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CHAPTER I 

INTRODUCTION 

Introduct ion 

Water utilities consume more than 167 billion 

kilowatt-hours (kW-hrs) annually at a cost of more than 

$11 billion to operate pumps (1,2). Typically, 20 to 30 

percent of a water utility's budget is spent on 

electrical energy to operate pumps to provide customers 

with adequate amounts of water at sufficient pressures 

(3). Whether the water utility is privately or publicly 

owned, all methods to economically reduce this 

expenditure of monetary and natural resources should be 

implemented. A general scheme to reduce the energy use 

is more efficient operation of pumping facilities. 

Typically, a water supply and distribution system 

is supervised by a human operator who, above all else, 

maintains the system pressure based on his past 

experience with the system. Therefore, if the 

operator's experiences can be integrated with the 

engineering aspects of the system more efficient system 

operation may result with little or no decrease in 

system effectiveness. 



Purpose and Objectives 

Two approaches exist to reduce the energy 

consumption of municipal water supply and distribution 

systems: a structural approach and a non-structural 

approach. Structural methods involve the design or 

refurbishment of the system and its pumping facilities 

with energy conservation as a goal. Non-structural 

techniques include water conservation strategies and 

improved operational procedures for existing structural 

components. The purpose of this thesis is to address 

the non-structural methods of improved operational 

procedures for energy conservation by developing general 

guidelines for the efficient and effective operation of 

a municipal water distribution system. 

Specific objectives are as follows: 

1. Outline methods for energy conservation in the 

operation of municipal water distribution systems, and 

2. Outline methodologies to improve system 

operation which reduce the deterioration of the 

distribution system components. 

Scope 

The audience addressed in this thesis ranges from 

distribution system operators to mid-level water system 



managers. Distribution system operators are those 

employees who directly operate the distribution system. 

Mid-level managers, in this case, are liaisons between 

upper-level management (i.e., public works directors and 

city managers) and the operators. Some aspects of this 

thesis are directed towards mid-level management 

(specifically, Chapter III which deals with municipal 

water use prediction methods). Other parts are oriented 

towards the system operator, particularly Chapter II 

involving an overall view of the components of an 

operator's guide. 

The operating guidelines for non-structural 

approaches to be discussed will focus on the following 

water distribution system components: 

Pumps, 

Mo t o r s, 

Pump Stations, and 

Elevated and Ground Storage Facilities. 

Since the water supply and treatment systems are 

also important in the overall energy conservation 

scheme, they are also considered; although not in as 

much detail as the above components. Water supply and 

treatment system components include: 



Groundwater Supplies, 

Surface Supplies, 

Transmission Systems, 

Pump Stations, 

Storage Facilities, and 

Water Treatment Plants. 

Procedures and considerations for developing an 

operator's guide for energy conservation are discussed. 

Major topics include: 

System Operating Goals, 

Demand Predictions, 

Supply Schedules, and 

Pumping Schedules. 

Emergency procedures for handling such events as 

natural disasters and power losses are an important part 

of any set of operating guidelines. However, these 

guidelines are too site specific to be generalized and 

also involve policy decisions at the management level. 

The description and limitations of the distribution 

system are also important components of an operator's 

guide. However, these guidelines are also very site 

specific and difficult to generalize. Thus, emergency 

procedures and the system description and limitations 



are discussed only briefly to ensure their consideration 

in development of a proper operator's guide. 

Organi zat ion 

In Chapter II, major and minor components of an 

operator's guide are differentiated and examined. 

Demand predictions, and supply and pumping schedules are 

not examined in great detail since they are specifically 

addressed in other chapters. Emergency procedures, 

system operating goals, and system description and 

limitations are investigated in some detail. 

Municipal water use prediction techniques are 

evaluated in Chapter III. Criteria to select the proper 

prediction method are discussed. Examples of forecast 

techniques are given. 

A method to schedule the use of available sources 

is given in Chapter IV. Also, general considerations in 

developing an energy efficient supply schedule are 

di scussed. 

Chapter V outlines procedures and considerations to 

develop pumping schedules for energy conservation. This 

section is the heart of the thesis and combines the 

previous discussions to illustrate the overall 



operational scheme. Actual water distribution system 

operating data are also examined to reinforce the 

conclusions of this and the previous chapters. 

Chapter VI outlines a distribution system control 

algorithm. An explanation of the major elements is 

provided. 

Examples throughout the text are based on 

information and experiences from the City of Lubbock 

Water Utilities Department. Sources of water for the 

City of Lubbock include five city owned groundwater 

supplies, two contract groundwater sources, and one 

surface supply. The City of Lubbock is located in the 

semi-arid High Plains region of Texas. The 1980 

population of 173,979 persons is expected to continue to 

increase. 



CHAPTER I I 

OVERVIEW OF COMPCNENTS OF AN OPERATOR'S GUIDE 

Introduct ion 

Information that is helpful in assisting the water 

supply and distribution system operator can also be 

useful to planners, engineers, management, and operator 

trainees. An operator's guide should contain the 

following elements. 

1. System operating goals. 

2. A description of the system and its 

I imi tat ions. 

3. Methods for estimating future system demands. 

4. Techniques to develop supply schedules. 

5. Methods to determine the optimum pump schedule. 

6. Procedures for emergency situations. 

Each of these elements will be discussed in detail in 

thi s chapter. 

System Operating Goals 

Effectiveness--providing adequate amounts of water 

at satisfactory pressures--is the primary goal of a 

water supply and distribution system. Although Texas 

regulations dictate a minimum system pressure of 20 psi 
7 
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and a normal operating pressure of not less than 35 psi, 

each water utility must make a policy decision 

establishing normal system pressure (4). These 

regulations also specify minimum distribution system 

pumping capacity for cities with a population greater 

than 750. The pumping capacity must consist of, "two or 

more [pumps] having a total rated capacity of 2,0 

gallons per minute per connection or a total capacity of 

1000 gallons per minute and be able to meet the peak 

demand, whichever is less," However, this is a design 

consideration and only affects operations to the extent 

that the pumping units needed to meet the specified 

capacities must be operational. Operational goals can 

be established that will enable the system to meet the 

primary goal. Examples of operational goals are 

specified target levels for all ground storage 

facilities at a certain time, or minimum elevated 

storage tank levels. Equal operational time for all 

pumps is sometimes an operational goal, as is constant 

flow at a raw water treatment plant. The specific goals 

depend on the configuration of the particular water 

system. 

Efficiency, i.e,, maintaining the effectiveness of 

the system with minimum energy consumption, is a 

\ 



secondary goal. The amount of energy that can be saved, 

after implementation of energy conserving operational 

procedures, is directly related to the magnitude of the 

effectiveness goals. If, for example, a water utility 

desires to maintain its normal operating pressure at 60 

pounds per square inch (psi), relatively large amounts 

of energy will be consumed. Also, larger distribution 

pressures will result in larger pipeline stresses and 

therefore more system leaks and repairs. However, if 

the water utility is willing to accept a normal 

operating pressure of between 40 and 50 psi, substantial 

power savings can be realized. Even greater energy 

conservation can be obtained if distribution pressures 

are allowed to fall to between 35 and 40 psi during the 

peak demand period. 

Another secondary operational goal is to minimize 

the fluctuations in the supply flow rate. Water 

utilities with groundwater supplies can apply accepted 

well hydraulic and economic principles to determine the 

most energy efficient well field operation for a given 

demand. Water utilities with surface water supplies can 

often improve the operation of their treatment plant by 

minimizing the fluctuations of the flow rate through the 

plant. Conventional surface water treatment plants 
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consume energy in two areas: 1) chemicals used in the 

treatment process, and 2) electricity used for lighting, 

plant operation, and environmental control. Constant 

flow rates allow the chemical dosages to remain as 

constant as possible thereby improving the plant 

operations. Also, constant flows enable the operator to 

select the most energy efficient combination of pumps 

and to reduce the number of times a pump is started and 

stopped. 

System Description and Limitations 

An adequate description of the water system 

components and the limitations of each component and of 

the system as a whole are vital aspects of a proper 

operator's gui de, 

A sufficient description of the water distribution 

system is essential information for a water utility 

operator. Maps should be included in the guide that 

range from the general system layout (Figures I and 2) 

to those which show the details of pump stations (Figure 

3) and other major system components. A schematic is 

useful in some cases, particularly when it is necessary 

to describe the overall operation of a distribution 

system (Figure 4 ) . These types of maps are especially 
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FIGURE 2. General Distribution System Layout. 

SOURCE: City of Lubbock Water Utilities Engineering Department 
(circa 1984). 
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FIGURE 3. Pump Station Detai 

SOURCE: City of Lubbock Water Utilities Engineering Department. 
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FIGURE 4. Overall Supply and D i s t r i b u t i o n System Schematic . 

SOURCE: City of Lubbock Water U t i l i t i e s Department . 
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useful in training new operators or instituting a new 

operation scheme. 

To recognize potential improvements in system 

operation, an operator must be aware of the limitations 

of the distribution system. An inventory of the 

individual pumps, such as in Table 1, will assist the 

operator in selecting pumps to meet specific operational 

conditions. A general system schematic (Figure 4) is 

valuable in determining the capacity of each pump 

station and the total resources available to meet the 

demand. Ground and elevated storage capacities 

represented in Table 1 and Figure 4, should be 

accompanied by storage versus depth charts depicted in 

Table 2. These charts contain important engineering and 

operating information, including: 1) total storage, 2) 

overflow depth, and 3) maximum and minimum water surface 

elevations. Examples explaining the use of the charts 

are valuable for the uninitiated. 

Demand Predictions 

Future water consumption estimates are an important 

aspect of any municipal water distribution system. 

Water use predictions for either planning or operation 

must provide information on when, where, and how much 

water is needed. 
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Table 1. Water system pump characteristics. 

Pump Rated Capacity Rated Rated Motor Storage 
gpm(Mgd) Eff. 1 Head HP (iMg)" 

10-1 8,500(12.21) 877.3 200 600 10.0 
10^2 10,̂ 0̂ (_1_5_̂ 1̂ ) 110.2 _ 180 600 
B-1 2,800( 4.03) 888.2 225 200 
B-2 10,000(14.40) 621.4 174 500 5.0 
B-3 15,300(22.03) 1218.6 305 1500 
B-43 10,000(14.40) varies 225 500 

SOURCE: City of Lubbock Water Utilities Engineering 
Department. 

