histogram of the per capita consumption for each household for each
billing period. The result for each set of data is somewhat skewed toward
the low end. However, it was felt that statistical probabilities based upon
a normal distribution would still be applicable. Table II summarizes the
results.

When a normal distribution is assumed, a confidence level may be deter-
mined using the Students T-test. Use of this technique indicated that at the
927 confidence level the two matched groups are distinctly separate popula-
tions. The difference between the means was 4.9 gpcd.

Why was this reduction, 7%, so small? A reduction of 157 was expected.
It has been assumed in the past that the amount of water consumed per flush
by a standard toilet was 5 to 6 gallons. This number has been questioned by
several of the plumbing equipment manufacturers, who believe it to be more
nearly 4.5 gal/flush. In addition many of the new "3.5 gal/flush'" water-
saving toilets actually consume 3.6-3.7 gal/flush. The toilet usage has
been found to be 40%13 of total domestic water usage. This 40% reduction
applied to the reduced toilet usage flow, 4.5 minus 3.7 gallons, results in
a reduction of 7.11% not 15%. Therefore the actual measured reduction for
new homes built in the past two years containing watersaving instead of non-
watersaving toilets is reasonable.

Retrofit

Water conservation by use of retrofit devices such as flow-restricting
shower heads and inserts, and toilet-daming devices was investigated. Within
Springettsbury Township Pennsylvania are several apartment complexes. Several
of these have taken watersaving measures, but one had an extensive prcgram.
Toilet dam devices were installed in a complex of some 300 units two years
previous to our survey in 1978. A sample of 20 of the units indicated that
only 2 were yet functional (10%). The others had either been removed, or
were lying in the bottom of the toilet tank. If this sample is considered
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Table II, Statistical Analysis of Water Savings

Parameter Water Saving Toilets Non Water Saving Toilets
sample size, n 200 189
mean, y,gpcd 65.8 70.7
standard deviation, Ox 21.2 25.9
standard deviation O_ 1.92 1.89
of the mean, X
2
variance of the g
mean x 3.69 357

the deviation, D = 70.7-65.8 = 4.9 gpcd or a 6.9% reduction
representative of the retrofit program, it could be considered a failure!

Mt. Joy Borough in Lancaster County, Pennsylvania, instituted a modest
watersaving retrofit demonstration in 1976. Six residences with varying
property values were selected. Toilet dams, shower head inserts and faucet
aerators were installed. During the study one family moved. Water usage
for only five families was used to determine the gpcd for two years previous
to installation and two years after installation. Table III summarizes the
the results and indicates that there was no reduction in water usage. In
fact an increase occurred even though the devices remained in use and no
changes were made in water using appliances or family number. Comparison of
water use by month and season also did not show any reduction. It was con-
cluded that these devices on this small sample produced no verifiable water
savings and the increase in usage with time was due to changing life styles.

Economic Analysis -
Water Supply: Short Term Impact

The majority of Springettsbury Township, York County, Pennsylvania is
supplied by the York Water Company. An analysis of the potential impact of
watersaving was made for 1978. It was assumed that all the residential users
of water had reduced their consumption by 7%. Operational costs for this
surface water system that could be related linearly to water usage were
electric power (primarly pumping), chlorine, alum, lime, ammonia, permanga-
nate and carbon. The total cost of these items for the year was $368,057.
A 7% saving on the domestic water usage would result in $13,603 saving.
(52.8% of the water usage is domestic). The total cost for the 7,002,273
thousand gallons water processed in 1978 was $.5172/thousand gallons or
$3,621,575. Other operation and maintenance (0 & M) costs and amortization

overshadow the small savings. The savings possible to the system if 7% less
residential water was used are only 0.375% of total costs.

Further investigation was necessary to determine if the 123,555 residents
would actually benefit from any of these savings. The York Water Company has
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Table III, Water Conservation Retrofit Demonstration, Mt. Joy Borough, Penna.

Family Devices Installed Average Consumption, gpcd

Condition prior to Water During Water

Conservation (2 years) Conservation (2 years)
A Flow-limiting shower 40.5 42.5
head

Faucet aerator

Toilet tank dam
B Shower head insert 59.8 64.4

Faucet aerator

Toilet tank dam
c Flow-limiting shower S5 63.0

head

Faucet aerator

Water saving toilet float
assembly

D Shower head insert 39.0 41.1
Faucet aerator
Toilet tank dam

E Shower head insert 29l 60.4
Faucet aerator
Toilet tank dam
(one dam removed)
(one still in place)

a decreasing block rate structure subject to minimum charges that are based
on 2,300 gal. per month. In addition there was a Surcharge that raised the
minimum bill to $5.90 per month for 1979 (Table IV). Assuming that there were
3.5 persons per residence and a consumption of 66.3 gpcdlA* the consumption
per household with no water conserving fixtures would be 7,058 gal. per two
month billing period. The water bill for this residence would be $14.38
excluding the surcharge. If 7% of the water usage were eliminated through
waterconserving devices such as the toilet, the bill would be $13.75. In this
situation water conservation would save less than $1. Thus it is not cost-
effective for a resident to replace two toilets at a probable installed cost
of $200 to save a maximum of $7.56/year. If one assumes that the usable life
of a toilet is twenty years, a uniform savings of $7.56 per year may be com-
pared with the value of the toilet by present worth of (PW) analysis. The

PW of $7.56 per year (P/A, 6%, 20) is $86.71. This compares with a PW of the
toilets of $200 and makes retrofit with new water saving toilets very unfavor-
able at present rates. However up to $86.71 could be spent today for water
conservation yielding 77% reduction and still be favorable to the homeowner.
If the cost of water increases rapidly as may well happen, the situation is

*Consumption is calculated by dividing the total number of persons into the
sum of the residential metered, flat rate and unaccounted water usage.
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Table IV, York Water Company Output Charges

Rate per 1,000 gallons

Volume Gravity Repumped*
First 5,000 gal. per month $1.784 $2.347
Next 45,000 /79 1.284
Next 150,000 .504 173
NexE 800,000 479 .642
All over 1,000,000 .426 »951

more favorable for the replacement with water-conserving toilets. However,
it will be difficult even in the best situation to convince homeowners to
remove functional conventional toilets and replace them with new water-
conserving ones.

If widespread water conservation were to occur the rate charge must go
up to account for the fixed costs that are relatively inelastic with respect
to volume., It is difficult to estimate this impact with a decreasing block
rate structure, but an estimate may be made by investigating the effects on
the average cost of water per thousand gallons. The overall average cost of
water in 1978 was $.5172. per thousand gallons based on the 7,002,273 thousand
gallons that were consumed. If residential water users (52.87% of total con-
sumption) used 7% less water the cost of treatment would drop by $13,603, but
the water volume would drop to 6,743,469 thousand gallons. The result would
be an increased unit cost of $.535 per thousand gallons. Applying these rates
to a residence having 3.5 persons using 66.3 gpcd, the cost per year is $43.80
before conservation and only $42.14 after conservation.** This savings of
$1.66 is insignificant. If only a few residences would utilize devices in
reducing their annual water usage by 7% the rate would probably not change
and the charge would be $40.74 with a greater savings. Alternatively if a
residence did not conserve water or already had been operating at a minimum
when mass water conservation was instituted its costs would increase to $45.31
because of the higher unit rate. (They would also be very unhappy and puzzled
about the impact of water conservation)!

Water Supply: Long Term Impact

Water conservation has a long-term as well as short term impact, in fact
the long-term impact will be much greater. York Water Company has adequate
supply and treatment facilities for the next ten years. However, they
eventually will develop new supply and will enlarge treatment facilities.

*Residential metered water fits in this category. The monthly residential
minimum is 2,300 gal. at a cost of $5.90, including a surcharge.

**These results are neither typical of residential annual costs nor would
they be expected to be typical.
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The Company provides water to Springettsbury Township, as well as the city of
York and other surrounding communities. Present and future supply is from
surface waters and will require coagulation and filtration.

An engineering firm for the York Water Company has made detailed studies
of future water demand to the year 2020. This demand curve is shown in Figure
3 together with other curves that depict the effects of water conservation.
The maximum-day curve is 1.45 times the average day. Each set of average-day
and maximum-day curves represent three situations where: (1) no water con-
servation was assumed, (2) water conserving toilets were to be installed in
all new residential construction after January 1980. This action would re-
sult in 7% new water savings and a smaller rate of increase after 1980.

(3) water conserving toilets were to be installed in all new residential
construction and retrofitted into all existing residential construction. This
action would result in an abrupt 7% reduction on existing residential water
usage and a smaller rate of increase after 1980.

The reduction assumed was only 7%, a decrease observed in the study on
Springettsbury Township. (Larger reductions are possible if water-conserving
shower heads and clothes washers and an education program are used in addition
to watersaving toilets).

A present worth analysis was made for the two alternative water conser-—
vation proposals with the status quo of no water conservation. This analysis
takes into account three levels of expenditures and annual savings. Residen-
tial water-conserving toilets are able to lower the projected future demand
for water, and postpone the date for needed construction of new supply and
treatment facilities, as listed in Table V. Annual operating costs are less
because of the reduced chemical and energy consumption. Figure 4 summarizes
the operating cost results for water conservation on all residences and on
only new residences.

Table V, Projected Construction Needs for York Water Compaay*

-

Cost®,15
Facility*»15 19808 Date Construction Required
No*»>15 7% Conservation 7% Conservation
Conservation on New Residences all Residency
after January 1980 after January
1980

Bascule Gates 1,254,000 1991 1991 1994
on Lake Redman
Filter Plant 1,254,000 1995 1996 1998
Expansion
Reservoir 7,777,280 1996 1996 1999
Noz=3

*Adapted from data in "Source of Supply and Facility Study, The York Water
Company, York, PA - 1975" Alvord, Burdick and Howson, Engineers - Chicago
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Present worth calculations were made for the alternatives shown in Table
VI. An interest rate of 10% was used since it was the typical value that was
used by utilities. By comparing the PW of each alternative it appeared that
up to $45,008 could be spent on a water conservation program in 1980 for new
residential construction,and still a net savings to the area served by York
Water Company would occur. Up to $795,166 could be spent for a water con-
servation program for retrofit and new construction and a net savings still
could be realized. Inflation however, clouds the issue of PW. Postponement
of construction may actually gain nothing since inflation may consume PW bene-
fits. On the other hand cost of energy and chemicals will be increasing at
least as much as the cost of construction.

