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Chapter 1 

Overview and Summary 

A Sizable percentage (15-25%) of u.s. electricity (see calculations in 
Chapter 7) can be saved by optimizing the performance of electric 

motors and their associated wiring, power-conditioning equipment, 
controls, and transmission components. These networks of devices are 
also known as motor systems. 

Electric motors are remarkable machines: rugged, reliable, and far 
more efficient than the animals and steam-powered equipment that 
motors have replaced over the past century. A well-designed and well
maintained electric motor can convert over 90°/c) of its input energy 
into useful shaft power, 24 hours a day, for decades. The popularity of 
motors attests to their effectiveness: they provide more than four-fifths 
of the nonvehicular shaft power in the United States and use upward 
of 60% of the nation's electricity as input. It is this popularity that 
makes electric motor systems such an important potential source of 
energy savings: because more than half of all electricity flows through 
them, even modest improvements in their design and operation can 
yield tremendous dividends. 

Touring a Motor System 
The key to making motor systems more efficient and economical 

is to take advantage of high-performance technologies and the syner
gism among the various system components. To illustrate, let's take a 
brief tour of a system. Starting from the point at which electricity en
ters the facility, we will move downstream through the wiring, power
conditioning equipment, and controls to the motor. Finally, we will 
continue through the transmission hardware to the driven devices. 
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Along the way, we will identify some of the major opportunities for 
savings. 

In theory, electricity arrives at a customer's facility as perfectly 
balanced and synchronized single- or three-phase power of constant 
voltage, free of harmonics and other kinds of distortion. In reality, this 
ideal condition is almost never reached. Phases are often slightly out 
of balance, voltages may dip and rise, and various kinds of distortion 
commonly occur. This less-than-perfect power provision is subject to 
further unbalance and distortions from equipment inside customers' 
facilities (e.g., welders, lighting ballasts, arc furnaces, and variable
frequency motor controls). Sometimes problems can arise from a poor 
arrangement of equipment, such as the uneven distribution of single
phase and three-phase devices on a circuit. Such deviations from the 
pure, ideal electric waveform can reduce the efficiency, performance, 
and life of motors and other electric equipment. 

Avoiding and correcting such problems requires careful monitor
ing of power quality, repair of faulty devices, and, in some cases, in
stallation of specialized power-conditioning equipment. Some ana
lysts believe that such tune-ups may be among the largest reservoirs 
of untapped drivepower savings, although the scanty data available 
allow only rough estimates of the overall potential. Field studies sug
gest that the effort and expense of electrical tune-ups can be worth
while due to reduced energy costs, better equipment performance, im
proved process control, and reduced downtime from damaged 
equipment. Further details of some major opportunities in this area 
are discussed in Chapter 3. 

Just as it pays to streamline the power flowing through the wires, 
so too it is important to optimize the efficiency of the wires them
selves. In most facilities, distribution wiring is sized according to the 
National Electrical Code, which principally addresses safety, not en
ergy efficiency. Wires that are larger than the minimum size require
ment of the code have lower resistance to the flow of electricity, and 
hence fewer energy losses. Therefore, in new installations or major 
renovations, it often pays to exceed code standards. Unfortunately, the 
benefits of doing so are not widely appreciated by architects, design
ers, electricians, and facility managers, so considerable amounts of en
ergy and money are being wasted through in-plant distribution losses, 
before the electricity even does any work. Details on wire sizing are 
covered in Chapter 3. 

Motor-driven processes frequently require some form of control 
over the motor's start-up, speed, or torque (rotational force). For ex
ample, fan-, compressor-, and pump-driven systems moving gaseous 
or liquid loads may require frequent changes in the rate of flow. This 
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is the case for fans and chillers for ventilation and cooling of commer
cial buildings, pumps for hydronic heating and/or cooling systems, 
fans and feed water pumps for industrial and power plant boilers, and 
municipal water and wastewater pumps. Modern adjustable-speed 
drives (ASD), discussed in Chapter 4, allow the motor's speed to be 
precisely controlled, which can significantly reduce energy consump
tion. This device precisely controls the speed of alternating-current 
(AC) motors, eliminating the need for wasteful throttling devices in 
fluid flow applications and rendering many traditional controls and 
uses for direct-current (DC) motors obsolete. ASDs yield sizable 
energy savings (15-40% in many cases) and extend equipment life by 
allowing for gentle start-up and shutdown. 

Most systems with variable flow, however, have not been updated 
and continue to use mechanical devices such as inlet vanes, outlet 
dampers, or throttling valves to control fluid flow while the motor 
continues to run at full speed. These techniques are analogous to driv
ing a car with the accelerator pushed to the floor while controlling the 
vehicle's speed with the brake. Such methods yield imprecise control 
and waste a lot of energy. 

The electronic ASD is not the only new control technology, al
though it may be the most important one. Other technologies include 
microprocessor-based controllers that monitor system variables and 
adjust motor load accordingly, and power-factor controllers that can 
trim the energy use of small motors driving grinders, drills, and other 
devices that idle at nearly zero loading most of the time. There are also 
application-specific controls such as those that sequence the operation 
of multiple compressors in a compressed-air system. 

Other developments enlarge the range of control applications. For 
instance, advanced sensors are allowing ASDs to be used in applica
tions (lumber-drying kilns, for example) where they previously would 
not work due to limitations in sensing or in matching the response 
time required by a control loop. Electronic advances also are allowing 
lumber mills to control cuts better and to mill more product from raw 
stock without increasing energy use. These developments and others 
in the controls area represent the largest slice of the drivepower sav
ings pie and are discussed in Chapter 4. 

In other kinds of loads requiring varying speed or torque
winders, mills, conveyors, elevators, cranes, and servodrivers-motor 
users have employed various kinds of mechanical, electromechanical, 
or hydraulic speed controls in conjunction with AC motors or have 
used DC motors where the speed can be easily controlled. However, 
most of these speed-control options have pitfalls, including high cost, 
low efficiency, or poor reliability. New motor technologies, discussed 
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in Chapter 2, are emerging that may address these applications' needs 
while improving energy efficiency at the same time. 

Motors are available in a range of efficiencies, as discussed in 
Chapter 2. Higher-efficiency motors are available for most applica
tions. These motors are typically 2 to 10 percentage points more effi
cient than standard-efficiency motors, with smaller motors at the high 
end of this range and larger motors at the low end. Due principally to 
their better materials, high-efficiency units cost 10-30% more but tend 
to last longer than standard models. While a few percentage points of 
efficiency do not sound like much, such an improvement can add up 
to sizable savings over the life of a motor. A heavily used motor can 
easily have electricity bills ten times its purchase price each year. If 
cars were comparable, a $10,000 car would use $100,000 worth of 
gasoline annually. With so much of the life-cycle cost in operating 
expense, each increment of efficiency is extremely valuable. Therefore, 
the payback on the added cost of high-efficiency motors is often very 
attractive. However, these more efficient motors have been a small 
part of the market. As presented in Chapter 6, efficient motors 
accounted for 16% of 1- to 200-horsepower (hp) motor sales on a unit 
basis and 32% on a value basis in 1997. 

The most important recent development has been the implemen
tation of the minimum efficiency standards for industrial motors that 
were in the Energy Policy Act of 1992 (EPAct), which went into effect 
in 1997. As discussed in Chapter 2 and Appendix B, this law elimi
nated the least efficient industrial motors from the new motors mar
ket. However, efficient motors made up only 9.1% of the integral 
motor stock in U.S. manufacturing plants in 1997. Consequently, sig
nificant economically attractive opportunities exist for replacing less 
efficient motors now in service with new, more efficient motors. 

While EPAct eliminated the least efficient products from the mar
ket, a range of efficiencies above the minimum levels continue to exist. 
In many cases, choosing these premium-efficiency motors (PEMs) is at
tractive when a motor is bought for a new application or to replace a 
failed motor. In some cases, the retrofit of an operating motor can be 
justified. Unfortunately, these motors are not well labeled, as is dis
cussed in Chapter 2. This lack of labeling has resulted in market con
fusion and made it more difficult for motor purchasers to identify the 
most efficient products on the market. 

As we replace older, less efficient motors with more efficient 
models, we can capture savings bonuses by correcting for two prob
lems endemic to the existing motor stock: over sizing and rewind 
damage. Many motors are oversized for their applications, and be
cause motor efficiency drops off sharply below about 40% of rated 
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load, oversized motors often run far below their nameplate efficiency. 
In addition, many motors are repaired at least once, and often several 
times, before they are discarded. While quality repair practices can 
maintain the efficiency of a motor, less attention to detail can reduce 
the motor's efficiency and life significantly. The proper sizing of new 
motors and either the use of quality rewind practices or the adoption 
of replace-instead-of-rewind policies can thus add significant savings. 
These matters are covered in Chapters 2 and 3. 

Energy enters a motor as electricity and emerges as mechanical 
power in the form of a rotating shaft. To put that energy to use often 
requires a transmission, provided typically by belts, gears, or chains. 
Such devices are often overlooked in efficiency analyses. They also 
typically receive unsophisticated installation and maintenance. This 
neglect is unfortunate because, as discussed in Chapter 3, the proper 
selection, installation, and maintenance of transmission hardware can 
profoundly affect the performance and efficiency of a motor system. 
For example, too loose a belt will slip, wasting energy. Too tight a belt 
can place extreme loads on a bearing, causing it to fail prematurely 
and lead to costly downtime. Such problems can be avoided in some 
applications by using synchronous belts, which run on toothed 
sprockets and are generally more efficient than V-belts, which run on 
smooth pulleys. 

Optimized drivetrains are also important because they are far 
downstream in the drivepower system. Even modest improvements 
can ripple back through the system to yield significant savings. For 
instance, a unit of energy saved in the drivetrain means the motor 
doesn't have to work as hard, so it draws less energy, which reduces 
losses in the distribution wiring, and so on, back to the power plant. 
An additional, potentially large bonus comes in the form of indirect 
savings from reduced building cooling load due to lower current 
flow and less heat dissipation from the more efficient equipment. 

The shaft of the motor drives some types of equipment, such as 
fans, pumps, compressors, and conveyors. No matter how efficient the 
system is up to that point, if the system does unnecessary work, sig
nificant amounts of energy can be wasted. In Chapter 5, we discuss 
what is needed to optimize the motor-driven system. Savings ap
proaching 50% can often be realized at little cost just by matching the 
operation of the system to the end-use requirements. 

The need for careful, ongoing monitoring and maintenance ap
plies to the entire motor system. A high-efficiency system will only 
stay that way if given proper care, from simple cleaning and lubrica
tion to sophisticated troubleshooting of power quality problems. 
While the energy savings from top-notch maintenance are substantial, 
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the greatest dividend comes in the form of more reliable, trouble-free 
operation and extended equipment life. When equipment downtime 
can mean thousands of dollars per hour in lost production, quality 
maintenance is worthwhile. 

We have completed our tour of the motor system and touched on 
some of the major technical areas that later chapters will deal with in 
greater depth. If nothing else, this brief survey is designed to empha
size the notion of a motor system and to underscore the critical impor
tance of the interactions and synergism among the various system 
components. 

A Note on Lost Opportunities 
Most of the efficiency options discussed here are more economical 

in new installations than in retrofits. These options are termed "lost 
opportunity" resources because if they are not implemented during 
new construction or renovation, they are much more costly to install 
later. In some cases, however, it makes economic sense to replace and 
upgrade operating equipment rather than to wait for it to fail. Where 
load factors are very high, for instance, it often pays to scrap standard
efficiency motors and replace them with efficient models. As de
scribed in Chapter 2, Stanford University did this with 73 motors, 
with average paybacks of less than 3 years. Energy conservation pro
gram planners and facility managers should remember this distinction 
between new and retrofit efficiency opportunities as they implement 
programs. 

Barriers to Drivepower Savings 
If the potential savings are so large, why are so few motor users 

aggressively pursuing them? The answer lies in a maze of barriers to 
investment in energy efficiency in general and to drivepower im
provements in particular. Some of the most important of these barriers 
are highlighted below and discussed in detail in Chapter 8. 

Aversion to Downtime 
In many businesses, particularly in industry, shutting down equip

ment for upgrading or replacement can mean losing thousands of dol
lars per hour in forgone production. Such penalties may induce an un
derstandable aversion to downtime. Because of this, many facility 
managers shy away from new, unfamiliar technology that they fear 
might be less reliable than the equipment they are used to. Furthermore, 
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if a high-efficiency substitute for a failed motor is not stocked by the 
distributor, in order to save time the user is likely to buy a standard re
placement or simply repair the old motor. 

Purchase Practices 
Existing equipment is usually replaced or repaired without engi

neering analysis and is often replaced with the same size, brand, and 
model number. Only in the case of large motors (over approximately 
250 hp) with high operating costs does an engineering or economic 
analysis usually precede decisions concerning replacement equipment. 

Customers commonly believe that motors under approximately 
200 hp and other drivepower components are commodity items, mean
ing that models produced by different manufacturers are interchange
able. While this is true from the functional perspective, it could not be 
further from the truth from an energy efficiency perspective. For many 
customers, purchase decisions are based primarily on reliability, price, 
and availability, not on efficiency. Consequently, energy cost saving is a 
factor in decisions, but not a primary concern. Some large companies 
(and a few smaller ones) have formal motor-purchase policies that ad
dress motor efficiency; however, most do not. 

Repair Shops Compete on Speed and Price 
When motors fail, most end-users replace small motors and repair 

large ones because repairing is generally more expensive than replacing 
a small motor and less expensive than replacing a large one. Repair-or
replace decisions are generally made at the plant level, although a few 
large corporations have established guidelines for their plants. End
users select repair shops primarily on the basis of price and speed of 
service. Most motor repair shops do not provide the customer with any 
evaluation of the motor to be repaired or recommendations on replace
ment options unless the motor is severely damaged. To encourage com
petition and responsiveness, most end-users use more than one repair 
shop. Unless consistent reliability problems are encountered, the quality 
of the shops' repairs is not considered. 

Maintenance Practices 
Motor maintenance practices are generally limited to what is 

needed to keep equipment running rather than attempting to optimize 
performance and save energy. Most industrial plants and large com
mercial firms have full-time maintenance staff who regularly lubricate 
(and often overlubricate) motors, listen for bearing noise (a sign of 
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wear or misalignment), and check and tighten belts as needed. Few 
firms do any more sophisticated monitoring or maintenance work on 
motor systems. According to some industrial observers, the time avail
able for maintenance is becoming even more limited in some firms 
due to industrial company downsizing over the past decade, so the 
situation is likely to deteriorate. 

Other Factors Influencing Decision-Making 
Several other factors, in addition to those related specifically to 

motor systems, influence most efficiency-related investment. Some of 
the more important ones are discussed below. 

• Limited Information. As noted above, most maintenance managers 
and other decision-makers are very busy, leaving little time to re
search new opportunities, including opportunities to save energy. 
This lack of time generally causes knowledge of energy-saving op
tions to be limited. Only among large companies were the majority 
of decision-makers aware of the availability of premium-efficiency 
motors or decision-assisting tools. Adding to this confusion is pub
licity surrounding the EPAct motor standards, leading many users 
to mistakenly conclude that all motors are efficient and that they no 
longer need to pay attention to efficiency. 

To our knowledge, similar survey data are not available for 
other energy-saving measures, such as optimization of fan, pump, 
and compressed-air systems. Given the fact that these other oppor
tunities are usually more complicated than purchasing improved
efficiency motors, the lack of information is likely to be even more 
of a problem for these other opportunities. 

• Limited Access to Capital. The average end-user is more restrictive 
with capital than with operating funds. Generally, capital expenses 
are closely scrutinized and require approval at multiple levels in a 
company. To minimize capital outlay, companies tend to choose the 
least expensive equipment that will do the job satisfactorily. 

Operating funds, on the other hand, are relatively easy to ob
tain, since they are required for production. Operating budgets are 
typically based on expenses in previous years and are only seri
ously examined when out of line with expectations. Moreover, un
like capital costs, operating costs are paid with pretax dollars. 

• Payback Gap. It is a curious fact that most firms look for a simple 
payback period of 2-3 years or less on energy projects and other 
operations and maintenance investments, even though longer 
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paybacks are often considered when investing in new product 
lines. This difference, known as the payback gap, makes it difficult 
to implement all but rapid-payback energy-saving measures, al
though measures with longer paybacks will sometimes be consid
ered as part of a major facility upgrade designed to improve the 
long-term competitiveness of the firm. The payback gap is most 
pronounced when viewed from the societal perspective
individual firms pass up energy-saving investments with pay
backs of 3-4 years, while utilities invest in distribution lines with 
economic returns equivalent to 10- to 20-year paybacks . 

.. Low Priority Assigned to Energy Matters. For the average industrial 
firm, energy costs represent only a small percentage of total costs; 
labor and material costs are usually far greater. For example, in 1998 
the U.S. Census's Allliual Survey of Manufacturers estimated that, 
on average, electricity accounts for a little over 1% of manufactur
ing costs. Since motors make up about 70% of manufacturing elec
tricity use (see Chapter 6), they make up about 1 % of total costs for 
the average industrial firm. Since energy costs represent a small 
proportion of an average end-user's total operating costs, motor 
and other energy-related operating costs are rarely examined in re
views of operating expenses . 

.. Transaction Costs. Contributing to the low priority that energy mat
ters take is the fact that many energy-saving measures, including 
motor measures, have substantial transaction costs. Comparing 
equipment or optimizing a system takes time, which is a commod
ity in short supply in many firms. For larger projects, outside engi
neers can be brought in to help with project design and implemen
tation, but for small projects, if existing staff are short on time, 
decisions are commonly made based on expediency rather than 
economic merit. 

.. Misplaced Program Emphasis. Since they generally have full-time 
maintenance staff or energy managers, large firms are more likely 
to be interested in energy efficiency. Even in firms with energy man
agers, however, motor systems historically have not received much 
attention because of (often incorrect) perceptions that motor system 
improvements have high capital expense, low rates of return, and 
low percentage savings. Energy managers tend to focus on low cap
ital cost measures with high savings. While this approach is reason
able during the start-up stages of an energy management effort, 
many firms have not moved beyond high-savings, low-cost mea
sures. Moreover, many drivepower-saving measures are relatively 
inexpensive. 
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• Lack of Internal Incentives. For many companies, energy bills are paid 
by the company as a whole and not allocated to individual depart
ments. This practice gives maintenance and engineering staff little 
incentive to pursue energy-saving investments because the savings 
in energy bills show up in a corporate-level account where the sav
ings provide little or no benefit to maintenance and engineering de
cision-makers. As is discussed in Chapter 10, mechanisms to im
prove internal incentives have been put into place in some facilities. 

This listing of the barriers to motor system improvement is by no 
means exhaustive. It does cover, however, enough of the major imped
iments to clarify the nature of the challenge. Fortunately, there are 
many ways to remove or lower these hurdles to sound investment. 
Some of the more important options are outlined briefly below and 
are covered in greater depth in Chapter 9. 

Overcoming the Hurdles 
In the intervening decade since the first edition of this book was 

published, significant progress has been made in improving motor 
system efficiency. We have made many steps toward improving the 
quality and availability of information on motors and motor system 
efficiency. Utilities, energy agencies, manufacturers, universities, and 
private organizations have developed publications, videos, seminars, 
and design and calculation aids. These products have been used 
across the country in programs discussed in Chapter 9. These prod
ucts and programs have begun to have a significant impact on the 
motor market. 

While significant steps have been made, more is needed. We dis
cuss the perspectives and needs of these various players in the motor 
market in detail in Chapter 8. 

With EPAct, we have minimum efficiency and motor labeling stan
dards in place in the United States Now educational efforts are needed 
to make the market aware of these standards and to assist motor own
ers in making sound motor decisions. While EPAct eliminated the least 
efficient industrial motors from the market, motors significantly more 
efficient that EPAct levels are available. These more efficient products 
are cost-effective in most replacement applications and many retrofit 
applications, as discussed in Chapter 2. What is needed now is a brand 
to easily identify these products in the marketplace. National Electrical 
Manufacturers Association (NEMA), motor manufacturers, and volun
tary programs, such as ENERGY STAR@, need to step up and implement 
a national premium-efficient branding program. 
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Financial incentives have proven useful in certain instances to 
overcome the perverse effects of the payback gap and motor users' lim
ited access to capital. The impacts of these programs have been modest 
but have yielded important visibility for motor efficiency. We have also 
learned important lessons that are presently leading to improved pro
grams. Recently, programs have shifted their focus from rebates for in
dividual motor purchases to strategically moving the motor market
place toward products and practices that are more efficient. Chapter 9 
covers the experience to date with motor system programs. 

In addition, the programs for increasing drivepower efficiency need 
to be broader in scope. Most drivepower efficiency programs have fo
cused only on efficient motors instead of on the entire motor-decision 
process. A good program would address repair-versus-replace deci
sions, the implementation of life-cycle analysis of new motor purchase 
decisions, and the importance of demanding quality motor repairs. 

Improved motor repair practices have long been identified as sig
nificant opportunities for energy efficiency. Unfortunately, we have 
only begun to see the first, tentative steps toward implementing pro
grams to realize these savings. Research discussed in Chapter 2 has 
provided us with a foundation upon which programs can be built. We 
need to now focus on implementing programs that raise the standard 
of practice to the level of the best shops, which can restore a motor to 
near its original efficiency. Such programs need to work with repair 
shops to assist them in improving the quality of their services and also 
work with repair shop customers to help these customers understand 
why and how they can obtain quality repairs. 

A number of programs were motivated by the opportunity cre
ated by ASDs, and have attempted to focus on motor-driven systems, 
particularly fan, pump, and compressed-air systems. As discussed in 
Chapter 7, the largest opportunities for cost-effective saving are in im
proved optimization of these systems. The success of these programs 
has been mixed to date, largely because of the site-specific effort re
quired to identify and implement projects. However, some recent ef
forts that build on the successes and failures in this area show promise 
and provide a foundation for new motor system program designs that 
can help capture huge savings potential in this area. This process is 
addressed in Chapter 9. 

Finally, most programs have ignored other efficiency-related top
ics, such as motor sizing, rewinding, and controls other than ASDs. 
Few programs that we know of have addressed the savings available 
from electrical tune-ups, better selection and maintenance of drive
trains and bearings, better system monitoring, and the up sizing of 
distribution wires in new installations. While the savings from these 
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measures may appear incremental, they are frequently among the 
most cost-effective, and they also offer significant nonenergy benefits 
in the form of improved reliability and productivity. 
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Motor Technologies 

Motors produce useful work by causing a shaft to rotate. The 
twisting force (torque) applied to the shaft is produced by the in

teraction of two magnetic fields, one produced by the fixed part of the 
motor (stator) and the other produced by the rotating component of 
the motor (rotor). The forces developed in a motor resemble the force 
between two magnets held close together: similar poles repel each 
other; dissimilar poles attract. If one of the magnets is mounted on a 
shaft, the attracting and repelling forces create torque (see Figure 2-1). 

Figure 2-1 

Torque Generation in a Motor 
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Note: The generated torque is proportional to the strength of each magnetic field and depends on 
the angle (a) between the two fields. Mathematically, torque equals Bco'a< x B"o'a< x sine a, where B 
refers to a magnetic field. 
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Figure 2-2 

Estimated Distribution of Input Energy by General Type of Motor, 
Based on Motor Sales in the United States 
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Note: See Chapter 6 for further discussion. 

Design B 
Induction (63%) 

A magnetic field can be generated either by a permanent magnet, 
in which case the field is constant, or by a winding in which an electric 
current flows. In the latter case, the magnetic field is generally propor
tional to the number of turns of wire in the winding and to the 
amount of current. The iron in the motor provides an easy path for the 
magnetic field in the same way that copper provides a low-resistance 
path for the electric current. A wire with a low resistance to current 
flow has high conductivity; a material, like iron, with a low resistance 
to a magnetic field has high permeability. Using a highly permeable 
material in the magnetic circuits of the rotor and stator reduces the 
amount of current required to produce a given magnetic field. 

There are three basic types of electric motors: AC induction/ asyn
chronous; AC synchronous; and DC. A detailed breakdown of motor 
types by horsepower and end-use appears in Chapter 6. Figure 2-2 
shows the relative shares of electrical input used by different motor 
types. Because more than 90% of energy input goes to AC induction 
motors, this type is discussed in more detail than the others. 

Principles of Induction Motors 
Induction motors can be categorized by whether they run on single

or three-phase power. Houses are usually supplied with single-phase 
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electricity. As a result, household appliances such as refrigerators, wash
ers, dryers, heat pumps, and furnaces use single-phase motors. Utility 
companies provide most commercial and industrial facilities with three
phase service, which is used to run most motors larger than 1 hp. The 
overwhelming majority of motors are single-phase. Because of their rel
atively small size, however, single-phase motors account for less than 
20% of the total drivepower energy input in the United States. 

Many single-phase motors are integrated with the equipment 
they drive so when the motor fails, the equipment must be replaced. 
Three-phase motors are typically separate from equipment and can 
be easily replaced. Three-phase motors are emphasized in this section 
because they use more energy and are more readily replaced with 
high-efficiency models. 

Rotating Field and Synchronous Speed 
Three-phase induction motors, also called polyphase asynchro

nous motors, have three stator windings symmetrically arranged 1200 

apart in a cylinder surrounding the rotor. When supplied with three
phase power, also offset by 1200 (see Figure 2-3), the windings act as 
electromagnets, creating a rotating magnetic field, which starts and 
drives the motor. 

Figure 2-3 

AC Sinusoidal Voltage for Single-Phase and Three-Phase 
Systems 

Voltage 

AC Single Phase 

Voltage 

Time 

AC Three Phase 
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Figure 2-4 

Schematic of a Single-Phase Induction Motor 
(Capacitor-Start Design) 

Starting 
switch 

Note: In addition to the main winding there is an auxiliary winding offset by 90·, normally connected 
in a series with a capacitor. The sum of the magnetic fields generated by the main and the auxiliary 
windings is a rotating field of north and south magnetic poles that revolve around or move around the 
stator. The changing magnetic field from the stator induces a current in the rotor conductors, in turn 
creating the rotor rnagnetic field. Magnetic forces in the rotor tend to follow the stator magnetic fields, 
producing rotary motor action. 

Source: Andreas 1982 

Because single-phase motors do not have a three-phase field, they 
require a special starting system that employs an auxiliary winding, off
set 90° from the main winding, which is normally connected in series 
with a capacitor. In some designs, the auxiliary winding and capacitor 
are disconnected after the motor starts, by a centrifugal or thermal 
switch; such machines are commonly known as capacitor-start motors. 
Motors that do not disconnect the capacitor are known as permanent 
split-capacitor (PSC) motors. There are also motors that combine the two 
designs, using one capacitor for starting and another for normal opera
tion; these are known as capacitor-start, capacitor-run motors. The basic 
circuitry of a single-phase motor is shown in Figure 2-4. 

The speed of the rotating magnetic field in an induction motor, 
known as the synchronous speed, depends on the frequency of the sup
plied voltage and the number of pole pairs in the motor. This is ex
pressed as the following equation: 

hr d ( ) Frequency of applied voltage (Hz) x 60 
sync onous spee rpm = 

number of pole pairs 
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Thus, when a motor with two poles (one pole pair) is supplied by 
a 60-cycle-per-second (hertz [Hz]) supply, the synchronous speed is 
3,600 rpm. A four-pole motor supplied with 60 Hz power has a syn
chronous speed of 1,800 rpm, and a six-pole motor has a synchronous 
speed of 1,200 rpm. 

Induction Motor Slip 
Induction motors are referred to as asynchronous motors because 

they operate slightly below synchronous speed. For example, a motor 
with four poles and a synchronous speed of 1,800 rpm will actually 
spin between 1,725 and 1,790 rpm. 

The difference between the synchronous and actual speeds of an in
duction motor is called the motor slip. Slip is expressed either as a per
centage of synchronous speed or as revolutions per minute. For example, 
a four-pole induction motor witl1 a synchronous speed of 1,800 rpm oper
ating at 1,750 rpm has a slip of 2.8%, or 50 rpm. The full-load motor slip 
ranges from 4% in small motors to 1 % in large motors (see Figure 2-5). 

Figure 2-5 

Full-load Revolutions per Minute vs. Horsepower for Four-Pole 
Induction Motors 

1800~---------r---------.---------' 

5 10 50 100 500 1000 

Rated Horsepower 

Note: The stepped curve is data from typical motors; the smooth curve is fitted to the data. For four
pole induction motors, 1,800 rpm is the synchronous speed (approximately the speed under no 
load). The full-load speed is less than the synchronous speed; this difference (or "slip") is smaller for 
larger motors. 

Source: Nailen 1987 
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Figure 2-6 

Relationship between Active, Reactive, and Total Current for 
(A) High Power Factor (90%) and (8) low Power Factor (45%) 

Active 

(A) 

Reactive 

Active 

(B) 

Reactive 

Note: The active current is 90% of the total in (A) and 45% of the total in (B). Active, reactive, and 
total power follow the same relationship as the current. 

Power Factor 
The current in an induction motor has two components: active 

and reactive. The active component is responsible for the torque and 
work performed by the motor; the active part of the current is small 
with no load and rises as the load increases. The reactive component 
creates the rotating magnetic field and is almost always constant from 
no load to full load, as is the magnetic field. 