1 Expressed as HP per Mgd. 

2 Storage capacity at each pump station. 

^ Variable speed pump. 

Table 2. Storage vs. depth for reservoir no. 4. 

Total Storage = 15.0 million gallons 
Overflow Elevation = 3187.5 feet 
Overflow Depth = 21.0 feet 

Elevation Depth Storage (million gallons) 
(feet) (feet) 0.00 0.25 0.50 0.75 

3166.5 0 0.000 0.059 0.117 0.256 
3167.5 1 0.395 0.535 0.676 0.818 
3168.5 2 0.961 1.104 1.149 1.395 
3169.5 3 1.542 1.691 1.840 1.991 

0 
1 
2 
3 
• 

20 
21 

0.000 
0.395 
0.961 
1.542 

• 

14.129 
14.912 

0.059 
0.535 
1. 104 
1.691 

0. 117 
0.676 
1. 149 
1.840 

3186.5 20 14.129 14.325 14.521 14.716 
3187.5 

Example: If the depth is 2.50 feet, then the 
storage is 1.149 million gallons and the water surface 
is at elevation: 3168.5 + 0.5 = 3169.0. 

SOURCE: City of Lubbock Water Utilities Engineering 
Depar tment. 
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The quantity of water needed is generally the first 

answer required. Knowledge of the total monthly, daily, 

and hourly demands expected will enable a water utility 

to function more effectively. Monthly demands can be 

used to schedule supplies from multiple sources and 

weekly demands (simply a summation of the daily demands) 

can be used to set flow rates at the treatment plant. 

Daily demand predictions are also useful in estimating 

hourly consumption from which a pumping schedule may be 

developed that maintains effectiveness in the most 

efficient manner. 

Another important component of water consumption 

predictions is the time of occurrence of the demand. 

If, on an annual basis, the total consumption is known 

for each month supply schedules can be developed which 

specify the time when auxiliary water sources will have 

to be brought "on-line." If the time distribution of a 

particular week's demand is known on a daily basis then 

more detailed supply schedules can be developed. Also, 

operation goals, such as reservoir levels at the end of 

the day, can be projected. As mentioned previously, the 

time distribution of the daily demand is useful in 

determining pumping schedules. 
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Lastly, the areal distribution of the demand is 

significant in the operation of a water distribution 

system. The extent of the areal delineation may vary 

from city block size to pressure zones and is specific 

to the size of the system. A knowledge of where the 

varying percentages of the total demand will occur is 

extremely useful in manipulating supplies from the pump 

stations involved. 

Supply Schedules 

To make an operator's guide complete and effective, 

methodologies to determine which sources of supply are 

most appropriate to meet the demand should be included. 

Since energy is required to deliver water regardless of 

its source, equations can be developed which represent 

the relative cost of water from each source. The 

operator can evaluate these equations and select the 

least expensive proportion of sources. 

Cost is not the only criteria for scheduling 

supplies; availability is also important. Water 

supplies may be limited by allocation or by the nature 

of the source. For example, a surface source has a 

certain safe yield based on its physical characteristics 
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and can usually only supply that amount of water. Also, 

the transmission and storage facilities may limit the 

quantity of water available. 

Contract water forms a special constraint. 

Generally, contract sources specify the total price and 

the total amount of water to be delivered. Therefore a 

utility must pay the contractor whether or not any water 

is received. Hence, it is prudent to ensure that all 

contract water is used before the contract expires. 

Pumping Schedules 

Proper selection of pumps to meet the demand is 

probably the most significant non-structural means to 

reduce energy consumption. Municipalities that have 

modified existing pump selection methods to those that 

emphasize energy efficiency have reported energy savings 

of 10 to 20 percent (5,6,7,8,9,10,11,12). Therefore, an 

important part of an operator's guide is the inclusion 

of techniques and procedures that will enable the 

operator to select the "best" combination of pumps to 

meet the demand. 

Each water utility will have its own criteria for 

choosing the most efficient pump combination; however, 

there are certain general considerations which are 
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common to any system. Most important is the 

effectiveness of the system. As stated previously, each 

water utility must make a policy decision to assign 

specific values to the level of service desired. 

The minimum acceptable system effectiveness dictates the 

upper limit of energy conservation that can be 

achieved when compared to the existing level of energy 

consumpt ion. 

Maintenance of the pump and motor should be 

considered when scheduling pumps. Routine maintenance 

suggested by the manufacturer will affect the pump 

schedule by removing pumps down for repair from the 

available pump roster. One criteria often selected when 

developing pump schedules is to run each pump an equal 

number of hours on a monthly basis. While this 

particular criterion may limit the amount of energy 

savings achievable, it does have the advantage of 

simplicity. Perhaps a reasonable alternative might be 

to operate each pump a minimum number of hours per month 

to ensure that the pump is operational. 

The amount of storage available, particularly 

elevated storage, is another important consideration. 

The effects of elevated storage will be discussed in 

greater detail later. However, at this time it is 
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sufficient to point out that a lack of adequate elevated 

storage reduces the flexibility in the pump scheduling 

and thus lessens the possible energy savings. 

Emergency Procedures 

Emergency situations such as a loss of electrical 

power or excessive fire demand will very likely occur in 

the lifetime of a water utility. It is therefore 

prudent to have information and procedures available to 

the operator that will assist him in foreseeable 

emergency situations. 

Emergency guidelines are, to a certain degree, site 

and situation specific. For example, a water utility in 

an earthquake area, such as San Francisco, California, 

might have procedures for activating teams of valve 

crews to isolate broken mains in the event of an 

earthquake. But a water utility located in an area of 

low earthquake potential, such as Lubbock, Texas, need 

not include emergency guidelines for this type of 

naturaI di sas ter. 

Regardless of the emergency, certain types of 

information are extremely useful. Telephone numbers of 

key personnel are among the most important (see Table 

3 ) . To reduce the work load of the operator the use of a 
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pyramid type communication structure to mobilize 

personnel should be used. In the event that 

contamination of water supplies is a possibility the 

operator should be aware of proper operational 

procedures as dictated by management. 

Table 3 Emergency Personnel Notification List 

Water Utility Personnel 
supervi sors 
crew chiefs 

Police De p a r tme n t 

Other Ut i1i t ies 
e1ectr ic 
gas 

Public Information 
local TV and radio stations 
local newspapers 

Possible emergency situations should be considered 

when establishing minimum levels in ground and elevated 

storage facilities. Also, the time required to bring 

distribution system pumps "on-line" and adjust the 

supply flow rate should be considered. 



CHAPTER III 

MUNICIPAL WATER USE PREDICTION TECHNIQUES 

Introduct ion 

In the United States, over $15 billion per year is 

spent to construct facilities to provide drinking water 

for the public (13). The size and construction schedule 

of dams, pipelines, pump stations, and the like to meet 

the demand for drinking water are based solely on the 

estimated future use of water. Additionally, municipal 

water utilities spend more than $11 billion per year (or 

approximately 20 to 30 percent of their annual budget) 

operating pumping facilities to maintain the high 

quality of service being offered (1,2,3). If the actual 

water demand exceeds the predicted demand, the 

facilities designed on the predicted water use will be 

overtaxed and operate inefficiently, providing a lower 

quality of service. On the other hand, over designed 

facilities will provide a much better level of service. 

However, they too will operate below optimum efficiency 

and are a waste of natural and monetary resources. 

23 
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Hence, understanding the limitations and proper 

applications of the different water use prediction 

methods is essential in design and operation to prevent 

monetary waste and to ensure that adequate amounts of 

water are supplied. 

In general, four categories of municipal water use 

prediction methods exist; these are: 1) time 

extrapolation, 2) univariate, 3) multivariate, and 4) 

probabilistic (13,14,15,16,17,18,19,20). Each wiI I be 

discussed and this chapter will explore the basis for 

developing criteria to select the proper technique for a 

particular application. 

SeIect ion Cr i ter i a 

Criteria for selecting a municipal water demand 

prediction technique are usually divided into two 

general categories; namely, applicability and accuracy. 

Appl i cabiIi ty 

Applicability describes the appropriateness of the 

prediction method to the situation considered and the 

type of prediction desired. 

One important criterion is the time period over 

which the future water demand is to be estimated. 
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Generally, long range forecasts vary from 30 to 100 

years into the future and are used for long range 

planning activities such as predicting when a new source 

of supply is needed. Medium range forecasts are usually 

used for planning the need for system improvements such 

as the need for more elevated storage; however, they are 

sometimes used to determine the need for a new source of 

supply. Medium range predictions usually vary from 10 

to 30 years into the future. Scheduling water 

deliveries from multiple sources is one example of a 

short term forecast which is usually less than 10 years. 

Immediate forecasts are useful in operational procedures 

by assisting in developing pumping schedules or 

determining required water supplies. Although immediate 

forecasts can be applied to periods as great as 5 years, 

they are typically used for time spans of less than one 

year. It should be emphasized that the time periods 

assigned to the various forecasts are not absolute but 

are delineated only to established evaluation 

par ame t e r s. 

The demand subject, or component, is also a 

significant aspect to consider. Typically, demand 

subjects include average day, maximum day, peak hour, 
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per capita use and many others. Single values such as 

average day and peak hour are useful in design, long 

range planning, and/or short range supply scheduling. 

For long and medium range planning it is occasion

ally prudent to consider possible alternative futures 

and their effect on water consumption. Proposed water 

rate increases and their effect on water consumption 

should be evaluated. The time and amount of rate in

crease are alternative futures that can affect construc

tion schedules and financing strategies. Also, particu

larly in the western United States, the institution of 

voluntary or mandatory water conservation measures and 

their effect on water demand is another example of 

alternative futures. 

Yet another consideration in evaluating the applic

ability of water use prediction techniques is the 

method's scope, or areal extent, which can vary from 

worldwide to individual water demand. Consideration 

should be given to the adequacy of the technique to 

provide aggregate forecasts for use in planning, design, 

or operation. Aggregate forecasting is the separate 

prediction of water consumption for different areas that 

are then combined to produce an aggregate result for a 

larger scope. An example of an aggregate forecast is a 
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regional water system comprised of several distinct 

conmunities. If the desire is to know when and where 

the system will need more pump capacity, then separate 

water demand predictions can be made for each conmunity. 

These separate forecasts are combined to produce an 

aggregate forecast for the entire water system. 