All things considered, use of watersaving devices on new or replacement
construction still makes good sense. The PW of the savings in operating costs
alone are attractive. For new residences it shows that a maximum of $17,662
could be spent to institute the program. For combined retrofit and new resi-
dences a maximum of $190,395 could be spent to institute the program. Even
though these savings are calculated for a special site, comparable savings
are predictable for similar communities.

Table VI, Comparison of Present Worth of Water Saving*

Investment $ Situation
7% Conservation on 7% Conservation on
No Conservation New Residences after all Residences
January 1980 after January 1980
1,254,400 $439,667 $439,667 $330,284
(B/E10Z1LT) (B/FL0% S T1) (B/F,10Z 0%
1,254,400 300,303 2725957 225,666
(P/F,10%,15) (P/¥,10%,16) (B/F10%,18)
7,777,280 1,692,336 1,692,336 1,271,585
(P/F,10%,16) (B/E;10%,16) (p/F,10%,19)
Annual** -17,662 -190,395
Operating 0 (P/F,10%,0-20) (P/F,10%,0-20)

Cost Saving

Total 2,432,306 2,387,298 1,637,140

SUMMARY AND CONCLUSIONS

Water and energy shortages make conservation an attractive alternative
for our future water policies. Devices will play a very important role in
residential conservation since most appear cost-effective, and they do not
generally require change in consumer habits. A matched set of residences in
Pennsylvania studied over one and one-half years statistically verified at a
927 confidence level that a 6.9% reduction in water usage resulted from use
of watersaving toilets. No conscious effort was made by one group over

%20 year period, 1980 $ **From Figure 4 for annual savings
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the other to consererve water so consumer attitudes and habits did not account
for the differences.

Two toilet retrofit installations were studied. The devices in a apart-
ment complex were found to be functioning in only 10% of the units. In six
demonstration homes no reductions in water usage were found.

A projection of 7% residential water savings to all residential housing
served by York Water Company resulted in an annual saving in chemical and
electrical usage of only $13,603 in 1978 or .375% of the total cost of the
water consumed by 123,555 persons. If a limited number of customers adopted
watersaving toilets or other devices so that they reduced their usage by 77
they would save $7.56 on their annual water bill. It is not cost-effective
to replace their toilets at a cost of $200 to save $7.56. If wide-spread
water conservation were to occur the unit cost of water probably would have
risen and the savings would have been negligible. If a residence did not
participate in the watersaving or already was operating at a minimum when the
wide-spread conservation occurred its charge would increase and the user would
be very unhappy and puzzled about the impact of water conservation.

Water conservation has, however, a much larger impact if it is considered
over a longer period of time. Capital expenditures for expanding the York
Water Company's treatment and supply system can be postponed varying lengths
of time, based on the degree of conservation. Seven percent conservation for
all new residences after January 1980 results in only a slight deferment of
construction but 77 conservation by retrofit as well as on new residential
construction results in a deferment of construction by approximately three
years. The present worths (PW) were compared for the three alternates: no
conservation, new residences and new plus retrofitted residences. Based upon
the PW analysis, up to $45,008 for conservation in new residences and up to
$795,166 for conservation in new plus retrofitted residences could be spent
for water conservation and still there would be a savings to society.

»

It appears that for Springettsbury Township, water conserving toilets in
new residences are playing an important role in reducing long-term water
usage. Toilet device inserts used for retrofit could not be evaluated because
of the poor maintenance and performance. Overall a policy requiring use of
waterconserving toilets on new construction appears valid.
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Table 1, Water Consumption for Matched Set of Households

Water-Savers Non-Water-Savers
Pariod | Number of Gallons Gal. Per Number of Gallons Gal. Per | Per Cent
Ending | Residences Used Cap.~Day Residences Used Cap.~Day | Reductiog
(people) (gped) (people) (gped)
2/78 16 174300 56.8 25 423100 71.7 21
(52) (100)
4/78 26 272]200 52.5 26 359500 57.2 8
(85) (103)
6/78 28 361300 63.7 26 432100 68.8 7
(43) (103)
:8/18 31 534700 80.6 28 564800 82.8 3
(107) (110)
10/78 33 394200 55.7 28 400800 59.7 7
(116) (110)
12/78 33 515800 72.9 28 476000 70.9 -3
(116) (110)
2/79 33 432400 63.2 28 444700 68.5 8
(116) (110)
4/79 33 395800 55.9 28 396900 59.2 6
(116) (110)
6/79 23 430400 60.8 ZS 447900 66.8 9
(116) (110)
|
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OPTIMIZATION OF WATER DEMAND FROM THREE PLANTS

Samuel E. Barnes
Div. of Water, Columbus, Ohio

Roger L. Dumas
Mitre Corp.

The original purpose of this study was to determine optimal load allocations
for the water treatment plants of the City of Columbus, Ohio. It later
evolved into the creation of an engineering tool that could potentially be
used in many different studies.

At the present time customers of the Columbus Division of Water consume about
one hundred million gal (100 mgd) of water daily—-in amounts that vary + 20
mgd according to seasonal and quasi-random fluctuations. Approximately two-
thirds of this demand is met by the Morse Road Water Plant (MRWP)--which is
actually two separate treatment plants operating in parallel. Nominally, the
remaining one third is supplied by the Dublin Road Water Plant (DRWP). To
supply water to an almost under-pressurized area in the southeastern part of
the county, and to provide capacity reserves for anticipated expected growth,
a third plant, Parsons Avenue Water Plant (PAWP), is under construction.

PAWP will be in service in mid 1981 (1), creating additional flexibility in
pumping assignments for the three plants.

Water produced by these plants is delivered to consumers through a network
that covers nearly all of Franklin County and parts of others, Fig. 1.

By any standards, the network of pipes under the City of Columbus is complex.
Some pipes were buried in the 1800s and have never been disturbed; others
have been patched or bypassed. Sections of the network were built piecemeal
to meet immediate expansion plans. Later, these sections would require in-
stallations of new mains to cope with increased depands from the area served.

The network is divided into 12 separate pressure districts. Typically a
pressure district is fed by either a water treatment plant or a booster
station. There may also be Pressure Regulating Valves (PRVs) that support
the pressure from an upstream district. There may also be included one or
more elevated tanks to act as buffers against demand, Fig. 2.

There are three water plants, nine booster stations, thirteen elevated tanks,
thirteen PRVs, 361 pipes (12" or above), 24.4 nodes, and 94 loops (loops were
not considered at pressure district boundaries). Elevations in the northern
part of the city are higher than in the southern part. This creates a nat-
ural downhill flow that can be used to support pressure districts in the
southern part of the city.

The problem faced by the authors was how to accurately represent the pipe
network in a reasonably efficient optimization algorithm.

The primary restrictions imposed on those who would tamper with (even via a
model) a municipal water system are in assuring that all the demands are met
and adequate pressure maintained. This can only be accomplished by accurate-
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ly modelling the entire distribution system. Once this model has been built
a system of constraints must be satisfied to produce a feasible solution.

£Qi—£Qi + @ = 0, for all nodes k
k
ie inflow ie outflow Hk Hmin for all nodes k

where QN = demand at node k
Q = 135.406°Cy -D§'63-AH10'5“/L.1°'5‘* = flow through pipe i
i

H, = pressure at node k

Hmin= minimum allowable pressure

A Hi = pressure loss in pipe i
L.1 = length of pipe i
CHw = Hazen-Williams coefficient for pipe i
=
D.1 = diameter of pipe i

PREVIOUS WORK

Problems involving water distribution systems have evolved in two directions.
First of all, quite a bit of work has been done in the area of system design.
These problems, however, have been limited in size and complexity. They are
all concerned with designing systems that are almost entirely new. Their
approaches would be extremely inefficient for handling large existing sys-
tems. They are discussed briefly to provide a background for someone who
might be interested in water distribution system design.

Watanatada (2) used an efficient Davidson-Fletcher-Powell Method to solve the
nonlinear programming problem by incorporating the previously mentioned con-
straint set into the objective function by means of a penalty function. He
reports that his method has been applied to a system with 54 nodes, 52 new
pipes and 22 existing pipes. Jacoby (3) presented a cumbersome numerical
gradient technique that was applied to a system of seven pipes with two
loops and five branches. Tong, et al. (4) used a method of equivalent pipe
lengths that was later discredited by Khanna, et al. (5). Deb, et al. (6§
used a method of equivalent diameters. All of these methods solve design
problems with theoretical pipe diameters that are later rounded to commer-
cially available diameters. In a complex system, however, there could be
many combinations of commercially available diameters that would have to be
checked if the true optimal solution is to be found.

Attempts to solve the design problem assuring commercially available diame-
ters have been made by several authors. Liang, et al. (7¥ used dynamic pro-
gramnming on a system with no loops. Lam (8) used discrete gradient tech-
niques while Artina (9) tried linear programming. Cenedese, et al. (10) pre-
sented a design algorithm that starts with an open network and adds connec-
tions until the system is complete. The computer times are described as
being acceptable even for large systems but the pipe network presented is
still relatively simple. It is based on the Cross Method of solving the flow
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and energy equations for a pipe network. This method is not known to be
rapidly convergent on large systems.

The other approach is that of the practitionér. Using commercially avail-
able programs an engineer can set up a pipe network as he believes it should
be and solve the system equations to determine the flows and the pressures.
The advantages of this approach are obvious. The user can solve large sys-
tems efficiently. He can interface with existing pipe networks easily. The
"canned" routine will have special features that have been perfected with
years of experience. Finally, the user doesn't need advanced coursework in
optimization techniques. Although lacking in elegance, this approach is ef-
fective in solving problems where total enumeration is feasible.