Although the reactive component does not perform useful work, 
it is required to excite the motor and must be supplied by the power 
network. The ratio of active to total current is called the power factor 
(see Figure 2-6). 

When the motor is operating at no load, the energy it absorbs is 
limited to the power losses (motor inefficiencies). Therefore, the active 
component is small, and the power factor can be as low as 10%. At full 
load, however, the active component is at its maximum with a power 
factor that is typically 70-95% for a three-phase motor. A high power 
factor is desirable since it implies a low reactive-power component. 
(Power factor is commonly expressed as a percentage or a decimal 
fraction.) A poor power factor has the following effects: 

.. Higher losses in the cables and transformers, and thus higher en
ergy bills for a given amount of useful work output 

.. A reduced available capacity of transformers, circuit breakers, and 
cables because their output depends on the total current; the capac
ity falls linearly as the power factor decreases: a I,OOO-kilovolt-
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ampere (kVA) transformer supplying loads with a 70% power fac
tor is only able to supply 700 kilowatts (kW) 

• Higher voltage drops, yielding problems associated with undervolt
age, as discussed in Chapter 3 

These effects have caused most utility companies to penalize con
sumers whose power factor is below a threshold level, typically in the 
range of 85-95%. Thus, when consumers improve the power factor, 
they reduce both the energy bill and the reactive-power bill. As dis
cussed in Chapter 3, the savings from avoided utility penalties are 
typically larger than the energy savings from power-factor correction. 
Measures to improve power factor are discussed in Chapters 3 and 4. 

Types of Induction Motors 
According to the rotor configuration, induction motors are classi

fied as either squirrel-cage or wound-rotor. Squirrel-cage induction 
motors are the most common and are either three-phase or single
phase. 

Squirrel-Cage Induction Motors 
Most induction motors contain a rotor in which the conductors, made 

of either aluminum or copper, are arranged in a cylindrical format resem
bling a "squirrel cage" (see Figure 2-7). Squirrel-cage induction motors are 
used in the vast majority of commercial and industrial applications be
cause they are relatively simple, inexpensive, reliable, and efficient. 

Squirrel-cage induction motors have no external electrical connec
tions to the rotor, which is made of solid, uninsulated aluminum or 
copper bars short-circuited at both ends of the rotor with solid rings of 
the same metal. The rotor and stator are connected by the magnetic 
field that crosses the air gap. This simple construction results in rela
tively low maintenance requirements. 

The relationship between torque and speed in squirrel-cage mo
tors is largely dependent on rotor resistance. As the rotor resistance 
decreases, the performance speed improves and the starting torque 
decreases. The smaller the slip for a given load, the higher the effi
ciency, because the induced rotor currents and their associated rotor 
losses are also smaller. 

Three-phase squirrel-cage induction motors dominate applications 
above 1 hp. Single-phase squirrel-cage induction motors are more com
mon in sizes below 1 hp and in large home appliances. Single-phase 
motors are larger and more expensive, with a lower efficiency than 
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Figure 2-7 

Operation of a Four-Pole Squirrel-Cage Induction Motor 

To 
3-phase 

AC 
supply 

Rotor 

_ .... ----,(--1-_ End ring 

Note: The rotating magnetic field is created in the stator by AC currents carried in stator windings. A 
three-phase voltage source results in the creation of north and south magnetic poles that revolve 
around or move around the stator. The changing magnetic field from the stator induces current in the 
rotor conductors, in turn creating the rotor magnetic field. Magnetic forces in the rotor tend to follow 
the stator magnetic fields, producing rotary motor action. 

Source: Lawne 1987 

three-phase motors that have the same power and speed ratings. For 
example, the full-load efficiency of a 2 hp, 1,800 rpm, three-phase, 
standard-efficiency motor is 72% with a power factor of 62%, whereas 
the efficiency of a 2 hp single-phase motor from the same manufacturer 
is 66.2% with a power factor of 62.1 %. Additionally, three-phase motors 
are more reliable since they do not need special starting equipment. 
Thus, they are typically used whenever a three-phase supply is avail
able. In commercial and industrial installations involving a large num
ber of small motors, single-phase models have the further disadvantage 
of causing voltage unbalance if they are unevenly distributed on the 
three phases (see the discussion of voltage unbalance in Chapter 3). 

Shaded-Pole Motors 
Another type of induction design, the shaded-pole motor, is most 

commonly used in packaged equipment applications below 0.17 (1/6) 
hp, such as computers, small fans found in portable heaters, and small 
condensing units for air conditioning and refrigeration. Although 
shaded-pole motors are cheaper than single-phase squirrel-cage motors, 
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their efficiency is poor (below 20%) and their use should be restricted to 
low-power applications with a limited number of operating hours. For 
low-power applications with longer operating hours, higher-efficiency 
single-phase motors should be used, such as the permanent split-capac
itor (a type of squirrel-cage motor discussed previously) or permanent
magnet units (discussed later in this chapter). 

Wound-Rotor Induction Motors 
Wound-rotor induction motors are sometimes used in industrial ap

plications, typically 20 hp or larger, where the starting current, torque, 
and speed must be precisely controlled. As the name suggests, these 
motors feature insulated copper windings in the rotor similar to those 
in the stator. The rotor windings are fed with power using slip rings and 
brushes. This rotor construction is substantially more expensive, with 
higher maintenance requirements, than the squirrel-cage type. 

Factors to Consider in Selecting Induction 
Motors 

Some of the factors described in this section apply to all kinds of mo
tors, including noninduction designs. Other factors, like the National Elec
trical Manufacturers Association design classes, apply exclusively to squir
rel-cage induction motors, particularly three-phase versions. The technical 
information required to apply a motor can be found on the nameplate (see 
Figme 2-8), and most is also available in manufachlrers' catalogs. 

Figure 2-8 

Sample Motor Nameplate Showing Nominal and Minimum Efficiency 

Source: Reprinted with permission from Reliance Electric 
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NEMA Designs 
The type of load determines the type of motor chosen to drive it. 

NEMA has defined standards for different types of squirrel-cage de
signs to meet the needs of different operating conditions. NEMA stan
dard designs fall into five categories: A, B, C, D, and E. 

.. Design B motors are the dominant type on the market and are used 
for most applications, including fans, pumps, some compressors, 
and many other types of machinery. "Normal" torque is defined by 
that which is produced by a Design B motor. The torque peaks at 
approximately 80% of the synchronous speed. Design B lmits have 
a "normal" starting current of approximately five times the full
load current. In manufacturers' literature, general purpose motors 
are Design B motors. 

.. Design A motors are similar to Design B motors except that the maxi
mum torque is 15-25% higher. The starting current is six to seven 
times the full-load current because of the design tradeoffs necessary 
to increase peak torque. 

.. Design C motors are characterized by high torque. Substantial start
ing torques make them useful for machines that can start with a full 
load (such as conveyors or some compressors). 

.. Design D motors have high starting torque and high slip. High slip 
allows the motor speed to vary somewhat from the rated speed. As 
a result, Design D motors are normally used where there is the po
tential for a shock load on the motor, as in punch presses and 
shears, since the motors' ability to adjust their speed will act as a 
shock absorber and protect the driven equipment. Design D motors 
have the lowest efficiency for a given size and speed because of 
their high slip. 

" Design E motors have lower starting torque, high starting current, 
and low slip. As a result of the high inrush current, Design E motors 
require special starting wiring, motor control, and other related 
equipment (NEMA 1999). They are the most efficient induction 
motor class, but as a result of design compromises necessary to 
achieve high efficiency, they may not be capable of starting under a 
significant load. Design E motors are used predominantly in fan ap
plications, where the lower starting torques are not a problem. De
sign E motors have not achieved a significant market and may be 
discontinued in the future (Bonnett 1999). 

Figure 2-9 shows the available torque as a function of speed for 
NEMA Design A, B, C, D, and E motors. 
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Figure 2-9 

General Shape of Torque vs. Speed Curves for Induction Motors 
with NEMA Designs A, S, C, D, and E 
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Note: The torque at zero speed is the starting torque. The full-load torque occurs at speeds some
what below the synchronous speed (i.e., at the full-load speed) (NEMA 1994). See Appendix C for 
further discussion of torque. 

Available Speeds 
As mentioned earlier, the number of pole pairs is determined by 

the synchronous speed of the motor_ Induction motors are available 
with synchronous speeds of 3,600, 1,800, 1,200, 900, 720, 600, 450, and 
300 rpm when operated at 60 Hz. (When operated at 50 Hz, the corre
sponding synchronous speeds are 3,000, 1,500, 1,000, 750, 600, 500, 375, 
and 250 rpm.) Actual speeds are slightly lower because of motor slip. 
For a given horsepower, as the speed decreases, the number of poles 
increase, costs increase, and the efficiency and power factor are re
duced (see Figure 2-10). 

The 1,800 rpm motor probably accounts for more than 50% of the 
motor population. Both 1,200 and 3,600 rpm motors are popular enough 
to be stocked by distributors and manufactured in large quantities. Those 
slower than 1,200 rpm are often treated as special orders. For fixed speeds 
lower than 300 rpm, it is generally more economical to use a motor with a 
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Figure 2-10 

Typical Full-load Efficiencies and Power Factors 

100~------~~------~--------r--------' 

10 100 1000 10000 

Motor Rating (horsepower) 

10 100 1000 10000 

Motor Rating (horsepower) 

Note: Typical full-load efficiencies (top) and power factors (bottom) for standard-efficiency NEMA De
sign B motors (normal-torque, low-starting-current, three-phase induction motors) with synchronous 
speeds from 300 to 3,600 rpm. These are general trends; values for particular motors may vary. 

Source: Smeaton 1987 

speed of 300 rpm or more, combined with a mechanical transmission sys
tem like gears or belts, to achieve the desired speed reduction. 

Enclosures 
Motor enclosures are designed to match the motor to its operat

ing environment. An open enclosure allows heat to dissipate readily, 
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leading to better motor cooling. It offers less protection, however, 
against the entry of potentially damaging foreign objects such as dirt, 
metal pieces, and water. NEMA Standard MG 1-1978 (NEMA 1978) 

Motor Enclosures 

The open-enclosure types normally used are as follows: 

• Open drip-proof (OOP), in which the ventilation openings are posi
tioned to keep out liquid or solid particles falling at any angle between 
O· and 15· from the vertical. This enclosure is not adequate for harsh 

environments but is common in applications driving fans and pumps in 
indoor heating, ventilating, and air conditioning (HVAC) applications. 

• Splash-proof, which is the same as drip-proof except that the down
ward angle of the vents is increased to 100· so that liquid or solid par

ticles arriving at a slightly upward angle will not enter the motor. 

• Guarded, in which all openings giving direct access to rotating or elec
trically live metal parts are limited in size by screens, baffles, grilles, or 
other barriers to the entry of objects larger than 0.75 inch in diameter. 

Thus, insects and dirt are not prevented from entering. The purpose of 
guarded fittings is more to protect personnel than the motor. 

• Weather protected, for outdoor use, include guarded enclosures and 
ventilation passages designed to minimize the entrance of rain, snow, 
and airborne particles. 

Totally enclosed machines are designed to prevent the free ex
change of air between the inside and outside. The most common types 

are as follows: 

• Totally enclosed fan-cooled (TEFC), in which the motor is equipped 
with a fan for external cooling. Normally the external fan is mounted 

on the shaft opposite the load and equipped with a guard to improve 
safety and aerodynamics. 

• Explosion-proof (EXP), in which the enclosure is designed to with
stand the explosion of a specified gas or vapor within and prevent ig

nition of a specified external gas or vapor by sparks, flashes, or 
explosions that may occur inside the motor casing. These enclosures 

may be fan-cooled (EXPFC) or nonventilated (EXPNV). 

• Oust-ignition-proof, which are designed to exclude dust, ignitable or 
not, that might affect performance or rating, while preventing external 
dust from being ignited by arcs, sparks, or heat generated from within. 
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Figure 2-11 

Motor Enclosure Types 

(a) 

Note: The most common motor enclosures are (a) OOP and (b) TEFC. In OOP enclosures such as 
the one shown, internal fans bring cooling air into the motor through openings in one or both ends 
and then discharge it through openings in the side. Another OOP design brings in air through one 
end and discharges it through the other. In either case, the cooling air flows directly through the 
motor. In TEFC designs, there is no air exchange between the inside and outside of the motor. A 
fan, driven by an extension of the motor shaft, and shown here in the smooth housing on the left end 
of the motor, pulls air through slots in its housing and then blows it over the exterior of the motor, 
which is usually made with fins (as shown) for cooling. Figure 2-20 is a cutaway view of a TEFC 
motor; the internal arrangement of both motor types is basically the same. 

Source: Reprinted with permission from Toshiba 

defines twenty types of enclosures clustered into two basic groups: 
open and totally enclosed (see box). The most common enclosures 
used in commercial and industrial facilities are open drip-proof 
(ODP); totally enclosed fan-cooled (TEFC); and explosion-proof 
(EXP), a type of TEFC motor (see Figure 2-11). Each of these three 
basic types of enclosures has subsets listed in catalogs for special en
vironments (agricultural, corrosive, or wet conditions, for example). 

Temperature Ratings and Classes of Insulation 
Motor losses are transformed into heat, which increases the tem

perature of the motor. Table 2-1 shows the insulation class required to 
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Table 2-1 

Allowable Temperature Increases CC) for Various Insulation 
Classes (NEMA Standards) 

Insulation Class 

A8 B F 

Open or TEFe motors with 1.0 
service factor, rise at rated load ee) 60 80 105 

All motors having service factor, 
rise at 115% rated load ee) 70 90 115 

, Of historical interest only. Class A insulation is no longer used in integral-horsepower motors. 
Classes C. D. E. and G were never used. 

b Not NEMA standard but common industry practice. 

Source: Nailen 1987 

H 

125 

135b 

withstand different temperature rises according to NEMA Standard 
MG 1-1998 (NEMA 1999). Class A is no longer made. Class B is the 
most common. Classes C, D, E, and G were never used. Classes F and 
H are used in applications with high ambient temperatures in order to 
allow a larger reserve margin for overload conditions or to enable the 
design of smaller, less expensive motors for intermittent-duty opera
tion. Most efficient motors use Class F insulation as part of the general 
package to upgrade performance. 

Service Factor 
The service factor specifies the capacity of the motor to with

stand prolonged overload conditions. When the service factor is 1.0, 
prolonged operation above full load can damage the insulation and 
cause the motor to fail. If the service factor is 1.15, the motor can 
work at 1.15 times its rated horsepower without failing, although in
sulation life may be reduced (typically by 50% when compared with 
the same motor working at full load). Standard service factors for 
3,600 and 1,800 rpm motors range as high as 1.35 for 0.5 hp and 
smaller, 1.25 for 0.5 and 0.75 hp, and 1.15 for 1 hp and above. Motors 
running at 1,200 and 900 rpm generally have lower service factors. 
However, service factors of 1.5 or more are available on special 
order. In general, the class of insulation on the motor windings de
termines the service factor. Motors above 1 hp with Class B insula
tion have a service factor of 1.0, whereas motors with Class F insula
tion have a service factor of 1.15. 
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Frame Size 
The frame size defines the shape and size of the motor and de

pends on horsepower, speed, voltage, and duty requirements. Mo
tors built prior to 1952 did not use industry-wide standard frame 
sizes. Then the V-frame was standardized, and all motors with the 
same code, such as 254V, had the same frame size. With the advent 
of new high-temperature insulation, NEMA authorized smaller, 
lighter T-frames in 1964, which remain the prevalent type for new 
three-phase motors. Most small (under 1 hp) and very large (over 
300 hp) motors use frames other than T- or V-designs. Standard-effi
ciency V-frame designs are still made for replacing worn-out or 
damaged V-frames because replacing a V-frame motor with a stan
dard- or high-efficiency T-frame unit typically requires modification 
of the mounting hardware and is therefore not practical for all appli
cations. Thus, not all existing V-frame motors can be replaced with 
high-efficiency T-frame models. 

Frame size is an important determinant of motor efficiency and 
performance. To reduce production cost, manufacturers often try to fit 
a motor into the smallest possible frame but, in so doing, they must 
limit the service factor to ensure that the motor will not overheat 
under the reduced cooling of the smaller frame. Thus, some manufac
turers build 5 hp motors in frames typically used for 3 hp motors: to 
meet cooling requirements, they will have a service factor no higher 
than 1.0 (Gilmore 1990). 

Supply Voltage 
Most three-phase motors in the Vnited States are designed to op

erate at 460 volt (V), 60 Hz, which allows some voltage drop from the 
nominal 480 V supply commonly used in newer large commercial 
and industrial facilities. Smaller commercial facilities often use either 
230 V or 208 V three-phase power. Older facilities (both commercial 
and industrial) sometimes use 575 V three-phase power. To decrease 
the distribution losses in cables and transformers, large motors (200 
hp and above) can be specified with a supply voltage over 600 V. 
Fractional-horsepower single-phase motors most commonly run on 
120 V power. 

Before we continue, we should clarify some terms. The Energy 
Policy Act of 1992 (EPAct) is an important piece of legislation for effi
ciency because it established minimum-efficiency levels for electric 
motors manufactured or imported after October 1997. EPAct, which 
was based on NEMA standards, defined a number of terms, including 
what constitutes an energy-efficient motor. This concept will be 
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described in greater detail later in this chapter (see Table 2-9) and in 
Appendix B. In the wake of the ruling, industry began manufacturing 
motors that exceeded EPAct standards and became alert to labeling 
and marketing these more efficient motors. To accommodate these mo
tors, the Consortium for Energy Efficiency (CEE)-a nonprofit group in 
which utilities, public interest groups, and government agencies such 
as the Department of Energy have representatives-established pre
mium-efficiency motor levels. These specifications are also outlined in 
Table 2-9. 

Specialty motors are available to run on two voltages (230/460 V, 
for example) or on a range of voltages along with some other, typically 

How to Read a Motor Catalog 

The specific information presented in a motor catalog and the format 

for that information vary among manufacturers. Figures 2-12 and 2-13 

show sample pages from one catalog. 
Most catalogs cluster information by specific motor types. For ex

ample, all ODP EPAct-compliant motors are listed in a single table that 

contains generic information on the type of mounting system, the hous

ing, the materials of construction, the insulation class, the service fac

tor, and the design rating. EPAct requires a listing of the nominal full

load efficiency for the motor, and catalogs may include a special symbol 

("ee") for those motors that meet the EPAct minimum requirements (see 

Appendix 8). In most catalogs, the general listing will also specify 

whether the motor line is EPAct or premium-efficiency. Some also list 

whether the motor meets the CEE premium-efficiency specification. 

In addition to generic information, other tables will list size, speed, 

frame number, full-load amps, and list price for individual motors. Most 

motors actually sell for 30-70% of the list price. 

Most catalogs outline in a separate table motor efficiencies and 

power factors at full, 0.75, and 0.5 load. This table also typically con

tains data on motor torque. 
Finally, most motor catalogs include a table of dimensional data or

ganized by the motor frame number. In the NEMA system, all motors 

with the same frame number are the same size. Dimensional data are 

generally used to determine the changes required in the mounting sys

tem or drive shaft when downsizing a motor or converting from a U

frame motor to a T-frame motor. 
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Figure 2-12 

Typical Motor Application Data from a Major Manufacturer's 
Catalog 
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Figure 2-13 

CATALOG DATA 

CATALOG ITEM: EL3609T 
HORSEPOWER: 3 

EFF @ FULL LOAD: 85.5 
VOLTtODE: C 

SHIPPING WEIGHT: 90 
MULTIPLIER SYM: Ll 

LIST PRICE: 726 

RPM: 1755 
NEr-iA FRAME: 184T 

TYPE: 36.40LC 
"e" DIMENSION: 18,06 

MOTOR DATA 

VOLTAGE: 230 
FULL LOAD AMPS: 11.B 

PHASE: 1 
HERTZ: 60 
POLES: 04 
tODE: 04 

DESIGN: L 
SERVICE FACTOR: 1.15 

ENCLOSURE: TEFC 
MOUNTING: F1 

BASE: RG 
D.E. BEARING: 6206 

O.D.E. BEARING: 6205 
ROTATION: R 

SPEC NUMBER: 36E004Y528E7 
RATING: 40C 

ADDITIONAL MOTOR INFORMATION 

SUBSTITUTE PART NUMBER: N/A 
ADJUSTABLE FREQUENCY CONTROL: III/A 

SOFT STARTER: NI A 
C~FACE KIT: NlA 

Typical Motor Performance Data from a Major Manufacturer's 
Catalog 
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RATING - NOMINALS 
Rated Output 3 HP 

Volts 230 

Full toad Amps 11,8 

Speed 1755 

Hertz 60 

phase 

NEMA Design Code L 

lR k"VA Code H 

Efficiency as.5 
Power Factor 

Service Factor 

Rating * Duty 

96 

1.15 

40C AMB~CONT 

CHARACTER ISTICS 
Full Load Torque 

Break Down Torque 21 

Locked~RotorTorque 25 

Starting Current $5 

No~Load (;uwent: 1. 9 

LineMline Resistance @ 25 0. GG2 
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doubled, value (such as 208-230/460 V). In recent years it has become 
common to use motors rated at 230 V for 208 V applications. Although 
these motors will operate at any voltage in this range, at the reduced 
operating voltage their efficiency, life, and torque will decrease, while 
slip increases. For NEMA Design B motors, slip will typically increase 
30%, torque will decrease 20-30%, and efficiency will decline by 3%. 
Design E motors are less affected by reduced-voltage operation (Bon
nett 1999). 

Motors designed to operate at 60 Hz can be satisfactorily operated 
at 50 Hz if the voltage and horsepower rating are reduced by five
sixths. All other performance characteristics will be essentially the 
same as at 60 Hz (NEMA 1999). 

It is common to see the actual voltage and frequency supplied to 
the motor significantly differ from the design values because of 
problems in the electric supply system, as discussed in Chapter 3. 
Frequent operation at off-voltage can have a significant impact on 
motor performance. Steps should be taken to operate the motor at 
as close to the design voltage as possible (Bonnett 1999). 

General, Special, and Definite Purpose Induction 
Motors 

Most NEMA Design A and B motors are general purpose. NEMA 
defines a general purpose motor as an open or closed motor, 500 hp 
or less, rated for continuous duty, without special mechanical con
struction, that can be used in usual service conditions without re
strictions to a particular application or type of application. If a stan
dard-rating or construction motor is designed to operate under 
conditions other than usual or in a particular application, it is 
classed as definite purpose. Examples are motors designed to occa
sionally be submerged in water when not running, or in a salt spray 
environment. Some applications require special mechanical con
struction, or operating specifications, or both, designed for a partic
ular application. These motors are referred to as special purpose. Ex
amples are motors designed to operate in a vertical shaft position 
that requires the use of thrust bearings, and motors with windings 
that are encapsulated to operate in a corrosive environment (NEMA 
1999). In general, motors with these special features are more costly 
than general purpose motors, and some of the features may reduce 
the energy efficiency of the motor compared with that of a similar 
design that does not incorporate the features. Appendix B discusses 
features that characterize a motor as general or special or definite 
purpose and that are likely to reduce efficiency. 
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Other Types of Motors 
Although induction models use more than 90% of all motor input 

energy, they are not appropriate for all applications. The following va
rieties of motors are also important. 

Synchronous Motors 
Synchronous motors have a stator similar to that of induction mo

tors, with three windings that produce a rotating field. The rotor con
tains a winding to produce the rotor field and a starting winding simi
lar to the rotor of a squirrel-cage induction motor; the connection from 
the power supply to the rotor field winding is made through slip rings 
and brushes. Because of their complex rotors, synchronous motors are 
more expensive to build and maintain than induction motors. 

The starting winding makes the motor act like an induction motor 
at up to about 95% of the synchronous speed. At that point, the rotor 
field winding is switched on, and the rotor quickly catches up to the 
rotating field, reaching the synchronous speed. For further informa
tion on the operation of synchronous motors, refer to Nailen 1987, 
Fitzgerald 1983, or Smeaton 1987. 

Figure 2-14 

General Areas of Application of Synchronous Motors and 
Induction Motors 
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Synchronous motors can run at lower speeds and are slightly 
more efficient than induction motors, especially at low speeds. They 
also have the virtue of being able to generate or absorb reactive power, 
whereas induction motors only absorb reactive power. A large syn
chronous motor can thus correct the overall power factor of an entire 
plant by generating the reactive power absorbed by the induction mo
tors in the plant. Figure 2-14 shows the typical speed and horsepower 
ranges of induction and synchronous motors. Synchronous motors are 
used in applications in which fixed constant speed is required, such as 
in the textile fiber industry, or in large-power, low-speed applications, 
where the motor's additional cost is offset by its higher efficiency and 
capability for power-factor compensation. Synchronous motors tend 
to be large and in operation most of the time. There are few in use, 
and their number has been decreasing in recent years. Their percent
age contribution to energy and power demands is therefore small. 

Direct-Current Motors 
Direct-current motors normally have windings in both the stator 

and the rotor. As the name implies, DC motors are fed by a DC voltage, 
which may change in magnitude but not in polarity. Thus, the magnetic 
field produced by the stator has a constant orientation, though its size 
may change as a function of the voltage applied to the terminals. DC 
motors are often used for applications in which speed control is required 
since varying the voltage changes the motor speed. 

In a DC motor, electricity reaches the windings in the rotor via a 
ring of electrically isolated copper bars, a device known as a commuta
tor (see Figure 2-15). Corresponding contacts known as brushes are 
connected to the power supply and ride against this commutator. DC 
motor rotors are complex, expensive to manufacture, and unreliable 
because of wear on the brushes and commutator caused by sparking 
and friction as the rotor turns. The wear creates the need for frequent 
inspection and replacement of the brushes. In addition, the commuta
tor must be repaired or replaced at longer intervals. These motors have 
additional drawbacks in larger sizes: they are bulky; cannot sustain 
high speeds; and are less efficient than AC motors of similar size. 

There is one type of DC motor, in which the rotor and stator wind
ings are connected in series, that can be used with AC voltages (be
cause the torque in series motors maintains the same direction even if 
the polarity of the voltage is reversed). They are known as universal 
motors and are generally found in small portable appliances and 
power tools. For fractional-horsepower sizes, the universal motor has 
a superior power-to-weight ratio. These motors generally operate for 
very limited periods so their energy use is not significant. 
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Figure 2-15 

Typical DC Motor Design Showing Major Parts 

Stator 

Rotor 

Note: The stator windings and connections to the brushes and stator are not shown. 

Source: Bodine 1978 

Besides being used in low-energy-use applications such as small 
appliances and power tools, DC motors are still being sold for indus
trial applications requiring very high starting torque or inexpensive 
speed regulation. However, with the advent of high-performance AC 
drives, their market share is dwindling to below 5%. 

Permanent-Magnet Motors 
In some small DC models, a permanent magnet replaces the stator 

winding, although the rotor is still fed by a conventional brush-and
commutator system. A more important type of permanent-magnet 
(PM) motor has a stator with three windings producing a rotating 
field, as in induction and synchronous motors. The rotor consists of 
one or more permanent magnets that interact with the rotating field so 
as to align the poles in the rotor with the poles of the rotating field. 
Thus, the speed of the motor is the speed of the rotating field. Because 
there is no rotor current and the rotor magnetic field is constant, there 
are no losses in the rotor, helping to make PM motors more efficient 
(by 5 to 10 percentage points in small sizes) than induction motors. 

The most common form of PM motor is the brushless DC motor, 
also known as an electronically commutated motor (see Figure 2-16). 
Electronically commutated permanent-magnet motors (ECPMs) consist 
of a rotor with multiple permanent magnets bonded to it and a stator 
made of electrical windings that create a varying magnetic field to drive 
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Figure 2-16 

Schematic of Electronically Com mutated Permanent-Magnet 
Motor 

ACsupply 

(I-phase 
or 

3-phase) 

ACto DC 

converter 

~PPIY (if available) ~ 

Phase B winding 

Power 

Note: The motor (on the right) is composed of three sets of stator windings arranged around the PM 
rotor. AC power is first converted to DC and then switched to the windings according to the signals 
provided by the control unit, which responds to both the desired speed ("speed command") and rotor 
position feedback. If a DC supply is available, it can be used in place of the AC supply and con
verter. The function of the commutator and brushes in the conventional DC motor is replaced by the 
control unit and power switches. The PM rotor follows the rotating magnetic field created by the 
motor windings. The speed of the motor is easily changed by varying the speed of switching. 

Figure 2-17 

Compared Efficiencies of 10 hp AC Induction Motors with ASD 
and Brushless DC Motors as a Function of Speed 
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the rotor. The stator field is driven electronically using solid-state power 
devices and feedback from angular-position sensors. This arrangement 
eliminates rotor resistive losses, brush friction, and maintenance associ
ated with conventionally commutated motors. Other advantages are 
precise speed control, lower operating temperature, and higher power 
factor than for induction motors. ECPM efficiency cannot match induc
tion motor efficiency for fixed-speed, full-load operation but has a signif
icant advantage at reduced speeds. Under these part-load conditions, in
duction motor efficiency drops significantly, while ECPM efficiency 
remains flat (Nadel et al. 1998). 