Lastly, the forecast method should also be evalu

ated on the type and number of variables analyzed. 

Typically, time, population, precipitation, socioeco

nomic status, geographic location, and others are the 

variables used. Also, the water demand prediction 

procedure must consider the number of these variables, 

i.e., whether single or multiple, that are appropriate. 

For example, knowledge of daily and hourly water 

consumption is essential in developing pumping sched

ules. Methodologies used to forecast these demands have 

considered precipitation and air temperature as 

significant variables (18). However, longer range 

forecasts usually consider population, average price of 

water, average income of users, etc., as pertinent 

variables (13,14, 17, 19,21). 

Hence, applicability is one of the general criteria 

for selecting a municipal water demand forecasting 
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technique. Aspects of applicability that should be 

considered when evaluating a prediction method are: 1) 

time period examined; 2) subject desired; 3) 

investigation of alternative futures; 4) scope needed; 

and 5) variables considered by the prediction 

technique. 

Accuracy. Accuracy of water demand forecast 

methods is related to the method's ability to produce 

reliable predictions. While the accuracy of a 

prediction cannot be verified until after the fact, it 

is used as an evaluation mechanism for lack of a better 

one. 

An essential part of ensuring the accuracy of a 

forecast is to select the proper variables for analysis. 

Erroneous predictions can result if improper variables 

are "fitted" to the historical data to develop a 

forecast equation which would result in the water demand 

estimate being "right for the wrong reasons." 

Care must also be exercised by the analyst so that 

he does not introduce any bias in the forecast by 

choosing a particular technique. Also, the analyst must 

not interject any bias in the analysis by considering 

only the factors he believes are relevant. 
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Accuracy is even more difficult to apply to 

municipal water demand forecasts when it is viewed in 

terms of percent error, the correlation coefficient, or 

other statistical measures. Practically all municipal 

water use prediction techniques are developed from 

historical data. The final model is then asked to 

generate results from past data which are compared to 

known information; or, in the case of the correlation 

coefficient, the error is measured in terms of how well 

the model equation "fits" the data. Regardless of the 

accuracy measure, there are no generally accepted error 

limits for consumption predictions. Also the same error 

limits are not applicable to all situations since the 

accuracy is a function of: 1) the time period; 2) 

method used; 3) subject predicted; 4) geographic 

location; 5) variables considered; 6) population 

evaluated; and 7) scope (16,19,20,21,22,23). 

Inmediate forecasts, for some techniques predicting 

total demand, are accurate to within 1 percent error for 

a two hour prediction; however, errors soon increase to 

about 5 percent for forecasts under 24 hours (19). 

Maidment developed a daily municipal water use model 

that considered rainfall and air temperature (18). 

Total daily consumption was separated into base and 
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seasonal use and projected for a two week period with 

correlation coefficients of approximately 0.97 (18). 

Other models have considered monthly forecasts resulting 

in errors of 8 to 15 percent and monthly models that 

considered economic variables such as average water 

price and personal income resulted in correlation 

coefficients of between 0.80 and 0.87 (14,17). Some 

models that estimate annual average municipal water use 

have correlation coefficients as low as 0.76 (16). 

In conclusion, although an exact value of accuracy 

is not widely accepted and is difficult to apply in 

different situations it is still a reasonable measure of 

the model's reliability. However, accuracy cannot be 

considered alone when evaluating forecast techniques; 

the applicability of a model to the situation being 

examined must be assessed as well. 

Time Extrapolation 

Description 

Perhaps the least complicated category of forecast 

techniques is that of simple time extrapolation. Simple 

time extrapolation methods consider future use to be a 
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function only of time (i.e., past trends in water 

consumption are assumed to continue). Future trends 

can be presumed to vary linearly, exponentially, 

logarithmically, or with any other appropriate function 

since time is the only variable considered. 

Data requirements depend on each particular 

application and vary with the time period being 

considered. Usually, historical data for the subject 

being projected is all that is required. This data can 

either be plotted and graphically projected or "fitted" 

to an appropriate mathematical function and projected 

mathemat ically. 

Advantages 

Probably the most obvious advantage of this method 

is simplicity. Since only time is considered, the 

resulting mathematical functions are easily analyzed and 

manipulated. Also, because the subject being projected 

is assumed to vary only with time, only historical data 

for that subject are necessary. These are generally 

readily available and minimal when compared to other 

prediction techniques. Although the range of subjects 

that can be projected with this method is virtually 

unlimited, applications are usually restricted to total 
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annual use, average day, peak hour, etc. Typically, 

time extrapolation methods are used for long and medium 

range planning activities. However, they are sometimes 

used for inmediate forecasts on a monthly or annual 

bas i s. 

Di sadvantages 

One major criticism of time extrapolation 

methodologies is their inability to consider other 

factors that might affect future water consumption. 

Regardless of economic trends, population growth, 

possible water limitations or other future water events, 

the historical trend of water use is expected to 

continue. Although aggregate forecasts can be 

considered with this technique any errors generated are 

propagated through the aggregation process. Alternative 

futures can be examined; however, the alternative 

futures considered by time extrapolation methods are 

over simplistic, too restrictive, and generally of very 

little use. 

Ex amp 1e 

Currently the City of Lubbock Water Utilities 

Department is using a type of time extrapolation 
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technique known as "moving average" to estimate their 

water needs on a monthly basis. Projections of water 

requirements are made one year in advance and are used 

to schedule water supplies from two contract groundwater 

sources, one contract surface supply, and supply from a 

city owned well field. 

Basically, the estimated demand for a particular 

month is the average of the previous five years monthly 

consumption for that month. For example, to estimate 

the demand for the month of January, 1984, the total 

consumption for each of the previous five Januarys 

(January 1979-1983) is added and divided by five. 

Figure 5 represents the actual and projected total 

monthly demands for the City of Lubbock for the first 

six months of 1984. Using this method of estimation, 

percent error varies from slightly more than 1 percent 

for the first month's projection to over 23 percent for 

a sixth month's projection. 

Univar i ate 

De script ion 

Univariate models assume future municipal water 

demands are represented by one variable which can vary 

or remain constant with time. Per capita requirements 
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and unit use coefficients appear to be the two most 

frequently used univariate models in the water utility 

industry. Data requirements are different for each 

application and depend on the scope, subject, and time 

period under consideration. As with most municipal 

demand models, historical data is necessary; however, 

univariate models can use typical data as well. For 

example, the national average per capita use of 160 

gallons per day is considered typical data (19). An 

example of typical data for unit use coefficient methods 

is consumption per connection (meter). Regardless of 

the type of data, the water demand is graphically or 

mathematically projected with any appropriate function 

over the time period desired. Time periods for 

univariate models can vary from short to long term 

though medium and long range planning periods are more 

prevaIent. 

Advantages 

Application of univariate models is a relatively 

simple procedure. When the per capita use technique is 

employed the trend in the per capita values are 

projected using population forecasts. Usually a 

population forecast is obtained from a federal, state or 
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local government agency; but, it is not uncommon for a 

private consultant to perform his own projections 

incorporating the client's particular needs. Regardless 

of the source of the population forecast, if the 

projection considers geographic, social, economic, and 

other pertinent variables, the resulting water demand 

forecast will be more realistic than time extrapolation 

methods. 

Aggregate forecasts with univariate methods are 

possible and may be more accurate than time 

extrapolation techniques. For municipal water demand an 

aggregate forecast is obtained considering residential, 

conmercial, public, and industrial use separately. 

Public, commercial, and industrial use can be projected 

using unit use coefficients such as, gallons per acre 

per day (for parks), gallons per customer, or gallons 

per product, respectively. 

Yet another advantage of univariate models is the 

broad range of subjects that can be analyzed. The scope 

is virtually unlimited, ranging from individuals to 

river basins to nations. 

Since the scope and subject of univariate methods 

are so flexible, the spectrum of alternative futures is 

also broad. For example, unit use coefficients are 
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available for estimating the possible water savings as a 

result of various flow reduction devices (16). 

Information such as this would enable a water utility to 

evaluate the impacts on water consumption and revenues 

from the implementation of mandatory water conservation 

me a s u r e s. 

Di sadvantages 

One drawback to univariate models is the 

inaccuracies that are possible in the development of the 

model. In the case of per capita use, the total annual 

water use is normally divided by the total population. 

First, the water use is determined either from system 

water meters or by summing the residential meter 

readings. Regardless of the information source, the 

meter readings may be inaccurate by 5 to 15 percent 

resulting in the infusion of error into the projection. 

Also, the population information is generally from the 

federal census which contains inaccuracies of its own. 

Another criticism is that only one variable is 

analyzed. Since the per capita use approach is probably 

the most widely used method, the assumption is that 

population is the significant variable. However, Boland 
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states that there is no evidence to support the belief 

that water use is proportional to population(13). 

Considering per capita use, there is some danger of 

the population forecast being biased by the preference 

of the analyst for a particular prediction method. For 

example, a consultant who makes his own population 

projections may prefer time extrapolation over 

decreasing rate of increase because of its simplicity. 

Other disadvantages include the requirement for 

more data than time extrapolation methods and limited 

consideration of alternative futures. Data requirements 

vary with number and type of variables considered in the 

population forecast and the availability of the data. 

Consideration of alternative futures is limited to those 

variables that are considered. For example, if the 

price of water is generally not included in the 

population forecast, any evaluation of the effect of 

increasing water prices on demand is not possible. 

Ex amp 1 e 

Typically the use of per capita requirements 

involves the following steps. 
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First, historical population records, number of 

active water meters, consumption data, and other 

information pertinent to the population forecast are 

collected. 

Then, an estimate of the annual population figures 

is attainable since the population is known on a ten 

year cycle and the number of active water meters is 

known on an annual basis. By dividing the census 

population by the corresponding number of active water 

meters, data for a plot such as in Figure 6 is 

developed. Values for the average number of people per 

active meter, as in column 3, Table 4, are read from 

Figure 6. Estimated annual population in column 4, 

Table 4 is then produced by multiplying the known number 

of active meters by the estimated number of people per 

meter. 

Historical water requirements are compared to the 

estimated population to generate historical per capita 

requirements as in columns 2 and 3, Table 5. The 

average day per capita use has a standard deviation of 

24.22 gallons per capita day (gpcd) and the peak day per 

capita use standard deviation is 58.75 gpcd. This 

indicates the average day per capita use is less 

variable than the peak day per capita use. 
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FIGURE 6. City of Lubbock Historical Data on Persons 
Per Active Water Meter. 