BUILDING THE MOIEL

For our problem, the decision was made to first develop a model that accu-
rately represented the distribution system. This model could then be used
in an organized search procedure to identify the optimal load allocations
for the treatment plants. If accurate enough, the model could be used as an
engineering tool for system studies. Also, by using an organized search, an
optimal or near optimal solution may be identified. The word "optimal"
looses some of its meaning in a system of this size because of all the in-
herent inaccuracies in estimating parameters. A good solution may be iden-
tified by the procedure but the feasibility must be established by empirical
testing.

Before the model was put together some preliminary analyses had to be per-
formed. The frequencies of tank elevation perturbations had to be studied to
determine the average values and ranges of the elevations. It was also nec-—
essary to estimate the percent of time that the tank was being filled or emp-—
tied. The Latin Square design in Reference 11 was used to sample tank ele-
vations over a 5-week period. With this design we were able to evaluate the
time-of-day and day-of-the-week effects on the tank levels. It was found
that the tank levels in the pressure districts fed by booster stations did
not show a time-of-the-day effect or a day-of-the-week effect, whereas the
tanks that were fed directly by water treatment plants did show a time-of-
the—-day effect but not a day-of-the-week effect. This information was useful
in determining the blocks of time for the study days and establishing ranges
for sensitivity analysis.

Since there was no permanent record of PRV settings available, tank charts
were used to approximate some PRV settings. The tank levels in the smaller
pressure districts seemed to stabalize in the early morning hours. With no
pumps on, it had to be assumed that these levels were being supported by PRUs.

Booster stations in the system (with a few exceptions) have a number of simi-
lar pumps in parallel. They are centrifugal pumps and can vary in number
from two to seven. The number of pumps operating at a particular time de-
pends upon the level of the tank in the district. Therefore, if given the
operating policy or the booster station one can determine the number of pumps
operating by specifying the tank level and whether the tank is rising or
falling. Knowing the number of pumps operating can then be used to determine
the pump characteristic curve. This is used in the computer program to cal-
culate the flow through the booster station against the system pressure. . A
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typical pump characteristic curve is presented in Figure 3.

A detailed analysis of pump characteristic curves was not made. Performance
Test Curves were used when available and curves from similar pumps were used
when the Test data was not available.

The pipe lengths were scaled from the Division of Water map showing all 12"
or larger pipes (12). In areas where the pipe configuration was observed a
more detailed map put together by Pitometer and Assoc. was consulted. The
elevations of the pipe junctions were interpolated from the USGS Contour Map
for Franklin County. The map showed 10 ft contours.

A blanket value of 110 was used for the Hazen-Williams coefficient except
where the values had been determined by other studies (13). More accurate
values would require a detailed analysis of every pipe.

To incorporate this information into a model of the system a computer program
for the analysis of pressure and flow in pipe distribution systems by Don J.
Wood (14) was modified. The program is extremely efficient even with large
systems and included special features that made the modelling much easier.

The pressure districts were set up as individual systems. New routines were
added to model the booster station operating policies and to adjust the de-
mands upstream of the booster stations and PRVs. Routines were also added to
prohibit flow reversals in the treatment plants and PRVs. The demands at the
junctions were also determined in a separate routine as will be described
later.

The general operation of the computer model, Fig. 4, uses sparse-matrix sub-
routines. The districts were ordered such that a district would be analyzed
before any districts upstream of it would be analyzed. The pressure dis-
tricts are connected by booster stations and PRVs. Once the flows through
the booster stations and PRVs were determined they were added to the demands
at the nodes directly upstream in the next pressure districts. Thus, the
program was altered to solve the pipe systems sequentially from downstream to
upstream while preserving the relations between the districts. This created
other problems that will be discussed later.

A good model of the physical system means very little if the demands at the
junctions are not approximated well. The method used to distribute the de-
mands was first seen in system design study performed by Alden E. Stilson and
Assoc. (13) on a smaller part of the city. The underlying assumption is that
the demands will be distributed around the city as the population and indus-
try is distributed. Traffic-zone forecasts for Franklin County for 1974 and
2000 were compiled by the Mid Ohio Regional Planning Commission (MORPC)(15).The
forecasts included projections of residential population, average income, em-
ployment breakdowns by type of industry, as well as parameters related to
automobiles. These were recorded for each of the 723 traffic zones that co-
ver Franklin County. The total projected population for the year 2000 was
1,025,000 people. This information was placed in a file and used to estimate
demands in the traffic zones. ;

The traffic zones were assigned to nodes in the model. Some information on
the breakdown in water consumption by type of customer was available from the
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Division of Water Annual Report for 1978. Unfortunately, Div. of Water annu-
al reports give data on booster station pumpage only, and this data does not
always correlate with the traffic-zone analysis done by MORPC. A more formal
study could be done to relate customer usage to the MORPC parameters. This
may provide more accurate demand distributions.

In our model any desired scenario can be determined by inputting the total
city demand rate in millions of gallons per day and the percentage of the de-
mand that is to be attributed to each of the MORPC parameters.

After the model was developed and before an optimization procedure could be
established some type of a cost model had to be formulated. Since the boost-
er stations are operated independently of the rest of the system, booster
station costs were not included. No construction costs are being considered
for this study so the only costs are those that vary directly with flows from
the water plants. These include the chemical treatment costs and the elec-—
trical costs to pump the water (labor costs were not included initially but
may be considered if the possibility of closing a water plant for one or more
shifts becomes feasible).

Chemical costs can be considered linear with flow for a given day. The chem-—
ical costs actually vary with pumpage and with water quality which, in turn,
can vary seasonally. Data on the water quality and treatment costs for all
of the raw water sources over a three year period was available from a Divi-
sion of Water, Water Research Lab report (16). These costs were scaled to
present day costs.

Electric costs are much more difficult to represent. As mentioned earlier,
Performance Test Curves are available for the pumps in the water plants,

Fig. 3. Among these are curves of input horsepower vs. flow. These curves
are usually slightly concave at their peaks but nearly linear elsewhere. If
a linear approximation is used then the overall electric cost model would be
piecewise linear. If all of the pumps in the playt were identical then the
cost model would be exactly linear. Unfortunately, not all of the pumps are
similar. Some have different capacities and some are variable-speed pumps.
It is also possible that different numbers of pumps could be putting out the
same flow with drastically different power consumption. Another complication
is that this model does not represent the variable in-plant consumption (e-g.
lig?ting, air conditioning) or the low service consumption (raw-water pump—
age).

Fortunately, there is continuous metering of electric consumption at the
Morse Road Water Plant and it will soon be available at the other plants.
With continuous metering we are able to study the electric consumption as the
meter sees it.

What the electric meter sees is a continuous series of pulses. This series
is integrated every half hour to determine the average consumption rate over
that period, and it is recorded on computer tape. At the end of the billing
period the computer tape is used to print hard copies of the recorded half-
hour demands. These demands are sorted by computer to determine the maximum
(this helps to calculate the Capacity Demand Charge) and they are added up to
determine the total energy consumption for the billing period.
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These printouts were used along with finished-water pump charts and Pump Room
Logs to statistically analyze the electric consumption with regard to flow-
related parameters. Some of the parameters considered were finished-water
pumping, raw-water pumping, number of pumps, pressure, time-of-day, day-of-
the week. The only statistically significant parameters were finished-water
pumping and raw-water pumping. The number of pumps operating was close to
being statistically significant but did not add much to the consumption
model.

A Latin Square design was used to gather the data to assure accurate estima-
tion of the time-of-day and day-of-the-week effects. The analysis also pro-
vided us with an estimate of the variability in the electric consumption.
This is particularly important when trying to estimate the Maximum Capacity
Demand during peak demand hours.

SOLUTION APPROACH

As mentioned earlier, there are several difficulties with the computer model
that was developed. Since the system is solved from downstream to upstream
it may happen that the upstream pressures may not be able to support the PRV
settings in the downstream district. Similarly the pressure settings up-
stream of the booster station have to be approximated before the model is run
and may not be correct. In either case the pressures have to be reset and
the model has to be run again.

A trade-off must be made between the accuracy of the pressure settings and
the time and computer costs required to re-run the model.

Every functional evaluation of the simulation is more like an experiment. It
takes time and resources to get the results and inaccuracies still exist
(although they can be eliminated by enough runs of the program). With this
in mind it was decided that Response Surface Methodology (17) could be used
to identify an optimal (or near optimal) solution.

Response Surface Methodology is a statistical technique used to analyze prob-
lems where a dependent variable (cost) is influenced by several independent
variables (water plant pressure settings). Basically it fits a series of
first-order linear models to experimental data to get an approximation of the
cost surface. A gradient is determined and an inaccurate line search fol-
lows. This is continued until the linear model is no longer appropriate.
This is determined by studying the analysis of variance for the fitted model.
The next step is to fit a second-order model to take advantage of any curva-
ture in the cost surface near the optimal solution. This is continued until
the optimal solution is found.

SUMMARY

A model of the system has been built, an approach to the solution been de-
fined and the process has begun. It had been hoped that results would be
available at this writing, but the process requires a lot of user interaction
and is very time consuming. Nevertheless, a model of the system exists and
can be used in system design studies as well as load allocation studies.

It is hoped that this model can become part of a continuing user-interactive
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algorithm to help the distribution network evolve in the future into a more
controlled and efficient system.
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Fig. 4, —-— Flow diagram of the Kentucky analysis program. Input data is pa-
rameter values for each pipe with pressure and flow specifications. Geomet—
ric check is to ensure that system is feasible (not discormected).
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ENERGY CONSUMPTION BY THE ROTATING BIOLOGICAL CONTACTOR
WITH COMPARISONS TO ALTERNATIVE TREATMENT TECHNOLOGY

Ronald L. Antonie
Autotrol Corporation

ROTATING BIOLOGICAL CONTACTOR (RBC) PROCESS

The rotating biological contactor is a fixed-film biological treatment
process using corrugated plastic media which is slowly rotated while half-
immersed in wastewater. See Figure 1. Alternate contact of the attached
biomass with wastewater and exposure to air promotes aerobic removal of or-
ganic pollutants. Although RBC technology has been in commercial use in the
United States for only ten years, there are now over 300 installations for
treating many industrial wastes and a wide range of domestic waste applica-
tions including plant sizes ranging from small package plants up to 40-50
mgd municipal installations.