Typical induction motor / adjustable-speed drive combinations 
have a range of full-load efficiencies between 85% and 90%, but this 
falls off 15-20 points at light load. ECPMs, in comparison, can main
tain their efficiencies at part load within 5 points, with full-load effi
ciency as high as 95% in 100 hp sizes (E Source 1999). Figure 2-17 
shows the comparative performance of AC induction motors with 
ASD and brushless DC motors, rated at 10 hp. Cost premiums for 
ECPMs currently are on the order of $50/hp (Nadel et al. 1998). 

ECPMs are available from many manufacturers in sizes ranging 
from fractional to 60 hp. Powertec Industrial Corporation produces in
tegral-horsepower motors in NEMA frame sizes to compete directly 
with induction motors. GE, Emerson, and A.a. Smith produce small 
fractional-horsepower integral ECPMs for use in HVAC equipment. In 
addition to high part-load efficiency and variable speeds, these motors 
have several unique features that make them particularly attractive to 
HVAC equipment manufacturers, including the ability to maintain a 
constant air flow and to ramp up to speed slowly (Nadel et al. 1998). 
Other kinds of PM motors include (1) small DC motors that have 
brushes, a commutator, and a wound rotor plus a PM stator; and (2) a 
type of AC synchronous motor available on special order from 
Siemens U.s. and Reliance Electric (Lovins et al. 1989). 

PM motors have in the past been limited to fractional-horse
power sizes because they are bulkier and much more expensive 
than induction motors. The magnets in most fractional-horsepower 
PM motors, such as those used in residential appliances, are made 
from ferrite, primarily because of its low cost. In recent years, how
ever, the performance of PM materials has improved dramatically 
(see Figure 2-18). In particular, neodymium-iron-boron alloys fea
ture high energy density at moderate cost. Such PM materials allow 
the design of compact and high-efficiency motors in larger sizes up 
to 600 hp (E Source 1999). Improved materials can also yield very 
high efficiencies. A 50 hp PM motor with an efficiency of 97% has 
been developed (EPRI 1989). 
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Figure 2-18 

The Evolution of Permanent-Magnet Materials, Showing the 
Increasing Magnetic Energy Density ("Energy Product") 
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Sources: Baldwin 1989; Krupp-Widia 1987 

Since PM motors have neither rotor windings nor slip rings, they 
can be as robust and reliable as induction motors. They must be totally 
enclosed, however, to avoid attracting iron particles. The magnets can 
be demagnetized by high temperature, and therefore the motor cannot 
be overheated. For example, the neodymium-iron-boron magnets can 
be demagnetized if the temperature exceeds 302°F (ISO"c). However, 
the low losses of PM motors mean that their operating temperature is 
well below 300°F at the rated power. 

PM motors coupled with electronic speed controls are already 
being used in cordless power tools, as well as residential air condition
ers, furnaces, and heat pumps. Refrigerators and freezers are likely 
candidates for PM motor applications. Because of their high efficiency 
and reliability, and the recent availability of high-performance mag
netic materials at reasonable costs, PM motors offer great promise as a 
general purpose motor. 
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Reluctance Motors 
Reluctance designs are another promising family of motors that 

are synchronous but do not require electrical excitation of the rotor. 
Losses are lower and efficiencies are generally higher than in induc
tion motors because no current is induced in the rotor. The shaft 
power of reluctance motors is smaller than in similar-sized PM mo
tors. Reluctance motors are well established in very low power ap
plications such as clocks, timers, and turntables, in which an inex
pensive, low-power, constant-speed motor is required. 

A variation known as the switched-reluctance (SR) motor shows 
great promise as a future competitor to the induction motor, espe
cially in adjustable-speed applications. The switched-reluctance 
drive is a compact and efficient brushless, electronically commu
tated AC motor with high efficiency and torque, variable-speed reg
ulation, and simple construction. Available in virtually any size, the 
SR motor offers the advantage of variable-speed capability (very 
low to very high) and precision control. Switched reluctance is an 
old idea that has advanced recently with progress in solid-state elec
tronics and software that allows precision control. The motor comes 
as a package integrated with a controller (Nadel et al. 1998). 

SR motors with control systems are competing to supplant in
duction motors with variable-speed drives in a number of applica
tions. Both are attractive in new and OEM installations because they 
come as a motor-controller package. The SR motor is now being 
used in the May tag Neptune line of horizontal-axis residential and 
commercial washing machines. Other likely applications include 
residential heating and cooling and commercial HVAC fans and 
pumps. Most SR research and application in the United States is in 
fractional-horsepower printer, copier, and precision-motion tasks 
and appliances. Other potential applications include fans, machine 
(servo) control, and electric vehicles (Wallace 1998). SR motors 
could potentially replace 20-50% of the existing general purpose 
motors in service today (Albers 1998; OIT 1998). 

The rugged rotor of an SR motor is much simpler than that of 
other motors since it has no field coils or embedded magnetic mate
rials. This design enables some models to operate at speeds as low 
as 50 rpm and as high as 100,000 rpm (E Source 1999). The coils and 
magnets attached to the rotor are subjected to very high stresses, ne
cessitating more complex designs (Albers 1998). Because of its sim
plicity, the SR motor in mass production should theoretically cost no 
more than, and perhaps less than, mass-produced induction 
motor / ASD packages of comparable size, as discussed in Chapter 4. 
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However, at this time, automating the manufacturing of integral
horsepower and larger fractional-horsepower SR motors is proving 
difficult, and it is uncertain whether the hoped-for price reductions 
will materialize (Albers 1998; Wallace 1998). 

Currently, SR motors and their associated controls, starter, and 
enclosure cost about 50% more than comparably sized and 
equipped induction motors with variable-speed controls (Albers 
1998; Wallace 1998)-or about a $2,000 premium for a 20 hp installa
tion in 1998. 

Written-Pole Motors 
The written-pole (WP) motor is a single-phase AC motor that 

acts like an induction motor during start-up, then like a synchro
nous motor on reaching full operating speed. Much like a computer 
hard drive, which records data onto a disk, the WP "writes" the 
number of poles and their locations electronically onto the rotor. 
This allows the WP motor to obtain higher energy efficiency and a 
lower start-up inrush current. The lower inrush inherent in the WP 
design may extend the expected life of the motor by reducing the in
rush stresses (Nadel et al. 1998). 

Single-phase motors have historically not been available in sizes 
over 16 hp because of the high inrush currents (six to seven times 
the nominal operating current) they create (EPRI 1994). Single
phase WP motors are now available in 15, 20, 40, and 60 hp sizes. 
The WP motor could potentially replace 4% of the integral-horse
power general purpose motors in service (Bannerjee 1998; OIT 
1998). The WP's main advantage is not so much energy efficiency 
but rather that it allows a higher-horsepower single-phase motor to 
be used in applications for which only three-phase motors were 
available in the past. The motor also offers some power-outage ride
through capability that is of use in some industrial applications. 

WP motors were originally intended to replace three-phase mo
tors that use phase converters so the motors can operate on single
phase power systems, particularly in rural applications such as dry
ing fans, conveyors, and irrigation pumps. In these cases, efficiency 
was not considered to be a significant issue. 

WP motors are appropriate for new and OEM installations be
cause they come as motor-controller packages. WP motors are now 
being used for irrigation pumps, conveyor motors, water pumps, 
food-processing air dryers, and process stirring. At this time, only 
one manufacturer, Precise Power Company of Bradenton, Florida, 
produces WP motors (Bannerjee 1998). WP motor research and 
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application in the United States are limited to the 15-100 hp size 
range. WP motors have been used in less than 100 commercial in
stallations to date (Morash 1998), but the potential U.S. residential, 
commercial, and industrial general purpose motor market that WP 
motors could replace annually is estimated to be about $140 million 
(EPRI 1994). 

The WP motor is not complicated to manufacture, but costs are 
still high because of lack of production volume (Precise Power 
1998). The installed cost of a 20 hp WP motor and controller pack
age is about 60% higher than for a conventional induction motor 
with controller (Morash 1998), although the WP motor is more of a 
niche product and not completely comparable. Once the WP motor 
reaches full production levels, the cost premium is expected to drop 
by 50% (Nadel et al. 1998). In 1998, the WP cost $6,500 for a 20 hp 
unit with controller, starter, and enclosure package. The comparable 
induction motor and controller package cost $4,000. 

The WP motor product line has relatively flat efficiency curves 
with maximum efficiencies of 92% for 40 hp and below, and 93-94% 
for units of 60 hp or more, at load levels as low as 70% (Precise 
Power 1998). 

The primary barriers facing WP motor technology are its limited 
market niche, high initial cost, and lack of product understanding 
by the motor-buying public. Utilities, Electric Power Research Insti
tute (EPRI), Precise Power Company, and OEMs are working to 
identify more opportunities to place the WP motor into finished 
goods. Demonstrations and educational programs are needed in the 
near term to raise awareness of the ways in which WP technology 
can deliver superior performance in certain kinds of applications 
(Nadel et al. 1998). 

Characteristics of Commercially Available 
Motors 

We have now discussed the principal types of commercially 
available motors. Their major characteristics are summarized in 
Table 2-2. Other types of motors exist in various stages of commer
cialization (for an overview, see E Source 1999). In the next section 
we will focus on the elements of, and trends in, motor efficiency. 

Motor Efficiency 
Motor efficiency has a slightly different definition than most 

other efficiency measurements because motor ratings are based on 
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Table 2-2 

Classification of Common Motor Types, with Their General 
Applications and Special Characteristics 

AC Three-phase (general purpose, >0.5 hp, low 

Squirrel-Cage 
cost, high reliability) 

Single-phase (low [typically <5] hp range, 
Induction high reliability) 

(special purpose for torque and starting 
Wound-Rotor current regulation, typically >20 hp, greater 

maintenance required than for squirrel-cage) 

(high efficiency and reliability, very large 
Wound-Rotor sizes, greater maintenance requirement than 

for squirrel-cage) 

Synchronous Standard (small motors, reliability, 

Reluctance 
synchronous speed) 

Switched (rugged, high efficiency, good 
speed control, high cost) 

Brushless (high efficiency, high-performance Permanent-
Magnet applications, high reliability) 

(limited 
Series (traction and high-torque applications) 

reliability, Shunt (good speed control) 
DC Wound-Rotor relatively high Compound (high torque with good speed maintenance 

requirements) control) 

Separated (high-performance drives 
[ g ]) e .. , servos 

Note: Brushless permanent-magnet motors overlap between AC and DC types. 

output rather than input. Efficiency, 11, is expressed as: 

or 

output 
11 = input 

dW 
11 = dW + 1 

where dW is the energy output of the motor and 1 is the sum of the 
losses. This variation on the normal efficiency calculation is often not 
recognized and has led to confusion and calculation errors. The 
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focus on motor losses stems from the approach used to design effi
ciency in a motor. We first discuss the sources of these losses and 
how motor efficiency is measured. We then turn to how design 
tradeoffs affect efficiency, concluding with a discussion of efficiency 
labeling and standards. 

Motor Losses 
There are four basic kinds of loss mechanisms in a motor: electri

cal; magnetic (core); mechanical (windage and friction); and stray. The 
relative contributions of these losses vary with motor load and are de
picted in Figure 2-19. 

Whenever current flows through a conductor, power is dissipated. 
These electrical losses are a function of the square of the current times 
the resistance, and thus are termed PR losses, where I is the symbol 
for current and R is the symbol for resistance. In a motor, PR losses 
occur in the stator and rotor. Because they rise with the square of the 
current, such losses increase rapidly with the motor's load. By using 
more, and sometimes better, lower-resistance materials (switching 
from aluminum to copper, for instance), manufacturers have reduced 
the PR losses in efficient motors. 

Magnetic losses occur in the steel laminations of the stator and 
rotor and are due to eddy currents and hysteresis (see Appendix C). 

Figure 2-19 

Variation of Losses with Load for a 10 hp Motor 
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Figure 2-20 

An Efficient Induction Motor Cutaway View Showing Important 
Features and Construction 

External fan (windage) Stator windings (J2R) Stator laminations 
(hysteresis and eddy current) 

Armature conductors 
(beneath surface) (/2R) 

Armature fan 
(windage) 

Ball bearings 
(friction) 

Note: Labeling indicates the major components that contribute to motor losses and (in parentheses) 
the type of loss that takes place. Armature is another name for rotor. Windage losses can be re
duced through improved fan design. Hysteresis and eddy current (magnetic losses) can be reduced 
through the use of larger cross-sections, thinner laminations, and special steel alloys. /'R losses can 
be reduced through the use of conductors with larger cross-sections (e.g., bigger wire). 

Source: Reprinted with permission from Reliance Electric 

Use of larger cross-sections of iron in the stator and rotor, thinner 
laminations, and improved magnetic materials can decrease the mag
netic losses. Figure 2-19 illustrates that magnetic losses in a given 
motor decrease slightly as the load increases. 

Mechanical losses occur in the form of bearing friction and 
"windage" created by the fans that cool the motor. Windage losses can 
be decreased through improved fan design. Mechanical losses are rela
tively small in open, low-speed motors but may be substantial in large 
high-speed motors or TEFC motors. 

Stray losses are miscellaneous losses resulting from leakage flux, 
nonuniform current distribution, mechanical imperfections in the air 
gap, and irregularities in the air gap flux density. They typically repre
sent 10-15% of the total losses and increase with the load. Stray losses 
can also be decreased by optimal design and careful manufacturing. 

Figure 2-20 shows a cutaway of an efficient motor with the areas 
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of efficiency improvement and types of loss minimized by each mea
sure. In the integral-horsepower sizes, premium motors are 1-3 per
centage points more efficient than required by EPAct standards, with 
the low end of this range applied to large models. In fractional
horsepower, single-phase models, the spread between standard- and 
high-efficiency units can be greater than 10 points. 

Measuring Motor Efficiency 
Different standards for testing motors have been developed by 

various organizations in several countries. Because of these differ
ences, the test results for a given motor may vary depending on the 
procedure that is carried out. Users need to be aware of these differ
ences so that they will compare motors as much as possible on the 
basis of uniform test methods. The principal testing methods are 
briefly described below, with comments on the relative efficiency rat
ing produced by each procedure. 

As mentioned at the outset of this chapter, motor efficiency is the 
ratio of the mechanical output and the electrical input. Although the de
finition is simple, there are difficulties associated with its accurate mea
surement. In the United States, the basic motor test measure is Institute 
of Electrical and Electronics Engineers (IEEE) Standard 112-1996, enti
tled "Standard Test Procedure for Polyphase Induction Motors and 
Generators," which 
comprise of five test-
ing methods. IEEE _Ta_b_l_e_2_-_3 ___________ _ 

Standard 112, Method Comparison of the Efficiencies of Typical 
B, is the most accurate, 
but also the most time
consuming and expen
sive (IEEE 1996). Using 
the basic definition of 

Motors,Tested According to Different 
Standards 

Standard Full-Load Efficiency (%) 

7.5 hp 20 hp 

motor efficiency, it di- CSA C-390-93 80.3 86.9 
rectly measures the 
mechanical output and IEEE 112, Method B 80.3 86.9 

----------------------------------
electrical input to de- IEC-34.2 82.3 89.4 
termine the efficiency. ------------------------
This standard is now JEC-37 85.0 90.4 

substantially harmo
nized with Canadian 
Standards Association 
(CSA) Standard C-390-
93 (CSA 1993). Both 
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the IEEE and CSA standards ac
count for stray losses by mea
suring them indirectly. 

Other standards used in the 
international market provide a 
less accurate estimate of motor 
efficiency. International Elec
trotechnical Commission (1EC) 
Standard 34.2, used in Europe 
and some other parts of the 
world, allows for a tolerance in 
the efficiency and does not cal
culate the stray losses, assum
ing they are fixed at 0.5% of the 
full-load power (Control Engi
neering 1998). Japanese Elec
trotechnical Commission (JEC) 
Standard 37 ignores stray losses 
altogether, giving even less 
credible results (Control Engi
neering 1998). 
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Table 2-4 

Proposed Default Values for 
Stray Losses Being Considered 
bylEC 

Motor Size 
(hp) 

1.3 
1.5 
2 
3 
5 

7.5 
10 
15 
20 
25 
30 
40 
50 
60 
75 
100 
125 
150 
200 
250 
268 

(kW) 

0.7 
1 

1.1 
1.5 
2.2 
3.7 
5.6 
7.5 
11.2 
15 
19 
22 
30 
37 
45 
56 
75 
93 

112 
149 
187 
200 

Assumed Stray Losses 
(percentage 01 lull-load 

input power) 

CurrentlEC Proposed IEC 

0.50 
0.50 
0.50 
0.50 
0.50 
0.50 
0.50 
0.50 
0.50 
0.50 
0.50 
0.50 
0.50 
0.50 
0.50 
0.50 
0.50 
0.50 
0.50 
0.50 
0.50 
0.50 

3.00 
3.00 
2.99 
2.99 
2.98 
2.97 
2.96 
2.94 
2.92 
2.89 
2.86 
2.84 
2.78 
2.72 
2.66 
2.58 
2.44 
2.30 
2.16 
1.88 
1.60 
1.50 

As can be seen in Table 2-3, 
the efficiency of motors tested 
according to the different stan
dards varies significantly. The 
assumptions of IEC-34.2 and 
JEC-37 are especially optimistic 
in small- and medium-horse
power motors. Considering 
that stray losses represent typi
cally 10-15% of the motor Source: de Almeida 1999 

losses at full load, in a model 
whose efficiency is 85%, stray losses represent 1.5-2.25% of the full
load power, not the 0.5% as assumed by the IEC, or 0% as assumed by 
the JEe. 

Groups in the IEC have recognized this problem and are currently 
considering the adoption of a new test procedure. One proposal under 
consideration would allow a manufacturer to measure the losses di
rectly, which is essentially identical to IEEE/CSA methodology, or to 
use a default value for the stray load losses. These proposed values (see 
Table 2-4) represent a near-worst-case scenario. Most manufacturers 
would therefore benefit from direct measurement of these losses. It is 
unclear when revisions are likely to be implemented (de Almeida 1999). 
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Table 2-5 

Approximate Estimation of Comparable Efficiency Levels Using 
JEC, IEC, and IEEE Test Methods 

Motor Size Motor Efficiency (%) 

hp kW IEEE 112-8 IEC· JECb 

1 0.7 76.8 78.8 79.6 
2 1.5 81.1 83.1 83.8 
3 2.2 81.4 83.4 84.1 
5 3.7 83.9 85.9 86.5 

7.5 5.6 84.8 86.8 87.3 
10 7.5 85.6 87.6 88.1 
15 11.2 87.4 89.4 89.9 
20 15 88.3 90.3 90.7 
25 19 88.9 90.4 90.8 
30 22 89.8 91.3 91.7 
40 30 90.4 91.9 92.3 
50 37 91.0 92.0 92.4 
60 45 91.5 92.5 92.8 
75 56 92.0 93.0 93.3 
100 75 92.0 93.0 93.3 
125 93 92.2 92.7 93.0 
150 112 92.8 93.3 93.6 
200 149 93.8 94.3 94.6 

Note: Estimates of lEG and JEG values are calculated for the specified IEEE 112 levels. These cal
culated values are subject to a substantial band of uncertainty as the relation between JEG, lEG, and 
IEEE 112-B efficiency varies with motor design and the calculations shown here are based on very 
limited comparative data. 
, Adjusted for differences between lEG and IEEE 112-B test procedures based on limited compara
tive test data. 

b Based on the following formula: JEG = (1.05 x lEG effic.)/(1 + 0.05 x lEG effic.). 

Source: ERM 1999 

It would be convenient to convert the efficiency measure deter
mined using one test procedure into values for the other test proce
dures without actually retesting the motor. Unfortunately, as noted 
above, the percentage of stray losses for any given motor varies with 
design and material selection so an exact equivalence in not achiev
able. If some simplifying assumptions are made, a rough estimate of 
comparisons for 1 to 200 hp motors can be developed (see Table 2-5). 

Designing Motor Efficiency 
The efficiency of a motor is determined by a series of design deci

sions. Efficiency is not the sole design parameter, and thus the design 
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process involves a series of tradeoffs among the various parameters. 
The designer uses three broad strategies to achieve an efficient motor. 
First, extra time can be invested in the design of the motor. Although 
this approach is challenging, it usually involves only a modest unit 
cost. Second, the motor can be built to tighter tolerances. This ap
proach requires additional capital investment in manufacturing, offers 
benefits in reducing variation between individual motors, and usually 
produces only modest incremental increases in unit costs. Finally, the 
design can make use of higher-quality materials, which can increase 
efficiency but can also significantly increase the unit cost of the motor. 
In actuality, the designer uses a combination of all these approaches to 
reach the price and performance goals for the particular target market. 

Motors that have a range of efficiencies have always been available 
on the market. The average efficiency has fluctuated with market condi
tions, although it did increase from the end of World War II to the mid-
1950s as new materials and technology became available. From the mid-
1950s until the mid-1970s (a period of inexpensive energy), efficiency 

Figure 2-21 

Historical Efficiency of Standard and Energy-Efficient Motors 
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declined as manufacturers built relatively inefficient motors that mini
mized the use of copper, aluminum, and steel (see Figure 2-21). These 
motors were designed with a focus on lower initial costs, unlike their 
predecessors, and used more energy because of their inefficiency (Van 
Son 1994). 

The less efficient and more compact motors were made possible 
by the development of insulation materials that could withstand 
higher temperatures. Inefficiency is manifested in a motor as heat. 
Paper, cotton, enamels, and varnishes used in the 1940s deteriorated 
rapidly above 210°F (99°C), whereas the synthetic insulating materials 
developed since can tolerate operating temperatures up to 390°F 
(199°C). Thus it was possible to design motors that could accommo
date higher losses without damaging the insulation and reducing 
motor lifetime. 

Using less material in the magnetic and electrical circuits led to 
designs that were more compact. The development of improved steel 
with a higher permeability allowed for a further reduction of the 
magnetic circuits. The superior electrical characteristics of the new in
sulation materials allowed windings to be packed tighter in the slots, 
thereby reducing volume requirements even further. A combination 
of these factors resulted in smaller motor frames, as shown in Figure 
2-22. This reduction in size and efficiency occurred mainly in motors 

Figure 2-22 

Relative Diameters of a 7.5 hp, 1,725 rpm Three-Phase Motor 
Reflecting NEMA Standards in RecentYears 
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higher-temperature insulation and is allowed a higher temperature rise than previous motors. 

Source: Lloyd 1969 

48 



CHAPTER TWO 

smaller than 100 hp. In larger motors, the amount of heat that could 
be dissipated determined the motor size while limiting the minimum 
efficiency that could be tolerated. 

By the mid-1970s, electricity prices began escalating rapidly. Con
sequentially, the majority of the large manufacturers introduced a line 
of energy-efficient motors in addition to their standard-efficiency 
models. Energy-efficient motors feature optimized design, more 
generous electrical and magnetic circuits, and a higher quality of ma
terials. As can be seen in Figure 2-21, the average efficiency of energy
efficient motors has risen since their introduction. 

Variations in Motor Efficiency 
The efficiency of different units of the same motor model will 

vary. These variations can be attributed to differences in raw materials 
and multiple random factors in the manufacturing processes, as well 
as to dissimilarities in the results of efficiency testing (see NEMA 1993, 
Section 12.58.2). A 10% difference in the iron core losses, which is 
within the tolerance of magnetic steel manufacture, can by itself pro
duce a 0.3% change in the efficiency of a 10 hp motor. Mechanical vari
ations can also affect efficiency by altering the size of the air gap (a 
10% difference in air gap size is not uncommon), which results in the 
increase in the stray losses. As noted above, precision machining of 
motor parts is more costly, and motor manufacturers settle for a trade
off between precision and cost when purchasing the equipment used 
in the production line. 

The determination of efficiency is further complicated by varia
tions due to uncertainty in test results. Efficiency determination is a 
complex and demanding exercise, and a significant difference can be 
introduced by variations in the technician's practices as well as mea
surement errors. In a study of different motors of the same model, 
losses varied often by 10% and sometimes by as much as 19%, corre
sponding to efficiency reductions of one to two percentage points 
(NEMA 1999). 

Labeling of Motor Efficiency 
In the late 1970s and early 1980s, NEMA established a labeling 

program for the most common types and sizes of motors ranging from 
1 to 125 hp. Under this program, the nominal and minimum efficiency 
ratings for a motor are listed on its nameplate (where nominal effi
ciency is analogous to the average efficiency of a sample of motors of 
the same design and minimum efficiency roughly represents the fifth 
percentile of the sample). Since variations in materials, manufacturing 

49 



ENERGY-EFFICIENT MOTOR SYSTEMS 

processes, and testing result in motor-to-motor efficiency variations, 
NEMA specified a standard procedure for labeling efficiencies. The 
standard assumes that the distribution of efficiencies for a population 

Table 2-6 

Allowable Efficiency Levels for Labeling of NEMA Design A, B, 
and E Motors 

Minimum Efficiency Minimum Efficiency 
Nominal Based on 20% Loss Nominal Based on 20% Loss 

Efficiency Difference Efficiency Difference 
(%) (%) (%) (%) 

99.00 98.80 91.00 89.50 
98.90 98.70 90.20 88.50 
98.80 98.60 89.50 87.50 
98.70 98.50 88.50 86.50 
98.60 98.40 87.50 85.50 

98.50 98.20 86.50 84.00 
98.40 98.00 85.50 82.50 
98.20 97.80 84.00 81.50 
98.00 97.60 82.50 80.00 
97.80 97.40 81.50 78.50 

97.60 97.10 80.00 77.00 
97.40 96.80 78.50 75.50 
97.10 96.50 77.00 74.00 
96.80 96.20 75.50 72.00 
96.50 95.80 74.00 70.00 

96.20 95.40 72.00 68.00 
95.80 95.00 70.00 66.00 
95.40 94.50 68.00 64.00 
95.00 94.10 66.00 62.00 
94.50 93.60 64.00 59.50 

94.10 93.00 62.00 57.50 
93.60 92.40 59.50 55.00 
93.00 91.70 57.50 52.50 
92.40 91.00 55.00 50.50 
91.70 90.20 52.50 48.00 

50.50 46.00 

Note: The nominal efficiency listed is the lowest value for each range; the minimum efficiency corre· 
sponds to 20% higher losses than the nominal values. The actual average motor full-load efficiency 
is used to determine the NEMA efficiency number. For example. a motor with a full-load average effi-
ciency of 93.5% would have nameplate efficiency of 93.0%. 

Source: NEMA 1999. Table 12.9 
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of a given motor is normal. The motor should be labeled with a value 
from a table of allowable values that is less than or equal to the nomi
nal value of the sample population (NEMA 1999). When NEMA first 
adopted these numerical ratings, there were 22 values for rounding. 
NEMA subsequently redefined the list to 43 preset ranges, later ex
panding it slightly to 51 (see Table 2-6). 

The strength of the labeling program is that it embodies the nat
ural variation in individual motors and provides a standard measure 
of motor performance that makes comparison between different man
ufacturers' products easy. The weakness of the program has been that 
there has been no certification of the manufacturers' reported effi
ciency values. The EPAct motor law addresses this problem by estab
lishing an efficiency certification process and requiring that all motors 
be labeled with the certified value (see Appendix B for further details). 

As can be seen in Figure 2-23, there is significant overlap in the dis
tribution between adjacent nameplate efficiency values, so two name
plate steps are required for there to be a statistically significant difference 

Figure 2-23 

Bell-Shaped Probability Curve Showing the General 
Population Distribution of Three Nameplate Motor Efficiency 
Values (90.2%, 91%, and 91.7%) 
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in efficiency. The average is considered the nominal efficiency of the 
motor and is used to predict the power requirements for a given installa
tion. The minimum efficiency represents a near-worst-case combination 
of raw materials and manufacturing tolerances. However, 5% of the mo
tors in a population may, depending on the manufacturer, have efficien
cies lower than the minimum (NEMA 1999). 

The NEMA labeling method currently defines the minimum full
load efficiency of a motor as that level corresponding to 20% higher 
losses than the listed nominal value. Some experts have voiced con
cerns that this definition allows for a sizable discrepancy between the 
efficiency that motor purchasers think they are getting and what they 
may actually receive. These experts have called on NEMA to tighten 
the range so that the minimum efficiency of a motor will correspond 
to losses 10% (instead of 20%) higher than the nominal efficiency. 
However, the NEMA committee has shown no interest in changing 
this aspect of MG l. 

In earlier versions of NEMA MG 1-1989 (NEMA 1989), a letter on 
the nameplate designated the efficiency level of the motor. Although 
this convention is no longer used, many motors in the operating in
ventory still bear these designations. Table 2-7 lists the nominal and 
minimum efficiencies for the index letters. 