SOURCE:' (24) . 



Table 4. Estimated Lubbock population by years 
based on water meter counts. 
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Year 

Tglo 
1941 
1942 
1943 
1944 
1945 
1946 
1947 
1948 
1949 
1950 
1951 
1952 
1953 
1954 
1955 
1956 
1957 
1958 
1959 
1960 
1961 
1962 
1963 
1964 
1965 
1966 
1967 
1968 
1969 
1970 

No. of Active 
Water Meter 

7,225 
7, 
8, 
8 
8, 
8 

10, 
11 
11 
13 
15 
17 
19 
21 
22 
24 
25 
27 
28 
31 
32 
34 
36 
37 
38 
40 
41 
41 
42, 
42, 
42, 

,891 
,470 
,567 
,772 
,894 
,056 
,092 
,936 
.052 
,258 
,512 
,631 
,358 
,744 
,632 
,304 
,446 
,669 
, 176 
,961 
,591 
,217 
,729 
,832 
, 187 
,386 
,890 
, 136 
, 180 
,212 

Avg. No. of 
People/Meter ̂  

4.41 
4.55 
4.67 
4.77 
4.85 
4.90 
4.91 
4.89 
4.85 
4.79 
4.70 
4.62 
4.53 
4.45 
4.36 
4.28 
4.20 
4. 12 
4.05 
3.97 
3.90 
3.84 
3.78 
3.73 
3.68 
3.63 
3.59 
3.56 
3.54 
3.53 
3.53 

Popula-
t ion2 

31,853 
35 
39, 
40 
42, 
44, 
49, 
54, 
57, 
62 
71, 
80, 
88, 
95, 
99, 
105, 
110, 
113 
116, 
123, 
128, 
132, 
136, 
140 
142, 
145 
148, 
149 
149, 
148 
149, 

,900 
,600 
,900 
,500 
,000 
400 
,200 
,900 
,700 
747 
,900 
900 
,000 
200 
,400 
500 
, 100 
100 
,800 
691 
,800 
,900 
,700 
,900 
,900 
,600 
, 100 
,200 
,900 
, 101 

SOURCE: (24). 

1 Determined from Figure 6 except census years. 

2 Product of Columns 2 and 3 except for census 
years. 
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Table 5. 
requi rements. 

Year 

1940 
1941 
1942 
1943 
1944 
1945 
1946 
1947 
1948 
1949 
1950 
1951 
1952 
1953 
1954 
1955 
1956 
1957 
1958 
1959 
1960 
1961 
1962 
1963 
1964 
1965 
1966 
1967 
1968 
1969 
1970 

City of Lu 

Avg. Use 
Gal./Day 
Capi ta^ 

114 
82 
96 
106 
93 
122 
124 
125 
144 
120 
129 
144 
126 
145 
140 
137 
151 
129 
132 
142 
142 
135 
150 
163 
172 
175 
164 
161 
146 
169 
182 

Peak Use 
GaI. per 
Capi ta2 

270 
186 
226 
245 
252 
261 
234 
248 
328 
306 
295 
363 
291 
332 
335 
340 
310 
338 
350 
354 
320 
311 
357 
395 
392 
415 
393 
329 
308 
407 
402 

Ratio of 
Peak Day to 
Year Iy Avg.3 

2.37 
2.27 
2.36 
2.32 
2.70 
2. 14 
1.89 
1.99 
2.28 
2.55 
2.28 
3.53 
2.30 
2.29 
2.40 
2.48 
2.06 
2.61 
2.66 
2.50 
2.25 
2.31 
2.39 
2.42 
2.27 
2.38 
2.40 
2.04 
2. 12 
2.41 
2.20 

SOURCE: (24). 

1 Determined from total historical water 
consumption divided by population estimates 
in column 4, Table 4. 

2 Historical peak day use divided by appropriate 
population estimate in column 4, Table 4. 

*̂  Column 3 divided by column 4. 
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Next, the population projection is made as in 

Figure 7. For this particular projection modifications 

were made by the Texas Water Development Board to 

projections made by the University of Texas Bureau of 

Business Research (24). The actual 1980 population of 

173,979 is 94.0 percent of the projected. 

Finally, the per capita use is projected assuming 

the historical trend will continue. From the projected 

population and per capita requirements, the average and 

peak day future estimates are made. These are shown in 

Table 6. 

Accuracy of per capita use models vary according to 

the accuracy of the population projection, the adequacy 

of the assumption that historical trends will continue, 

and the accuracy of the historical data. Tables 7 and 8 

present the projected peak and average day requirements, 

respectively, for the City of Lubbock as estimated by 

the univariate model (per capita use). Interestingly 

the percent errors for the average day requirements are 

less than 10 percent (except for 1983). Actual peak day 

estimates deviate substantially from the projected peak 

demands but, considering the historical "scatter" of the 

peak day, this is understandable. Unfortunately the 

water supply and distribution system are designed based 

on the peak day requirements. 
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FIGURE 7. City of Lubbock Population Projection 

SOURCE: (24). 
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Table 6. Projected average and peak day water use 
for the City of Lubbock. 

Year 

1975 
1980 
1985 
1990 
1995 
2000 
2005 
2010 
2015 
2020 

Populat ion 

165,000 
185,000 
207,000 
230,000 
256,000 
285,000 
315,000 
347,000 
380,000 
415,000 

Avg. Use 
(Mgd) 
29.4 
34.6 
40.6 
47.2 
54.8 
63.6 
73.1 
83.6 
95.0 
107.5 

Peak Day 
(Mgd) 
76.8 
90.1 
105.3 
122.0 
141.3 
163.5 
187.5 
214.0 
242.5 
273.9 

SOURCE: (24). 

Table 7. Comparison of the 1970 projection and 
actual average day requirements for the City of Lubbock 

Year 

1971 
1982 
1972 
1973 
1974 
1975 
1976 
1977 
1978 
1979 
1980 
1981 
1982 
1983 

Projected 
Avg. 
(Mgd) 
27.20 
27.64 
28.08 
28.52 
28.96 
29.40 
30.44 
31.48 
32.53 
33.56 
34.60 
35.80 
37.00 
38.20 

Actua1 
Avg. 
(Mgd) 
27.20 
25. 14 
25.75 
27.80 
31.30 
27. 12 
29.80 
32.70 
38.30 
33.80 
36.00 
33.10 
32.00 
36.50 

Re I at ive 
Error 
(%) 

0 
9.94 • 
9.05 
2.60 
7.45 
8.41 
2. 15 
3.73 
15.09 
0.71 
3.89 
8. 16 
15.63 
4.66 

SOURCE: (24). 
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Table 8. Comparison of the 1970 projection and 
actual peak day requirements for the City of Lubbock. 

Year 

1970 
1971 
1972 
1973 
1974 
1975 
1976 
1977 
1978 
1979 
1980 
1981 
1982 
1983 

Projected 
Peak 
(Mgd) 
59.96 
63.33 
66.70 
70.06 
73.43 
76.80 
79.46 
82. 12 
84.78 
87.44 
90. 10 
93. 14 
96. 18 
99.20 

A c t u a I 
Peak 
(Mgd) 
59.96 
59.88 
51.21 
64.07 
67.83 
55.77 
57.90 
68.30 
78.80 
60.80 
76.90 
68.50 
58.70 
66.50 

Relat ive 
Error 
(%) 

0 
5.76 
30.25 
9.35 
8.26 

37.71 
37.24 
20.23 
7.59 

43.82 
17. 17 
35.97 
63.85 
49.20 

SOURCE: (24). 

Mult ivarlate 

Description 

Multivariate prediction techniques use more than 

one variable to model municipal water demand. 

Typically, variables are selected based on their 

significance in influencing water use and generally are 

related to economic, environmental, population, and 

other factors (13,14,15,16,17,18,19,20,21,22). Any 

number of variables may be chosen; however, two or three 
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are usually used; rarely are more than five or six 

considered. Regression techniques are used to "fit" the 

historical data to the selected mathematical function. 

Data requirements vary with the scope, subject, time 

period, number of variables considered, and whether 

aggregate or disaggregate forecasts are needed. 

Advantages 

A distinct advantage of multivariate models is 

their more realistic representation of the factors that 

influence municipal water demand. Environmental 

constituents such as precipitation, air temperature, and 

potential evapotranspirat ion have a more significant 

impact on water demands in arid and semi-arid regions 

than in humid and tropical areas. Hence, multivariate 

forecasting techniques enable the analyst to consider 

more relevant factors in his model. 

Multivariate models are not limited in the scope 

they can consider; hence, they are extremely useful in 

aggregate forecasts. Virtually any subject can be 

projected with multivariate techniques since the 

variables that most influence the subject being 

considered can be analyzed. Time periods for 

multivariate models are perhaps the most flexible of all 
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municipal water demand forecast methods. Typically used 

to predict monthly demands, it is not uncommon for them 

to be used to predict hourly or weekly demands. Short, 

medium, and long range forecasts are also made by 

multivariate techniques. 

Another strong advantage of multivariate models is 

their ability to analyze alternative futures. 

Sensitivity analysis is easily performed on the 

variables in the prediction model. For example, if a 

prediction equation were available that included the 

price of water, the effect on demand of increased water 

prices could be evaluated. This information would 

enable management to evaluate the economics of 

increasing water prices and determine a suitable course 

of action. 

Di sadvantages 

A disadvantage of multivariate models is the amount 

of data required for analysis. Depending on the scope, 

subject, time period and number of variables analyzed, 

the amount of data can become excessive. Also, the 

regression techniques used to "fit" the data to a 

mathematical formula require many calculations which 

usually necessitates the use of a computer. Although 
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the use of a computer is not necessarily a disadvantage, 

it does require an additional investment of time and 

money over univariate and time extrapolation methods. 

Also, some of the data may not be in a format that is 

readily analyzed by a computer. 

Multivariate models do not transfer very well 

geographically since variables proved significant for 

one situation may not be pertinent in another. Also, 

information for one or more variables in a model 

developed elsewhere may not be available on a local 

bas i s. 

Ex amp I e 

An example of a multivariate prediction technique 

is well represented by a study performed by Cochran and 

Cotton on the municipal water demand for the Cities of 

Tulsa and Oklahoma City, Oklahoma (21). 