ENERGY CONSUMPTION BY THE RBC PROCESS

One of the major reasons for the rapid growth in use of the RBC process
is its low energy consumption. Low energy consumption by the RBC process
results from reduced requirements for oxygen transfer and for mixing. This
can be seen in the process flow diagram in Figure 2. Wastewater from primary
treatment flows through a multi-stage RBC system where it undergoes a pro-
gressively increasing degree of treatment. The treated wastewater and
stripped, excess biological solids flow into a secondary clarifier where they
are separated. The effluent is directly discharged and the settled solids
are sent directly to solids disposal. The RBC system operates on a 'once-
through" flow basis with no effluent or sludge recycle. The absence of
sludge recycle has a significant benefit for the RBC process when compared to
alternative treatment systems with sludge recycle. The principle mechanism
of substrate removal in the RBC process is diffusiQn of soluble substrate in-
to the bio-film where it is metabolized. Suspended organic matter is bio-
flocculated in the RBC process and settled in the final clarifier. It is
then sent directly to disposal without exerting a significant oxygen demand
in the treatment process. Thus, the RBC process requires oxygen only for
treatment of the soluble BOD in the wastewater. For systems with sludge re-
cycle, suspended organic matter is also flocculated and captured in the final
clarifier. However, it is also recycled with the balance of the settled
sludge and remains in the treatment process for an extended period of time
(three days or more) where it is hydrolized and metabolized and thus exerts
most of its oxygen demand in the treatment process.

This difference in process operation would indicate that the volatile
solids content of waste sludge from the RBC process would be greater than
that from a process with sludge recycle. This characteristic is an advan-
tage when the waste solids are sent to an anaerobic digester because there is
a greater potential for gas generation and energy recovery. When using
aerobic digestion there is no disadvantage for the RBC process because the
long solids retention times required of 15-20 days usually result in total
energy requirements for mixing which equal or exceed those for oxygen trans-—
fer.
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Because the RBC process maintains a large inventory of fixed biological
solids on the media, it is able to achieve high degrees of treatment for re-
latively short wastewater retention times. Typical retention times for BOD
removal on domestic waste range from 60-90 minutes, compared to a range of
4-6 hours for conventional activated sludge systems and 24 hours for ex-
tended aeration systems such as the oxidation ditch. In addition to signifi-
cantly reduced reactor volumes, the RBC process contains only approximately
100 mg/1 of suspended solids compared to 2,000-3,000 mb/1 for activated
sludge systems. These two factors significantly reduce mixing energy re-
quirements for the RBC process.

During the past two years, power consumption measurements have been made
on full scale operating RBC plants using polyphase wattmeters. These inde-
pendently certified power consumption measurements show that at typical
operating conditions for secondary treatment of domestic wastewater, RBC
power consumption is 2kw per 100,000 sq. ft. of media surface area. Because
RBC power consumption is principally a function of the drag characteristics
of the media design, different media configurations will have different
energy consumptions and this must be carefully evaluated when making energy
consumption comparisons.

Comparison of energy consumption of the RBC with alternative technology
will be done utilizing indicated energy consumption for other processes taken
from EPA Publication MCD-32. 1In this publication a hypothetical municipal
waste application is used with wastewater characteristics indicated in Table
1. Because the RBC process is designed on the basis of soluble BOD removal,
the appropriate soluble BOD values are also indicated. Design loading rates
to achieve three different levels of treatment are listed in Table 2. These
loading rates have been developed on the basis of operating data from full
scale RBC plants which have been in operation since 1974 using the same media
design as the plants where field power measurements were taken. Table 2
indicates the power consumption for the RBC process to achieve the three
different levels of treatment.

COMPARISON WITH ALTERNATIVE TREATMENT TECHNOLOGY

Using EPA Publication MCD-32, power consumption for alternative bio-
logical treatment technology is shown in Tables 3 and 4. The indicated po-
wer consumption for rock trickling filters is approximately the same as that
for the RBC process however, construction costs for rock trickling filter
systems is quite high and they are also subject to significant losses of
treatment efficiency during cold weather operation. These factors, together
with odor problems and filter fly problems have resulted in significantly de-
creased use of the rock trickling filter. Plastic media trickling filters
have reduced some of the problems associated with odors, flies, and heat
loss, but because of the greater height of the filter media the power con-
sumption is increased significantly. Also, increased recirculation re-
quirements add to the power consumption so that the requirement indicated
in Table 3 for the plastic media trickling filters is two to three times that
of the RBC process for equivalent effluent BOD values. In general, trickling
filters are not capable of producing high effluent qualities for acceptable
capital cost expenditures and they have not shown to be cost effective for
today's more stringent treatment standards. As an attempt to improve the
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overall treatment efficiency of the trickling filter, the combination of a
redwood media filter with a subsequent activated sludge system has been de-
veloped. It is able to produce the high quality effluents but power con-
sumption is approximately two to three times that of the RBC process.

Power consumption for the activated sludge process utilizing various
aeration techniques is shown in Table 4. Again, the power values are taken
from EPA Publication MCD-32. The differences in energy requirements for the
different methods of aeration are due principally to the efficiency of oxy-
gen transfer. Using the power consumption figures in Table 4, it can be said
that in general the power consumption by activated sludge to produce equiva-
lent effluent is between two and three times the amount of energy as the RBC
process. An important factor in power cost comparison between the RBC
process and the activated sludge process is that the power consumption
figures in Table 4 for the activated sludge process would decrease by less
than 107 if the design effluent requirement were raised from 20 to 30
mg/l which is a more typical value for secondary treatment design. By com-
parison, power consumption for the RBC process shown in Table 2 would de-
crease by more than 307 by changing the effluent design value from 20 to 30
mg/l. For the 30 mg/l design condition it can be said in general that the
activated sludge process consumes between three and four times as much energy
as the RBC process.

Energy consumption for the activated sludge process shown in Table 4
includes only the energy required in the aeration tanks. In addition,
there are energy requirements for sludge recirculation which would typi-
cally add an additional 10% to the total energy consumption. Waste so-
lids from an activated sludge plant which are removed from the secondary
clarifier underflow are typically 17 solids concentration. The RBC process
does not require sludge recirculation and also imposes a very low solids
loading on the secondary clarifier. Because of this, settled solids can be
allowed to remain in the hopper of the clarifier for a period of one to two
hours before removal. Under this condition they will thicken to approxi-
mately 3-47 concentration and if removed with a comtrolled volume sludge re-
moval pump, will produce an underflow concentration of 2.5-3.0% solids.
Therefore, for the activated sludge process to produce a waste sludge flow
equivalent to that of an RBC process, air flotation thickening should also
be provided. This will result in approximately an additional 107 energy
consumption for the activated sludge process. For a typical secondary
effluent design condition of 30 mg/l BOD, this would raise the typical power
consumption for an activated sludge process from approximately 30 hp/mgd
to 40 hp/mgd.

For activated sludge plants less than 10 mgd capacity another factor
which effects the overall energy consumption is the efficiency of the blowers
providing the compressed air. Table 5 lists several commercially available
blowers as a function of their CFM capacity and CFM produced per hp of energy
consumed. Blowers whose capacity is significantly below 5,000 CFM produce
smaller amounts of air per unit of energy consumed. This means that small
activated sludge plants which use the smaller blowers will require more
energy per unit flow. The effect of energy consumption as a function of
plant size is shown in Figure 3. For treatment plants above 10 mgd, total
power consumption by the activated sludge system is approximately 40 hp/mgd
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capacity. Below 10 mgd, the power consumption increases gradually, until
for very small plants it approaches 70 hp/mgd capacity. Because of

the modular nature of RBC process construction, the power consumption per
unit flow is independent of plant size. This means that the difference in
energy consumption between the RBC process and the activated sludge process
will be even greater on smaller plants than on the 10 mgd or larger sizes
listed in Table 4.

The energy consumption shown for the oxidation ditch process in Table 4
would be approximately the same as for other types of extended aeration
processes. In an extended aeration process, there is some stabilization of
waste biological solids because of the long aeration period. To compare
RBC power consumption to this figure requires that additional energy be con-
sidered for a separate digestion step. When the separate digestion step in
an RBC treatment plant is an anerobic digestor, this additional energy con-
sumption can be quite small if methane gas generation can be used to offset
the digestor energy requirements. In the case where an aerobic digestor is
used in the RBC plant, the amount and concentration of waste sludge produced
would require approximately 25 hp/mgd capacity. Adding this energy require-
ment to that shown in Table 2 for the RBC process, still results in a total
energy consumption approximately 1/2 that for the oxidation ditch or other
types of extended aeration systems.

PRESENT WORTH ANALYSIS

When evaluating secondary treatment systems, total plant costs, both
capital and operating must be considered. A present worth analysis takes a
flow of future annual operating costs or cost savings and discounts them
back to the present time at a specific rate of interest to determine their
present worth. The present worth analysis evaluates capital and operating
costs on an equivalent basis so that the treatment alternative with the lo-
west total present worth is the most cost-effective.

To determine the present worth of a single horse power of energy

saved at a 67 interest rate and for a 20-year period, the annual savings
would be multiplied by the present worth factor of 11.47. For a typical po-
wer cost of 3¢ per kwh, each horsepower of energy saved in a treatment plant
then has a present worth of $2,250. For a medium sized plant of 5 mgd, such
as the plant shown in Figure 1, the RBC process could be expected to save
approximately 30 hp/mgd compared to activated sludge as shown in Figure 3.
The present worth of this energy savings is about $338,000 or about $86,000
per mgd capacity. With a wastewater flow equivalent of 100 gallons per day
per person, the savings are equivalent to about $7.00 per person.

ENERGY COST ESCALATION

In order to make an accurate and meaningful determination of the present
worth of operating costs for a treatment plant, it is important to consider
the effect of cost escalations. In the past, the general attitude toward
cost escalations is that they should not be considered because costs will
increase at the same rate as the general rate of inflation.
be true for some operating costs such as chemicals
true for electrical energy.