For meaningful comparisons to be made, it is essential that manu
facturers measure efficiency in accordance with IEEE Standard 112, 

Table 2-7 

Correspondence of NEMA Motor Nameplate Index Letters and 
NEMA Nominal and Minimum-Efficiency Levels 

Index Efficiency (%) Index Efficiency (%) 
Letter Nominal Minimum Letter Nominal Minimum 

A >95.0 M 78.5 75.5 
8 95.0 94.1 N 75.5 72.0 
C 94.1 93.0 P 72.0 68.0 
D 93.0 91.7 R 68.0 64.0 
E 91.7 90.2 S 64.0 59.5 
F 90.2 88.5 T 59.5 55.0 
G 88.5 86.5 U 55.0 50.5 
H 86.5 84.0 V 50.5 46.0 
K 84.0 81.5 W 46.0 
L 81.5 78.5 

Source: NEMA 1989. Table 12.53 
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Method B, preferably with the additional restrictions imposed by 
NEMA Standard MG 1-1998, Section 12.53 (a) and (b) (NEMA 1999) or 
CSA Standard C-390-93 (CSA 1993). Because of the range in efficien
cies of the NEMA labeling system, it is better to obtain the actual aver
age or minimum efficiencies for the motor model under consideration, 
and to determine whether that minimum is guaranteed. The source of 
this information can be either a motor catalog or the manufacturer. 

Depending on one's perspective, it may make more sense to use 
either nominal or minimum efficiencies for analysis. For example, if 
numerous motors are being considered for the same application, the 
nominal values will give a good indication of what the overall energy 
usage and savings will be. On the other hand, if the application of a 
single motor is being analyzed, and it is important for the usage to be 
no greater than a particular value, then it would make more sense to 
use the minimum efficiency. 

Energy-Efficient Motors 
The terms used to describe the efficiency of motors have caused 

significant confusion in the motor marketplace. High-efficiency, energy
efficient, and premium-efficiency are commonly used by manufacturers 
to label motors. Only energy-efficient motors have an established defi
nition, which was instituted by NEMA and is used in EPAct. 

In 1989, NEMA first developed and adopted energy-efficient per
formance values in its Standard MG 1-1989 (NEMA 1989). These val
ues were relatively weak. In 1991, NEMA adopted a more stringent 
complementary set of values labeled "suggested standard for future 
design" to help guide development of new high-efficiency products. 
In 1992, Congress used these latter values as the basis for EPAct, 
which established minimum-efficiency levels for all new general pur
pose electric motors manufactured or imported after October 1997 and 
required the labeling of motors with a certified efficiency value (U.S. 
Congress 1992). The law covers three-phase; general purpose; two-, 
four-, and six-pole Design A and B motors from 1 to 200 hp. These val
ues were subsequently incorporated by NEMA into Table 12-10 of 
Standard MG 1-1993 (see Table 2-9) (NEMA 1993). 

The term general purpose is somewhat vague from a regulatory per
spective. The U.S. Department of Energy, as part of the final EPAct im
plementation rule (Federal Register 1999), has interpreted general pur
pose to mean any motor that can be used to replace another motOl~ in a 
broad range of common applications. The rule identified mechanical 
and electrical modifications that determine whether a motor is consid
ered "covered product" or "covered equipment" (see Appendix B for a 
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more detailed discussion of the EPAct rule and what products are cov
ered by the law). With the implementation of the EPAct minimum-effi
ciency levels in October 1997, manufacturers' product offerings changed 
radically. A significant volume of new, qualifying products became 
available and will continue to be introduced over the next few years as 
new designs and toolings defuse to products not covered by EPAct. 

Most motor manufacturers only have product meeting EPAct 
available in all motor sizes and enclosures. Table 2-8 shows current 
data on the most efficient three-phase motors available by manufac
turer, size, and enclosure. This table reflects general trends, but motor
specific data are preferable when making selection decisions. As men
tioned earlier, the best source of motor-specific data is the 
MotorMaster+® database (WSU 1999). 

The range of efficiencies is greatest in the smaller motors, particu
larly 1,800 rpm TEFC motors. These 1,800 rpm motors have the highest 
sales volume. It is anticipated that the market share for premium-effi
ciency motors will continue to grow and that the average efficiencies of 
all motors will increase as newer designs are phased in across product 
lines and competition encourages further design optimization. 

In addition, most manufacturers currently offer motors that signif
icantly exceed the EPAct minimum-efficiency levels. A new set of effi
ciency levels for this class of motors (see Table 2-9) has been devel
oped under the leadership of the Consortium for Energy Efficiency, a 
nonprofit coalition of utilities, public interest groups, and government 
(CEE 1996). Several utilities are now adopting these premium-effi
ciency levels for their incentive programs. 

In late 2000, in response to the CEE premium-efficiency specifica
tion and the initiation of the development of an ENERGY STAR label by 
the U.S. Environmental Protection Agency (EPA), NEMA's Motor 
Generator Committee developed a NEMA Premium™ specification for 
motors (NEMA 2000). The NEMA program scope is significantly 
broader than the EPAct and CEE specifications, which apply only to 
motors that are general purpose; single-speed; polyphase; from 1 to 
200 hp; two-, four-, and six-pole; open and enclosed squirrel-cage in
duction motors; NEMA Design A or B; continuous rated; and rated for 
operation at 230 and/or 460 V. The NEMA definition extends to all 
low-voltage motors rated for operation at or below 600 V and covers 
special and definite purpose motors in addition to general purpose 
motors. The size range covered is also extended up to 500 hp. The 
NEMA definition also includes medium-voltage products, rated at or 
below 5,000 V. 

The nominal energy-efficiency levels that motors must meet or ex
ceed to be labeled as NEMA Premium™ are presented in Table 2-10 for 
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low-voltage motors and Table 2-11 for medium-voltage motors. For 1 
to 200 hp motors that are covered under both EPAct and the CEE pre-
mium specification, the four-pole motor levels are identical to the CEE 
levels. For the six-pole product, the NEMA levels are two efficiency 

Table 2-8 

Nominal Full-load Efficiencies for the Most Efficient Three-
Phase, 1,800 rpm, NEMA Design B, General Purpose Induction 
Motors Available: 1999 

Open Drip-Proof 
Horsepower 

Manufacturer 1 2 3 5 7.5 10 25 50 75 100 200 

Baldor 85.5 86.5 89.5 89.5 91.0 91.0 94.1 94.5 95.0 95.4 95.8 
Dayton 85.5 86.5 90.2 89.5 91.7 91.7 94.1 94.5 NA 95.4 NA 
GE NA NA 86.5 88.5 91.0 91.0 93.6 94.5 94.5 95.4 95.8 
Lincoln 85.5 86.5 89.5 89.5 91.0 91.0 94.1 94.5 95.0 95.4 96.2 
MagnaTek NA NA 89.5 89.5 91.7 91:7 93.6 94.5 94.1 95.4 95.4 
Marathon 84.0 85.5 89.5 89.5 91.0 91.0 91.7 93.0 94.5 95.0 95.8 
Reliance 87.4 88.8 89.3 89.3 89.5 91.3 93.0 93.6 95.0 95.4 95.8 
Siemens 85.5 85.5 87.5 88.5 90.2 90.2 93.0 93.6 94.5 94.1 95.0 
Teco/Westinghouse 84.0 86.5 87.5 88.5 91.0 91.0 93.6 94.5 95.0 94.5 95.0 
Toshiba 84.0 86.5 89.5 89.5 91.7 91.7 94.1 94.5 95.0 95.4 96.2 
U.S. Motors 85.5 86.5 90.2 89.5 91.7 91.7 93.6 95.0 95.4 95.4 96.2 
WEG 82.5 84.0 86.5 87.5 88.5 89.5 91.7 93.0 94.1 94.1 95.0 
Average Premium 86.2 87.3 89.7 89.5 88.9 91.7 94.0 94.5 95.0 95.4 96.0 

Totally Enclosed Fan-Cooled 
Horsepower 

Manufacturer 1 2 3 5 7.5 10 25 50 75 100 200 

Baldor 85.5 86.5 89.5 90.2 89.5 89.5 93.6 94.1 95.4 95.4 96.2 
Dayton 86.5 84.0 87.5 90.2 90.1 91.0 93.6 94.5 94.1 94.5 95.0 
GE NA NA 89.5 89.5 91.0 91.7 93.6 94.1 94.5 95.0 95.8 
Lincoln 85.5 85.5 89.5 89.5 90.1 91.0 94.1 95.0 95.0 95.8 96.5 
Marathon 82.5 85.5 87.5 90.2 91.7 91.7 93.6 94.1 94.5 95.8 95.4 
MagnaTek 84.5 86.5 88.5 89.5 91.0 91.0 93.0 94.1 95.4 95.4 95.8 
Reliance NA 88.8 90.3 88.5 90.2 90.2 93.6 94.5 95.0 95.4 96.2 
Siemens 84.0 86.5 89.5 89.5 89.5 89.5 93.0 93.6 94.1 94.5 95.8 
Teco/Westinghouse 86.5 86.5 89.5 89.5 91.7 91.7 93.6 94.5 95.4 95.4 96.2 
Toshiba 85.5 86.5 89.5 89.5 91.0 91.0 93.6 94.1 95.4 95.4 96.2 
U.S. Motors 86.5 86.5 89.5 90.2 91.7 91.7 93.6 94.1 95.4 95.4 96.2 
WEG 85.5 86.5 89.5 89.5 91.7 92.4 93.0 94.5 94.5 95.0 96.2 
Average Premium 85.9 86.9 89.5 89.7 91.7 91.7 93.7 94.5 95.4 95.5 96.2 

Note: These motors represent the most efficient 1 ,800 rpm NEMA Design B general purpose motors 
that can be operated at 460 V, as listed in the October 1999 release of the MotorMaster+" database. 
These manufacturers' offerings are subject to change. These data are provided to reflect general 
trends in product offerings. Motors meeting or exceeding the CEE premium-efficiency definition are 
set in boldface type. 
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Table 2-9 

Minimum Full-Load Efficiencies for NEMA Energy-Efficient and 
CEE Premium-Efficiency Open and Enclosed Motors 

Efficiency levels for ODP Motors 

1,200 rpm 1,800 rpm 3,600 rpm 

EPAct CEE EPAct CEE EPAct CEE 
Energy- Premium- Energy- Premium- Energy- Premium-
EHlclent EHlclency EHlclent EHlclency Efficient EHlclency 

Horsepower (%) (%J (%J (%J (%J (%J 

1 80 82.5 82.5 85.5 N/A 80 
1.5 84 86.5 84 86.5 82.5 85.5 
2 85.5 87.5 84 86.5 84 86.5 
3 86.5 89.5 86.5 89.5 84 86.5 
5 87.5 89.5 87.5 89.5 85.5 89.5 

7.5 88.5 91.7 88.5 91 87.5 89.5 
10 90.2 91.7 89.5 91.7 88.5 90.2 
15 90.2 92.4 91 93 89.5 91 
20 91 92.4 91 93 90.2 92.4 
25 91.7 93 91.7 93.6 91 93 
30 92.4 93.6 92.4 94.1 91 93 
40 93 94.1 93 94.1 91.7 93.6 
50 93 94.1 93 94.5 92.4 93.6 
60 93.6 95 93.6 95 93 94.1 
75 93.6 95 94.1 95 93 94.5 
100 94.1 95 94.1 95.4 93 94.5 
125 94.1 95.4 94.5 95.4 93.6 95 
150 94.5 95.8 95 95.8 93.6 95.4 
200 94.5 95.4 95 95.8 94.5 95.4 

Efficiency levels for lEFC Motors 

1,200 rpm 1,800 rpm 3,600 rpm 

EPAct CEE EPAct CEE EPAct CEE 
Energy- Premium- Energy- Premium- Energy- Premium-
EHlclent EHlclency EHlclent EHiclency EHiclent EHlclency 

Horsepower (%J (%J (%J (%J (%J (%J 

1 80 82.5 82.5 85.5 75.5 78.5 
1.5 85.5 87.5 84 86.5 82.5 85.5 
2 86.5 88.5 84 86.5 84 86.5 
3 87.5 89.5 87.5 89.5 85.5 88.5 
5 87.5 89.5 87.5 89.5 87.5 89.5 

7.5 89.5 91.7 89.5 91.7 88.5 91 
10 89.5 91.7 89.5 91.7 89.5 91.7 
15 90.2 92.4 91 92.4 90.2 91.7 
20 90.2 92.4 91 93 90.2 92.4 
25 91.7 93 92.4 93.6 91 93 
30 91.7 93.6 92.4 93.6 91 93 
40 93 94.1 93 94.1 91.7 93.6 
50 93 94.1 93 94.5 92.4 94.1 
60 93.6 94.5 93.6 95 93 94.1 
75 93.6 95 94.1 95.4 93 94.5 
100 94.1 95.4 94.5 95.4 93.6 95 
125 94.1 95.4 94.5 95.4 94.5 95.4 
150 95 95.8 95 95.8 94.5 95.4 
200 95 95.8 95 96.2 95 95.8 

Note: Reported levels are nominal efficiencies, representing the median efficiency of a population of 
motors of a given design as determined by IEEE Method 112-8. 

Sources: CEE 1996; NEMA 1999, MG 1, Section 12-10 
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bands above EPAct, which is slightly lower for some sizes and enclo
sures than the eEE levels. For the two-pole product, efficiency is one 
efficiency band above EPAct. This level is significantly lower than the 
eEE levels, which are at least two bands above EPAct. NEMA chose 
this level, rather than the higher eEE levels, so that IEEE 841 motors 

Table 2-10 

Nominal Efficiencies for NEMA Premium™ Induction Motors 
(Low Voltage, Rated 600 V or Less, Random Wound) 

Open Drip-Proof Totally Enclosed Fan-Cooled 

Horsepower 6-pole 4-pole 2-pole 6-pole 4-pole 2-pole 

1 82.5 85.5 778 82.5 85.5 77 
1.5 86.5 86.5 84 87.5 86.5 84 
2 87.5 86.5 85.5 88.5 86.5 85.5 
3 88.5 89.5 85.5 89.5 89.5 86.5 
5 89.5 89.5 86.5 89.5 89.5 88.5 

7.5 90.2 91 88.5 91 91.7 89.5 
10 91.7 91.7 89.5 91 91.7 90.2 
15 91.7 93 90.2 91.7 92.4 91 
20 92.4 93 91 91.7 93 91 
25 93 93.6 91.7 93 93.6 91.7 

30 93.6 94.1 91.7 93 93.6 91.7 
40 94.1 94.1 92.4 94.1 94.1 92.4 
50 94.1 94.5 93 94.1 94.5 93 
60 94.5 95 93.6 94.5 95 93.6 
75 94.5 95 93.6 94.5 95.4 93.6 

100 95 95.4 93.6 95 95.4 94.1 
125 95 95.4 94.1 95 95.4 95 
150 95.4 95.8 94.1 95.8 95.8 95 
200 95.4 95.8 95 95.8 96.2 95.4 
250 95.4 95.8 95 95.8 96.2 95.8 

300 95.4 95.8 95.4 95.8 96.2 95.8 
350 95.4 95.8 95.4 95.8 96.2 95.8 
400 95.8 95.8 95.8 95.8 96.2 95.8 
450 96.2 96.2 95.8 95.8 96.2 95.8 
500 96.2 96.2 95.8 95.8 96.2 95.8 

a The value of 77 for the 2-pole ODP 1 hp motor is based on the Natural Resources Canada 
(NRCAN) requirement of 75.5% for an energy-efficient motor since NEMA MG 1 and EPAct do not 
contain any value for this rating. 

Source: NEMA 2000 
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Table 2-11 

Nominal Efficiencies for NEMA Premium™ Induction Motors 
(Medium Voltage, Rated 5,000 V or Less, Form Wound) 

Open Drip-Proof Totally Enclosed Fan-Cooled 

hp 6-pole 4-pole 2-pole 6-pole 4-pole 2-pole 

250 95 95 94.5 95 95 95 
300 95 95 94.5 95 95 95 
350 95 95 94.5 95 95 95 
400 95 95 94.5 95 95 95 
450 95 95 94.5 95 95 95 
500 95 95 94.5 95 95 95 

Source: NEMA 2000 

could be labeled as premium. IEEE 841 motors have a more restrictive 
allowable inrush current than is allowed for NEMA Design B motors. 
This restriction prevents manufacturers from making two-pole IEEE 
841 motors that meet the CEE levels (Kline 2001). 

In December 2000, NEMA and CEE motor committee members 
met and tentatively agreed to adopt these NEMA Premium™ tables as 
the common definition for premium motors. Both organizations rec
ommended to EPA that it also use the NEMA Premium™ as the basis 
for its ENERGY STAR label. At the time of publication, EPA had not 
made a determination on efficiency levels. 

With EPAct, a new standard motor was introduced that just met 
the energy-efficient definition at the lowest possible initial cost. For 
the most part, these motors have used design and precision manufac
turing to achieve these efficiencies, rather than active material. The 
more efficient and higher-quality materials are now being used in 
premium-efficiency motors. 

Other countries are also considering the establishment of standard 
efficiency levels. The development of Canadian standards has paral
leled that of the United States, and the national efficiency levels have 
been harmonized (CSA 1993). The European Union (EU) and Commit
tee of European Manufacturers of Electrical Machines and Power Elec
tronics (CEMEP), the European association of motor manufacturers, 
have developed a motor efficiency classification scheme covering mo
tors in the range of 1.1-75 kW. Table 2-12 presents the two proposed 
higher-efficiency levels. A voluntary agreement associated with the 
classification scheme calls for the motor manufacturers to progres
sively reduce their output of motors not meeting these levels. If 
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Table 2-12 

Proposed European Union-CEMEP Energy Efficiency 
Classification Scheme for Two- and Four-Pole Induction Motors 

Motor Size (kW) 2-pole 

1.1 76.2 
1.5 78.5 
2.2 81.0 
3.0 82.6 
4.0 84.2 
5.5 85.7 
7.5 87.0 

11.0 88.4 
15.0 89.4 
18.5 90.0 
22.0 90.5 
30.0 91.4 
37.0 92.0 
45.0 92.5 
55.0 93.0 
75.0 93.6 

Minimum Nominal Efficiency 
(as determined by Method IEC 34.2) 

(%) 

Class 2 Class 1 

4-pole 2-pole 

76.2 82.2 
78.5 84.1 
81.0 85.6 
82.6 86.7 
84.2 87.6 
85.7 88.5 
87.0 89.5 
88.4 90.6 
89.4 91.3 
90.0 91.8 
90.5 92.2 
91.4 92.9 
92.0 93.3 
92.5 93.7 
93.0 94.0 
93.6 94.6 

Source: European Union-GEMEP 1999 

4-pole 

83.8 
85.0 
86.4 
87.4 
88.3 
89.2 
90.1 
91.0 
91.8 
92.2 
92.6 
93.2 
93.6 
93.9 
94.2 
94.7 

progress is not significant, mandatory minimum-efficiency standards 
may be applied (European Union-CEMEP 1999). Several other coun
tries are also considering standards, including Australia (Standards 
Australia 1999), Brazil (Geller 2000), Thailand (ERM 1999), and China 
(Uu 2000). 

Availability of Different Motor Efficiencies 
Premium-efficiency three-phase induction motors are available 

from most manufacturers in T-frame ODP and TEFC enclosures; in 
speeds of 1,200, 1,800, and 3,600 rpm; and in sizes from 1 to 200 hp. 
Certain manufacturers make a premium-efficiency product as small as 
0.5 hp and as large as 350 hp. Some make a premium-efficiency line 
that runs at 900 rpm. Because a majority of the design and tooling of 
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the premium-efficiency motors can be used in many special and defi
nite purpose motors that are not covered by EPAct, some manufactur
ers offer an efficient product in these classes as well. Single-phase mo
tors also are often available in standard and efficient lines. 

Standard single-phase motors have extremely poor efficiencies. 
For example, 0.25 hp motors from different manufacturers range in ef
ficiencies from 52% to 60%, with power factors of 53% to 62%. Energy
efficient single-phase motors in this size can achieve efficiencies of 
75%. Efficient single-phase motors are currently available through 
most distributors that stock small motors. They are also appearing as 
an option in some packaged equipment, including commercial refrig
eration cases. 

Benefits of Efficient Motors 
The most obvious benefit of an efficient motor, whether it is an 

EPAct or premium product, is energy savings. Even in the largest mo
tors, in which the efficiency improvement between standard- and 
high-efficiency models is small in percentage terms, a minor relative 
improvement can yield substantial energy savings. For example, a 1 % 
improvement for a 500 hp motor operating at 75% load saves 2.8 kW. 
H the motor operates almost continuously, as many large motors do, 
that 1% improvement could yield annual energy savings of nearly 
$1,500 at $.06/kWh. Also, for utilities with a monthly demand charge 
of $6/kW, the demand savings will be $202/yr. In contrast, improving 
the efficiency of ten 1 hp motors by 10% (from 75 to 83%) saves 0.72 
kW, which yields annual energy savings of $380 and demand savings 
of $52. 

Efficient motors not only reduce energy consumption and con
tribute to reduced demand but also save energy in the cables and 
transformers that feed the motor. Most efficient motors have a higher 
power factor than standard-efficiency motors. Efficient motors are also 
likely to last longer because they run at cooler temperatures, resulting 
from 20-40% lower losses. The decrease in operating temperature is 
not as dramatic as one would expect, however, since efficient motors 
have downsized ventilation to decrease the ventilation losses. Manu
facturers no doubt vary in how they make the tradeoff between venti
lation (hence cooler, longer operation) and efficiency. 

Along with temperature effects, the lubrication procedure is an
other critical factor that will affect the lifetime of a motor. Many motor 
failures are caused by bearing failures, the majority of which are in 
tum caused by underlubrication or overlubrication. Lubrication is a 
function of the maintenance practices of each plant, not motor design. 
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Efficient motors often use heavier-duty bearings that are presumably 
more resilient when faced with poor lubrication. Therefore, on the 
basis of cooler operation and better bearings, efficient motors should 
tend to last longer than standard-efficiency motors. How much longer 
is a matter of speculation, however, since limited data are available on 
this issue. 

Because of their lower losses, efficient motors suffer less thermal 
stress than standard motors when they are started and operated at 
small overload intervals. This makes them attractive in some duty cy
cling applications since they can withstand a higher on-off cycle rate. 

Efficient motors may possess a few drawbacks. Efficient motors 
tend to have a lower slip rate, as well as operating speeds that are 
slightly higher than in their standard-efficiency counterparts because 
of their lower losses. When an efficient motor is driving loads where 
the power increases with the cube of the speed (such as in many 
pumps and fans), the higher speed causes the power drawn by the 
motor to rise, and a portion of the savings associated with the efficient 
motor can be lost. This cube law phenomenon and ways to mitigate 
losses from faster rotation are discussed further in Chapter 5. 

The smaller slip of efficient motors causes them to have a lower 
starting torque than standard-efficiency units. Thus, they should not be 
used in certain applications where starting torque is critical. Because 
the actual starting torque of many standard-efficiency NEMA Design A 
and B motors was higher than the minimum specified in MG I, they 
were used in some applications for which a Design C motor was ap
propriate. The Design A and B motors were less expensive and more 
readily available than the Design C. When the motor is replaced with 
an efficient motor, the new model may be overloaded. In those cases, a 
Design C motor should be specified. In addition, some efficient motors 
also have lower power factors than standard-efficiency motors. 

Later in this chapter we discuss the economics of efficient mo
tors, but first we will address another important issue-the repair of 
failed motors. 

Motor Failure 
Motors don't fail because of age or operating hours, but rather 

from a form of stress. Overloading, power supply anomalies, im
proper lubrication, corrosion, or contamination can cause stress. If 
these stresses are minimized, motors can operate for hundreds of 
thousands of hours (Douglass 1999a). The most common motor fail
ures result from either bearing or winding failure. Windings fail when 
their insulation degrades, usually because of some combination of 
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overheating, insulation aging, and overvoltage transients. Overheat
ing can result from overloading the motor, blocked ventilation, or 
voltage imbalance. For example, a common problem for three-phase 
motors is single-phasing, in which one or two of the phases are lost 
because of a distribution malfunction. Minor insulation failure can 
also lead to poor motor performance, shock, and fire hazard. Major in
sulation failure will trip the overcurrent protection devices. 

Many winding failures result from mechanical failures, such as of 
bearings. When the bearing fails, the motor overheats. If a motor prob
lem can be identified through a preventive maintenance program be
fore an electrical failure occurs, significant costs can be avoided 
(Suozzo et al. 2000). 

Motor Repair 
Each year, more motors are repaired than new motors are sold. 

For every new motor bought, approximately 2.5 motors are repaired. 
It is estimated that motors are repaired on the average of every 5-7 
years. Since they are frequently operated for 20-30 years, a motor may 
be repaired three to five times in its serviceable lifetime (Schueler, 
Leistner, and Douglass 1994). 

The terms repair and rewinding are frequently used interchange
ably. They are in fact two separate procedures. A major electrical fail
ure of the motor requires replacement of the stator winding. This 
process, called rewinding, consists of stripping out the old windings 
and replacing them with new wire. When the damage is restricted to 
the bearings, only those parts need to be replaced. In addition, shops 
will recondition functional motors as a preventive maintenance mea
sure. This procedure includes cleaning, inspection, and rebalancing. 
As a result, most shops prefer to call their businesses motor repair or 
motor service providers, rather than rewinders. 

A rewound motor can use the same rotor, stator iron, and case, 
leading to considerable savings in raw materials. Rewinding is very 
common because it is economical in terms of initial cost. Commercial 
or industrial facilities that purchase motors at the trade price (the price 
paid by low-volume customers) rewind most models over 10 hp. 
Larger users that receive a volume discount on motor purchases may 
restrict rewinding to only those larger than 40 hp. It is generally 
cheaper to replace failed standard motors under 10 hp with efficient 
motors rather than to rewind them. 

Users must consider two key economic criteria when deciding on a 
motor rewind. The first is the cost difference between buying a new ef
ficient motor and rewinding (see Tables A-I and A-2 in Appendix A). 
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The second consideration is that the motor might not be as efficient or 
reliable as the user expects when it returns from the repair shop; this 
could result either from some preexisting damage that is not detected 
and therefore not corrected during the repair, or because the repair it
self damages the motor. The possibility of such performance degrada
tion is often overlooked in an effort to minimize initial cost. An effi
ciency loss of only 1% in a large motor can cost $1,500/yr in energy 
bills, yet some rewound motors run several percentage points below 
the nameplate efficiency (Montgomery 1989). 

Either the repair shop or the user typically identifies severely 
damaged motors as such when they fail prematurely after being re
paired. Slightly damaged units that look fine but are running, say, 
1-5% below nameplate efficiency can tally up to thousands of dollars 
in excess losses over the years. For instance, in the course of severe 
bearing failure, the rotor may hit the stator and damage the magnetic 
properties of the iron core. If the bearing is replaced but the magnetic 
damage is ignored, the repaired motor will appear to be as good as 
new, while in actuality it will be sustaining excess operating losses. 
The only way to quantify these losses is to test the motor. Such testing 
is discussed later. First we address the question of how poor rewind 
practices can damage motors. 

Impact of Rewinding on Motor Losses 
In theory, most motors can be restored to their original efficiency 

rating. In practice, however, motor efficiency is often degraded 
through normal rewind practices, making the initial low cost a poten
tially poor investment. An efficient rewind is defined more by what is 
not done than by what is done. Maintaining efficiency consists of at
tention to detail and quality control. Quality repair practices fall into 
two major categories: avoiding practices that degrade efficiency; and 
appropriate testing before and after repair to diagnose possible prob
lems (Schueler, Leistner, and Douglass 1994). 

Research and experience in Canada and by the Electric Appara
tus Service Association (EASA), a North American trade group rep
resenting motor repair shops, have shown a strong relationship 
between maintained efficiency and a robust quality assurance pro
gram. Quality repair practices also deliver a more reliable motor. 
This finding is reasonable since increased losses are manifested as 
increases in motor operating temperatures, which shorten a motor's 
life. As a result of this finding, it has now become an accepted prac
tice to use the terms quality repair and efficient repair interchangeably 
(Schueler, Leistner, and Douglass 1994). 
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Table 2-13 

Empirical Studies of Efficiency Loss during Motor Repair 

Sample Decrease in Full-
Study Size Load Efficiency Comments 

McGovern 27 1.5-2.5% Motors ranged from 3 to 
(1984) 150 hp; wide range of 

motor age and rewind his-
tories (General Electric) 

Colby & Flora 4 0.5-1.0% Standard- and premium-
(1990) efficiency 5-10 hp motors 

(North Carolina) 

Zeller 10 0.5% @ rated load Controlled test; identical 
(1992) 0.7%@load 20 hp premium-efficiency 

motor shops (British 
Columbia) 

Dederer 9 1.1%@rated load Controlled test; identical 
(1991 ) 0.9%@load 20 hp standard-efficiency 

motor shops (Ontario) 

Ontario Hydro 2 2.2% (40 hpj @ rated load Motors rewound four 
(1992) 0.4% (100 hpj @ rated load times each 

Source: WSEO 1994 

No comprehensive studies of the impact of motor repair on effi
ciency are available. A review of the literature has identified five 
empirical studies covering 52 motors, all less than 150 hp (see Table 
2-13). Across these five studies, following repairs, the full-load effi
ciency decreased 0.5-2.5%, with an average of 1%. It is likely that 
the impact of rewinding is somewhat lower for larger motors be
cause they are usually repaired by larger shops that are more likely 
to have quality assurance programs in place (Schueler, Leistner, and 
Douglass 1994). 