They analyzed 20 years of water consumption data 

for the two municipalities. Variables used in the model 

included the average price of water per thousand liters; 

constant per capita income (adjusted for inflation); 

average monthly precipitation in millimeters; average 

monthly temperatures in degrees Celcius; and number of 

households per thousand population. 
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First, each of the variables was analyzed 

individually to determine its significance in 

representing the water demand. Results of the linear 

regression analysis shown in Table 9 indicate that the 

environmental factors of temperature and rainfall are 

relatively insignificant in predicting the municipal 

water demand. Other researchers have determined that 

temperature and precipitation were significant in 

estimating water consumption (25,26). However, the 

study concluded that the lawn irrigation portion of the 

demand was too small in relation to the total water 

used to be significant. 

Linear regression was then used to correlate the 

remaining variables of households per thousand 

population, constant per capita income, and constant 

average water price. Results of this analysis, shown in 

Table 10, resulted in a high correlation between per 

capita income and water use. Average price of water and 

number of households for the City of Tulsa were 

statistically insignificant and the number of households 

for Oklahoma City was also statistically insignificant. 
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Table 9. Preliminary linear regression 
coefficients and correlation coefficients for Tulsa and 
Ok 1ahoma Ci ty. 

Tu 1 sa 
Regression 
Coefficient 

Average Price 135,677.6 
Per Capita Income 20.0 
Rainfall 161.7 
Temperature 3668.0 
Households 390.0 

R2 
0.84 
0.92 
0.00 
0. 14 
0.91 

Oklahoma Ci ty 
Regression 
Coefficient 
75, 185.0 

11.8 
671. 1 
549.8 
348.3 

R2 

0.90 
0.89 
0.00 
0.00 
0.85 

SOURCE: (21). 

Table 10. Final linear regression coefficients and 
correlation coefficients for Tulsa and Oklahoma City. 

Tu 1 sa 
Per Capi ta 

I ncome 
Coefficient 

20.0 
R2 

Average Per 
Price 

Coeff icient 

Oklahoma Ci ty 

0.92 -40,140.4 

Capi ta 
I ncome 

Coeff icient 
6.2 

R2 

0.94 

SOURCE: (21). 

ProbabiIistic 

Description 

Probabilistic projection techniques consist of two 

basic categories: 1) stochastic, and 2) contingency 
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trees. Stochastic approaches use multivariate methods 

to estimate the expected (mean) water demand as well as 

the distribution about the mean (13,17,18). By 

considering that either the variance or the residuals of 

water demand are randomly distributed, these aspects of 

water demand are described by stochastic processes (13). 

Contingency trees project the probability of occurrence 

of multiple irreversible events that affect water 

consumption. Subjective estimates of the probability of 

occurrence and of the effect of events on water use are 

made from which a probability distribution is 

constructed (13). 

Advantages 

Probabilistic methods are superior to all other 

prediction techniques in considering alternative 

futures. Stochastic models allow the computation of 

confidence intervals which provide a more rational basis 

for consideration of alternate futures. Planners and 

designers could use probabilistic projections to 

evaluate the risks involved in planning and designing 

activities. For example, a design engineer could use 

probabilistic analysis to assist in determining the 

capacity of a pump station. Rather than designing the 
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pump station to meet all possible demands, the engineer 

could select a certain level of service, such as meeting 

the peak demand 95 percent of the time, thereby 

providing a more economical design with an acceptable 

risk. Contingency trees provide the same service on a 

broader scope using judgmental predictions. Probabil

istic methods are virtually unlimited in scope or time 

period. Contingency trees appear more suited for medium 

to long range subjective planning activities (13). 

Di sadvantages 

Major drawbacks of probabilistic prediction methods 

are the analysis procedures and data requirements. As 

with all other models, historical data forms the basis 

on which a projection is made. Data requirements for 

probabilistic analysis depend on the subject, scope, and 

number of variables used in the multivariate aspect of 

the projection. Hence, data requirements are similar to 

multivariate prediction methods and can become 

excess ive. 

Analysis procedures for probabilistic methods can 

be difficult and time-consuming particularly for the 

non-expert. Many water utility managers and design 
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engineers do not have the technical background necessary 

to fully understand and apply some of the probabilistic 

techniques employed (e.g., white noise and density 

quantile functions). Also, while computers can reduce 

the analysis time, an additional time and monetary 

investment is necessary when compared to univariate and 

time extrapolation. 

Another disadvantage of applying probabilistic 

prediction techniques to municipal water demand concerns 

the selection of the method used to represent the random 

variance in the water demand. It is possible to subject 

the prediction to bias in the technique selected by the 

analyst. The choice of a normal, Poisson, lognormal, 

Weibull, or other distribution may have an affect on the 

predict ion. 

Example 

An example of a probabilistic water prediction 

method is beyond the scope of this discussion. 

Additionally, probabilistic methods are not used in the 

municipal water utility industry due to the large data 

requirements and long computation times (13). 
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Summary 

Forecast Methods 

Techniques used to estimate future municipal water 

demands are usually grouped into four categories; these 

are: 1) time extrapolation; 2) univariate; 3) 

multivariate; and 4) probabilistic. 

Time extrapolation methods assume that time is the 

only influencing component in projecting demands. Moving 

average and trend analysis are two time extrapolation 

methods that are applicable to inmediate and long range 

forecasts. Depending on the time period considered, 

errors using time extrapolation techniques vary from 1 

to over 30 percent. 

Univariate models use only one variable to predict 

water consumption. Univariate models include, but are 

not limited to, the following: 1) per capita 

requirements (probably the most widely used method in 

the water utility industry); 2) per connection; and 3) 

unit use coefficient. Univariate models are more 

rational than time extrapolation methods and generally 

have an error of less than 10 percent. 

Multivariate prediction techniques typically use 

from two to six variables to model municipal water 

demand. They are much more complete in their 
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representation of the factors that influence municipal 

water use than the two previous methods. Accuracies of 

multivariate models are usually between 90 and 97 

percent. 

Lastly, probabilistic techniques are perhaps the 

most widely applicable prediction method. Stochastic 

probabilistic methods use multivariate models to predict 

the mean and the distribution about the mean of the 

future water demand. Contingency trees are 

probabilistic prediction methods that use subjective 

estimates of the probability of irreversible events. 

Probabilistic methods are generally used for research 

and are not used in the field. 

Select ion Cri teria 

Proper consideration of all the factors governing 

municipal water demand prediction techniques will allow 

the analyst to select the model best suited to his 

needs. Evaluation of forecasting methods can be 

subdivided into two general categories; namely, 

applicability and accuracy. 

Applicability is concerned with the 

appropriateness of a model for the situation under 
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examination. A technique should be evaluated for its 

applicability In the following areas: 1) time period 

(inmediate, short, medium, or long range); 2) subject 

(average day, peak day, e t c ) ; 3) scope (pressure zone, 

conmunity, e t c . ) ; and 5) variables considered 

(temperature, precipitation, socioeconomic, e t c . ) . 

While the preceding list is not complete. It will 

provide guidelines for selecting water prediction 

models. 

Accuracy is related to the reliability of a model 

to predict the future water demand. Accuracy will vary 

with the scope, subject, time period, and number and 

type variables selected. One area of concern Is any 

bias that may be introduced by the analyst In his 

personal selection of a prediction method, 

Conclus ion 

Consideration of all the components of 

applicability and accuracy will result in the selection 

of a municipal water use prediction technique that best 

fits the need. For operation of a water distribution 

system, predictions are needed for monthly demand for 

usually a year In advance, dally demand for the current 

month, and hourly demand for at least one day In 
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advance. Use of each of these different demand 

predictions is discussed in further detail in the 

following chapters. Thus, different methods may be best 

for each of the separate predictions or the same method 

may be used for each depending on the particular 

s i tuat ion. 



CHAPTER IV 

SUPPLY SCHEDULING 

Introduct ion 

Historically, water utility operators have 

scheduled supplies from multiple sources on a day-to-day 

basis using experience and intuition. Typically, the 

only supply system operational goal has been to meet the 

demand as it occurred with little consideration of 

energy consumption. Also, little consideration is given 

to the operational difficulties involved in adjusting 

the supply flow rate; the operator Is concerned only 

with the time required to adjust the flow rate. 

More rational supply schedules that are cognizant 

of energy use are capable of reducing energy consumption 

in the supply system by approximately ten percent (27). 

Also, these improved supply schedules minimize the 

supply fluctuations, thereby improving the system 

performance and reducing the wear and tear on equipment. 

Rational scheduling of water supplies involves the 

integration of the source characteristics Into the 

59 
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overall control scheme. Paramount to improving a supply 

schedule is the establishment of operational goals that 

are a combination of engineering, economic, and 

managerial considerations. 

Operat ing Goals 

Meet Demand 

Supplying adequate amounts of water at sufficient 

pressures is the primary goal of any water utility. It 

is the primary goal of the supply system to ensure that 

adequate amounts of water are available. The purpose 

of long range planning activities is to ensure that the 

supply system can satisfactorily meet the water 

requirements for ten or more years in the future while 

operational activities ensure the demand is met on a 

day-to-day basis. To develop energy efficient supply 

schedules, planning for the anticipated demand is 

essential. This can be done with knowledge of future 

water needs as predicted by the techniques presented in 

Chapter IV. 

These demands need not be matched on a day to day 

or hour by hour basis by the supply system since storage 

facilities can provide additional supply or storage on a 

short term basis. For example, the water demand for a 
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typical municipality for a week might be represented by 

the solid line in Figure 8. A reasonably constant 

supply rate is represented by the dashed line in Figure 

8 and presents many benefits that will be discussed 

later. The crosshatched areas in Figure 8 represent 

time periods when either the supply rate exceeds the 

demand, in which case the storage facilities are being 

replenished, or the demand exceeds the supply rate, in 

which case the storage is being depleted. The net 

result is the storage curve in Figure 9 which represents 

an efficient use of the storage facilities. 

Therefore, meeting the demands of the distribution 

system is the primary goal of the supply system; 

however, effective use of available storage allows 

development of a supply schedule that can conserve 

energy. 

Minimize Energy Consumption 

Supply systems consume energy In obtaining, 

transporting, and treating water. Energy use in 

treating water is discussed separately but obtaining 
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and transporting water will be evaluated at this time. 