While this may
» manpower, etc., it is not
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Figure 4 shows the escalation of energy costs that has been experienced
during recent years. Since 1973, electrical energy costs have increased at
an annual rate of over 147. The concensus among many experts in the field is
that this rate of escalation will continue for the next 20 years. This means
that with a 20-year annual average rate of inflation of 6-7%, there is an
escalation in the real cost of electrical energy of 7-8% per year. To pro-
vide an accurate present worth analysis, it is important that the real in-
crease in energy costs be properly evaluated. This can be done using Figure
5. With a general rate of inflation of 6% and an escalation of energy cost
of 14%, the net escalation in real power cost is 8%. 1In Figure 5, at an
escalation rate of 8% and a present power cost of 3¢ per kwh, the present
worth of each horsepower saved is $5,000. Using the medium size 5 mgd treat-
ment plant example discussed previously, the present worth of energy savings
is now 150 hp x $5,000/hp = $750,000. This is equivalent to $150,000 per mgd
plant capacity or $15.00 per person. These examples indicate the signifi-
cance of proper energy cost escalation and their impact on the end user.

When these savings are compared to the treatment plant construction costs,
it can be seen that they represent a significant portion of a total cost of
treatment.

At the present time, the EPA is enforcing a policy which in spite of the
trend in power costs forbids proper escalation of energy costs in cost-
effectiveness studies. This attitude by EPA administrators is in direct con-
flict with the goals of national energy conservation and with the basic in-
tent of the construction grants program.

The "Grants Regulations and Procedures'", Revision of Part 40 CFR
30.420-6" (Federal Register, May 8, 1975) provides that:

"Grantees must participate in the national energy conservation
program, by fostering, promoting and achieving energy conservation
in their grant programs. Grantees must utilize to the maximum
practical extent, the most energy-efficient equipment, materials,
and construction and operating procedures available."

The key words in the above statement are "maximum practical extent'" which
imply the need for some professional judgement on the part of the grantee and
his consulting engineer. Professional judgement would include a rational e-
valuation of present and future energy costs to the grantee. By arbitrarily
setting a policy which forbids consideration of future energy cost increases,
the EPA is substituting its judgement for that of the consulting engineer

and is usurping his right and obligation to act in the best interest of his
client.

Ignoring future increases in energy costs will cause a severe imbalance
in the relative importance of capital and operating costs in cost-effective-
ness studies. A policy which favors treatment technology that has lower
construction costs but high operating costs could increase energy consumption
by new treatment plants by 200% or more. This is directly contrary to the
national goal of energy conservation.

One of the original reasons for establishing the construction grants
program was to make wastewater treatment economically feasible by relieving
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the burden on the local community. In this way the nation as a whole would
benefit from the improved water resources. A policy which ignores future
power cost increases and favors technology with high operating costs could
increase the local cost burden by 2007 or more because all increases in
operating costs are passed on totally to the local community. This policy
could make local participation in the grants program economically or politi-
cally unfeasible and would be directly contrary to the original intent of
the program. It could also lead to shutdown of part or all of treatment
plant operations by local communities in an effort to reduce operating costs
and worsen the existing plant operating problems and non-compliance with dis-
charge standards

It is suggested that a formal liaison be established between the EPA and
the Department of Energy to establish a rational procedure for the proper es-
calation of power costs in cost-effectiveness analyses and that judgement in
the use of these procedures be returned to the consulting engineer. In this
way the success of the efforts toward energy conservation and of the con-
struction grants program will be best realized.

UPGRADING TREATMENT PLANTS

The RBC process has a high degree of flexibility in its use because of
its modular construction, requirement for relatively shallow excavation, and
low hydraulic head loss. These features, along with the absence of effluent
or sludge recycle requirements allow it to be incorporated into existing
secondary treatment plants for upgrading without additional energy require-
ments for pumping. For upgrading a trickling filter plant, RBC units can be
placed immediately following the trickling filter. Partially treated waste-
water leaving the trickling filter is introduced directly into RBC units for
the additional required treatment. After the RBC process, the treated
wastewater flows directly to existing secondary clarifiers without the need
for additional pumping.

For upgrading existing activated sludge plants the RBC process has a
unique application called the Surfact Process. In the Surfact Process, RBC
units are mounted in the existing aeration tanks. The specially adapted RBC
units utilize a portion of the diffused air being delivered to the aeration
tanks to assist in rotation. The addition of the fixed biological culture
on the RBC units to the culture maintained in suspension in the activated
sludge process increases the capacity of the activated sludge plant from
50-100%. The increase in treatment capacity is achieved with significantly
lower energy requirements than would be necessary for an expansion of the
activated sludge plant in a conventional manner.

CONCLUSION

Through six years of full-scale field experience, the RBC process has
demonstrated that it is the lowest energy consuming biological treatment pro-
cess now available to meet current treatment standards. Energy cost savings
with the RBC process represent a significant portion of the total cost of
treatment, especially when proper consideration is given to future increases
in energy costs.
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TABLE 1

Wastewater Characteristics

Concentration

Parameter mg/1
Raw Sewage

BOD 210

Suspended Solids 230
Primary Effluent

BOD 136

Suspended Solids 80

BOD (soluble)(l) 88
Secondary Effluent

BOD 20

Suspended Solid§ 20

BOD (soluble) (2 10

() Based on BOD (soluble)
(Z)Based on BOD (soluble)

BOD - 0.6 x Suspended Solids
BOD - 0.5 x Suspended Solids

TABLE 2

RBC Power ConsumpEion at ®
2 KW per 100,000 ft“ of Media

Loading
Hydraulic Soluble BOD Effluent BOD
GPD/ft? 1b/D/1000£t2 mg/1 HP /MGD 1bBOD/HP-HR
2.0 25 20 13 3
2.7 2:0 30 9.8 4.1

350 2.2 S 0) Bia 7 4.6
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TABLE 3

Trickling Filter Power Consumption
From EPA Publication MCD-32* for 10 MGD Plant

Effluent BOD

Process mg/1 HP /MGD
Rock-High Rate 45 8.6
Rock-Low Rate 30 12.5
Plastic-High Rate 35-45 23
Plastic-Super High Rate 82 30
Redwood plus activated 20 30.6
sludge .
TABLE 4

Activated Sludge Power Consumption
From EPA Publication MCD-32* for 10 MGD Plant
Effluent BOD = 20mg/1l

Aeration Method HP/MGD
Coarse Bubble 44
Fine Bubble 32
Mechanical 26
Turbine 32
Static 37
Jet ; 25
09-PSA 38
0p-Cryogenic 26
0p-Micro Bubble 30
Oxidation Ditch 67
TABLE 5

Centrifugal Blower Power Consumption
CFM/HP at Full Capacity and
8.0 psig Discharge Pressure

Capacity, CFM Hoffman Roots/Dresser

100 Bd 7.5

500 132 -
1,000 16,/ -
2,000 18.2 -
5,000 20.4 24.3
8,000 21.0 24,2
10,000 20.8 24.3
12,000 = 25.0
15,000 - 24.6

*Energy Conservation in Municipal Wastewater Treatment
EPA 430/9-77-011, March, 1978
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Figure 6 Producer price index for electric power published by
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ENERGY REDUCTION CONSIDERATION FOR THE RBC PROCESS

R.B. Friedman
Consulting Engineer

John Roeber
Clow Corporation

INTRODUCTION

Objectives in wastewater treatment include; providing the desired quality
effluent while reducing the financial needs for initial construction and con-
tinuous operation, without requiring either sophisticated or highly trained
operators or a large work force. The capability of the Rotating Biological
Contactor (RBC) process to provide BODg removal and/or nitrification with low
energy usage, dependability of effluent quality, resistence to shock loadings
and ease of operation, has led to their increased and widespread use in the
past several years.

The RBC process consists of a grouping of plastic media mounted on a cen-
tral shaft with about 40% of the media immersed in the wastewater. As the RBC
revolves, the media is alternately exposed to the wastewater and atmosphere.

A biological growth developes on the media, utilizing the pollutants in the
wastewater as its food source. As the growth thickens, there is a constant
loss of biogrowth particles due to the hydraulic shear, mass thickness and
other mechanisms. The sheared biomass particles become part of a mixed liquor
and are easily separated from the water by downstream clarification.

Recent developments in RBC technology include the introduction of an air
drive and improvements in the mechanical drive system. Potential areas for
improvements in the RBC energy requirements include reducing the depth of media
submergence, reducing the speed of rotation at lower organic loadings, more
efficient use of high density media and media staging.

»
AIR DRIVE/SUPPLEMENTAL AIR

Famularo, Mueller and Mulliganl developed a mass transfer model for RBC's
from which they predict greater substrate removal percentages with oxygen en-
riched atmospheres or pre-aeration. An example is given where BODg removal is
increased by 16% when a zero D.O. influent is pre-aerated to 6.4 mg/l.

The use of an air drive system and supplemental aeration of mechanical
drive systems has been recently introduced. The air drive system uses the bouy-
ancy of air trapped in peripheral "Air Cups" to develop the necessary torque to
rotate the RBC as shown in Fig. 1. The air is released slightly off center from
the RBC centerline, about 6" from t9e3media peripherg.3 Zhe air drive system may
require as much as 200CFM per shaft”’~’with only 20%°'~’" of the air supply
available to rise up through the media, the other 80% being trapped in the air
cups to develop the necessary bouyancy for torque.

Hynek and Chou4 of Autotrol Corp. refer to an unpublished pilot study where
a slight increase in BOD removal in an air drive RBC as compared to a mechanical
drive RBC was determined when treating synthetic wastewater. They also report
improved substrate removals during the Autotrol Corp. South Shore Test Program
when comparing their air drive media and their mechanical drive media.
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At Alexandria, VA a pilot program was performed to determine the effect
of adding supplemental air to an existing Autotrol mechanical drive system.
The average of five months of testing“ when 200 + CFM per shaft was added to
the mechanical drive RBC is shown in Table 1. This data includes all test-
ing phases with and without the addition of FeCl3 and shows 2 mg/l
difference in total BODg, 7 mg/l difference in soluble BOD5 and 2 mg/l
difference in the SS.

Table 2 also shows the summary of data obtained by Greeley and Hansen
Engineers5 when only 1 stage and all 4 stages were subjected to supplemental
air. Improvements in soluble BODg were observed, with and without chemical
addition, at the high supplemental aeration rates.