The initial repair studies focused on increased core losses (Mc
Govern 1984; Seton, Johnson, and Odell Inc. 1987a). The insulation 
materials used in the past few decades in stator copper windings 
are solvent-resistant and very hard to remove. The conventional ap
proach to softening the windings for removal is to bake the stator 
in an oven. If the stator gets too hot, however, its magnetic proper
ties can be damaged, leading to an increase in core losses. These 
losses are primarily due to damaged insulation between the lami
nations in the core. Very high temperatures can distort the iron and 

64 



CHAPTER TWO 

the air gap, also resulting in increased losses (Schueler, Leistner, 
and Douglass 1994). 

EASA published a study recommending that oven set-points not 
exceed 650'F (343'C) (EASA 1985). This recommendation takes into ac
count that stator core temperatures sometimes reach up to 150'F (66'C) 
higher than the oven set-point, largely because of heat released by the 
combustion of insulation materials. Other analysts, citing EASA's own 
test data and reports from motor manufacturers, suggest that oven set
points should not exceed 500'F (260'C) (Lovins et al. 1989). 

The EASA test results shown in Figure 2-24 indicate a general cor
relation between oven temperature and efficiency degradation. Al
though the sample size is small, the results vary widely among indi
vidual motors, and many motors in the sample inexplicably gained 
efficiency on the second rewind. Even if the EASA recommendations 
are correct, many rewind shops do not follow them. A study per
formed by the Bonneville Power Administration (BPA) on rewind 
practices in the Pacific Northwest found that about half of the motors 
are baked at oven set-point temperatures above 650'F (343'C) and thus 

Figure 2-24 

Test Results from Rewound Standard-Efficiency Motors That 
Were Stripped Using a Burnout Oven 
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Table 2-14 

Major Sources of Decreased Efficiency during Motor 
Repair/Rewind 

Action Losses Affected 

Change in type of bearings Windage and friction 

Change in type or size of fan Windage and friction 

Excessive burnout temperatures (over 650'F) Core 

Core lamination damage during winding removal or repair Core 

Winding with smaller wire Stator J2R 

Change in winding configuration Stator J2R /stray load 

Increased air gap Stator /2R 

Rotor bars cracked or loose Rotor /2R 

Degrade air gap symmetry (reduced rotor diameter, bent shaft) Rotor /2R 

are likely subjected to efficiency-degrading core damage (Seton, John
son, and Odell Inc. 1987a). 

More recent studies (Colby and Flora 1990; Dederer 1991; Ontario 
Hydro 1992; Zeller 1992) have shown that core loss is not the only source 
of efficiency loss. Table 2-14 summarizes the sources of losses reported in 
the 1994 BPA repair study (Schueler, Leistner, and Douglass 1994). 

The Zeller study segregated losses by type. Table 2-15 demon
strates the interaction between the different sources of loss. 

Larger losses result in higher energy bills and reduced motor life
times. For example, consider a 50 hp continuous-duty standard motor 
that has losses increased by 50%,100%,150%, and 200% in the rewind
ing process. Table 2-16 shows the increase in losses as well as the extra 
cost of losses for an electricity price of $.06/kWh. If there is an in
crease of 100% in the motor core losses, the additional annual operat
ing cost will be similar to the rewinding cost. 

The increased losses also raise motor temperature, which de
creases the insulation lifetime. Table 2-16 also shows the correspond
ing temperature increases and associated reduction in insulation life
time when the core losses go up. A large increase in core losses 
dramatically affects the lifetime of the rewound motor. Higher motor 
temperatures also influence the lifetime of the lubricant in the bear
ings: to avoid premature failure, the user can perform more frequent 
regreasing, although this will incur additional costs. Thus, as the 
rewind quality worsens, the motor life shortens. 
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One alternative stripping method widely practiced in Europe 
(Dreisilker 1987; Lovins et al. 1989) applies moderate temperatures up 
to 300'P (ISO "C) to soften the insulation so that it can be safely removed 

Table 2-15 

Effect of Changes in Segregated Losses on Total Losses for Ten 
Repaired Motors 

Motor Core Windage Stray Stator Rotor Total 

A C II C C C C 

C II C C C C 

D C III III C C III 
E C III II C C II 
F C III D C C C 

G II C I I C C 

H C I C C C C 

I III C C III C I 

J D III C D C C 

K II II C C 

Notes: 

III = Relatively large increase after rewinding 

II = Moderate increase after rewinding 

I = Relatively small increase after rewinding 

C = Insignificant change after rewinding 

D = Decrease after rewinding 

Source: Zeller 1992 

Table 2-16 

The Effect of Increased Core Loss on Motor Operating Cost and 
Insulation Life for a 50 hp, 3,600 rpm OOP Motor 

Approximate 
Increase in Annual Decrease 

Core Loss Increase Operating Cost in 
Temp. Insulation 

%of rewind Rise Life 
0/0 watts $ cost 'C % 

50 515 271 28 7 62 
100 1,030 542 55 14 38 
150 1,545 813 83 21 24 
200 2,060 1,084 110 29 14 

Source: Montgomery 1989 
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with mechanical pulling. The low temperatures used in this process are 
much less likely to damage the core. Unfortunately, this technique is 
not well known or widely used in the United States. Its main champion 
in the United States is Dreisilker Electric Motors, Inc., located in Glen 
Ellyn, Illinois. (See Appendix 0 for sources on motor testing and repair 
equipment.) 

Some rewind shops use chemicals to loosen the windings. How
ever, these solvents pose health and environmental problems be
cause of their toxicity and are not able to dissolve modern epoxy
based varnishes. High-pressure water jets can also be used for 
stripping, but the equipment is very costly. 

In addition to the methods used to remove old windings, the 
materials and techniques utilized in reassembling a motor can affect 
its subsequent performance. Most motor rewind shops install mate
rials in the motor equal to or better than those in the original motor. 
For example, most shops use wire with at least a Class F insulation, 
even on motors that were originally equipped with Class B insula
tion. In some cases, however, this attempt to improve the motor can 
backfire and result in a lower operating efficiency. 

For example, data from the BPA study on rewind practices indicate 
that approximately 20% of rewound motors are U-frames, which were 
originally equipped with an older style of wiring containing bulky in
sulation. When modern, thinner, insulation is installed, most rewind 
shops will use more than in the original design. By using the same 
number of turns of thicker wire, motor efficiency will be improved 
since the extra copper will reduce resistance losses. However, if a 
larger number of turns are used, as is common, resistance losses will 
rise and magnetic losses will substantially increase, resulting in de
creased operating efficiency. 

Obtaining a Quality Repair 
What is done before a motor is sent for repair has more to do with 

obtaining a quality repair than what is ultimately done at the shop. 
Three steps can help ensure a quality repair: 

• Evaluate the prospective repair shop 

• Do not pressure the shop for an unrealistic turnaround time 

• Develop and clearly communicate your requirements to the 
provider 

Planning leads to a more favorable outcome, as does having a 
good process for deciding on whether to repair or replace a motor. 
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Evaluate the Prospective Repair Shop 
There are a number of ways to evaluate a repair shop. Since motor 

performance has been linked to the presence of a quality assurance 
program, an ISO-9000 certification is a strong indicator of a quality 
shop. EASA has developed a quality repair certification, EASA-Q, 
which builds on ISO-9000, adding repair-specific elements (EASA 
1998). Advanced Energy (AE), a North Carolina research and educa
tional organization, has implemented a quality assurance program for 
motor repair facilities, the Proven Excellence Verification Program, 
which involves an inspection of the facility's equipment and proce
dures, independent testing of several repaired motors, and an annual 
review of shop performance (AE 2000). These certifications are expen
sive and time-consuming to acquire; therefore, the number and geo
graphic distribution of certified shops is limited. Also, certified shops 
tend to be the biggest shops, which work with large industrial cus
tomers that require their suppliers to be ISO-9000 certified. Most 
motor manufacturers have an evaluation program in place for select
ing shops that provide warranteed repair service. This selection can be 
used to indicate a quality repair shop (CEE 1998). 

Certification is not the only sign of a quality repair shop since 
many smaller shops are unwilling or unable to expend the resources 
to acquire certification. Customers can evaluate a service center them
selves. Washington State University (WSU) has developed a Service 
Center Evaluation Guide (Douglass 1999b) that is available from DOE's 
Industrial Best Practices: Motors program, formerly the Motor Challenge 
program (see Appendix C and the Annotated Bibliography), as well as 
many regional and utility motor programs. The guide provides a 
questionnaire and checklist that can be used on a visit to the shop. Ele
ments of the evaluation include 

• Staff training and morale 

• Presence of facilities and materials for handling the type and size of 
motors that may be repaired 

• Presence and use of 

o Core loss tester or EASA loop test setup 

o Surge comparison tester 

o Voltage-regulated power supply for running at rated voltage 

o Vibration-testing equipment 

• Review of record-keeping practices 

• Method of insulation removal 

• Overall cleanliness of the shop 
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While a low rating on anyone element of the evaluation should 
not disqualify a shop, several questionable items may indicate that it 
is a poor choice (Douglass 1999b). 

Do not Pressure the Shop for an Unrealistic 
Turnaround Time 

The most expedient way to avoid needing fast turnaround is to 
implement a motor systems management plan that will ensure that 
spares are available to replace critical motors while they are being 
repaired. A management system also determines whether a motor 
should be repaired or replaced, describes a motor's repair history, 
and tracks routine maintenance. Assistance in setting up a motor 
systems management plan can be found in the Energy Management 
Guide for Motor-Driven Systems (McCoy and Douglass 1997) and in 
the MotorMaster+® software package (WSU 1999). Some examples of 
the assistance that is available from service centers are managing of 
the motor tracking system, guaranteeing ready spares for the speci
fied motors, and preventive/predictive maintenance services (Dou
glass 1999a). 

Develop and Clearly Communicate Your Requirements 
to the Provider 

When maintenance must be performed on a motor, specifica
tions should be provided that outline the requirements for before 
and <:lfter testing, the varnish application method, record keeping, 
and so on. A model for this system can be found in The Model Repair 
Specifications for Low Voltage Induction Motors (Douglass 1999c). A 
"medical history" of the motor should also be given. This history in
cludes past repairs, results of predictive testing, lubrication and 
other maintenance activities, and operating characteristics such as 
method and frequency of starting and load and power source infor
mation (Douglass 1999b). 

Economics of Energy-Efficient Motors 
The economics of efficient motors must be evaluated separately 

for three distinct situations: (1) installing a premium-efficiency in
stead of an EPAct motor in a new application; (2) installing a new 
efficient motor instead of rewinding a failed motor; and (3) in
stalling a new efficient motor as a retrofit for an existing operational 
motor. 
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Figure 2-25 

Ranges for Full-Load Efficiency vs. Size, and Costs vs. Size 
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Economics of Premium vs. EPAct Motors 
The cost of efficient motors is typically 10-25% higher than for stan

dard motors (Easton Consultants and XENERGY 1999a). This higher price 
is due to increases in the quantity and quality of materials, the cost of de
signing the motor, and the cost of tooling. Figure 2-25 illustrates the effi
ciency and trade price ($/hp) ranges of both EPAct and premium-effi
ciency motors. The market ("trade") price of electric motors can be 
substantially lower than the list price. A medium-size user can obtain a 
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25-50% discount off the list price, and a large user can receive a discount 
as high as 50-70% (Easton Consultants and )(ENERGY 1999a; Seton, John
son, and Odell Inc. 1987b). Some high-volume dealers can sometimes 
provide discounts as high as 60% in bid situations (Easton Consultants 
and XENERGY 1999a; Stout 1990). 

In many new installations, the extra cost of a premium-efficiency 
motor is justified by the energy and demand savings. Consider a 
new application of a 50 hp motor with the following specifications: 

• 6,000 hours of annual use at 75% load 

• Cost of electricity = $.06/kWh 

• Demand charge = $70/kW-yr 

• Efficiency of EPAct motor = 93.9% at 75% load 

• Efficiency of premium-efficiency motor = 94.8% at 75% load 

• Extra list cost of premium-efficiency motor = $470 

• Price is 65% of list 

• Actual extra cost = $305 

The yearly savings afforded by the premium-efficiency motors are 
as follows: 

• Demand savings = 50 hp x (1/0.939 -1/0.948) x 0.75 x 0.746 kW /hp = 
0.283kW 

• Energy savings = 0.283 kW x 6,000 hr/yr = 1,697 kWh 

• Cost savings = $.06/kWh x 1,697 kWh + $70/kW-yr x 0.283 kW = 
$122/year 

• Simple payback period = $305/$122 = 2.5 years 

Economic calculation methods other than simple payback are dis
cussed in Appendix A. 

The payback decreases linearly with the number of operating 
hours. Therefore, for a new application, a premium-efficiency motor 
can be an attractive investment if it has high operating hours and/or it 
is used in areas where the electricity cost is high. 

Figure 2-26 shows payback periods for TEFC motors in new ap
plications. These values draw on Tables A-I and A-2 (see Appendix 
A) for cost and performance data. The values assume an average 
price of about 60% of list price (Easton Consultants and XENERGY 
1999a; Seton, Johnson, and Odell Inc. 1987b), which is the price ac
tually paid by typical commercial and industrial customers. Very 
large customers can often purchase motors at a larger discount. 
There is a significant variation in the economics depending on 
motor size, which is most likely due to the recent implementation 
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Figure 2-26 

Simple Payback Times for New, Premium-Efficiency TEFC 
Motors VS. New EPAct TEFC Motors as a Function of Motor Size 
and Annual Operating Hours 
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Source: WSU 1999 

Figure 2-27 

Simple Payback Times for New, Premium-Efficiency ODP 
Motors VS. New EPAct ODP Motors as a Function of Motor Size 
and Annual Operating Hours 
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of EPAct. For other values of annual operating hours or electricity 
costs, the paybacks can be adjusted linearly. For example, a motor 
operating 3,000 hrs/yr would take twice as long to pay back as one 
operating 6,000 hrs/yr. A similar analysis for ODP motors (Figure 
2-27) shows that the economics is slightly less attractive than for 
TEFC motors for most sizes of motors. 

Life-cycle cost analysis will determine the threshold number of 
annual operating hours at which a premium-efficiency motor be
comes cost-effective. The results of such an analysis are illustrated in 
Figure 2-28. As can be seen, the economics is very size-specific be
cause of the variation in the price differential between EPAct and 

Figure 2-28 

Present-Value Savings from Premium-Efficiency Motors 
Compared with the Marginal Cost of Premium-Efficiency Motors 
Relative to Standard-Efficiency Motors as a Function of Motor 
Size and Annual Operating Hours 
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premium-efficiency motors. Note that in almost all cases premium
efficiency motors are cost-effective in applications in which they op
erate above 2,000 hrs, but some sizes are cost-effective with annual 
operating hours as low as 500 hrs. 

Because no one manufacturer has the most efficient motor in 
every style and size, users should comparison-shop across brands. 
However, manufacturers change their designs from time to time, and 
it is therefore important to obtain current efficiency information on 
the specific motors under consideration. Washington State University, 
with funding from DOE's Industrial Best Practices: Motors program, 
has developed a selection and comparison tool called MotorMaster+®. 
This guide, complied from a database of over 25,000 motors sold in 
the United States, allows the comparison of different motors for par
ticular applications. The database contains information provided by 
manufacturers to WSU on each motor, including full- and part-load 
efficiency, power factor, catalog number, list price, and full-load 
speed. It can also be used to build site-specific motor inventory data
bases that can be used to make future motor decisions (WSU 1999). 

Economics of Efficient Motors VB. Rewinding 
As discussed above, rewinding can reduce the efficiency of a 

motor. In such cases, the energy savings from installing a new, effi
cient, motor rather than rewinding an existing motor can be more at
tractive than nameplate comparisons would suggest. 

Consider an application in which the economics of rewinding a 
motor is compared with the economics of purchasing a new EPAct motor. 
This application uses a 50 hp motor with the following specifications: 

.. 6,000 hours of annual use at 75% load 

II Cost of electricity = $.06/kWh 

.. Demand charge =:: $70/kW-yr 

.. Nominal efficiency of standard motor when new = 90.6% at 
75% load 

.. Increased losses due to rewind = 1 efficiency percentage point 

.. Efficiency of EPAct motor =:: 93.9% at 75% load 

.. Price is 65% of list 

.. Extra cost of new motor = $3,252 (EPAct) x 0.65 - $980 (rewind) =:: 

$1,133 
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Figure 2-29 

Simple Payback Times for New, EPAct TEFC Motors vs. Repairing 
Standard TEFC Motors as a Function of Motor Size and Annual 
Operating Hours 
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Source: WSU 1999 

Figure 2-30 

Simple Payback Times for New, EPAct OOP Motors vs. Repairing 
Standard OOP Motors as a Function of Motor Size and Annual 
Operating Hours 
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Figure 2-31 

Simple Payback Times for New, Premium-Efficiency TEFC Motors 
vs. Repairing Standard TEFC Motors as a Function of Motor Size 
and Annual Operating Hours 
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Source: WSU 1999 

Figure 2-32 

Simple Payback Times for New, Premium-Efficiency ODP Motors 
vs. Repairing Standard ODP Motors as a Function of Motor Size 
and Annual Operating Hours 

3.00--rF=--==========~--------__, 

2.50 
Operating hours = 2000 

Operating hours = 4000 

Operating hours = 6000 

2 3 5 7.5 10 15 20 25 30 40 50 60 75 100125150200 
Motor Size (hp) 

Note: The assumptions, efficiencies, and motor costs are listed in Table A-1 (see Appendix A) and 
are based on the MotorMaster+® database. 
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The yearly savings afforded by the EPAct motor are as follows: 

.. Demand savings = 50 hp x (1/0.896 -1/0.939) x 
0.75 x 0.746 kW /hp = 1.43 kW 

.. Energy savings = 1.43 kW x 6,000 hr /yr = 8,580 kWh 

.. Cost savings = $.06/kWh x 8,580 kWh + $70/kW-yr x 1.43 kW = 
$615 

.. Simple payback period = $1,133/$615 = 1.8 years 

Note that the economics of replacing motors instead of rewind
ing them does not hinge on the 1 % damage assumed from rewinds. 
Ignoring the 1 % damage in the above example, the replacement 
motor still has a very attractive 2.4-year payback. Figure 2-29 shows 
the generally very favorable economics of replacing failed standard
efficiency TEFC motors with an EPAct motor. In almost all cases it is 
more cost-effective to replace rather than repair a motor of 40 hp or 
less. For ODP motors (see Figure 2-30), the economics of replace
ment is even more favorable. It is almost always more economic to 
replace rather than repair all but the largest motors, while for mo
tors of 15 hp and less, replacement is actually less expensive on a 
first-cost basis alone. 

While the payback for choosing to replace a failed standard 
motor with a premium motor will in most cases be slightly longer 
than for an EPAct motor, the additional incremental investment will 
often be attractive. As can be seen for TEFC motors (Figure 2-31), 
the payback for replacement rather than repair in motors operating 
only 2,000 hrs/yr up to 15 hp is less than 2 years, and in other cases 
up to at least 40 hp. As with TEFCs, the economics for replacing 
failed ODP motors with premium motors is more attractive in al
most all cases (Figure 2-32). 

Economics of Replacing Operating Motors with 
Efficient Motors 

Efficient motors are clearly economic for most new applications 
and attractive compared to rewinding in most instances. But what 
about the economics of replacing operating motors with efficient mo
tors? The incremental cost of the efficient motor in such instances is 
generally its full purchase plus installation cost, not the marginal dif
ference between it and a standard motor or a rewind. Thus, the pay
back of such replacements is considerably longer than with new ap
plications or rewinds. The right combination of conditions, however, 
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Figure 2-33 

Simple Payback Times for Retrofitting New, EPAct TEFC Motors 
VS. Stock Standard TEFC Motors as a Function of Motor Size and 
Annual Operating Hours 
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Note: The assumptions, efficiencies, and motor costs are listed in Table A-1 (see Appendix A) and 
are based on the MotorMaster+® database. 

Source: WSU 1999 

Figure 2-34 

Simple Payback Times for Retrofitting New, Premium-Efficiency 
TEFC Motors VS. Stock Standard TEFC Motors as a Function of 
Motor Size and Annual Operating Hours 
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are based on the MotorMaster+® database. 

Source: WSU 1999 
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Figure 2-35 

Simple Payback Times for Retrofitting New, EPAct OOP Motors 
VS. Stock Standard OOP Motors as a Function of Motor Size and 
Annual Operating Hours 
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Figure 2-36 

Simple Payback Times for Retrofitting New, Premium-Efficiency 
OOP Motors VS. Stock Standard OOP Motors as a Function of 
Motor Size and Annual Operating Hours 

25.00.,..----------------------------. 

20.00-1-----------1,.,-------,,..---------------1 

2 3 5 7.5 10 15 20 25 30 40 50 60 75 100 125 150 200 
Motor Size (hp) 

Operating hours = 2000 - _. Operating hours = 4000 , .... ,... Operating hours = 6000 

Note: The assumptions, efficiencies, and motor costs are listed in Table A-1 (see Appendix A) and 
are based on the MotorMaster+® database. 

Source: WSU 1999 

80 



CHAPTER TWO 

can make replacements cost-effective. Some of these conditions are 
listed below: 

• The existing motor has an efficiency below its nameplate rating, a 
likely condition if the motor has been damaged in rewinding or if it 
is grossly oversized. 

• The number of operating hours near full load is high. 

• The replacement motors can be purchased in bulk at a large dis
count. 

• The price of electricity is high. 

A motor replacement program conducted at Stanford University 
several years ago offers an interesting example (Wilke & Ikuenobe 
1987). Seventy-three standard-efficiency motors in HVAC applications 
were replaced in a group retrofit with efficient motors. Motor sizes 
ranged from 7.5 to 60 hp, with annual operating hours from 2,000 to 
continuous (8,760). Because of the size of the purchase, the university 
received a substantial cost break on the motors. Field tests showed 
that many of them were operating below their nominal efficiency rat
ings, possibly because of previous rewind damage. In addition, many 
of the motors were oversized for their loads: 32 of the replacements in
volved downsizing (see "Motor Oversizing" in Chapter 3). The overall 
payback period on the project, counting a utility rebate, was under 3 
years. The program's payback without the rebates would have been 
under 5 years. 

This case study is instructive on several counts. First, there is no 
reason to believe that this fleet of motors was specified or maintained 
with anything but typical skill. This suggests that many such motors 
in institutional and commercial buildings are operating well below 
their published efficiencies because of oversizing, rewind damage, or 
both. The attractive paybacks achieved in the Stanford program fur
ther suggest that group replacement of standard-efficiency motors 
might be cost-effective in many settings. 

Even without credit for downsizing, replacement is cost-effective in 
many cases, particularly in TEFC motors between 5 and 40 hp sizes for 
applications that operate 4,000 hrs/yr or more. Figure 2-33 shows the 
paybacks for retrofitting operating standard-efficiency TEFC motors 
with EPAct motors. The analysis is based on the values in Table A-I in 
Appendix A and assumes that the user pays 60% of list price. In prac
tice, large users may be able to negotiate higher price breaks on group 
purchases, which would improve the economics. The payback for re
placing operating standard-efficiency motors with premium-efficiency 
motors will be slightly longer but is generally attractive in applications 
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that have high loads and operating hours (i.e., 4,000 hrs/yr or more (see 
Figure 2-34). 

The economics of retrofitting ODP motors is slightly better than 
with TEFC motors because of the lower first cost of the motor (Figure 
2-35), especially in the 5 to 100 hp range. As with TEFC motors, the 
payback for replacement with a premium motor is slightly longer (see 
Figure 2-36). For further discussion of the economics of motor effi
ciency options, see Appendix A. 

Field Measurements of Motor Load and 
Efficiency 

Measurement of load and efficiency in the field can be challenging 
because of variations in units and limitations of test equipment. A num
ber of techniques are available for measurement of both determinations, 
with the most accurate techniques requiring the greatest expense in 
both equipment and effort. Some commercial equipment claims to be 
able to accurately measure both motor load and efficiency. However, for 
many applications, simpler approaches may be sufficient to characterize 
the most important loads in the building or plant. 

Motor Load Determination 
One of the simplest methods of load determination is the slip 

method. This method takes advantage of the nearly linear relationship 
between motor slip and load (see Figure 3-9). Although this method 
should be used with caution because it can produce values significantly 
in error, it may be about as good as anything else available. This is partic
ularly true at low loads, which can challenge the range of most 
wattmeters used in the method discussed next (Douglass 2000). Slip also 
varies with motor voltage, possibly resulting in errors of over 5% be
cause of voltage variation (Nailen 1987). Voltage compensation can re
duce some of the error if the motor is not powered exactly at nameplate 
voltage. 

The slip method requires a voltmeter and a tachometer. The 
method, expressed mathematically, is 

Percent load = 100 x slip / ((5, - 5,) x (V,/V)2) 
where 
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The voltage error is likely to be smaller than the error associated 
with the nameplate rpm. NEMA tolerance on the slip requirement for 
nameplate labeling is currently 20%. Most manufacturers round 
nameplate rpm to the nearest 5 rpm (Douglass 2000). 

A more accurate method for load determination is the watt 
method. A three-phase wattmeter is attached to the motor input leads, 
usually at the motor controller disconnect. The motor load is esti
mated by multiplying the motor input power by an approximate 
motor efficiency. The nameplate efficiency, manufacturer's data, or 
data from the MotorMaster+® database (WSU 1999), mentioned earlier 
in this chapter, can be used to find the value for motor efficiency. The 
watt method works well above 50% load since the efficiency curve for 
most motors is relatively flat between 50% and 100%, and at these 
loads watt measurements are reasonably accurate. The method has 
two main drawbacks, however. First, the results are dependent on the 
accuracy of the efficiency estimate. Second, they are sensitive to the 
voltage applied to the motor (E Source 1999). Although it is possible to 
correct for voltage error, correction requires knowledge of the effects 
of voltage variations on the efficiency of any specific motor design. 

The MotorMaster+® software (WSU 1999) uses a variant of the watt 
method, applying an iterative approach. It starts with an efficiency 
value and divides it into the wattage to get output power and com
pute percent load. Then it looks up a new efficiency from a partial
load efficiency table and recomputes load. The software requires sev
eral iterations to converge on load (Douglass 2000). 

Motor Efficiency Determination 
No good methods exist for measuring motor efficiency in situ. All 

available options have major drawbacks: they tend to be time- and 
labor-intensive, require expensive test devices, or produce estimates of 
questionable accuracy. However, although these methods are not as 
accurate as the IEEE 112-B method, which requires a specially 
equipped laboratory, they can provide some useful estimates of the 
motor load and efficiency. These estimates can help identify low-effi
ciency motors, motors damaged in rewinding, and oversized motors. 
Some current methods are described below. 

Three devices were tested at Oregon State University that pro
duced reasonably accurate results when operated correctly (Douglass 
2000). However, they too have flaws: they are costly and require un
coupling the motor from the load for a no-load test. 

Baker Instrument Company of Colorado and PdMF of Florida 
have both recently brought out new models of their current-signature 
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predictive maintenance testers that supposedly determine efficiency 
with good accuracy (Douglass 2000). More information on these com
panies can be found in Appendix D. 

WSU has developed a spreadsheet that works quite accurately for 
measuring motor efficiency, as long as accurate readings of temperature, 
power, and speed under load; power at no-load; and cold winding resis
tance are available. The problem is that it is difficult to find a portable 
wattmeter that is accurate for measuring motor power at no load be
cause the no-load power factor is extremely low (Douglass 2000). 

A quicker, though less accurate, method for checking motor effi
ciency in the field builds on the slip method of load determination. A 
tachometer is used to measure the actual motor speed, which is used 
to determine the motor load (output power). The wattmeter is used to 
measure the motor input power. For example, a 10 hp motor was rated 
at 1,745 rpm at full load. The measured speed was found to be 1,778 
rpm, and the measured power was 3.8 kW. Load is nearly propor
tional to slip, so the fraction of full load is approximately proportional 
to the fraction of the full-load slip: 

1,800 rpm - 1,778 rpm 
---"'-----~ = 40% of full load (or 4.0 hp output) 
1,800 rpm -1,745 rpm 

The efficiency is thus approximately 

4.0 hp x 0.746 kW /hp 
--------= 79% 
3.8kW 

If the application never runs at a higher load, a 5 hp premium-effi
ciency motor might make a good retrofit or replacement (from Table A-I, 
the efficiency of a 5 hp premium-efficiency motor is about 90.5%), de
pending on the operating hours, load profile, and cost of electricity. 

None of these in-service methods is sufficiently accurate for actual 
motor evaluation, but they can be a good way to screen candidate mo
tors before sending a motor out for a lab test (Douglass 2000). Then, 
the results of lab tests, together with the motor load profile and motor 
age and condition, can assist the user in evaluating whether to keep 
the motor, replace it with a more efficient version, or replace it with a 
different motor that is better matched to the load. 