Obtaining water from ground or surface supplies involves 

the use of electrical energy to pump from aquifers or 

lakes and rivers. Optimizing well field operations for 

energy efficiency is beyond the scope of this thesis but 

the procedure uses accepted hydraulic and economic 

approaches. Supplies from surface sources generally 

require pumps and motors to supply energy to overcome 

the transmission system head losses; therefore, 

selection of the most energy efficient combination of 

pumps is one means to reduce energy consumption. Thus, 

reduction of energy consumption in well field and in

line booster pump operations is another goal of supply 

scheduIes. 

Stabilize Supply Flow Rates 

Reducing the fluctuation in the supply flow rate is 

another goal of the supply system and Is mainly 

advantageous for the treatment of surface water. 

Assuming that the influent water is of a reasonably 

constant quality, optimum dosages for turbidity removal, 

softening, disinfection, and other treatment processes 

are easier to obtain and maintain if the treatment flow 



64 

rate is reasonably constant. Of course, the higher the 

water quality the less chemicals used in treatment and 

the longer the filter run times; therefore less energy 

will be used and the plant operation will be more 

economical. By varying the point of intake, or the 

level of intake, water of superior quality can sometimes 

be obtained. In the case of multiple surface sources, a 

mix of the different sources may provide a water that 

will be more economically treated. 

In conclusion, stabilizing the water supply flow 

rate is an operating goal of a municipal water utility 

that is economically based. 

Fulfill Contract Obligations 

Generally, contracted water supplies require 

payment whether any water is received or not; therefore, 

it is a prudent operating goal to ensure that all 

contract water Is used. For operational considerations 

the quantity available, response time, and end use of 

the water are important. 

The quantity of water that is available is 

important in supply scheduling to meet the demand. 

Also, the flow rate of the respective contract sources 

is important to determine the priority and end use of 
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the water. If a source has large amounts of water 

available and can supply this water at relatively large 

flows, such as a surface reservoir, it may be given 

priority of use over other sources and its end use could 

be as a base load for the demand. On the other hand, a 

groundwater supply may have a relatively small amount of 

water available yet be able to respond quickly; 

therefore, it may be best suited as a peaking supply. 

Response time of the source also affects the end 

use. For example, a groundwater supply may provide 

relatively large quantities of water at high flow rates 

yet it may take hours to bring the wells "on-line"; thus 

the source would not be well-suited to supplement peak 

demands, 

Therefore, supply schedules should ensure that all 

contract water supplies are used by integrating the 

characteristics of the source with the supply and 

distribution system. 

Emergency Considerations 

Goals to meet emergency situations affect the 

storage system by establishing minimum reservoir levels. 

Typically the need to meet fire insurance requirements 

will set the emergency reservoir amounts. The Texas 
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State Board of Insurance requires a total storage 

capacity sufficient to supply 130 gallons per capita for 

24 hours, with elevated storage providing 10 hours 

supply (28). It is important to recognize that these 

requirements are used to evaluate the fire fighting 

capabilities of a water system only; any deficiencies 

are reflected in the fire insurance rates for the 

conmunity. Also, it appears the Board of Insurance does 

not impose operational constraints on the water system 

by requiring that all storage facilities be full at all 

times. Total storage required by the Texas Department 

of Health is 200 gallons per connection with a maximum 

of 5.0 million gallons (4). Elevated storage 

requirements are 100 gallons per connection with a 

maximum of 5.0 million gallons. These requirements 

also only establish available storage capacity and do 

not dictate the amount that must be maintained for 

operations. Unlike the Texas State Board of Insurance 

rules, the Texas Department of Health requirements must 

be met unless a variance is issued. However, the degree 

to which fire insurance requirements are met is a policy 

decision that each water utili-ty must make for itself. 

Policy decisions are also necessary in operations 

to establish emergency storage by setting minimum levels 
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in all elevated and ground storage tanks. Response time 

of the supply and the distribution systems is an 

important consideration In estab 11sh1ng minimum 

reservoir levels. Since each water utility is unique, 

different factors should be considered in setting 

emergency storage. For example, if a water system 

contained more than the required elevated storage, lower 

levels could be tolerated. Also, if more ground storage 

is available than necessary, supply rate fluctuations 

could be reduced resulting in energy savings. 

Supply Schedule Development 

Genera I 

Development of the least energy Intensive supply 

delivery schedule involves the investigation of the 

macro and micro scale system. The objective on a macro 

scale basis Is to develop the least costly method of 

supplying adequate amounts of water to the consumer at 

sufficient pressures. On this scale consideration of 

the entire system Is necessary and will ultimately 

determine which supply schedule Is chosen. Micro scale 

system analysis consists of investigating the 

characteristics of the individual pumps, motors, and 
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storage facilities which comprise the whole. Macro 

scale characteristics are used to evaluate various 

combinations of system components that result in the 

least costly supply scheme. 

Development of an efficient supply schedule 

requires the consideration of cost to deliver water to a 

particular point. Electrical energy consumption is the 

primary cost involved; however, contract sources are 

generally associated with flat rate charges. For 

operational studies, labor and amortization costs should 

not be included in the overall economic evaluation. 

Operationally, a system is not available for use if it 

does not exist and if the system does exist then it must 

be paid for whether it is used or not. For example, if 

a municipality develops a well field and the 

transmission facilities to deliver water to the city the 

debt for these components is usually amortized. This 

debt must be paid for whether or not the municipality 

intends to use the facilities. Also, if the 

municipality does not intend to abandon the facilities, 

labor costs for operation and maintenance will be 

incurred regardless of whether or not they are used. 

Therefore, labor and amortization costs are not included 

in the economic evaluation of supply schedules. 
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Volumetric and time constraints of sources are also 

important considerations in supply schedule development. 

Obviously, the maximum volume of water available from a 

source will dictate its use in the overall supply 

scheme. Also, the amount of time required to adjust the 

flow rate of the source and the maximum flow rate are 

important time considerations in evaluating supply 

source. 

Information Requirements 

Information on the source and transmission system 

characteristics, water demand pattern, and storage 

facility characteristics is necessary to determine the 

least costly supply schedule. 

Source Characteristics. Quantity and quality of 

the water are Important aspects that govern the cost of 

each source. For groundwater sources the well pump 

curves are used to develop equations that represent the 

cost to deliver a given quantity of water. Since 

groundwater supplies generally require only disinfection 

this cost is not considered because all drinking waters 

are usually disinfected; however, if additional 

treatment is necessary, this cost is included. Surface 

water sources normally require treatment and the degree 
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of treatment varies with the influent water quality and 

the desired effluent quality. Equations relating the 

treatment costs to major influent quality parameters 

such as turbidity and hardness are necessary to evaluate 

the economics of the source. If the water utility has 

control over the relative amounts of water from multiple 

surface sources, a least cost mix of the different 

waters is attainable. On the other hand, if the water 

utility does not have control over the Influent water 

quality or has only one surface supply, the cost 

equations are simply used to determine the cost to treat 

a unit of water. Hence, the quantity of groundwater and 

surface water and the surface water quality are known 

quantities that are used to determine the unit cost of 

delivering water as illustrated in the example in this 

chapter. 

Transmission System Characteristics. Energy used 

to transport water from the source to the demand is a 

major consideration and is evaluated using known 

characteristics of the transmission system. Major 

components of the transmission system are the pumps and 

motors, pipelines, and storage facilities. Cost 

equations for pumps are developed using the head-flow-

efficiency relationships of the individual pumps and the 
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entire pump station. Since the cost for pipelines is an 

amortized capital cost it is not considered in the 

analysis. Energy requirements to overcome friction in 

the pipelines are present in the pump costs. Storage 

facilities provide buffers between the supply and 

distribution systems for demands and emergency 

situations and usually do not have energy costs 

associated with their operation. Elevated tanks are the 

exception since higher tank levels require more energy; 

however, the energy input is usually provided by pumps 

and is therefore represented by the pump cost equations. 

Thus, pumping facility characteristics are used to 

develop cost equations for operation while pipeline and 

storage characteristics impose operational constraints 

on the system and are not usually associated directly 

with energy costs. 

Ex amp 1 e 

Macro and micro scale systems must be considered 

when developing an energy efficient supply schedule. A 

macro system example is represented in Figure 10 where 

Ol, 0 2 , and O3 are different supply sources; Pi, P2, P3» 

and P4 represent different pump stations; and the T's 
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and Q's are pipeline flow rates. A micro scale example 

Is represented by a detailed schematic of one of the 

pump stations in Figure 11. Here S3 is the available 

storage, and A3 and B3 are pumps for pump station three, 

P3. 

The first step in developing a supply schedule is 

to develop cost equations for the system components. In 

Figure 10 sources two and three are groundwater sources 

and source one is a surface supply, also sources one' and 

three are contract sources. The cost to deliver source 

two water to pump station four is represented by, 

C2 = k202 , (1) 

where C2 is the cost to deliver source two water in 

$/day, k2 is a cost coefficient in $/1000 gallons, and 

O2 is the flow rate in 1000 gallons/day. In the above 

equation the cost coefficient represents the well 

pumping costs and any in-line booster pumping costs. 

Well and in-line pumping costs are either estimated from 

pump curves or extrapolated from historical electrical 

and water meter records. 
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Costs to deliver sources one and three to their 

respective pump stations are represented by cost 

equations similar to equation (1) where the cost 

coefficients are usually stated in the contract. Source 

one has additional considerations in its cost equation 

since it is a surface supply and will require treatment. 

Historical treatment records are used to determine a 

treatment cost coefficient and the resultant cost 

coefficient for source one is simply the sum of the 

contract cost coefficient and the treatment cost 

coeff icient. 

Next, an energy efficient pumping schedule and the 

resulting cost coefficients for each pump station are 

derived according to the procedures in Chapter V. 

With the cost equations known for each of the 

components, an aggregate cost equation is derived for 

the entire system. Since the total demand, Dj, must be 

met, the continuity equation is applied to derive a 

demand equation. 

(2) 
Dx = Di + D2 . ^ ' 
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However, only flow from pump stations three and four (Q3 

and Q4» respectively) can meet the demand for pressure 

zone one, Di; and only pump stations one, Q5, and two, 

Qs, can meet the demand for pressure zone two, D2, so, 

D T = Q4 + Q3 + Q5 + Q6 • (2a) 

Demand predictions are then made using an 

appropriate technique from Chapter III. For the example 

under consideration a method that allows disaggregate 

forecasts is suggested since the distribution system is 

composed of two pressure zones. 