The Alexandria, VA program shows that soluble BODs5 removal is increased
when supplemental air was added to the RBC's at a rate of 200 + CFM per
shaft. A comparison of the additional capital and operating costs and energy
use between the addition of 200 CFM/RBC and adding additional RBC Units has
not been done.

COLD SPRING PILOT STUDY

Each manufacturer of RBC's utilizes its own media configuration. Since
the reported advantages of supplemental air or air drive systems use Autotrol
Corp. media that utilizes radial flow passages to permit movement of waste-
water and air to the inner media, a test program was established at the Village
of Cold Spring, NY Wastewater Treatment Facility to determine the effects of
supplemental air when Clow Envirodisc's open media is used.

The pilot program at Cold Spring is depicted in Fig. 2. Wastewaters
were pumped from the headworks, measured and split into two equal flow paths.
The pilot plant is a Clow Envirodisc Model A=10 providing 11,000SF of 12°'
diameter media. The tankage was built so that wastewater could not pass
through the baffles, only through the external piping. In this manner, each
flow path consists of two separated stages in series. Samples were obtained
from the influent and from the effluent of each stage.

Since 80%2'3'4 of the air in an air drive system is used for motive power,
200CFM applied to a 100,000SF RBC leaves 40CFM of air for passage through the
media. Since the Alexandria, VA project provided 200 + CFM of air for movement
through the media, it was desired to determine the effect of the lower air flows
that are available for movement through the media as in an air drive system.
The air flow at Cold Spring was adjusted to provide 0.6 CFM/1000SF, 50% more
than calculated as being non-motive air for an air drive.

Seven hour composite samples were taken by plant personnel from June
through November, 1979 with BOD5 and SS analyses performed at a New York State
approved laboratory. Dissolved oxygen, pH, and temperature analyses were
performed at the treatment plant laboratory by plant personnel.

Table 2 shows the June through November summary of analyses from the project
During this period the hydraulic loadings varied from 10,000 to 95,000 GPD
(0.91 to 8.¢4 GPD/SF); the organic loadings varied from 0.68 to 14.04 1bs.
SBODS/IOOOSF and removal rates of up to 6.18 1lbs. SBOD5/1000SF were recorded.
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The data obtained from this study shqws virtually no difference in total
or soluble BODg and a small increase in TSS as a result of the supplemental
aeration, regardless of the hydraulic or organic loadings.

Although the results appear to contradict the results reported at
Alexandria, VA, there are major differences between the two studies. The
hydraulic and organic loadings at Alexandria, VA, were fairly constant
(3-5 lbs. SBOD/1000SF) with testing done at high supplemental aeration rates
(2% CFM/1000SF) on relatively closed media. At Cold Spring, loadings varied
from 0.7 to 14 1lbs. SBOD/1000SF at low supplemental aeration rates
approximating the available non-motive aeration in an air drive system, using
a relatively open media.

RBC FEATURES THAT GENERATE ENERGY NEEDS

The Features of an operating RBC that generate energy needs are: 1. The
Drive Motor; 2. The Speed Reducer; 3. The Bearings; 4. The Hydraulic Drag as
the media travels through the wastewater; and 5. The Biomass/water weight
differential about the centerline of the mainshaft.

The use of high quality tapered roller bearings provides the most efficient
(least energy consuming) choice of bearings with a B-10 life in excess of 50
years available.

Similarly, use of high quality triple reduction speed reducers leaves
little room for improving the efficiency of the reducer. However, Clow
Envirodisc introduced the use of shaft mounted speed reducers in 1978, This
speed reducer, specially designed by Dodge Reliance for driving the RBC,
eliminates the conventional chain and sprockets normally used. The removal of
the chain and sprockets has eliminated the misalignment and chain tension prob-
lems, periodic maintenance, chain oil baths and guards and increased the drive
system efficiency by a fraction of a percent. The shaft mounted reducer
facilitates initial installation and reduces maintenance by requiring only an
annual oil change for most operating environments.

The remianing areas where energy needs in the RBC are generated are
currently being studied to determine where energy use can be reduced without
sacrificing substrate removal capabilities.

ELECTRIC MOTOR SELECTION

Typically 100,000SF or 150,000SF RBC's use a 7%HP motor, although the
actual operating requirement is usually 2% to 4%HP at 1.5 to 1.6RPM, The
actual HP requirement at constant speed of rotation is determined primarily
only by the nature of the biological growth. When a RBC is heavily loaded, the
thickness of the biogrowth and the quantity of liquid carried out of the waste-
water increase. As the weight differential between opposite sides of the RBC
mainshaft increases, the torque and HP demand increases. When a RBC is first
started up, particularly after having been "Down" for a period with wastewater
still in-basin, up to 150% of the normal HP demand may occur for several minutes
until some imbalance and excess biomass is reduced. Thus, in a train of 6 RBC's
in series, the 1lst and 2nd units may receive a high organic loading and have
heavy biogrowth. The 3rd and 4th RBC’s would have light to moderate loadings
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and growths and if the 5th and 6th RBC's provide nitrification, they would
have a relatively light biogrowth. With this type of situation, the actual
HP demands may be 4%, 4, 3%, 3, 2% and 2%HP. Until recently, each of these
units would use a 7%HP standard electric motor.

When a RBC is only lightly-moderately loaded, a 5HP motor could be used
to operate the RBC. If a 1l.15 service factor is specified (5.75HP total) ample
excess capacity is available to restart a "Down" RBC. When the KW used is
plotted against the HP demand for standard 5HP and 7%HP motors as in Fig. 3,
the average difference in KW within a power requirement range of 2% to 4%HP
can be determined as 0.05KW, or 438KW-h annually. At $.05/KW-h, this re-
presents an annual savings of $21.90 per year. The total present worth
savings assuming a 20 year average rate of $.07/KW-h, a 7% interest rate and
a 20 year replacement is calculated at $232. Since the 5HP standard motor
costs $197 less than the 7%HP standard motor, a total present worht savings of
at least $429 is possible.

When a 5HP high efficiency (HE) motor is considered in lieu of a 5HP stand-
ard (S) motor, as on Fig. 4, the average KW difference is 0.18KW, resulting in
a savings of 1577 KW-h and $78.85 annually. With an increase in cost of $222
to purchase the HE motor, payback occurs in 2.8 years. The total present worth
savings by using the HE 5HP is $613.

Since a 7%HP S motor has been the norm, the difference between a 7%HP S
motor and SHP HE motor is shown in Fig. 5. By using 5HP HE motors in lieu of
the norm of 7%HP S motors where loading permits, 0.275KW are saved with an
annual savings of 2409 KW-h and $120.45. Since the 5HP HE motor costs $63 more
than the 7%HP S motor, payback occurs in % years. The total 20 year present
worth savings becomes $1213,

Where organic loadings still require a 7%HP motor, a HE motor should be
used. From Fig. 6, an average reduction of 0.185KW as determined, resulting
in an annual savings of 1621 KW-h and $81.05. With the HE motor costing $260
more than the S motor, payback occurs in 3,2 years. The total 20 year present
worth savings by substituting the HE for the S motor (7%HP) becomes $599.

Invariably, there will be designers and specifiers who will not select a
5HP motor where tradition has called for a 7%HP motor. However, in order to
take some advantage of the concepts included herein, a 7%HP HE motor may be
selected. When the selected 7%HP HE motor is compared with the possible SHP
HE motor as shown in Fig. 7, it is shown that the selection results in
increases of 0.1KW, 876KW-h/year, $43.80 operating cost/year, $419 purchasing
cost and a 20 year present worth operating cost of $782. Instead of being
conservative in selection but still attempting to reduce energy use and costs,
the failure to select the 5HP HE motor increases the total present worth cost by
$1201 and wastes 17520KW-h over the 20 year period.

EFFECT OF MEDIA SUBMERGENCE

Ellis and Banaga report some increases in substrate removal when the
media submergence was reduced to 26%. Since the fluid drag contributes a
major portion of the energy demand and sthe fluid drag decreases as the media sub-
mergence decreases, a reduction in the media ~umergence would decrease tankage
costs and energy requirements. Fig. 8 shows the results of torque testing
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on a 22,000SF, 12' diameter Clow Envirodisc RBC. As would be expected, the
torque required varied linearly with the percent of media submerged. If

future tests confirm that little or no loss in substrate removal occurs with
decreased media submergence, the potential for construction cost and operation-
al cost reduction may be realized.

However, the potential savings may not be so easily realized. The media and
biomass bouyancy decrease and the net mainshaft loadings increase as the media
submergence decreases. Furthermore, less biomass is exposed to the shearing
action as the media passes through the wastewater, increasing the thickness of
the biomass and producing a second source of net loading increase to the REC
mainshaft. This decrease in bouyancy and increase in biomass weight would
necessitate improved structural properties for the RBC.

If studies can confirm satisfactory treatment capabilities at lower sub-
mergence the potential construction and operation savings must be evaluated with
respect to the cost of increasing the RBC structural capabilities.

SPEED REDUCTION

Friedman, Robbins & WOods7 studied the effect of varying the rotational
speed of R2C's and concluded that at higher organic loadings, mass substrate
removals increased, with little change 1in removals at low organic loadings, It
is thus suggested that at low organic loadings, the RBC RPM's could be reduced
to save energy while still maintaining the desired removals.

A series of tests to delermine the effect on energy at varying combinations
of media area and RPM's was conducted at Baldwin Place, NY on a Clow Envirodisc
Model B-20. Fig. 9 shows the results of these tests with a nearly cubic
relationship found between the RPM and energy. Thus, it does appear that re-
ducing the speed of "Downstream" RBC's to save energy is feasible. However,
further study at full sized operating installations is recommended before full
confidence can be obtained for this procedure.

Where a RBC is operating at less than design c%pacity, an attempt could be
made to reduce the REC speed to save energy. Similarly, where effluent limits
do nct reflect seasonal change and the RBC is designed to meet the limits at
colder temperatures or higher flows, an attempt to save energy by reducing speed
could be made during periods of less severe inflow conditions.