Summary 
The three-phase squirrel-cage induction motor accounts for over 

75% of u.s. drivepower input, followed by single-phase induction mo
tors and all others (synchronous, wound-rotor induction, DC, and so 
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forth). Premium-efficiency motors are available for many three-phase 
and single-phase induction motor applications. These motors offer re
duced energy and peak-power costs as well as increased life compared 
with EPAct and standard-efficiency motors. Premium-efficiency motors 
are often cost-effective in new applications or as alternatives to rewind
ing, and they can be cost-effective in some retrofits, depending on the 
specifics of the application. It is important to obtain up-to-date infor
mation on the efficiency of the specific motor in question. Motor 
rewinds can seriously degrade efficiency, and specifying quality 
rewinds can improve the efficiency and reliability of repaired motors. 
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Chapter 3 

System Considerations 

I n this chapter, we discuss a number of important but often over
looked determinants of motor system efficiency, including power 

supply quality, the distribution network that feeds the motor, the 
match between the load and the motor, the transmission and mechani
cal components, and maintenance practices. We also present simple 
and inexpensive diagnostic techniques for identifying some common 
motor system problems. Unfortunately, the lack of field data makes it 
difficult to quantify the extent of energy losses and equipment dam
age from poor system optimization. In general, older facilities modi
fied in pieces and loaded closer to capacity are more likely to have 
problems than newer facilities. 

Power Supply Quality 
AC motors, particularly induction motors, perform best when 

fed by symmetrical, sinusoidal waveforms of the design voltage and 
frequency values. Deviations from these ideal conditions can reduce 
the motor's efficiency and longevity. Such distortions in power 
quality include voltage unbalance, out-of-specification voltage and 
frequency, and harmonics. 

Voltage Unbalance 
In a balanced three-phase system, the voltages in the phases can 

be represented by three vectors of equal magnitude, each out of 
phase by 120°. A system that is not symmetrical is called an unbal
anced system. 
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The following formula can be used for the approximate calcula
tion of the voltage unbalance: 

Voltage unbalance (%) 
Maximum difference of the voltages 

in relation to the average voltage 
----------------=---~~ x 100 

Average voltage 

Suppose the measurements in the three phases give the following 
values: 

Va = 200 V 
Vb = 210 V 
Vc = 193 V 

The average voltage = 201 V 
Maximum difference from the average = 210 V - 201 V = 9 V 

Voltage unbalance = (9 V /201 V) x 100 = 4% 

Voltage unbalance is problematic for several reasons. First, it wastes 
energy. As Figure 3-1 illustrates, voltage unbalance leads to high current 
unbalance, which in turn leads to high losses. A modest phase unbal
ance of 2% can increase losses by 25%. Second, prolonged operation 
under unbalanced voltage can damage or destroy a motor. The excess 
heat generated in a motor running on a 2% unbalance can reduce the in
sulation lifetime by a factor of eight (Andreas 1982). An unbalance of 
5% or more can quickly destroy a motor. To address this problem, many 
designers include phase unbalance and phase failure protection in 
motor starters. Another negative impact of phase unbalance is a reduc
tion in motor torque, particularly during start-up. Figure 3-2 shows the 
reduction of rated power as a function of the voltage unbalance. 

While severe unbalance (over 5%) causes immediate, obvious 
problems, small unbalances in the 1-2% range are insidious because 
they can lead to significant increases in energy use without being de
tected for a long period of time, particularly if a motor is oversized. To 
avoid this situation, the voltages in a facility should be regularly mon
itored. NEMA recommends that the voltage be balanced to the best 
degree possible. An unbalance of over 1% should be remedied imme
diately, and motors should not be operated with unbalances of greater 
than 5% (NEMA 1999). 

Other equipment, such as variable-frequency drives and trans
formers, is also sensitive to voltage unbalance. As with motors, unbal
ance can lead to increased phase currents that produce heat, which re
duces efficiency and can damage the equipment. 

While a voltage unbalance can occur from the electricity service to a 
facility, there is some debate about how common this problem is. The 
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Figure 3-1 

Effect of Voltage Unbalance on Three-Phase Induction 
Motor Currents 
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Figure 3-2 

Derating Factor Due to Unbalanced Voltage for 
Integral-Horsepower Motors 
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American National Standards Institute's (ANSI 1995) report C84.1-1995, 
Appendix D, suggested that the no-load voltage unbalance at the meter 
should be less than 5%. The document indicated that 98% of utilities' 
customers have less than 3% w1balance, while 66% have less than 1 %. It 
is tmclear how this relates to the voltage unbalance under load. How
ever, a study in the PG&E service territory indicated that the vast major
ity of customers had very limited voltage unbalances (E Source 1999). 
Discussions are underway among NEMA, electric utilities, and ANSI to 
clarify this confusion (Bonnett 1999). 

Whether the service voltage is in balance is less important than 
whether the voltage at the motor control center is in balance. Many 
problems result from issues with facility distribution systems. There 
are several common causes of voltage (or phase) unbalance. The first is 
a nonsymmetrical distribution of single-phase loads in the facility. 
Most facilities contain a mixture of three-phase loads (such as motors) 
and single-phase loads (such as most lighting, electrical outlets, single
phase motors, and processes-for example, electric arc furnaces). 
Putting a disproportionate share of the single-phase loads on one of the 
three phases can cause voltage unbalance. To make the identification 
more challenging, some of these imbalance problems are transient, as 
when a bank of lights is turned on or off. 

A second cause of voltage unbalance is an open circuit in one of 
the phases, often caused by a blown fuse. This problem often results 
from lightning strikes at or adjacent to the facility and will lead to 
motor failure if immediate steps are not taken. For large or critical mo
tors, phase protection devices that alarm or trip in the event of serious 
unbalance are recommended (E Source 1999). 

Finally, different-size cables carrying the phases of a three-phase 
load can lead to unbalanced conditions. This can happen in an older 
facility when a load is converted from single- to three-phase. Different 
cable sizes produce different voltage drops, which in turn lead to the 
unbalanced voltages. 

The diagnosis of voltage unbalance is a simple operation requiring 
the measurement of the voltages in the three phases. It is prudent to 
check these voltages over a full cycle of facility operation since the un
balance may occur only during certain situations. For example, volt
age balance may be fine except when an intermittent single-phase 
load is in service. 

Voltage and Frequency 
When an induction motor is operated at a voltage or frequency 

other than its rated value, its performance changes. Motors are 
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designed to operate successfully at full load with a ±10% voltage 
fluctuation (NEMA 1999). However, a 10% change will increase the 
operating temperature for a given load, which will accelerate deteri
oration of the insulation. Voltage increases will usually reduce the 
power factor while voltage decreases will usually increase the 
power factor. A 10% increase in voltage will also affect slip, decreas
ing it by 21%, while a 10% decrease in voltage will increase slip by 
21 %. Higher-than-rated frequencies usually improve the power fac
tor but decrease locked rotor torque while increasing speed and fric
tion and windage losses. Operation at lower frequencies decreases 
speed and power factor while increasing locked rotor torque. If 
variations in both voltage and frequency occur, the effects are super
imposed (NEMA 1999). 

Voltage fluctuations normally result from improperly adjusted 
transformers, undersized cables (leading to large voltage drops due to 
higher resistance in the small cables), or a poor power factor in the 
distribution network. 

When a motor is underloaded, reducing voltage can improve the 
power factor and efficiency, mainly by reducing the reactive current. 
This practice works for both standard and efficient motors, although 
efficient motors are less affected by voltage fluctuations. 

Since torque is proportional to the square of the voltage, motors 
operating at undervoltage might have a hard time starting or driving a 
high-torque load. For instance, if the voltage slips to 80% of the rated 
value, the available starting torque is only about 60% of its rated value. 

The diagnosis of voltage level problems requires monitoring and 
recording voltages, preferably for a whole cycle of the facility's opera
tion. Patterns in fluctuation over time sometimes help to reveal the 
cause(s). Measuring voltage is normally easiest at the motor starter 
terminals; to estimate the voltage at the motor terminals, calculate the 
voltage drop in the cable connecting the starter to the motor. NEMA
rated voltages for three-phase, 60 Hz induction motors appear on the 
motor nameplate and typically allow for a voltage drop of about 4% in 
the motor feeder cables. 

Harmonics and Transients 
Under ideal conditions, utilities supply pure sinusoidal wave

forms of one frequency (60 Hz in North America and 50 Hz in Eu
rope), similar to those shown in Figure 2-3. Resistive loads, such as in
candescent lights, use all of the energy in that waveform. Other loads 
(including ASDs and other power electronic devices, arc furnaces, and 
overloaded transformers) cannot absorb all of the energy in the cycle. 
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Figure 3-3 

Example of a Distorted (Nonsinusoidal) Wave 

O-+--~~--------------~r-------------------~-

Source: Eaton Corporation 1988 

In effect, they use energy from only part of the sine wave and thus dis
tort it (see Figure 3-3). 

The resulting distorted waveform contains a series of sine waves 
with frequencies that are multiples of the fundamental 60 Hz frequency. 
These distortions are called harmonics. The 180 Hz (or 3 x 60 Hz) com
ponent is the third harmonic; the 300 Hz (or 5 x 60 Hz) component is 
the fifth harmonic; and so on. 

Harmonics can increase motor losses, reduce torque, and cause 
torque pulsation and overheating. Vibration and heat in turn can 
shorten motor life by damaging bearings and insulation. Harmonics 
may also cause malfunctions in electronic equipment, including com
puters; induce errors in electric meters; produce radio frequency static; 
and destroy power system components. 

Electronic ASDs, discussed further in Chapter 4, can both generate 
and be damaged by harmonics from other sources. It is thus very im
portant that they be installed properly and, in some cases, be isolated 
from other equipment by separated feeders, transformers, and har
monic filters. Serious harmonics problems from properly installed 
ASDs are rare. Problems are most likely to occur with large drives and 
in situations where ASDs control a large fraction of the total load. 

Standard-efficiency motors must sometimes be derated 
by 10-15% when supplied by an ASD that produces substantial 
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Figure 3-4 

Derating Curves for Motors Operating on Adjustable-Speed 
Drives 
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harmonics. Derating is more likely to be needed for constant-horse
power installations than for variable-torque loads. For example, a 
motor with a nominal rating of 100 hp that was derated by 15% would 
only be able to drive an 85 hp load. Efficient motors may be better able 
to cope with harmonics due to these motors' higher thermal margins 
and lower losses, and these motors therefore are seldom derated. One 
notable exception is when the motor runs below 30-40% of rated 
speeds. Under these conditions, high losses caused by harmonics com
bined with the lower ventilation available at reduced fan speeds often 
require efficient motors to be derated. As Figure 3-4 shows, the allow
able torque of both types of motors falls off sharply at low and very 
high speeds when powered by an ASD. Under all circumstances, the 
motor manufacturer should be consulted before using a motor with an 
ASD. Particular care should also be taken in grounding the motor be
cause high-frequency harmonics can increase leakage currents, which 
can result in an unsafe installation (NEMA 1999). 

Harmonics can substantially disrupt conventional electric meters. 
One study sponsored by EPRI found errors ranging from +5.9% to -0.8% 
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in meters subjected to harmonics from ASDs (EPRI 1982). During pe
riods when ASDs operated at very light load, errors exceeded 10% 
and caused severe waveform distortion. Harmonics generated by 
ASDs or other equipment may cause metering errors and overbilling, 
providing customers with another reason to correct or suppress har
monics at the source. Customers with medium-size or large ASDs on 
their premises might even consider installing solid-state watt-hour 
meters that generally give accurate readings even in the presence of 
harmonics (Peddie 1988). 

In addition to variable-frequency drives producing harmonics, 
these drives can also be sensitive to harmonics. Power supply har
monics can lead to nuisance trips, and in extreme situations even 
drive failure. 

Besides harmonics, the voltage waveform may also contain an
other form of undesirable distortion called transients. These are brief 
events, usually microseconds in length, and appear either as voltage 
spikes or voltage notches in the sinusoid. Fast transients result from 
the commutation of power electronic devices and circuit breakers, as 
well as from lightning. 

If transients occur rarely, they have little impact on energy con
sumption, but if they occur repeatedly and at frequent intervals, 
they can behave like harmonics and thus increase losses in a motor. 
Very large transients, as in the case of a lightning strike, can damage 
or destroy equipment. Generally, transients are a problem only in 
facilities where large loads are cycled, producing distortion in the 
voltage waveforms. For example, a facility with a large induction 
furnace where power is applied intermittently might have a prob
lem with transients. 

Diagnostics and Mitigation of Harmonics 
and Transients 

Equipment to accurately monitor transients and harmonic distor
tion is readily available (see Appendix D). Several less expensive tools 
can roughly assess the level of harmonics and indicate whether more 
precise measurements are warranted. 

For instance, an oscilloscope can be used to generate a picture of 
the voltage waveform, which can be inspected for distortions that 
signal the presence of meaningful harmonics, which should then be 
measured with a harmonic analyzer. Another technique is to com
pare the voltage readings from two AC digital voltmeters, one with 
true root mean square (RMS) capabilities and the other without. The 
true RMS meter gives the correct voltage even if there is harmonic 
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distortion, whereas a normal meter only gives the correct value if 
there are no harmonics. If the two meters are calibrated, readings 
differing by more than a few percentage points indicate a significant 
harmonic content. 

Harmonics should be reduced to an acceptable level (less than 
5% of the fundamental current in medium-voltage systems and less 
than 1.5% in high-voltage systems) as close as possible to the source 
(IEEE 1981). Mitigation at the source is normally most effective, as it 
prevents the losses from harmonics propagation in the network. 

Surge suppressors are available and effective for suppressing tran
sients that may interfere with the operation of computing and com
munications equipment. Claims that these devices save energy, how
ever, are unfounded. 

In ASDs, harmonics are most commonly controlled by in
stalling filters at the ASD input circuit to provide a shunt path for 
the harmonics and to perform power-factor compensation. IEEE 
Standard 519 (IEEE 1981) contains guidelines for harmonic control 
and reactive-power compensation of power converters. The cost of 
the harmonic filter to meet this standard is typically about 5% of 
the cost of the ASD. 

The installation of inductors on drives can also be used to address 
harmonics issues. Inductors are particularly effective in eliminating 
drive trips due to problems in the power supply to the drive. 

The Federal Communications Commission (FCC) has produced 
a set of regulations regarding the electromagnetic interference (EMI) 
produced by computing devices. These regulations, which are also 
becoming widely accepted in the ASD market, set permissible radia
tion and conduction levels. FCC standards define two classes of 
products: Class A systems used in commercial and industrial envi
ronments and Class B systems used in residences. The Class B stan
dards are stricter to avoid noticeable interference with radio and 
television use in the home. Although ASDs are expected to meet 
only Class A standards, some manufacturers offer ASD equipment 
that performs within Class B requirements. Radiated EMI can be 
brought down to FCC standards by proper layout and by shielding 
the enclosure. 

System Oversizing 
Motor systems become oversized when designers adopt succes

sive safety factors or when the requirements of the motor-driven 
equipment are reduced due to system changes. Designers often pro
ject growth in a system's peak requirements, and they assume the 
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extra capacity cost is a small premium to pay to ensure that the sys
tem will be able to cope with maximum demand. For example, a de
signer might choose a pump with a 30% safety margin (a certain 
amount of the margin is for increase in the process requirements 
and the rest is for scale build-up in the pipes) and then will round 
up when choosing among standard motor sizes, thereby specifying 
a model with 20% extra horsepower. Such oversizing may be war
ranted in some cases but many times it can lead to costly waste and 
other problems. 

Motor Oversizing 
As Figures 3-5 and 3-6 illustrate, the efficiency and power factor of 

a motor vary with the load. The efficiency of most motors peaks at ap
proximately 75% load and drops off sharply below 40% load, although 
this range varies among different designs. 

One study found that standard-efficiency motors peaked near 
100% load, and the high-efficiency models peaked nearer 75% load 
(Colby and Flora 1990). Power factor drops steadily with the load. 
Even at 60% load, the power factor often needs compensation, and it 
drops even more sharply below 60% load. Figure 3-7 shows that low-

Figure 3-5 

Typical Efficiency vs. Load Curves for 1,800 rpm, Three-Phase, 
60 Hz, Design B Squirrel-Cage Induction Motors 
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Figure 3-6 

Typical Power Factor vs. Load Curves for 1,800 rpm, Three-Phase, 
60 Hz, Design B Squirrel-Cage Induction Motors 
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Figure 3-7 
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Typical Full-Load Power Factor vs. Horsepower Rating Curves for 
Three-Phase, 60 Hz, Design B Squirrel-Cage Induction Motors 
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speed motors have substantially lower power factors than high-speed 
motors of the same size. 

To stay within its optimal operating limits, a motor should be 
sized to run at 50% or more of its rated load a majority of the time. A 
grossly oversized motor (generally below 40% loading) will run at 
decreased efficiency and low power factor, thus increasing energy 
costs and requiring either costly power-factor compensation or added 
utility charges to pay for the reactive current. In addition, larger mo
tors cost more to buy and install, as well as requiring larger and more 
expensive starters. 

Although oversized motors present these drawbacks, they also 
can accommodate unanticipated high loads and are likely to start and 
operate more readily with undervoltage conditions. A modest sizing 
margin, however, can generally provide these advantages. 

The question of motor sizing is not limited to new installations. 
Often it is economic to replace existing motors with smaller, high-effi
ciency units. Users must carefully evaluate which motors to down
size. Those that run many hours a year at light loading are obvious 
candidates because they are running far below their optimal efficien
cies. Motors that operate in the 50-100% load region are not likely 
candidates because they are operating at close to peak efficiency. For 
example, a 150 hp motor driving a 120 hp load is normally more effi
cient than a 125 hp motor driving the same load because the effi
ciency of many efficient motors peaks at approximately 75% load, 
and larger motors generally have higher efficiencies. 

One must also be careful to address the differences in operating 
speed that can result from downsizing the motor. As discussed in 
Chapter 4, small changes in the speed of centrifugal loads can result 
in large changes in energy consumption. And as analyzed in Chapter 
2, the speed of the motor varies with load. As a result, the resized 
motor may not operate at the correct speed for the application. Usu
ally these problems can be easily and inexpensively addressed, but 
one must be cognizant of this possibility when downsizing motors. 

There is no definitive rule about downsizing because the relation
ship between efficiency and load varies among different sizes and 
types of motors. Larger motors generally maintain efficiency at low 
loading better than smaller motors do. Similarly, high-efficiency mo
tors have a flatter efficiency curve than standard-efficiency models. 
For example, efficiency might drop rapidly at 48% of full load in a 
standard motor, but for an efficient motor, efficiency might not drop 
until the motor reaches 42% of its rated load. In general, motors that 
always run below 40% load are strong candidates for downsizing. 

Figure 3-8 shows the change in efficiency over a range of 25% to 
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Figure 3-8 

Two Representative Efficiency Curves for 5 hp Motors and 
10 hp Motors 

95~-----------------------------' 

Note: Two representative efficiency curves for 5 hp motors are shown in (a). The energy-efficient 
motor maintains its high-efficiency level over a wider load range than does the standard motor. A 
similar comparison for 10 hp motors is presented in (b) (Colby and Flora 1990). Current premium
efficiency motors and most EPAct motors have an efficiency/load similar to those of the energy
efficient motors pictured here. 
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150% load for seven new 5 hp motors (three efficient motors and 
four standard units) and eight new 10 hp motors (five efficient mo
tors and three standard units) tested by the North Carolina Alterna
tive Energy Corporation (Colby and Flora 1990). These figures rep
resent one of the few published measurements of efficiency below 
50% loading. Manufacturers typically list efficiencies at 100%, 75%, 
and 50% loading only. 

Two points are notable. First, the high-efficiency motors main
tained their efficiencies better across the full range of loading. Sec
ond, the efficiency of all motors fell off sharply as loads fell from 
50% to 25%; the efficiency fell six to seven points in the standard
efficiency units and about four points in efficient motors. 

Evaluating whether to downsize a motor requires knowing both its 
typical and maximum loads. Consider, for example, two 100 hp motors 
running different fans in a facility. Both motors are metered, and nei
ther requires more than 35 hp during the metering period. The first 
fan's specifications reveal it will never need more than 40 hp. Since the 
motor will never exceed about 40% of its rated 100 hp load, it is appro
priate to replace it with a high-efficiency 50 hp unit. The second fan's 
specifications indicate that it occasionally must use up to 80 hp, even 
though it typically draws only 35 hp. Thus, while the motor often runs 
at only 35% of its rated 100 hp capacity, it should not be downsized
or at least not by much-unless the system's maximum-power require
ments are reduced. Such measures are discussed in Chapter 5. 

Another option in such a situation is to use a smaller motor 
with a high service factor so that it can withstand overloading on 
rare occasions. However, this determination should be made by an 
engineer familiar with the process. 

Diagnostics of Motor Oversizing 
The load of a motor can be roughly estimated by comparing a 

wattmeter reading of the power input with the motor's rated power. 
A clamp-on ammeter does not give a good estimate of the motor 
load since the power factor drops sharply at low loads, and amper
age readings are greatly affected by power factor. It is preferable to 
use one of the load determination methods or devices discussed in 
Chapter 2. In general, the watt method is preferable for motors that 
are loaded at more than 50% of rated capacity, while the slip method 
is preferable for motors operating at low load (Douglass 2000). 

If the motor load changes over time, a simple wattmeter will not 
suffice. Instead, a data logger should be used to monitor the ab
sorbed power under different operating conditions. 
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Figure 3-9 

Variation of Slip and Current (Amperes) with Motor Load 

'tS ca 
0_ 
::.9-
:;0 
u.. ... 
'tS 0 
CPIII 
-CP ca ... 
O::CP 
_0. 
cE 
CPca u... 
.f 

- - Slip 83% of full load- - - - - - - -

Amperes .. , ,,~,. 
I 

-g ......... ... -" 
25 +---~~---i-----+-.2 --+---4 

#. 
('t) 
IX) 

O~------+-------~-----;--~---+--~ 

o 25 50 75 100 

Percent Rated Load 

Note: This relation holds only at the rated motor voltage; slip varies inversely with the square of the 
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Source: Nailen 1987 

Extent of Oversizing 
As data that will be presented in Chapter 6 suggest, approxi

mately two-fifths of motors 5 hp and larger are running at or below 
40% of rated load (XENERGY 1998). As discussed above, there is very 
little published information on efficiency loss at loading below 50%. 
The data shown in Figure 3-9 suggest that loading between 25% and 
40% leads to a drop of two to eight percentage points below the per
formance at 50% load. Loading below 25% will lead to an even larger 
drop in efficiency. Based on admittedly sketchy data, we assume an 
average efficiency loss of five percentage points in those motors run
ning below 40% loading. 

While some oversized motors should be downsized, many 
should instead be equipped with controls that enable them to operate 
more efficiently at partial load. Various means of doing this are dis
cussed in Chapter 4. 
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Distribution Network Losses 
In-facility distribution losses can be reduced by selecting and 

properly operating efficient transformers and by correctly sizing dis
tribution cable. 

Distribution transformers normally operate above 95% efficiency 
unless they are old or very lightly loaded. Transformers over 30 years 
old should be replaced by new models that are more efficient. It is 
usually more effective to run one transformer at moderate to full load 
than to operate two of them in parallel lightly loaded. 

Many large customers are primary metered (on the high-voltage 
side of the distribution transformer) and own their own transformers. 
Some utilities are encouraging their primary-metered customers to in
stall high-efficiency transformers in new facilities or for facility expan
sions. While all transformers are relatively efficient, they last a long 
time; small improvements in efficiencies can result in large lifetime 
savings. Efficiency in transformers comes from many of the same mea
sures we see taken in motors: the use of better steels for the core, and 
more (i.e., larger-diameter wire) and better (e.g., copper in place of 
aluminum) winding materials. 

Transformers can be purchased in three basic types, and with a 
range of efficiencies for each. The most common small transformers 
are dry-type, which are cooled by convection. In liquid-immersed 
transformers, the core and windings are placed in a synthetic oil bath 
that transfers the heat. For aggressive environments, an encapsulated 
transformer can be specified. In general, the liquid-immersed versions 
tend to have lower losses and are more compact, though concerns 
about oil leakage may limit where they can be placed. Much of this 
concern stems from past use of polychlorinated biphenyl (PCB) oils, 
which were flammable and toxic. In modem designs, these have been 
replaced with synthetic oils that address both concerns. The dry-type 
transformers are readily available in a wide range of sizes but tend to 
have lower efficiencies. They are also larger than the liquid-immersed 
transformers. The encapsulated transformers are significantly more 
expensive than either of the other designs and are restricted to special 
applications requiring their features. 

Since transformers can be bought in a wide range of efficiencies 
and costs, it is best to perform a total-cost-of-ownership calculation. 
NEMA Standard TP-1 (1996) and IEEE Standard PC57.12.33 (1998) de
scribe how to carry out these calculations, which require information 
regarding the transformers under consideration, projected loading, an
nual duty hours, and cost of electricity. For those applications where it 
is impractical to do a cost-of-ownership calculation, TP-1, Table 4-2 (see 
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Table 3-1 below) specifies designs for dry-type transformers that are 
considered energy efficient based on average national data. While 
some people have used low temperature rise as a proxy for energy effi
ciency, it is not a good indicator of efficiency. 

Cable Sizing 
Cabling represents another opportunity for saving energy. Table 

3-2 compares losses (watts per foot) and costs of using several cable 
sizes to supply a 30 amp load, assuming 8,000 hours of annual oper
ation and an electricity cost of $.06/kWh. The larger cables offer 
very attractive payback times. Note that the payback is very sensi
tive to operating hours: at 4,000 hours, the paybacks in Table 3-2 
would double. 

Table 3-1 
NEMA Class I Efficiency Levels for Dry-Type Distribution 
Transformers 

Reference Condition Temperature % of Nameplate Load 

Low Voltage 75'C 35% 
Medium Voltage 75'C 50% 

Single-Phase Efficiency Three-Phase Efficiency 

Low Medium Low Medium 
KVA Voltage Voltage KVA Voltage Voltage 

15 97.7 97.6 15 97.0 96.8 
25 98.0 97.9 30 97.5 97.3 

37.5 98.2 98.1 45 97.7 97.6 
50 98.3 98.2 75 98.0 97.9 
75 98.5 98.4 112.5 98.2 98.1 
100 98.6 98.5 150 98.3 98.2 
167 98.7 98.7 225 98.5 98.4 
250 98.8 98.8 300 98.6 98.5 
333 98.9 98.9 500 98.7 98.7 
500 - 99.0 750 98.8 98.8 
667 - 99.0 1,000 98.9 98.9 
833 - 99.1 1,500 - 99.0 

2,000 - 99.0 
2,500 - 99.1 

Source: NEMA 1996 
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Table 3-2 

Savings from Lower-Loss Distribution Wiring 

Marginal Savings and Costs of Lower-Loss Distribution Wiring 
(Compared to #8 Wire) Assuming 100% Load 

Installed 1989 $/Ft First Cost 

Marg. 
Wire /2R/Ft Loss Saving Cost 
Size" Loss (W/Ft) ($/Ft-Yr) ($/Ft-Yr) Conduit Wire Total (+$/Ft) 

#8 2.01 $0.96 $3.16 $1.21 $4.37 

#6 1.28 $0.61 $0.35 $3.16 $1.59 $4.75 $0.38 

#4 0.81 $0.39 $0.57 $3.86 $2.20 $6.06 $1.69 

#3 0.65 $0.31 $0.65 $3.86 $2.67 $6.53 $2.16 

Marginal Savings and Costs of Lower-Loss Distribution Wiring 
(Compared to #8 Wire) Assuming 75% Load 

Installed 1989 $/Ft First Cost 

Wire /2R/Ft Loss Saving 
Size" Loss (W/Ft) ($/Ft-Yr) ($/Ft-Yr) Conduit Wire 

#8 1.18 $0.56 $3.16 $1.21 

#6 0.75 $0.36 $0.20 $3.16 $1.59 

#4 0.47 $0.22 $0.34 $3.86 $2.20 

#3 0.38 $0.18 $0.38 $3.86 $2.67 

a Sizes in American Wire Gauge. For diameters, see Appendix A. 

Assumptions: 30 amp load, 8,000 hrs/yr, 6¢/kWh. 

Source: Lovins et al. 1989 
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Small feeders typically use the minimum-size conduits through 
which an electrician can easily pull the wire. In general, the size of 
small feeders can be increased without extending the size of the 
conduit, making the use of oversized feeders cost-effective. Conduit 
for feeders of larger motor sizes is determined by the diameter of 
the wire, so the conduit size will often need to be enlarged if the 
wire size is increased. As a result, the use of oversized wires for 
larger circuits must be evaluated on a case-by-case basis. 
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Energy savings are not the only reason to install larger distribu
tion cables. The added distribution capacity provides room to ex
pand loads in the future without having to remove and replace the 
old wiring. It also provides lower voltage drops, which improve the 
motor's starting and operating performances. 

The Southwire Company's Wire-Sizing Policy 

The Southwire Company, a billion-dollar industrial firm with an ag

gressive energy management program, wires all new loads under 100 A 

with a conductor one size above code, as well as using larger than nor

mal wire for larger loads when doing so is cost-effective. Jim Clarkson, 

corporate energy manager, said that because his staff does not have 

time to evaluate every new wiring job, uneconomic oversizing may 

occur in some installations, but overall the policy saves the firm money, 

energy, and time (Clarkson 1990). 