Next, relative values of the pump station flow 

rates are selected based on the characteristics of the 

pump station. Minimization of energy use at each pump 

station is determined using the procedures in Chapter V. 

Further development of the cost equations considers the 

effects of storage using the storage-indication method, 

Tg - Q3 = dS3/dt , (3a) 

T7 - Q2 = dS2/dt , (3b) 

Te - Qi = dSi/dt , (3c) 

T5 + T4 - Q4 = dS4/dt , (3d) 
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where dS/dt is the change in storage over a particular 

time period. From these equations values of T4, T5, Tg, 

T7, and Ts are determined and subsequently the supply 

flow rates Oi, O2, and O3. Knowledge of the supply and 

pump station flow rates is combined with the previously 

determined cost coefficients and a total cost to meet 

the demand is estimated. 

Lastly, a new set of values for Q3, Q4, Q5, and Qg 

are assumed and the evaluation process is performed 

again until the least costly solution is obtained. 

Summary 

Developing a supply schedule that is efficient and 

effective involves integrating the supply system goals 

into the overall water system objectives. Water supply 

operating goals include, but are not limited to, 1) meet 

the water demand requirements; 2) minimize energy 

consumption; 3) reduce supply flow rate fluctuations; 4) 

fulfill contract obligations; and 5) establish emergency 

supplies. 

A supply schedule that uses the least amount of 

energy is developed considering the macro and micro 
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systems. The macro system consists of the entire supply 

and distribution system and the micro system is composed 

of the individual system components, such as wells, 

storage facilities, and pumps and motors. 

Determination of the least costly supply schedule 

is basically a trial and error solution technique that 

involves the analysis of vast amounts of information. 

This type of solution technique is well suited to 

computer analysis. 



CHAPTER V 

PLMPING SCHEDULES 

Introduct ion 

Water utilities are burdened with an energy 

intensive infrastructure with a majority of the 

components designed and constructed prior to the energy 

crisis of the 1970's. This fact is reflected in a 

typical water utility budget shown in Figure 12. Here, 

approximately 30 percent of the utility's budget is for 

electricity. This cost exceeds the amortized capital 

cost of the facilities. Further subdivision of the 

electrical budget shown in Figure 13 indicates that 

pumping operations are by far the most significant 

energy consumer in a water utility. In the United 

States, the electricity used for pumping accounts for 

about 6.8 percent of the annual national consumption, or 

approximately 167 billion kW-hours (2). This energy 

consumption alone costs municipalities more than $11 

billion per year and is expected to increase roughly 10 

percent per year. From these statistics it is obvious 

that any procedures that can economically reduce the 

energy consumption of pumping operations is beneficial. 
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Energy Conservation Methods 

Structural 

Structural methods to reduce energy consumption 

involve the replacement or rehabilitation of energy 

intensive facilities. Current estimates are that 

between $50 and $80 billion per year are needed to 

replace and repair the water infrastructure components 

(29). 

Improve pump and/or motor efficiency. One method 

to reduce energy use is to either replace or repair the 

existing electric motors and/or pumps with more 

efficient models. Increasing efficiency from 90 to 95 

percent for a 300 horsepower electric motor operating 

8000 hours per year, for example, reduces energy 

consumption by 104,701 kW-hours per year. At $0.0652 

per kW-hour, the annual savings is $6826. If motor 

replacement is an economically viable option the motor 

with the highest power and synchronous speed practical 

should be selected (30). Increasing the pump efficiency 

from a typical value of 85 percent to 90 percent results 

in an annual savings of $5837 (using a pump rated at 170 

feet of head at 5200 gpm). Of course, if the motor 

needs repairs then they should be performed. Variable 
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speed pumps that are controlled by adjusting the current 

frequency are more expensive but are more flexible in 

operations. Since the sychronous speed of the motor 

varies directly with the frequency, a variety of flow 

rates is attainable with a constant efficiency. 

Increase motor power factor. Increasing the 

motor's power factor is one structural method to reduce 

energy costs. Adjusting the power factor is done by 

adjusting the excitation current with a capacitor and is 

most economical if the electric utility has a power 

factor charge (31,32). 

Pipeline and valve repair/replacement. Repair or 

replacement of other distribution system components such 

as pipelines and valves can increase the system 

efficiency by decreasing the energy losses in the 

system. Old pipes may be replaced with newer, smoother 

pipes or lined with a smooth lining. Additionally, 

lining or replacing pipes reduces the system leakage 

thereby reducing the amount of water pumped. 

Excess distribution system storage. Another 

structural energy reduction technique is to provide 

excess distribution storage. Increasing the amount of 

distribution storage allows the storage facilities to 
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meet the peak demand requirements rather than using the 

pumping facilities to meet the demand. Replenishment of 

the depleted storage can occur after the peak demand 

period when the electric utility may lower its electric 

rates (33,34). 

Structural energy conservation methods are 

effective long-term solutions. However, they require 

large capital expenditures and lengthy implementation 

per iods. 

Non-structural 

Non-structural energy conservation methods are 

oriented towards improving the system operations. 

Generally they require little or no capital 

i nves tment s, 

Water conservation techniques. Voluntary or 

mandatory water conservation measures are one type of 

non-structural energy conservation method. This 

technique has two main effects on energy consumption. 

One effect is the reduction of the peak demand thereby 

reducing the peak pumping rate. The other effect is the 

reduction in the total amount of water that is pumped. 

Use most efficient pumps. Another effective non

structural energy conservation strategy is the use of 
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the most efficient combination of pumps to meet the 

demand. A pump station with three pumps can use seven 

combinations of those pumps to meet the demand. Using 

the pumps with the highest combined wire-to-water 

efficiency is an effective means to reduce energy 

consumpt ion. 

Use lowest head pumps. Using the lowest head pumps 

possible to meet the flow requirements is another energy 

conservation method. Obviously, the lower head pumps 

impart less energy to the water; therefore, they require 

less energy. 

Minimize motor starts. Another individual pump 

operation procedure to reduce energy consumption is to 

minimize the number of times a motor is started. In 

most cases the AC, polyphase, squirrel cage, induction 

motor is used as the prime mover in the water utility 

industry. Starting characteristics are represented by 

the plot in Figure 14. Here the current is initially 

approximately six times the normal operating current and 

decreases to the normal operating current as the motor 

approaches sychronous speed (31). Since power is 

proportional to the square of the current, any reduction 

in the number of times a motor is started would reduce 

the overall energy consumption. 
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Others. Other energy conserving operations 

included proper valve operation, effective use of 

storage, and minimizing the number of times water is 

pumped. Partially opened valves, especially on the 

discharge side of the pump, should be avoided. Also, 

ensuring that all appropriate distribution system valves 

are open will reduce energy losses in the system. As 

discussed previously, effective use of storage 

facilities allows a more uniform pumping rate and thus 

more efficient system operation (35). In the example 

supply system discussed in Chapter IV, it is possible 

that water can be pumped two to three times before it 

reaches the distribution system. Using the path that 

pumps the water the least number of times will reduce 

energy consumption. 

Pump Schedule Development 

General Considerations 

Development of an energy efficient pump schedule 

requires the consideration of some general restraints, 

such as operational goals, maintenance requirements, and 

supply 1imi tat ions. 

Operational goals. Operational goals are perhaps 

the most important consideration since they dictate the 
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amount of energy savings achievable. Establishment of 

the minimum acceptable effectiveness of the distribution 

system (i.e., minimum acceptable distribution system 

pressures and flows) is the operational goal which most 

affects the maximum amount of expected energy savings. 

For example, established minimum elevated reservoir 

levels is an operational goal that establishes the 

minimum effectiveness and maximum efficiency of the 

system. 

Maintenance requirements. Maintenance of the 

system components places limitations on the flexibility 

of operation. Allowances should be made for equipment 

that is out of operation due to routine maintenance. 

Also, pumps should be operated on a regular basis to 

ensure the pumps are operational. 

Supply limitations. Any supply limitations should 

be considered when developing a pump schedule. Limited 

supply flow rates may dictate a certain pump schedule. 

For example, use of a particular pump station may be the 

most efficient way to deliver water to customers in a 

particular region; however, the supply to this pump 

station may be insufficient to provide the amount of 

water necessary. Emergency storage requirements can 

also limit the supply flow rate by limiting the actual 
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amount of storage that is available for operational 

use. 

Thus, energy efficient pump schedules require prior 

consideration of the general limitations of the system. 

Operational goals of effectiveness may limit the system 

by establishing minimum distribution system pressures. 

Pumps "down" for routine or emergency repair can place 

limits on the system operation as well. Also, supply 

availability can affect flexibility in operation 

procedures. . 

Schedule Development 

Development of an energy efficient pumping schedule 

begins with the knowledge of the demand and the 

characteristics of the system appurtenances. Figure 15 

represents a typical daily demand curve and Table 11 

presents the characteristics of the pumping facilities 

used to meet this demand. 

With this information the next step is to identify 

those pumps that will provide the base load of the 

system. From Figure 15 a base load of about 26 Mgd 

(million gallons per day) is appropriate. Management 

prefers that pumps 11-1 and 11-2 provide the base load 
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leaving approximately 10 Mgd of base load. From the 

roster of pumps in Table 11, either pump 4-2 or 4-3 will 

provide this additional base load. Since pump 4-2 is 

the more energy efficient pump, it is selected. Thus, 

pumps 11-1, 11-2, and 4-2 are chosen as the base load 

pumps. 

Table 11. Pump station characteristics (all values are 
at the des ign point). 

Pump 
4-1 
4-2 
4-3 
4-4 
4-5 
8-1 
8-2 
8-3 
11-1 
11-2 
11-3 

Rated 
Capaci ty 
gpm(Mgd) 

3500( 
7000( 
7000( 

10,000( 
2,000( 
9500( 
9500( 
9500( 
5200( 
5200( 
5200( 

5.04) 
10.08) 
10.08) 
14.40) 
17.28) 
13.68) 
13.68) 
13.68) 
7.49) 
7.49) 
7.49) 

Rated 
Head 
(feet) 
220 
220 
190 
190 
194 
230 
230 
230 
170 
170 
170 

Motor 
Power 
(HP) 
250 
500 
600 
700 
700 
700 
700 
700 
300 
300 
300 

Water 
Eff. 
(kW/Mg) 
888 
888 
1065 
870 
725 
916 
916 
916 
717 
717 
717 

Pump 
Eff. 
0.86 
0.87 
0.90 
0.91 

' 0.91 
0.90 
0.85 
0.90 
0.85 
0.85 
0.85 

SOURCE: City of Lubbock Water Utilities Engineering 
Department. 