Since the reduction in speed will also reduce the biomass shearings and in-
crease the total load imposed on the RBC, carcful observation and/or shaft
weighing should be taken when conducting the procedure.

CONCLUSIONS

1. Supplemental aeration of Clow open media R3C at rates approximating non-
motive air in an air drive RBC did not effect the REC removal rates,

2. Supplemental aeration at high rates increases removal rates of a closed media
R2C, b

3. A properly sized high efficiency motor can result in energy savings.

4, Reduction in media submergence will reduce energy needs; further evaluation
as to the effect on the R3C structure and removals is necessary.

5. Reduction of RBC speeds is a means of saving energy; evaluation at full sized
operating facilities is recommended to determine actual design factors.
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TABLE 1 TABLE 2
Summary of Alexandria, VA Project Summary of Cold Spring, NY Project-mg/1
Mode & Total Sol. Stg, 1 “Stagsd
Stages BODg BODg 55, Mode SIn€;" "EFE; EfEs
5 mo. M 43 15 48
test avg. MS 41 8 50 Sol. BODg M 82.9 46.4 33.4
MS B2,9 47.2 32.4
W/0 Chem M-l stg. 39
Addition MS-1 stg. 16 Tot. BODg M I53:0% “54585 36,2
M-4 stgs. 28 MS 1530 Y5bed 371
M5-4 stgys. 1L
DL 0. M 4,1 3D 4.6
W/Chem M-4 stgs. 13 MS ARl En 4,7
Addition MS-4 stgs. 6
NOTE: 1. All results in mg/1 Tot. SS M 133.2 121.7 98.9
2. M = mechanical RBC MS 133211551 104.2
3. MS = mechanical RBC W/ 200+ | NOTE: 1. All results in mg/l
CFM/ shaft supplemental air 2. M = mechanical drive
3. MS = mechanical drive
with 0.6 CFM/1000SF
supplemental air

Media

Shaft (O¢— Air Header

AIR DRIVEN RBC SCHEMATIC
Blge:l
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ENERGY EFFICIENT SHALLOW BED LOW HEAD FILTRATION

THOMAS J. GALATRO
ENVIRONMENTAL ELEMENTS CORPORATION

I. INTRODUCTION

The filtration process is an operation of major importance in the treatment of
water and wastewater. This operation greatly influences the effectiveness of the
system in the quality of product water and, as will be shown, in the cost of production.
This paper will discuss gravity filtration, more specifically low head filtration with
automatic backwashing. When referring to this type filter the term A.B.WP® Filter,
which stands for Automatic Backwash Filter, will be used. Other companies
manufacture filters with automatic wash but, A.B.W. is a registered trademark of

Environmental Elements Corporation.

The general arrangement of the filter is shown in Figure 1. The filter media
consists of an eleven inch deep sand bed supported by porous plates. During filtration,
water enters the filter through influent ports and then passes through the media and
support plates and into the underdrain. From the underdrain it exits thru effluent
ports into the effluent channel. The media bed in the filter is comprised of many
individual cells. This arrangement allows backwashing' each cell separately without

taking the other cells of the unit out of service.

Backwash can be initiated by three means, headloss across the filter, time
between washes, or manual override. When the wash cyecle begins, a motor driven
carriage, carrying a backwash and washwater pump, moves along the length of the
filter. Water for the backwash is drawn directly from the effluent channel which
eliminates the need for a separate storage tank. The backwash water is pumped into
the underdrain system and up through the media, expanding and removing accumulated
solids deposited on the bed. The water carrying the entrained solids is then collected
in the hood assembly where the washwater pump removes it from the unit. The
pressure differential required to trigger the backwash cycle is two to six inches of
water. Filter cycles are shorter than in a conventional gravity filter, but the smaller
quantity of accumulated solids, and the shallow penetration into the bed, allow the use
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of less total backwash water than in conventional filters. Also, the area of the single
cell being backwashed is small by comparison and requires drastically less horsepower

for the wash pumps.

One of the many installation and operational cost advantages of the low head
filter, is the lack of pipe galleries and valves. All flow is controlled by the use of

channels and weirs. All pumps and controls are readily accessible on the carriage.

The total depth of the filter is 6'-4" which, with a total head loss across the
filter of less than 12" under normal operating conditions, will greatly reduce any
pumping requirements. There is no need for washwater storage, the washwater flow

can be returned to the preceeding operation without disturbing the process.

II. PERFORMANCE EXPERIENCE

The low head filter in water and wastewater applications typically operates at
hydraulic loading rates of 2 gpm/ft.z, with backwash water requirements of 2%, or
less, of the flow through the unit. The backwash flow rates range from 15 to 30
g‘pm/ft.2 depending on the application. This translates to a pump capacity of 150 to
300 gpm in a filter 16' wide with 8" cells.

Low head filter performance is demonstrated by the following operating data. A
potable water plant in New York, for the year 1974, averaged 1.21% backwash water
usage with raw water turbidity of 1.87 Formazin Turbidity Units (F.T.U.) and effluent
turbidity of 0.30 F.T.U. The average loading rate during this period was 1.8 gpm/ft.z,
design capacity, 2.0 gpm/ft.z. A 20 day test in December 1977 on the filter at the Los
Alisos water district showed an average of 0.28 Jackson Turbidity Units (JTU) effluent
turbidity with an influent of 4.49 JTU. The backwash water used during the test
averaged 1.28% with a hydraulic loading of 0.9 gpm/ft.z. Other plants report similar
results, all with excellent effluent water quality, (Table 1).

A large amount of operating information for the ABW Filter has also been
collected from its use in wastewater filtration. For example, a high rate loading test

of the filter was conducted at the Hanover Park, Illinois, wastewater facilities from
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September of 1972 through May of 1974. Two units were tested at hydraulic loading
rates from 2.5 gpm/t‘t.2 to 4.5 gpm/ft.2 with influent suspended solids in excess of 30
mg/l.

HIGH RATE LOADING TEST

Loading Rste T.S.S. Influent T.S.S. in Effluent Backwash
(gpm/ft.”) (Mg/1) (Mg/1) (% total Flow)
2.9— 3.9 76.7 4.4 1.41
3.5-4.5 36.6 4.8 1.57

The results show that the filter effluent has less than 5 mg/1 T.S.S. for extended
periods of time with both high hydraulic and solids loading rates, and with less than 2%
backwash water used. Other examples of A.B.W. Filter operation, at more
conventional loading rates of 1.5 to 2.5 gpm/ft.z, show that with average influent
T.S.S. of 10 to 20 mg/l, effluent T.S.S. are 1 to 4 mg/1 (Table 2). The BOD reduction,
which of course is associated with the solids removed, averaged 80%. These data
demonstrate that the low head filter operates with excellent results using small
percentages of throughput for backwashing. There are presently over 400 installations
of the ABW Filter. y

III. ENERGY USAGE

When comparing the energy consumption of a low head filter with that of a
conventional unit, the most significant advantage is the small headloss across the unit.
As stated in the introduction, the headloss across the low head filter is 12 inches or
less, which usually means gravity flow is possible without pumping. A conventional
filter is considered to have a sandbed depth of 20" or more with a headloss across the
filter of 8 to 10 feet. For example, the City of Houston's 69th Street Wastewater
Treatment Complex uses ABW Filters. Based on the design flow of 200 MGD, a total
of 330 horsepower would have been required for pumping using a conventional filter.
No pumps are required for the ABW Filter installation, this provides a savings of



156

approximately 590 KW/day.

Use of the low head filter also results in reduced energy consumption for
backwashing. Operating data for the year 1978 from a water plant using conventional
filters (Table #3), shows an average backwash water requirement of 3.67%. The filters
at this plant operated at approximately 2.0 gpm/ft.z. Backwash was conducted on an
average of once a day at a rate of 21 gpm/ft.z. The pumps for this flow require 150
connected horsepower and 30 KW-hrs./day/filter. The operating data for the year 1974
from a water plant with an ABW Filter (Table #1), at loading rates averaging 1.8
gpm/ft.z, used 1.2% backwash water. The wash rate was approximately 15 gpm/ft.z,
with a total connected horsepower of 3.75. The total energy usage for backwash was
6.5 KW-hrs./day/filter. If only power usage was compared, the plant savings for the
low head filter is 23.5 KW-hrs/day/filter. Although these figures are derived from
data of two different plants operating under similar hydraulic and solids loadings, they

emphasize the low power consumption of the low head filter.

Some further examples of power consumption in low head filtration are taken
from the data in Tables 1 and 2. At the Hanover Park, Illinois, Waste Treatment Plant,
two ABW Filters were loaded at an average rate of 2.77 gpm/ft.2 with a backwash
water consumption of 1.3%. Design load of the filters is 2.22 g'pm/ft.2 with a wash
rate of 25 gpm/ft.z. The connected horsepower for each of the filters is 3.75, which
calculates to 7.5 KW—hrs/day/filter or a total of 15 KW-hrs./day.

The Newburg, N.Y., water plant operated at an average loading rate of 0.84
gpm/ft.2 for the year 1975. Design of the filter calls for 2.0 gpm/ft.z. The wash rate
for the filter is 15 gpm/ft.2 with a connected horsepower of 3.75. These numbers
result in a energy usage of 5.4 KW—hrs./day/filter.

As stated previously, the efficiency of the filter will vary depending on the
application and operating conditions. In the Middletown, N.Y. plant, consumption was
6.5 KW-hrs./day/filter at design conditions, whereas the Newburg plant showed
5.4 KW-hrs./day/filter when run below design capacity and the Hanover Waste
Treatment plant ran at 7.5 KW-hrs./day/filter when overloaded.
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IV. SUMMARY

When using the low head filter, the largest power saving results from the low
headloss across the filter which permits gravity flow without pumping. In addition, the
smaller backwash water requirements permit lower connected horsepower for pumping.
The total operating power consumption is therefore greatly reduced as compared to

conventional filters.

Another area in which there are energy savings, although intangible, is in the
initial installation of the low head filter as compared to a conventional system. The
amounts of labor and material, with their resulting energy consumption, would be
smaller since less conerete, piping, and accessory equipment is needed to install a low
head filtration system. When all savings are added up, low head filtration is an energy

efficient alternative in the treatment of water and wastewater.