Power-Factor Compensation 
As discussed in Chapter 2, low power factor has undesirable 

and costly effects that are often worth mitigating. Figure 3-10 shows 
the extent to which improving power factor can reduce losses. As ex
amples, increasing power factor from 0.75 to 0.90 would reduce cable 
and transformer copper losses by 32%, while improving power factor 
from 0.60 to 0.90 would reduce losses by 57%. 

In smaller motors, power factor generally is lower and drops more 
rapidly as the load decreases. As a result, a facility with a large num
ber of small motors without power-factor correction will typically 
have a lower power factor than a facility with predominantly large 
motors. Poor power factor can be caused not only by lightly loaded 
motors but also by other loads such as fluorescent lighting ballasts 
and certain types of ASDs. 

Improving the power factor can save energy and dollars by reduc
ing losses in the customer's distribution system. Greater savings can 
often be achieved by reducing power-factor penalty charges (if these 
charges are imposed by the utility). Such charges are normally sub
stantial enough to make it cost-effective for the customer to improve 
the power factor to 0.90. For example, a utility might increase the de
mand charge by 1 % for every 1 % the power factor drops below 90%. If 
a facility has a peak demand of 1,000 kW and a power factor of 81%, 
the facility will be charged for peak demand as follows: 
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Adjusted peak = (1,000 kW) x [1 + (0.90 - 0.81)] = 1,090 kW 

If the utility demand charge is $70/kW-yr, the power-factor 
penalty will be: 

Power-factor penalty = (90 kW) x $70 = $6,300/yr 

In contrast, the energy savings for the same load, assuming it is 
fed at 480 V, three-phase through 500 feet of cable, would be about 
21,000 kWh, resulting in a cost reduction of $l,300/yr at $.06/kWh. 

The consumer can correct power factor either in a distributed 
manner (capacitors connected to the motor terminals) or in a central
ized manner (a capacitor bank at a central location in the facility). 
Some large facilities may have an intermediate scheme with several 
capacitor banks, each serving several motors. The distributed option 
reduces the losses between the motors and the central capacitor bank. 
This procedure also costs less to install. 

The centralized scheme requires controlled switching of the capac
itor bank. Switching avoids overcompensation of the power factor 

Figure 3-10 

Reducing Losses in Electrical Distribution Systems through 
Power-Factor Improvement 
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Figure 3-11 

Correcting Power Factor with Capacitors 
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Note: Given the original (existing) power factor and the desired (corrected) power factor, the 
required capacitor kV AlkW of load can be determined. For example (shown with arrows), if the 
existing power factor is 70% and the desired value is 90%, about 0.54 kVA of capacitance/kW of 
load is required. 

when only a limited number of motors are running. Overcompensa
tion causes the same undesirable effects as a low power factor. 

The installed cost for capacitors ranges from $20-30 per kilovolt
ampere-reactive (kVAR) of reactive power for dispersed units to 
$50-75/kVAR for central capacitors. In the above example, 240 kVAR 
are required (see Figure 3-11). Assuming $25/kVAR, the cost would be 
$6,000. The resulting payback is less than 1 year just from penalty re
duction, 5 years from energy savings alone, and approximately 9 
months from the combined savings. 

Motor manufacturers generally recommend a maximum capacitor 
size at the motor terminals (see Figure 2-13). Figure 3-11 shows the ca
pacitor kilovolt-ampere-reactive required to improve the power factor 
by various amounts. Thus, improving the power factor of a 1,000 kW 
load from 70% to 90% requires capacitance of just over 500 kVA. 

The concern over electrical equipment (primarily transformers and 
capacitors) containing PCBs has resulted in the removal and disposal of 
many power-factor correction capacitors in customers' distribution sys
tems. If these capacitors aren't replaced, power factor will decrease. 
Since the switchgear and mounting are already in place, new capacitors 
might be installed cheaply enough to obtain a reasonable payback on 
energy savings alone, depending on the specifics of each application. 
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As mentioned in Chapter 2, another potentially lucrative benefit 
of power-factor improvement is increased capacity of the distribution 
system. This advantage is especially relevant in new construction and 
whenever load approaches the systems capacity (as when a facility is 
expanded or equipment is added). If installing power-factor compen
sation eliminates or even postpones the need to replace the trans
former, switchgeal~ feeders, or other equipment, it can be very cost-ef
fective, again depending on the specifics of the situation. 

Diagnostics of Power-Factor Compensation 
Medium-size and large customers generally know if they have 

low power factor because the utility charges them for the reactive 
power they draw. An industrial facility where most of the load is for 
motors that do not have power-factor correction will typically ex
hibit a power factor of 70-80%. Other equipment, such as rectifiers 
or arc furnaces, can have power factors as low as 45%. To avoid a 
large reactive power bill, most facilities have already installed equip
ment for power-factor correction. Small customers, such as residen
tial consumers and small commercial buildings below 50-100 kVA 
that typically pay small or no power-factor charges, generally do not 
install corrective equipment. Most small consumers have a fairly 
good power factor because they have a high fraction of resistive 
loads or compensated loads such as lighting ballasts with internal 
power-factor correction. 

The measurement of the power factor requires the use of a 
wattmeter to measure power, a voltmeter, and a clamp-on ammeter. 
There are also meters that read power factor directly, either as dedicated 
power-factor meters or as part of more elaborate analyzers. Also on the 
market is equipment that can measure watts, volts, and amps and can 
register these continuously on paper or in computer storage (see Appen
dix D). The power factor in a symmetrical three-phase system is given by 

Power factor = P / (3 V x I) 
where 

P is the three-phase power 
V is the phase-to-neutral RMS voltage 
I is the RMS current in each phase 

Load Management and Cycling: 
General Considerations 

Most energy-saving measures described previously reduce de
mand except in instances of variable loads where the peak demand 
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does not coincide with the utility's peak. For example, installing an 
ASD on a variable load saves energy at partial load but does not re
duce demand at full load. Consumers, especially those operating large 
motor systems, should take into account the economic benefits of de
mand reduction when evaluating the cost-effectiveness of energy con
servation investments. 

Motor cycling and scheduling can reduce power demand during 
peak periods. Loads that can be suspended periodically with no seri
ous cost or inconvenience are likely candidates for cycling. Examples 
include refrigeration equipment, air conditioners, and heat pumps. 
Loads that frequently idle for extended periods also are good candi
dates for shutdown or cycling to lower power during idle periods. 

Whether equipment cycling lowers energy use as well as demand 
depends on the application, as described in the following examples. 

A large retail store with a constant-volume HV AC system installs 
an energy management system that turns off one of the four 30 hp fans 
in a staggered IS-minute rotation every hour. Cycling is an acceptable 
control method in this building since it creates only minor temperature 
swings that are well within the limits of comfort for both shoppers and 
employees. In this case, along with a fall in demand, energy use also 
declines by 25% for each fan. If the building comfort level can be main
tained using only 75% of the HVAC system's ventilation capacity, an
other option is to slow the fans by means of ASDs or resheaving 
(changing the pulleys that help connect the motor to the fan). 

In another building, several small air conditioning units are each 
turned off for 15 minutes every hour. However, the set-points on the 
thermostats in the building do not change. In this case, while there is a 
substantial decrease in demand, there is only a small reduction in en
ergy use because the air conditioners have to work harder when they 
are operating. 

Potential Cycling Problems 
Starting a motor causes an inrush of current that generates a great 

deal of heat. During start-up, ventilation fans are turning slowly, so 
they remove only a small portion of this heat. If this heat buildup is 
excessive, it can reduce the lifetime of the insulation and bearings 
and possibly lead to rapid failure. There are also mechanical stresses 
from electromagnetic forces associated with large starting currents. In 
particular, the ends of the windings can suffer fatigue and cracking. 

These thermal and mechanical stresses limit the frequency at which 
a motor can be cycled. Additionall)" the electrical equipment that feeds 
the motor and the mechanical equipment driven by the motor are 

109 



ENERGY-EFFICIENT MOTOR SYSTEMS 

stressed each time it is started. These types of drawbacks can be miti
gated with the use of starting controls, which are discussed below. 

Allowable Cycling 
The heating that occurs when a motor starts is a function of the 

current and the time used to accelerate the load. The longer the starting 
time, the more the motor heats up. The time it takes to accelerate a load 
from start to the rated speed depends on several factors, including the 
load's inertia, which depends on both the load's mass and its radius. A 
fan with a large radius has a much greater moment of inertia than a 
smaller-radius pump of similar shaft power requirement. The higher 
the load's rated speed, the longer it takes to start. Kinetic energy is pro
portional to the square of the speed. Torque is also important: the 
higher the torque required by the load relative to the torque available 
from the motor, the longer it takes to accelerate to rated speed. 

NEMA Standards MG 1-1988, Section 12.55 (NEMA 1999), and 
MG 10-1994 (NEMA 1994) provide guidance on the number of suc
cessive starts that can be made each hour without causing motor 
damage. Table 3-3 presents the allowable number of starts per hour 
and the minimum time between starts, considering the effects of 
motor horsepower, number of poles (rated speed), and inertia of the 
load. If a motor operates at close to the upper bounds derived from 
Table 3-3, some reduction in motor lifetime should be expected. 

Starting Controls 
Three-phase motors use starters that apply all three phases to the 

motor simultaneously. These starters generally include a motor con
tactor (a relay to control the flow of electricity to all three phases) as 
well as devices that protect the motor and wiring from either a pro
longed small overload or a sudden severe overload. 

Because the switching mechanism is a contactor, the conventional 
three-phase motor starter will apply the full voltage to a motor as soon 
as the contactor receives power. Since the motor is starting from a dead 
stop, extra current is required to produce the magnetic field that drives 
the motor and to supply the initial energy to move the motor and load. 
As a result, a motor will use between five and seven times the current 
when starting as it will when operating at full load. This current surge 
typically lasts for approximately 30 seconds but may range from only a 
few seconds to several minutes in the case of heavy loads. 

These large starting currents may also produce large voltage 
drops in the feeders, making starting difficult and causing comput
ers to malfunction, lights to dim, and other motors to stall. These 
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Table 3-3 

Allowable Number of Starts and Minimum Time between Starts 
for Designs A and B 

2-pole 4-pole 

hp A B C A B 

1 15 1.2 75 30 5.8 
1.5 12.9 1.8 76 25.7 8.6 
2 11.5 2.4 77 23 11 
3 9.9 3.5 80 19.8 17 
5 8.1 5.7 83 16.3 27 

7.5 7 8.3 88 13.9 39 
10 6.2 11 92 12.5 51 
15 5.4 16 100 10.7 75 
20 4.8 21 110 9.6 99 
25 4.4 26 115 8.8 122 

30 4.1 31 120 8.2 144 
40 3.7 40 130 7.4 189 
50 3.4 49 145 6.8 232 
60 3.2 58 170 6.3 275 
75 2.9 71 180 5.8 330 

100 2.6 92 220 5.2 441 
125 2.4 113 275 4.8 542 
150 2.2 133 320 4.5 640 
200 2 172 600 4 831 
250 1.8 210 1,000 3.7 1,017 

A = Maximum number of starts per hour 
B = Maximum product of starts per hour times load work' 
C = Minimum rest or off time in seconds 

C A 

38 34 
38 29.1 
39 26.1 
40 22.4 
42 18.4 

44 15.8 
46 14.2 
50 12.1 
55 10.9 
58 10 

60 9.3 
65 8.4 
72 7.7 
85 7.2 
90 6.6 

110 5.9 
140 5.4 
160 5.1 
300 4.5 
500 4.2 

Allowable starts per hour is the lesser of A or B divided by the load work', i.e., 

Starts per hour S A S B/Load work' 

Note: Table is based on the following conditions: 

6-pole 

B 

15 
23 
30 
44 
71 

104 
137 
200 
262 
324 

384 
503 
620 
735 
904 

1,181 
1,452 
1,719 
2,238 
2,744 

1. Applied voltage and frequency in accordance with MG 1-1998, Section 12.45 (NEMA 1999). 

C 

33 
34 
35 
36 
37 

39 
41 
44 
48 
51 

53 
57 
64 
75 
79 

97 
120 
140 
265 
440 

2. During the accelerating period, the connected load torque is equal to or less than a torque that 
varies as the square of the speed and is equal to 100% of rated torque at rated speed. 

3. External load work' is equal to or less than the values listed in MG 1-1998, Section 12.50 (NEMA 
1999). 

4. For other conditions, the manufacturer should be consulted. 

Source: NEMA 1994, Table 2-3 

problems deserve special attention with large motors and those with 
long feeders or feeders with small cross-sections. 

Certain types of electronic controls can ramp up the power during 
starts instead of forcing the motor to go to full speed from a dead stop. 
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This system, known as a soft start, reduces the inrush of starting cur
rent and thus decreases equipment wear. A soft-start feature is incor
porated in most inverter-type ASD controls. 

Transmission 
The transmission subsystem, or drivetrain, transfers the mechani

cal power from the motor to the driven equipment. The efficiency of 
drivetrains (output power x 100/input power) ranges from below 50% 
to over 95%. As a result, the type of drivetrain used for a given appli
cation can have a greater effect on overall system efficiency than the 
efficiency of the motor itself. 

The choice of transmission type depends upon many factors, in
cluding the desired speed ratio, horsepower, layout of the shafts, and 
type of mechanical load. The major varieties include direct shaft cou
plings, gearboxes, chains, and belts. There is no large-scale survey of 
the distribution of the different transmission types in the field. Lovins 
et al. (1989) estimated the distribution for commercial and industrial 
motors to be as follows: 

• 30-50% shaft couplings 
• 10-30% gears 
" 34% belt drives 
• 6% chains 

These data were compiled from a small number of sources and 
may differ from the proportions in any given geographic area. 

Shaft Couplings 
Shaft couplings have low losses if precisely aligned. Misalignment 

of the shafts will not only increase losses but also accelerate wear on 
the bearings. The use of couplings is constrained by space and shaft 
location and is limited to applications where load speed does not vary 
with respect to motor shaft speed. 

Gears 
Gears or gear reducers are the primary drive elements for loads 

that must run slowly (generally below 1,200 rpm) and require high 
torque that might cause a belt to slip. Gears are also frequently used 
for loads exceeding 3,600 rpm. The ratings for gear drives depend 
on the gear ratio (or the ratio of the input shaft speed to the speed of 
the output shaft) and on the torque required to drive the load. Sev
eral types of gears can be used in motor transmissions, including 
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helical, spur, bevel, and worm gears (see Figure 3-12 and "Gears" in 
Appendix C). 

The losses in gears result from friction between them as well as 
in the bearings and seals, from windage, and from lubricant churn
ing. A large number of gear combinations can be used for a given 
speed ratio. 

Helical and bevel gears are the most widely used and are quite 
efficient, reaching 98% efficiency per stage (each step of reduction 
or increase in shaft speed). With helical gears, the input and output 
shafts are parallel; with bevel gears they are at right angles. Spur 
gears are used for the same purpose as helical gears but are less effi
cient and therefore should not be used in new applications. 

Worm gears allow a large reduction ratio (5:1-70:1) to be 
achieved in a single stage. Their efficiency ranges from 55% to 94% 
and drops quickly as the reduction ratio increases due to the rise in 
friction between the gears. For this reason, worm gears should only 

Figure 3-12 

A Worm Gear Set (a) and a Three-Stage Helical Gear Set (b) 

Note: In (a), the worm is shown mounted on the upper shaft; the worm is a helical gear (i.e., the 
teeth trace out helical paths, in this case much like a screw thread). The worm wheel is a gear wheel 
with a concave face to mesh with a worm. The worm normally drives the wheel, providing a gear set 
with high reduction ratio connecting shafts with nonintersecting axes at right angles. In (b), gears 
with helical teeth are used to transmit power between parallel shafts. For bevel and spur gears, see 
"Gears" in Appendix C. 

Source: Reprinted with permission from Reliance Electric 
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be used in drives below 10 hp where operating costs are low. A 
large reduction ratio is more efficiently achieved by several stages 
of helical or bevel gears. 

Worm gears cost less than helical gears for applications up to 
10-15 hp, but helical gears are less expensive above this rating and 
are becoming the standard for larger drives. The different efficien
cies of these two types of gears also affect cost. For example, in low
horsepower ranges, the efficiency of worm gears at full load is typi
cally 70-80%, compared to approximately 90-96% for a helical gear. 
Worm gears' lower efficiency will often force the user to increase the 
size of the motor, and this added cost must be taken into account 
when comparing gears; a helical gear with a smaller motor may 
have a lower initial cost than a worm gear with a larger motor, even 
for applications below 10 hp. 

Figure 3-13 shows the comparative efficiencies of several types of 
gearboxes as a function of the speed ratio. 

Gear drives are similar to motors in that their efficiency drops 
markedly below 50% of full load (see Figure 3-14) because some of 

Figure 3-13 
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Figure 3-14 

Helical Reducer Efficiency VS. load and Speed for a Typical 
Single-Reduction Gear Unit 
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the losses are not direct functions of load. For a large gearbox, these 
fixed losses represent about half the total losses at full load. 

In large gearboxes, reducing loss is even more important because 
lubrication effectiveness and lifetime are diminished by high tempera
hues. Using low-friction bearings, gears with a high-quality finish, 
and improved lubricants can bring the efficiency of a single-stage heli
cal gear to over 99%. 

Because gear reducers come in an assortment of in-line and 
right-angle configurations and sizes, more efficient reducers are dif
ficult to retrofit without major changes to the equipment, as the new 
reducers are likely to have different dimensions, configurations, or 
both. 

Belt Drives 
About one-third of motor transmissions use belts (E Source 1999). 

Belts allow flexibility in the positioning of the motor relative to the load 
and, using pulleys (sheaves) of suitable diameters, belts can increase or 
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decrease speeds. There are several types of belts: V-belts, cogged V
belts, synchronous belts, and flat belts (see Figure 3-15). 

V-belts are the most common type and have an efficiency of 

Figure 3-15 

Belt Drives, Including (a) V-Belt Cross-Section, (b) Cogged (or 
"Toothed") Belt Drive, and (c) Synchronous Belt Drive 

(b) 

Note: The cogged belt drive uses the conventional V-belt (smooth) pulleys, while the synchronous 
belt has meshing teeth on the belt and pulleys (or "sprockets"), preventing slip. Flat belts are similar 
to synchronous belts (wide and thin) but are smooth on both sides and ride on smooth flat pulleys. 

Source: Reprinted with permission from Gates Rubber Company (a and c), and Oayco Products (b) 

Figure 3-16 

A Belt Drive, Showing the Four Flexing Points, Two at Each Pulley 
(A, B, C, and D) 

D A 

B 

Source: Nailen 1987 
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90-96%. V-belt losses stem from flexing (see Figure 3-16), slippage, and 
(to a lesser extent) windage. The bending and unbending of the belt 
material when it enters and leaves the pulley causes the flexing losses. 

A belt's tension critically determines its performance. Too much 
tension can stress the belt, bearings, and shafts; too little tension 
causes slip, high losses, and premature failure of the belt. With wear, 
V-belts stretch and need retensioning. They also smooth with wear, 
and thus become more vulnerable to slip. This slip, if the V-belt is not 
properly maintained, will increase and therefore efficiency will be 
lower, possibly to below 90%. 

Cogged V-belts have lower flexing losses since less stress is re
quired to bend the belt, and therefore they deliver 1-3% better effi
ciency than standard V-belts. Cogged V-belts can easily be retrofitted 
on the same pulleys when V-belts wear out. They cost 20-30% more 
than V-belts but the extra expense is recovered over a few thousand 
operating hours. In addition, they typically last twice as long. Efficien
cies with cogged V-belts are greatest when they are used with the 
smallest appropriate pulley (de Almeida and Greenberg 1994). 

The only caveat to the use of cogged V-belts is that some engineers 
use their inherent slip characteristics to provide overload protection. If 
other protection, such as sheer pins, has not been installed, the use of 
cogged V-belts in those systems can lead to equipment damage in an 
overload condition. 

A review by E Source of five studies in which V-belts were replaced 
with cogged V-belts reported savings of 0.4% and 10%, with a median 
savings of 4.1%. At the 4.1% savings level, the payback from energy sav
ings alone ranges from 1 to 5 months (E Source 1999). Similar savings 
are reported in a Ford Motor Company case study (Elliott 1995). 

The most efficient belts are the synchronous and flat belt designs, 
which can be 97-99% efficient because they have low flexing losses 
and little or no slippage. Synchronous belts are applicable to low- and 
medium-speed applications, while flat belts are appropriate for 
medium- and high-speed applications. 

Figure 3-17 shows the relative performance of synchronous belts 
in comparison with conventional V-belts. Synchronous belts have no 
slip because their teeth engage in the teeth of the sprocket pulleys. V
belts rely on friction between the belt and the pulley grooves to trans
mit the torque, and that friction can be affected by liquids, dust, wear, 
and other factors. Synchronous belts are designed for minimum fric
tion between the belt and the pulley and can withstand much harsher 
conditions. The efficiency curve of synchronous belts is not only 
higher but also flatter than that of V-belts, with larger percentage sav
ings as the load decreases. 
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Figure 3-17 

Efficiency vs. Torque for V-Belts and Synchronous Belts in a 
Typical Application 
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Due to their construction, synchronous belts stretch very little and 
do not require periodic retensioning. They typically last over four times 
longer than V-belts, and the savings in labor and materials for replace
ments in most cases more than offset the extra cost of the belts. Retro
fitting synchronous belts requires installing sprocket pulleys that cost 
several times the price of the belt. In cases where pulley replacement is 
not practical or cost-effective, cogged V-belts should be considered. 

Synchronous belts are available in sizes from fractional-horse
power applications to over 1,000 hp. Due to their positive transmission, 
they are suitable for applications requiring accurate speed control. 
They are not, however, suited for shock loads where abrupt torque 
changes can shear sprocket teeth. To alleviate this problem, some man
ufachlrers have doubled the belt's resistance to shock loads by using 
polyurethane compounds instead of neoprene rubber. Another draw
back of synchronous belts is that they do not slip if a machine jams, 
and can thus pose a possible safety threat. Possible solutions, other 
than installing a different belt type, include using a clutch or a shear 
pin that breaks and disengages the equipment in the event of a jam. 
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The meshing of the belt teeth in the sprocket makes synchronous 
belts noisier than V-belts, but a sound-reducing shield can mitigate 
this problem. It can also protect personnel from the belt and other 
moving parts and guard the equipment from debris. 

Several practical considerations may limit the benefits of synchro
nous belts. Although their alignment specifications are the same as for 
V-belts, they demand closer adherence to specification. Also, the limited 
number of available sprocket diameters makes speed-matching more dif
ficult. For centrifugal applications, one report indicates that the greater ef
ficiency of power transmission is outweighed by improper speed, result
ing in an average 2% increase in energy consumption (Greenberg 1996). 

Flat belts are thin belts constructed of aramide fibers and high
friction surface compounds. These high-performance belts, which are 
common in Europe, feature low stretching and flexing losses, achiev
ing efficiencies similar to those of synchronous belts but offer addi
tional advantages. These belts can accommodate some slip when there 
is a surge in the torque, yet they still maintain an efficiency level close 
to that of synchronous belts under normal conditions. The cost of the 
pulleys for flat belts is lower than for synchronous belts, and due to 
the absence of teeth, flat belts do not have the noise problems associ
ated with synchronous belts. 

Table 3-4 summarizes the characteristics of different belt types and 
can be used as a guide to selecting the appropriate model for different 
applications. 

Table 3-4 

Comparison of Belt Drive Characteristics 

Typical Suitable Periodic Change ot 
Efficiency for Shock Maintenance Pulleys 
Range (%J Loads Required Required Special Features 

V-Belts 90-98 Yes Yes No Low initial cost. 

Cogged V-Belts 95-98 Yes Yes No Easy to retrofit. 
Reduced slip. 

Flat Belts 97-99 Yes No Yes, but Medium- to high-
low cost speed applications. 

Low noise. Low slip. 

Synchronous 97-99 No No Yes, Low- to medium-
Belts with speed applications. 

higher No slip. Noisy. May 
cost have problems 

matching speed. 

Source: de Almeida and Greenberg 1994 
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Chains 
Chains, like synchronous belts, do not slip. Traditionally, belts have 

been applied in relatively high-speed, low-torque applications, 
whereas chains have been used in low-speed, high-torque applications. 

Chains also feature high load capacity, the ability to withstand 
high temperatures and shock loads, long life if properly lubricated, 
and virtually unlimited length. Chain drives of several thousand 
horsepower have been built. The efficiency of well-maintained chain
and-sprocket combinations can reach 98%, but wear lowers their effi
ciency a few percentage points. 

There are several types of chains, including standard roller (both 
single strand and double strand), double pitch, and silent chains. 

With the exception of the silent kind, chains are noisier than belts. 
Compared to roller chains, silent chains offer slightly higher efficiency 
(up to 99%) but are 50% more expensive in the low-horsepower range 
and 25% more expensive in the high-horsepower range. 

Although the steel in the chain stretches only minimally when 
tensed, the chain sags and needs readjustments as links and sprockets 
wear. Inadequate lubrication increases wear. Keeping high-speed chains 
well lubricated is difficult because centrifugal forces eject the lubricant; 
enclosing the chains and providing constant relubrication, however, as is 
done in camshaft drives in many auto engines, can solve this problem. 

Lubricants can also quickly lose their effectiveness in environ
ments contaminated with dust or liquids. Under these conditions, the 
use of synchronous belts may prove more attractive. Another draw
back is that, as the chain wears, the sprockets normally need to be re
placed, which increases maintenance costs. 

Maintenance 
Regular maintenance of the motor system, including inspection, 

cleaning, and lubrication, is essential for peak performance of the me
chanical parts and to extend their operating lifetime. 

Lubrication 
Lubrication is required to reduce the friction and rapid wear of 

metal parts moving against one another. Most lubricants fall into two 
categories: oils or greases. Oils are liquid lubricants, traditionally based 
on animal, vegetable, or mineral sources, with a wide variety of compo
sition, viscosity, and other properties. The value of a liquid lubricant 
depends primarily on it ability to form and maintain a film between con
tact surfaces. Greases are gels made of a mixture of a lubricating oil and 
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Figure 3-18 

Grease Life vs. Bearing Temperature 
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soap. They are primarily used to lubricate rolling bearings and gears. 
The soap provides no lubrication directly but instead releases the oil 
when heated or agitated to coat the contact surfaces (E Source 1999). 

Both underlubrication and overlubrication can cause higher fric
tion losses in the bearings and shorten their lifetime. Underlubrication 
may occur because either an insufficient amount of lubricant was ap
plied during routine maintenance or routine maintenance was not 
done frequently enough. In either case, the friction of the bearings will 
rise, and the energy used by the motor will increase to overcome the 
increased resistance. Consequently, the motor will run hotter, further 
decreasing its efficiency, and the higher temperature will lower the lu
bricity and lifetime of the lubricant (see Figure 3-18). 

Most maintenance staff will try to avoid undergreasing by applying 
"plenty of grease," which, unfortunately, often leads to overgreasing of 
motor bearings. Bearing grease must be highly viscous so as to properly 
lubricate the moving parts when the motor gets hot. If applied in excess, 
grease develops internal friction that impedes the bearings and increases 
the force necessary to turn the shafts. Tests have shown that overgreas
ing can raise bearing losses up to 25%, thereby dropping the overall 
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motor efficiency by perhaps 0.2-D.5 percentage point (Katz 1990). In ad
dition, overgreasing may damage the seals and increase churning losses, 
which leads to overheating and early failure of the bearing. Overgreas
ing can also cause the accumulation of grease and dirt on the motor 
windings, causing overheating and premature failure. 

Old grease should be removed before greasing, and the bearing 
chamber should generally be filled not more than one-third full of 
grease. Contamination of the lubricant, especially with water, can also 
substantially degrade the lubricant performance and lifetime. 

Oils and greases are available in a variety of special formulations, 
with additives to decrease friction and wear and increase lubricant life. 
Additives may be put in natural (usually mineral) oils, or the oil may be 
entirely synthetic to meet specific lubrication needs. The most common 
friction-reducing additives include molybdenum disulfide (MoS2) and 
polytetrafluoroethylene (Teflon™). The energy-savings potential of such 
lubricants with these additives in gearboxes and motors is discussed in 
Chapter 7. Other additives and synthetic formulations are used to im
prove lubricants' ability to resist degradation due to high temperatures. 
While the primary benefit of this improved high-temperature stability is 
longer lubricant life, indirect energy savings can result from the ensuing 
constancy of desired lubricant properties. This is especially important 
where lubricant maintenance is neglected (Lovins et al. 1989). 

Recently, synthetic, engineered lubricants have entered the mar
ketplace. These products, which are optimized for a specific applica
tion, can replace conventional petroleum-based oils and greases, re
ducing energy consumption and equipment wear by reducing friction. 
While friction is relatively small in motors themselves, it can represent 
a large loss in mechanical equipment like compressors, pumps, and 
gear drives. Synthetic lubricants have been demonstrated to reduce 
energy consumption from 2% to 30% in these applications. Though 
synthetics cost 1.5 to 3 times more than conventional lubricants, they 
do have a longer life, mitigating the initial cost. In many cases, the ad
ditional cost can be more than justified based on the longer lubricant 
life alone (Nadel et al. 1998). 