Next, the pumps used to meet the peak demand are 

determined. Allowing the elevated storage facilities to 

decrease, as in Figure 16, enables the delay of pump 

starting. Different pump combinations are analyzed 

until the most energy efficient combination is found. 
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The resulting pump schedule is illustrated in 

Figure 17. Here the actual pump schedule used by the 

operator is also presented as a comparison. There is a 

10 percent reduction in the energy consumption from 

0.00120 kW per Mgd to 0.00108 kW per Mgd. Using 1983 

electric consumption records for the City of Lubbock, 

this 10 percent energy reduction corresponds to an 

annual savings of $85,000. Also, the number of pump 

starts is reduced from three to two and the peak pumping 

rate is diminished 1 percent from 53.2 Mgd to 52.5 Mgd. 

If the electric supplier has a peak demand charge then a 

reduction in this charge would be experienced. 

To ensure that the pump schedule will actually meet 

the demand a mass flow curve represented by Figure 18 is 

used. Notice how closely the improved pump schedule 

matches the actual pump schedule. 

To further illustrate the possible improvements in 

municipal water distribution system pumping operations, 

an examination of a typical week of actual operation 

data is useful. Figures 19 through 21 represent 

operation data for the City of Lubbock's pump station 

(P.S.) 4, pump station 7, and elevated storage 

facilities, respectively, for the week of August 19-25, 

1984. 
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ACTUAL PUMPING SCHEDULE 
(DATA FROM 23SEP84) 
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AVO. USE" 0.00120 kW/Mod 
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FIGURE 17. Actual and Improved Pump Schedules. 

SOURCE: City of Lubbock Water Utilities 
Depar tment. 
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A radical variation in flow from the pump station 

may be observed in Figure 19. An extreme fluctuation 

occurs during the early morning hours of the 22nd when 

the pumpage decreases from roughly 32.5 Mgd (57 percent 

of the station capacity) to 0 Mgd in one hour. Each 

change in the pump station flow rate indicates that a 

pump is turned on or off. In Figure 20 the solid line 

represents that portion of the system demand that is 

provided by P.S. 7. Radical variations in the pump 

station flow indicate a number of motor starts and 

stops. Obviously reducing the number of starts, as 

illustrated earlier, would be an improvement to this 

system operation. 

Another interesting feature of this operational 

data is the fluctuation In the ground storage levels at 

both pump stations. The tank levels exhibit a 

perceptible cyclic variation with a period of about 24 

hours. This could be indicative of only "24 hour" 

planning by the operator. Also, the amplitude of the 

storage level Is about 15 percent of the total storage. 

In Figure 19, the average maximum and minimum storage 

levels are roughly 10.4 Mg and 6.2 Mg. respectively. In 

Figure 20 the average maximum and minimum storage is 5.3 

Mg and 3.2 Mg. respectively. For both cases orlv 30 
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percent of the total storage is effectively used. Dead 

storage at pump station 4 is 6.2 Mg or 41 percent of the 

total storage and dead storage at pump station 7 Is 3.2 

Mg or 46 percent of the total storage. Also, the amount 

of the total ground storage that is seldom used is 31 

percent for P.S. 4 and 24 percent for P.S. 7. 

Water levels for the two elevated storage tanks are 

shown in Figure 21. The 24 hour cyclic pattern is 

detectable but not as pronounced as the ground storage 

cycle. For both tanks the average maximum and minimum 

storage is 0.9 Mg and 0.7 Mg, respectively. 

Interestingly, only 20 percent of the total elevated 

storage Is used in operations. Approximately 70 percent 

is dead storage and the remaining 10 percent is rarely 

used. 

Therefore, application of more logical system 

control through supply and pump schedules, and more 

effective use of storage facilities would improve the 

operation of the distribution system. 

Summary 

Many techniques are available to reduce energy 

consumption in water utilities. Two general categories 
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of techniques are structural and non-structural. 

Structural methods involve the construction of 

facilities to reduce energy consumption while non

structural strategies involve improvement in existing 

operational procedures. 

Development of pump schedules encompasses most non

structural energy conservation techniques. Essentially 

optimum pump schedules use the most energy efficient 

pump combinations to effectively meet the demand. 

Energy savings of 10 to 20 percent are achievable with 

proper pump schedules. 

Prior to development and/or implementation of a 

pump schedule the water demands must be predicted. The 

demand prediction hiearchy begins with a total monthly 

consumption forecast for one year in advance. The total 

monthly consumption estimate is subdivided into a total 

daily demand for the current month. Next, the total 

daily demand is subdivided into hourly demands for 

perhaps one week. Each of the above demand predictions 

is made using an appropriate forecast technique outlined 

in Chapter III. With the knowledge of the time 

occurrence of the water demand the most efficient 

combination of pumps to meet this demand is determined. 



CHAPTER VI 

DISTRIBUTION SYSTEM CONTROL SCHEME 

Distribution systems have historically been 

operated by meeting the demands one day at a time with 

little consideration of energy consumption. This 

minimal regard for energy use has resulted in 

inefficient system operation. Implementing a logical 

and stringent distribution control scheme that considers 

energy use would be beneficial to the water utility. 

A schematic of a logical system control algorithm 

is presented in Figure 22. The control scheme is 

initialized by the appropriate operator input. The 

operator supplies the data necessary for a computer 

program to generate a demand forecast using an 

appropriate technique from Chapter III. The current 

total daily consumption prediction is distributed over 

the day in hourly increments and revised as necessary 

over the course of the day. Hourly demands are used to 

determine the most energy efficient pump schedule using 

the technique discussed in Chapter V. Pumps not 

101 
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operational due to routine or unexpected maintenance are 

not considered in the development of the pump schedule. 

Next, the pump schedule is analyzed by a 

distribution system network simulator. The hourly 

predicted demands and pump flow rates are analyzed to 

determine the distribution system pressures and flow 

rates, and reservoir levels. The results of the 

analysis are tested against predetermined distribution 

system performance criteria. If the results of the 

analysis do not meet the minimum performance criteria, 

then additional constraints, such as increasing the 

minimum reservoir levels, are imposed and a new pump 

schedule is generated. 

Once a pump schedule is developed that meets the 

minimum system operation criteria, the operator 

institutes the pump schedule. At this point the actual 

system begins to exert demands on the distribution 

system resulting in actual system pressures and flows, 

and reservoir levels. The operator continua11y monitors 

the system and evaluates its performance against the 

operation criteria. If the pump schedule continues to 

adequately meet the actual demands, the operator 

maintains the pump schedule. However, when the 

distribution system is not effeet 1ve1y meeting the 
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operational goals the operator initializes the hourly 

demand forecast program and a new pump schedule is 

developed. 

Monthly and daily demand forecasts are determined 

by an appropriate prediction technique from Chapter III. 

These forecasts are used to develop energy efficient 

supply schedules using a supply schedule algorithm. 



CHAPTER VII 

CONCLUSIONS AND REOOMVIENDATIONS 

Conelus ions 

From the previous discussions of the physical 

characteristics of the system components and the 

investigation of typical operations, several conclusions 

are drawn. These conclusions are grouped into two 

general categories of energy conservation measures and 

system operation improvement procedures. 

Energy Conservation Measures 

1. Reducing the number of times a motor is started 

reduces the energy consumption. 

2. Off peak pumping and lowering the peak pumping 

rate will reduce energy costs. 

3. Minimizing the total hours of motor operation 

decreases the total amount of energy used. 

4. Operating the most energy efficient pumps the 

majority of the time reduces energy costs. 

System Operation Improvement Procedures 

1. Reducing the number of times a motor is started 

105 
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decreases the number of times the increased stresses 

induced during the starting phase are encountered 

subsequently prolonging the life of the pump. 

2. Lowering distribution system pressures reduces 

the stresses on the system pipes therefore prolonging 

thei r useful Ii fe. 

3. Operating all pumps at regular intervals will 

ensure the pumps are in operating condition if the pump 

is needed in an emergency. 

4. Educate the operators on the energy consumption 

characteristics of the distribution system and its 

components. 

5. Avoid using pump discharge and distribution 

system valves to regulate the pump and distribution 

system flow rates. 

Recommendat ions 

Further investigation of the typical operational 

procedures of a water utility combined with the 

aforementioned conclusions results in the following 

reconmendations to improve system operations and 

efficiency. All of the recommendations suggest a more 

stringent and more rational operation of the 
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distribution system compared to those operational 

procedures traditionally used. 

Supply Schedules 

Development of a supply schedule as outlined in 

Chapter IV is recomnended. Use of the most economical 

combination of sources ensures energy efficiency and the 

fulfillment of contractual obligations. Also, the 

technique in Chapter IV makes optimum use of the 

available storage to maintain a "reasonably" constant 

flow rate at the water treatment plant. A constant flow 

rate through the treatment plant enables the operator to 

readily obtain and maintain optimum dosages. Constant 

flow rates also prolong the life of the plant 

equipment. 

Pumping Schedules 

Water utilities should develop pumping schedules 

using the procedures discussed in Chapter V. Using the 

most energy efficient combination of pumps and making 

optimum use of the available distribution storage is 

certain to reduce energy consumption. A corollary to 

this reconmendation Is that water utilities enact pump 
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operation improvement procedures outlined in the 

conclusion section. 

Logical System Control 

Another recommendation for municipal water 

distribution systems is the institution of more logical 

and stringent system control procedures. An outline of 

a more logical control algorithm is presented in Chapter 

V I . 

Further Research 

A final reconmendation is for further research into 

operation improvement procedures for municipal water 

distribution systems. Particularly, research should be 

conducted to determine the smallest size water utility 

that can expect significant energy savings through the 

use of these or similar guidelines. 

Also, trial implementation of these or similar 

guidelines should be undertaken to test their adequacy 

to improve system operations. Additionally, reducing 

all the guidelines to readable, understandable operator 

language is a conjunctive reconmendation with the 

previous reconmendat1 on of trial implementation. 



109 

Sunmary 

Results from water utilities that have instituted 

many of the above reconmendations vary from 10 to 20 

percent savings in energy costs. Also, they have 

benefited from the improved operational procedures with 

a reduction in maintenance costs. 
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