Location

Middletown, N.Y.
Newburgh, N.Y.
Anaheim, Calif.
Los Alisos, Calif.

Location

Hanover Park, Ill.
Nassau Bay, Texas
1972
1973
1974

Location

Baltimore MD. #1
Baltimore MD. #2
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TABLE 1
ABW® Filters - Potable Water

Raw Turbidity Filtered Turbidity % Backwash
yearly avg. yearly avg.
1.87 FTU 0.3 FTU 1221
2.10 FTU 0.4 FTU 2.00
1.00 JTU 0.4 JTU =
4.49 JTU 0.3 JTU 1.28
TABLE 2
AB\/\}® Filters - Municipal Wastewater
Year Avg. TSS (mg/1) Year Avg. BOD %Backwash
IN ouT IN ouT
il 4 14 4 1.3%
e 3.4 -— 4.1 e
= 252 —_ 3.6 -—
== 4.2 — 2.9 —
TABLE 3
Conventional Filters - Potable Water
Raw Turbidity Filtered Turbidity % Backwash
158 T 0.3 T.U. 3.67%
152 TUL 0.4 T.U. 4.78%



ENVIRONMENTAL ELEMENTS CORPORATIO
AUTOMATIC BACKWASH FILTER

A — INFLUENT LINE

B — INFLUENT PORTS

C — INFLUENT CHANNEL

D — COMPARTMENTED FILTER BED
E — SECTIONALIZED UNDER -DRAIN
F — EFFLUENT AND BACKWASH PORTS
G — EFFLUENT CHANNEL

H — EFFLUENT DISCHARGE LINE

| — BACKWASH VALVE

J — BACKWASH PUMP ASSEMBLY

K — WASHWATER HOOD

L — WASHWATER PUMP ASSEMBLY

M — WASHWATER DISCHARGE PIPE

N — WASHWATER TROUGH

0 — WASHWATER DISCHARGE

Form 7092 7/79

P — MECHANISM DRIVE MOTOR
Q — BACKWASH SUPPORT RETAINING SPRINGS

R — PRESSURE CONTROL SPRINGS wmn‘uﬂl

S — CONTROL INSTRUMENTATION

T — TRAVELING BACKWASH MECHANISM cmm
Subsidary of Koppers Company, inc.
F\SUK[_ 1
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COMPARISON OF ENERGY REQUIREMENTS FOR RAPID INFILTRATION AND
CONVENTIONAL DOMESTIC WASTE TREATMENT

Paul Janiga
Donald B. Aulenbach
Rensselaer Polytechnic Institute

INTRODUCTION

Lake George is a clear deep recreational Take noted for the clarity of
its waters and the beauty of its shoreline. The lake water is used for a
public water supply with only chlorination as treatment and is used directly
without even chlorination by many of the cottages and homeowners surrounding
the lake. Thus, there is continued concern for maintaining the purity of
this body of water.

The early concern for preserving the quality of the lake was shown by an
effort in 1936 to provide sewers and treatment of the wastes from the most
populated area surrounding the lake, specifically Lake George Village. With
the encouragement of the Lake George Association, the existing Lake George
Village Sewage Treatment Plant was constructed and began operation in 1939.
In 1965 the sewers were extended to portions of the surrounding Town of Lake
George and all of this wastewater was pumped by a separate system to the
existing Lake George Village Sewage Treatment Plant. In 1979, a new pumping
station was installed so that only one force main was needed to convey all
the collected wastewater to the treatment plant. Jourism is the principal
industry of the area, thus, the wastes are almost entirely domestic. There
are commercial interests, particularly in Lake George Village, but these in
general are directed toward the tourists. There are no other significant
water using industries in the entire Lake George Basin.

The original treatment plant provided primary sedimentation with sludge
digestion in 3 Imhoff tanks, trickling filter treatment, secondary sedimenta-
tion and the discharge of the secondary effluent without chlorination onto
sand beds for rapid infiltration purification in the ground. This system
has been shown to produce essentially 100% phosphorus removal and approxi-
mately 50% overall nitrogen removal (1-3). Presently, there are plans for a
new sewer system which proposes pumping all of the sewage out of the Lake
George Basin into an activated sludge sewage treatment plant at Glens Falls.
The proposed system involves extending the sewer lines to Bolton Landing on
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the west shore and to Pilot Knob on the east shore. This would accommodate
all of the concentrated population areas in the south end of the lake. There
are several other populated centers in the north end of the lake but these
are essentially insignificant. Pumping the wastewater out of the basin was
proposed as an ultra-conservative point of view in order to prevent any
existing or potential contribution of nutrients to Lake George. This propos-
ed system has raised some questions regarding the quality of the existing
effluent vs. the lesser degree of treatment which would be accomplished at
the new Glens Falls Sewage Treatment Plant. There are other questions con-
cerning the impact of diverting 5.5 mgd (20800 m3/day) out of the Lake George
Basin into the Hudson River Basin. Another concern which has not received
much attention is the additional nutrient loading which would be imposed on
the Hudson River Basin.

A prime concern at this time of rising energy costs is the relative cost
of the proposed activated sludge system compared with the existing rapid in-
filtration system at Lake George. It is difficult to make an equitable bal-
anced evaluation since the existing system provides the equivalent of terti-
ary treatment, whereas the proposed system will provide only secondary treat-
ment. Regardless of this difference, an effort was made to determine the
energy consumed at the existing Lake George Village Sewage Treatment Plant
and to compare this with the anticipated energy consumption in treating the
same amount of wastewater with the proposed system.

DESCRIPTION OF THE EXISTING TREATMENT PLANT

The wastewaters from both the Village of Lake George and the immediately
surrounding areas of the Town of Lake George are collected by gravity to a
central Tocation in a park adjacent to the lake. Here a new pumping station
forces the sewage approximately 55 m (180 ft) through a 1.6 km (1 mi) force
main to the treatment plant. The design flow of the existing plant is
1.75 mgd (6600 m3/day) with peak maximum summer flows in the range of
1.25 mgd (4700 m3/day). Originally the summer flows were three times the
winter winter flows, but recently the summer flows have been only double the
winter flows, primarily due to the greater year-round population, regional
ski areas, and the winter ice carnival held during the month of February.

The existing treatment plant is shown in Figure 1. The sewage enters



FIGURE 1
PLAN OF THE LAKE GEORGE SEWAGE TREATMENT PLANT
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the treatment system at the influent chamber where the flow is measured in a
Parshall flume. The flow is then divided among the three primary settling
tanks, two of which are more recently installed clarigesters with a sludge
digestion compartment in the bottom and the other being the original Imhoff
tank. Dosing syphons are provided to dose the trickling filters. The two
rotary arm trickling filters are used during the summer and the single fixed
nozzle filter is used during the winter. This latter filter is covered by
boards on sawhorses which retain sufficient heat to prevent complete freezing
of the trickling filter during the winter. The effluent from the trickling
filters flows to one of the two original circular final settling tanks or one
of the two newer rectangular sedimentation tanks. In the original plant
there were only six sand beds for rapid infiltration of the final effluent,
these being beds N-1 through N-6. These have been gradually expanded to 14
infiltration basins at the north end of the treatment plant. All of these
basins are dosed by gravity. With the expansion of the system to include the
surrounding Town of Lake George in 1965, the additional sand beds at the
south end of the treatment plant were installed. These are dosed by means of
a pump which 1ifts a portion of the secondary settling tank effluent to the
south beds. Although no accurate flow measurements have been made, it has
been estimated that one half of the total daily flow is applied to the south
sand beds with a Tift of approximately 4.6 m (15 ft). A pump house provides
facilities for pumping the sludge from the secondary settling tanks back to
the primary settling tanks, for pumping to the sludge drying beds, for pump-
ing a portion of the final effluent to the south sand beds, and for recir-
culation to the trickling filters.

It should be noted that the Village of Bolton Landing has a treatment
system quite similar to the Lake George system, but the design flow is
0.3 mgd (1100 m3/day) and the trickling filter is bypassed in the winter due
to the extremely Tow flows which would result in freezing on the filter.

The proposed new system would include sewering the entire area from
Bolton Landing to Pilot Knob. This would include significant additional
sewers and the use of 23 pumping stations through the Lake George Basin. The
combined sewage would be pumped out of the Lake George Basin into the Hudson
River Basin through a force main having a 1ift of approximately 73 m (240 ft).
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ENERGY USAGE AT THE EXISTING LAKE GEORGE VILLAGE SEWAGE TREATMENT PLANT

Essentially all of the energy requirements for the Lake George Village
Sewage Treatment Plant are in terms of electricity usage. There'is a small
amount of additional energy required for running the tractor which is used
to disc and rake the sand beds (approximately 1623.4 gallons of gasoline
annually). However, this energy is insignificant in comparison to the elec-
trical power used for operating the plant and pumping the wastewater from
the collection point at the lake to the treatment plant.

Prior to May 1979, sewage flows from the Town and Village of Lake George
were pumped separately to the Village treatment plant. Records of the elec-
trical energy consumed in operating the treatment plant and in pumping the
sewage from the Village were readily available. Corresponding information
for the Town of Lake George was unavailable; however, since both flows were
known, an estimate of the energy required to pump the combined flow could be
made easily. Since then, the sewage from both the Town and Village flows to
the newly designed and expanded Shepard Park pumping station and is pumped
on through the Village force main to the treatment plant.

For this study, the electrical usage for the fiscal year 1978-1979 and
the average flow during this period were obtained. The average metered power
for the operation of the treatment plant was 197.4 kwh/day with an average
flow at the treatment plant of 2650 m3/day (.7 mgd).

Table 1 summarizes the estimated energy requirements for the various
components of the treatment plant. Most of the electricity required at the
treatment plant is for pumping the effluent to the south beds, operating the
sludge scrapers, and Tighting. A small amount of energy is required for re-
circulating the effluent back through the treatment plant based on 20% re-
turn flow (4) and 5.3 m (17.5 ft) headloss (5) during an 8 hour day. Calcu-
lations for pumping the final effluent <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>