Periodic Checks 
Temperature (the first and quickest indicator of trouble) and the 

electrical and mechanical condition of a motor should be checked 
periodically. In general, most facilities with a good maintenance 
program will grease and inspect a motor every 6 months. However, 
recent cutbacks in maintenance staffs have led to increased inci
dences of underlubrication. 
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Bearing wear may be signaled by overheating, increased noise, or vi
bration; a cracked rotor cage can produce the same effects. The condition 
of the motor windings should be checked by measuring the resistance of 
the windings and of the insulation between the windings and the 
ground. Maintenance is key to efficient operation of belts as well. The 
motor drivetrain should also be checked in order for the belt's tension to 
be adjusted or worn belts replaced. Higher-efficiency belt operation 
leads to a lower belt temperature. As with motor insulation, belt life is re
duced by half if the operating temperature increases by lOT. Gear re
ducers should be checked as well to see if they are properly lubricated. 

If a motor is left idle for a considerable number of hours and is lo
cated in a humid place, a heating resistor should be placed inside the 
motor to avoid condensation. Moisture will decrease the insulation re
sistance between the windings and the ground. Motors with abnormal 
conditions should be repaired or replaced. 

Cleaning and Ambient Conditions 
As noted in Chapter 2, the cooler a motor operates, the higher its 

efficiency and the longer its lifetime. Higher temperature increases the 

Figure 3-19 

The Effect of Ambient Air Temperature on a Motor's 
load-Carrying Ability 
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windings' resistivity and, therefore, their losses. Cleaning the motor 
casing and ventilation filters as well as the apertures of open drip
proof motors is important because the operating temperature in
creases as dust and dirt accumulates. In extreme cases, failure may 
occur if thick layers of dust accumulate. Adding paint to the casing is 
not recommended since the paint acts as insulation and decreases the 
ability of the motor to dissipate heat. Figure 3-19 shows the effect of 
ambient temperature on the allowable horsepower. 

Summary 
We have discussed many factors that determine the reliability, 

longevity, and efficiency of a motor-driven system. Key goals include 
high-quality power supply; proper equipment sizing; careful atten
tion to harmonics, transients, power factor, and distribution loss; 
good load management practice; optimized transmission systems; 
and careful maintenance of the entire drivepower system. In Chapter 
4 we turn to one particularly important set of system components: the 
motor controls. 
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Motor Control Technologies 

Introduction 

M otor speed control offers the potential for the single largest 
amount of energy savings in drivepower systems. Most motors 

are fixed-speed, AC models. However, adjusting the speed to match 
the requirements of the loads, which generally vary over time, can en
hance the efficiency of motor-driven equipment. The potential benefits 
of speed variation include increased productivity and product quality, 
less wear in mechanical equipment, and energy savings of 50% or 
more for certain applications. 

Speed controls can save the most energy in centrifugal machines, 
which include most pumps, fans, and blowers and some compressors. 
Speed control is also effective in mills (such as the rolling mills that 
produce sheet metal in a steel plant), traction drives (such as subway 
cars), conveyors, machine tools, and robotics. 

The available options for motor speed controls include multi
speed and DC motors, shaft-applied drives (including mechanical 
drives, hydraulic couplings, and eddy-current drives), and electronic 
adjustable-speed drives (ASDs). In this chapter these are discussed 
and compared in light of their typical applications, advantages, limi
tations, and costs. Electronic ASDs, since they have become the domi
nant technology, are covered in detail later in this chapter, although 
much of this information is summarized in Table 4-1. (Readers not 
concerned with the technical details of how electronic ASDs work 
should skip the section "Characteristics of Electronic Adjustable
Speed Drives.") 

A speed-control technology should match the characteristics of the 
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CHAPTER FOUR 

load. These characteristics include the load profile (number of hours 
per year at each level of load from minimum to maximum), horse
power range, speed range, price of energy, overall energy efficiency of 
the motor and control systems, reliability and maintenance require
ments, physical size limitations, control and protection requirements, 
equipment lifetime, and first cost of the drive system. The ideal drive 
for any given application should be capable of varying both speed and 
torque to match the requirements of the load. Adjustable-speed loads 
can be classified into the following three groups according to relation
ship between torque and speed: variable-torque loads; constant-torque 
loads; and constant-power loads. 

Variable-Torque Loads 
In this case, the torque increases with the square of the speed. Ex

amples can be found in centrifugal pumps, fans, and compressors 
common in heating, ventilating, and large air conditioning systems. 
The design of centrifugal equipment is such that, at low speed, the 
equipment can match the low pressure and flow requirements of most 
systems. In pump systems, static head will increase the pressure and 
power required at lower speeds. 

Constant-Torque Loads 
A classic example of constant-torque loads is the conveyor belt. 

The torque required to move a conveyor depends on the load on the 
belt, not its speed. Since the load is independent of the speed, the 
drive may need to produce maximum torque at any speed. 

Figure 4-1 

Types of Motor Loads 

(a) (b) (c) 

Speed Speed Speed 

Note: (a) torque increasing with speed (e.g., in centrifugal fans and pumps); (b) constant torque (e.g., 
in positive displacement pumps and compressors); and (c) constant power (e.g., in vehicle drives). 
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Constant-Power Loads 
With constant-power loads, torque decreases with increasing 

speed but power (the product of speed times torque) remains con
stant. The most familiar example is a lathe or grinding machine. 

Figure 4-1 shows the typical torque-to-speed characteristics for the 
three classes of loads. Variable-torque loads are by far the most com
mon, accounting for 50-60% of the total motor energy used in the 
commercial and industrial sectors (see Table 6-18). 

Speed-Control Technologies 
Other than Electronic ASDs 

Multispeed Motors 
Some motors are designed to operate at two, three, or four speeds; 

two-speed motors are the most common. As explained in Chapter 2, 
the speed of an induction motor depends on the number of pole pairs 
in the motor. Multispeed motors are available up to 500 hp and are 
very reliable but have the following drawbacks: 

• The stator slots must be bigger than those of single-speed motors in 
order to accommodate two or more windings. As a result, the mo
tors are bulkier and cannot be easily retrofitted. 

• The current-carrying capacity of the copper is poorly used since 
only one set of windings is active at anyone time. 

• Fundamental aspects of their design lead to a lower efficiency level 
than for comparably sized single-speed motors. 

• The available speed ratios are limited. 

• The motor starters typically cost up to twice as much as single
speed motor starters. 

• Multispeed motors cost 50-100% more than single-speed motors. 

Two-speed motors can be used to save energy in such applications 
as air volume control in facilities that have large differences in their 
day-to-night or weekday-to-weekend airflow requirements. A 
1,800/1,200 rpm motor, for instance, can reduce fan energy require
ments at night and on weekends by 70%. All that is required is a two
speed motor with a starter, a timer, and a relay. 

The pole-amplitude-modulation (PAM) motor is a single-winding, 
two-speed, squirrel-cage induction motor that avoids some of the draw
backs of conventional two-speed designs. PAM motors are available in a 
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wider range of speed ratios than standard multispeed motors but they 
are limited to ratios based on synchronous speeds. They include 900/720, 
1,200/720, 1,200/900, 1,800/720, 1,800/1,200, 3,600/720, and 3,600/900 
rpm versions. PAM motors are more compact than other multispeed mo
tors. In fact, they have the same frame size as single-speed designs. 

The lower speed can be used for soft starting, resulting in a 
smaller inrush of current and less heating. In applications for which a 
two-speed duty cycle is appropriate, PAM motors are especially well 
suited for driving large fans or pumps with ratings from a few horse
power to thousands of horsepower. In the case of a retrofit, using an 
existing throttling device (valve or damper) allows for fine-tuning the 
flow once the main adjustment is made through speed selection while 
reducing the heavy losses of the throttle-only control. 

Like multispeed motors, PAM motors are available for variable
torque, constant-torque, or constant-horsepower applications. They 
and their starters cost about the same as standard multispeed motors 
and have similar efficiencies. 

Pony Motors 
An increasingly popular technique for motor drives with two dis

tinct operating conditions is to use two separate motors for a single 
application. The second, smaller motor is called a pony motor. For 
shaft-driven equipment, two motors can drive pulleys for the same 
shaft with controls so that only one motor can operate at a time. In 
pumping applications, two pumps with different capacities and 
speeds will often be installed in parallel. 

Pony motors are becoming a common option for cooling towers, 
municipal water systems, and air handlers. They produce energy sav
ings with the use of standard motors and starters, and are easy to 
maintain and repair. In addition, since they use two different drive 
belts, they offer greater flexibility in speed selection than the limited 
ratios available in multispeed and PAM motors. 

Direct-Current Drives 
Although expensive and of limited reliability (see Chapter 2), DC 

motors can produce high starting torques. Their speed can be con
trolled with great precision-down to 1% of the nominal speed of the 
motor-typically by varying the voltage level. They are used in appli
cations up to about 10,000 hp. Figure 4-2 shows the torque-to-horse
power characteristics for DC motors. 

The basic operating theory of DC motors is covered in Chapter 2. 
Their weakness is the commutation subsystem: both the brushes and 
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Figure 4-2 

Speed Control of Direct-Current Motors, Showing the Torque
Horsepower Characteristics 

Field • Armature .. 
voltage control weakening 

Torque Horsepower 
I-.;..;;.;..;J",;...;;...-----...,.~ _____ - -

Speed~ 

Note: Below the base speed the torque is almost constant; speed control of the motor is achieved by 
varying rotor ("armature") voltage. Speeds above the base speed can be obtained by decreasing the 
stator ('1ield") current, which causes the motor to operate in a constant-horsepower mode. 

the commutator wear because of friction and arcing. For this reason, 
DC motors require periodic maintenance and are not suitable for use 
in explosive or corrosive environments. In addition, due to the com
plexity of the rotor, DC motors are substantially more expensive, 
bulkier (since they have "dead volume" required by the commutator 
and brushes), and less efficient than AC induction motors. High
horsepower DC motors also have lower speed limits than their AC 
counterparts because of the centrifugal stresses on their larger, heavier 
rotors. Large AC drives can make use of higher voltages than DC mo
tors, which are subject to a voltage limit due to arcing in the commuta
tor. Higher voltages are desirable since they result in proportionately 
lower currents for the same power consumption. Lower currents lead 
to lower power losses in the electrical distribution system and allow 
smaller, cheaper wire to be used. 
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DC motors have traditionally been used in applications where 
high starting torque is required (such as traction devices and 
cranes) or where accurate speed control is needed (such as rolling 
mills, lathes, paper machines, and winders). Using DC motors for 
speed control requires converting the available AC power to DC. 
Historically this was done using either a motor-generator set or a 
rectifier. In a motor-generator set, an AC motor is used to operate a 
DC generator, which in turn powers the DC motor. Because each 
piece of equipment has inherent energy losses, the overall effi
ciency of this system can be 50% or lower. For example, it might re
quire 100 kW of electrical input at the AC motor to drive a machine 
with a DC motor that needs 67 hp (or 50 kW) of power applied to 
the shaft. 

The AC-to-DC conversion efficiency can be higher (up to 98%) 
with solid-state rectifiers than with motor-generator sets or mercury 
rectifiers. However, many facilities that use rectifiers were initially 
designed with a central DC power supply and one large rectifier. As 
new DC tools with their own rectifiers are added to such facilities, 
the load on the central rectifier decreases, lowering the overall effi
ciency of the central system. 

In recent years, more efficient solid-state controllers for DC mo
tors have appeared on the market. These units, which have some 
features in common with AC ASDs, provide DC power at relatively 
high efficiencies for many existing speed control applications. 

However, due to the drawbacks with DC motors mentioned 
above and the availability of better alternatives discussed later in 
this chapter, DC motors are now seldom used in new applications 
and their production is rapidly dwindling. As discussed in Chapter 
5, some applications using DC drives should be replaced with AC 
motors and ASDs. Examples include high-performance drives in 
steel and paper mills, as well as electric transportation. 

Shaft-Applied Speed Control: Mechanical, 
Hydraulic, and Eddy-Current Drives 

Mechanical, hydraulic, and eddy-current (induction clutch) drives 
are grouped together because they are all installed between the constant
speed motor shaft and the driven equipment. Usually these drives are 
bulky and not very efficient and require regular maintenance. 

Shaft-applied drives are not normally used in retrofits due to 
their space requirements. In new applications, they are generally in
stalled only in low-horsepower applications where they may be less 
expensive per horsepower than electronic ASDs. However, when 
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ongoing maintenance and energy costs are included in the analysis, 
it is often more cost-effective to use an electronic ASD. 

In addition, because of the relatively low efficiency of many of 
these drives, particularly when operating at low loads, it is some
times cost-effective to retrofit a shaft-applied drive with an elec
tronic ASD based on the value of the energy savings. 

Mechanical Drives 
Mechanical devices for controlling speed include variable gear

boxes, adjustable pulleys (sheaves), and friction dry discs. Variable 
gearboxes usually employ conical drums and can be applied only to 
small and medium-size drives, generally under 100 hp. Belt-slip
ping problems and maintenance requirements are making them less 
and less attractive relative to other drive options. 

Adjustable pulleys (see Figure 4-3) are simple devices that allow 
speed to be varied typically over a 3:3 range by adjusting the gap 
between flanges of the pulley sheaves. This adjustment can be per
formed either pneumatically or by a small servomotor. These de
vices are very efficient (in the 95% range) and fairly inexpensive 
(from $50/hp for a 100 hp drive to $300/hp for a 5 hp drive). Due to 
belt-slipping problems, they are not suitable for shock loads and are 
available only below 125 hp. Adjustable pulleys have been used to 
control the speed of small and medium-size fans. 

Friction dry discs (see Figure 4-4) allow a wide range of speed 
ratios (up to 10:1) but are limited to small loads (up to a few horse
power) and are costly ($300-500/hp). They are expensive because they 
require precision parts, and are only used with small motors (most dri
ves are less expensive per horsepower when used with a large motor). 
Speed is varied by manually turning a crank, which changes the trans
mission ratio (Payton 1988). These drives are typically 95% efficient. 
However, the high level of maintenance they require, their inability to 
be automatically controlled, and their low power-handling capability 
make friction dry discs inappropriate for many applications. 

In general, mechanical drives have a limited horsepower range. 
They require regular maintenance because they have movable parts, 
some of which rely on friction for transmitting power. Develop
ments in electronic ASDs provide more reliable, flexible, less bulky, 
and increasingly cost-effective alternatives. 

Hydraulic Couplings 
The output speed of a hydraulic (or fluid) coupling is controlled 

by the amount of slip between the input and output shafts. Thus, the 
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Figure 4-3 

Typical Adjustable Pulley Drive 
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CHAPTER FOUR 
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Note: Changing the gap between the flanges of the pulley sheaves changes the effective pulley diam
eters, thus varying the speed. The top shaft is connected to the motor, the bottom to the driven load. 

Figure 4-4 

Operation of Friction Disc Speed Control 

Note: Speed variation is achieved by manually turning a crank, which moves the point of contact be
tween one or more friction disc/ring pairs. Moving the contact point in turn changes the effective di
ameter of the friction discs, thus changing the transmission ratio. 

Source: Reprinted with permission from Reliance Electric 
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Figure 4-5 

Operation of Hydraulic Drive Speed Control 
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Note: The input shaft drives a vaned impeller, and a vaned "runner" drives the load through the out
put shalt. The input and output shafts are not connected except through the hydraulic circuit. Speed 
variation is achieved by changing the amount of oil in the working circuit (between the impeller and 
the runner) through a movable scoop tube. Since the output speed is controlled by the amount of slip 
between the impeller and the runner, the output shaft speed cannot exceed the input shaft speed. 
The available speed range is typically 5:1. 

Source: Andreas 1982 

output shaft speed cannot exceed the input shaft speed while the 
motor is driving the load. The torque converter in automobiles with 
automatic transmissions is a type of hydraulic coupling. In the fluid 
coupling, the input shaft drives a vaned impeller, and a vaned runner 
drives the load. 

Figure 4-5 shows the structure of a hydraulic drive. Speed is 
controlled by varying the amount of oil in the working circuit, 
achieving a typical speed range of 5:1. This speed ratio is changed 
by deliberately introducing losses in the system. As a result, greater 
speed reduction results in lower system efficiency. For an output 
speed of 50%, the overall efficiency of the hydraulic coupling is typ
ically 40°/.: •. 
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Figure 4-6 

Power Flow and Control of an Eddy-Current Drive System 
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Although hydraulic couplings can be used in applications from 
a few horsepower to tens of thousands of horsepower, their use is 
acceptable only when most of the duty cycle is in the upper speed 
range. At lower speeds the losses are too high. In addition, because 
the couplings are bulky, retrofits, which generally require reposi
tioning of heavy equipment and construction of new foundations, 
can be prohibitively expensive. 

Eddy-Current Drives 
The eddy-current drive couples an eddy-current clutch to an AC 

induction motor (see Figure 4-6). A rotating drum connected to the in
duction motor surrounds a cylinder attached to the output shaft. The 
concentric cylinder and drum are coupled by a magnetic field, and its 
strength determines the amount of slip. A low-power solid-state con
troller varies the current in the winding that produces the magnetic 
field, thereby varying the speed. This field excitation typically con
sumes 2% of the drive's rated power (Magnusson 1984). 

The eddy-current drive is a slip device like the hydraulic cou
pling, albeit with slightly better efficiency. Waste heat, generated by 
the motion of the drum and cylinder relative to the magnetic field, is 
the main source of power loss and is removed either by air or water 
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cooling. Air-cooled drives are available with ratings from 114 hp 
through 200 hp. Water cooling is also used for some drives ranging 
from 200 hp to over 2,000 hp. 

Eddy couplings operate reliably in a clean environment. They are 
bulky, typically occupying twice the space of the induction motor itself. 
Typical prices range from $200/hp for a 5 hp drive to $150/hp for a 15 
hp drive to less than $100/hp for a 100 hp drive. Prior to recent de
creases in the cost of electronic ASDs, eddy-current drives were often 
specified for speed control in HVAC systems and wastewater treat
ment plants. Although today's electronic ASDs have higher efficiencies 
and are competitive in cost, eddy-current drives have the advantage of 
not producing significant harmonics or voltage transients. Eddy-cur
rent drives may still be an acceptable choice in installations where the 
load operates at 70% or more of the rated speed most of the time. 

Characteristics of Electronic Adjustable
Speed Drives 

Solid-state electronic ASDs were developed about 40 years ago. 
Early versions were complex, expensive, and only moderately reliable. 
Advances in semiconductor technology for power devices and espe
cially for microelectronics have been dramatic in the past two decades. 
ASDs' costs have decreased substantially, and their performance and 
reliability have improved dramatically. Therefore, electronic ASDs are 
becoming the preferred motor speed control technology. 

This section provides the reader with a technical overview ade
quate for understanding application issues and costs. Readers inter
ested in a somewhat more technical discussion of ASD design and op
eration should consult the ASD Master User's Guide (Jacobs 
Engineering 1996). 

Most electronic ASDs control motor speed by synthesizing electri
cal power of the desired frequency since the speed of AC motors is 
proportional to the frequency of the power supply. This makes it pos
sible to control the speed over a wide range-from 0% to 300% of 
rated speed. 

Because ASDs are more compact than mechanical or hydraulic ad
justable-speed controls, and also because they do not have to be me
chanically coupled to the motor, they can be more readily retrofitted. 
The main ASD components do not have moving parts, and therefore 
require little periodic maintenance. When properly applied, ASDs can 
be extremely reliable. They are available in a power range that covers 
fractional horsepower (typical of home appliances) to a few hundred 
horsepower (as in commercial building HVAC systems) to the tens of 
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thousands of horsepower used by the pumps and fans of large electric 
power plants. 

Types of ASDs 
Electronic ASDs are characterized by the type of electronic input 

they require and the way they control a motor's speed. There are four 
basic types of ASDs: inverter-based; cycloconverters; wound-rotor slip 
recovery; and voltage-level controls. 

Inverter-Based ASDs 
Inverter-based ASDs are the most common systems for induction 

motors, and can be used with synchronous motors as well. They ac
count for well over 90% of the ASDs currently sold (PEAC 1987). 

The general diagram for an inverter-based ASD is shown in Figure 
4-7. Some ASDs operate on single-phase power (which is found in 
most residences and many small commercial buildings) and drive sin
gle-phase motors; others operate three-phase motors. 

Figure 4-7 shows that, in the first stage, the input AC power sup
ply is converted to DC using a solid-state rectifier. The DC link, which 
carries the DC power from the first stage to the second, includes a fil
ter to smooth the electrical waveform. 

In the second stage, the inverter uses this DC supply to synthesize 
an adjustable-frequency, adjustable-voltage AC waveform by releasing 
short steps or pulses of power. The speed of the motor will then 

Figure 4-7 

General Inverter Power Circuit with Motor Load 
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Figure 4-8 

Pulse-Width Modulation 
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Note: Changing the width of the voltage pulses varies output voltage. Changing the length of the 
cycle varies output frequency. 

change in proportion to the frequency. Usually the output voltage 
waveforms can be synthesized over the frequency range of 0-120 Hz, 
but they are available up to 180 Hz. 

There are three main types of inverter-based ASDs: voltage-source 
inverters (VSIs); pulse-width-modulation (PWM) inverters, and cur
rent-source inverters (CSIs). Each has its own advantages and disad
vantages as well as its own niche in the market. 

VSIs and PWM inverters generate variable-frequency, variable
voltage waveforms. The former synthesize a square wave; the latter 
create a pulse-width-modulated output made of a series of short dura
tion pulses, as shown in Figure 4-8. In both cases, the output has the 
frequency that will produce the desired speed, but the shape of the 
output is not as smooth as the sinusoidal AC waveform of a conven
tional power distribution system. 

VSIs (also known as single-step or square-wave inverters) are 
used in low- to medium-power applications, typically up to several 
hundred horsepower, and can operate several motors at once. Multi-
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motor operation is desirable when several motors are in operation at 
the same adjustable speed, as is often the case in the textile industry. 
Moreover, it is much cheaper to use one 200 hp ASD to drive ten 20 hp 
motors than to buy ten ASDs to drive the same motors. One drawback 
to multimotor operation is that external overload protection must be 
provided to each motor. 

PWM inverters have fewer problems than square-wave inverters 
although their efficiency is a bit lower due to the higher switching 
losses. Because of their better performance at low speed, lower har
monics, and ability to maintain good efficiency in the high-frequency 
range (by switching from pulse-width-modulated to square wave out
put), PWM inverters have become predominant in applications below 
200 hp and are available up to approximately 500 hp. 

Neither square-wave nor PWM inverters have regeneration capa
bilities. Regeneration is the ability to return energy to the supply sys
tem when a motor is slowing down, essentially operating the motor as 
a generator. This feature saves energy in drives with a high start-stop 
duty cycle (such as electric traction in urban rapid transit systems) as 
the braking energy is pumped back into the AC supply. 

The third type is CSIs, also called current-fed inverters, which be
have like a constant current generator, producing an almost square wave 
of current. CSIs are used instead of VSIs for large drives (above 200 hp) 
because of their simplicity, regeneration capabilities, reliability, and 
lower cost. Although more rugged and reliable than VSIs, CSIs have a 
poor power factor at low speeds and are not suitable for multimotor op
eration. A special type of CSI, the load-commutated inverter, can be used 
with synchronous motors, typically in applications above 1,000 hp. 

Cycloconverters 
Cycloconverters convert AC power of one frequency to AC power 

of a different frequency without using an intermediate DC link. The 
output frequency can range from 0% to 50% of the input frequency. 
Cycloconverters feature regeneration capabilities and are used in large 
drives (above a few hundred horsepower) for low-speed applications. 
There are no common applications for cycloconverter ASDs in resi
dential or commercial buildings, but typical industrial applications in
clude ball mills and rotary kiln drives in the cement industry, where 
cycloconverters' low-speed capability eliminates the need for gears. 

Wound-Rotor Slip Recovery ASDs 
As noted in Chapter 2, inserting an external resistor in the circuit can 

alter the speed of a wound-rotor induction motor. However, controlling 
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the speed in this manner is very inefficient. A wOlmd-rotor slip recovery 
ASD recovers and reuses some of the power wasted when an external re
sistor controls the speed of a wound-rotor motor. Its use is limited to 
very large motors (typically over 500 hp). 

Two types of wound-rotor ASDs are available. The static Kramer 
drive is commonly used in applications requiring 50-100% of the syn
chronous speed, such as large pumps and compressors (Bose 1986). 
The more expensive static Seherbius drive is used in large pumps and 
fans where higher-than-synchronous speeds or regenerative braking is 
important (Leonard 1984). 

Voltage-Level Controls 
Unlike other electronic ASDs, variable-voltage controls do not 

vary the frequency of power supplied to the motor. Instead, the effec
tive AC supply voltage applied to the stator windings is varied. When 
the applied voltage level decreases, the motor slows down. Although 
simple, this control method is not widely used due to its low effi
ciency and the high level of harmonics generated (Mohan 1981). Es
sentially the same technology is used in the so-called power-factor 
controllers, described below. 

Applications of ASDs 
ASDs are used for the following basic reasons: (1) to provide accu

rate process control or (2) to match the speed of a motor-driven device 
to varying load requirements. The most dramatic energy savings from 
speed control occur with loads that have losses that fall at reduced 
speeds. This is true of centrifugal machinery, including most pumps, 
fans, and some compressors. Their energy use is often proportional to 
the cube of the flow rate, so small reductions in flow can yield dispro
portionately large energy savings. For instance, a 20% reduction in 
flow, under the conditions spelled out in Chapter 5, can reduce energy 
requirements by nearly 50%. 

ASDs are ideally suited for modifying the speed of centrifugal ma
chines to provide the exact flow required by the system. This is in con
trast to the conventional practice in fan and pump systems of running 
the motor at full speed and controlling flow via throttling devices, like 
inlet vanes or outlet dampers on fans, and valves on pumps. Such 
flow constriction is analogous to controlling the speed of a car with 
the brake while the accelerator is pushed to the floor-a very wasteful 
practice. Fans and pumps represent such a large proportion of drive
power energy use and are such attractive candidates for speed control 
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with ASDs that we devote much of Chapter 5 specifically to these ap
plications. 

In other equipment, lowering the speed produces less dramatic 
savings. For example, conveyors are sometimes equipped with speed 
controls for process reasons. The energy needed to drive a conveyor 
depends primarily on the load carried by the belt and secondarily on 
its speed. Therefore, the energy savings that can be achieved with 
speed controls depend on the load profile of the conveyor. 

Features of this technology other than the energy efficiency ad
vantages of speed control may be even more important to the user, 
particularly in industry. For instance, response time and process con
trol may be improved. Moreover, by eliminating control valves, ASDs 
reduce the number of parts exposed to fluid, which may be important 
in some applications where there is a possibility of contamination 
problems. 

General Considerations for Selecting ASDs 
Although pumps and fans provide the best applications for ASD 

retrofits, speed controls are not necessarily cost-effective for all 
pumps and fans. The load profile (time variation of the pressure and 
flow requirements) is very important for determining the cost-effec
tiveness of an application. For example, if a system must operate at 
full flow at all times, then a flow control scheme is never a good 
choice. However, the typical system will have flow requirements that 
vary considerably over time. The greater the amount of operation at 
relatively low flows, the more cost-effective it is to efficiently provide 
flow control. 

The best way to determine the cost-effectiveness of a proposed 
ASD installation is to look at the power that would be needed at each 
operating condition with and without an ASD. The energy savings can 
then be calculated by taking the reduction in power at each condition 
and estimating the savings based on the actual (or expected) operating 
time at that condition. Sample calculations appear in Appendix A. 

In general, the following are good applications for variable-speed 
flow control, and in particular ASD control. The applications 

" Are fixed at a flow rate higher than that required by the load. 

" Are variable-flow, where the variation is provided by throttling (by 
valves or dampers) and where the majority of the operation is 
below the design flow. 

" Use flow diversion or bypassing (typically via a pressure-reducing 
valve). 
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.. Are greatly oversized for the flow required. This situation can occur 
if successive safety factors were added to the design, a process was 
changed so that the equipment now serves a load less than in the 
original design, or a system was overdesigned for possible future 
expansion . 

.. Have long distribution networks. 

.. Have flow control by on-off cycling. Such systems are usually less 
cost-effective retrofit candidates than are those that use a throttling 
control. 

.. Have a single large pump or fan rather than a series of staged 
pumps or fans that come on sequentially as the process needs in
crease . 

.. Can reduce the pressure at the outlet of the fan or pump at lower 
flows. For example, a pump that discharges water into a long 
pipeline that can move the water at a lower pressure when the 

Figure 4-9 

Typical Efficiency Curves for an AC Inverter Drive 

100 ~------------------------------------~ 

>-
(,) 
s::: 90 Q) 

(,) .... -w 

-s::: 
Q) 80 (,) .... 
Q) 

Il. 

70 
0 

--....- -- -:;:.::: -_ .. _ .. 
...,.,. ..,.. .. -. 

/;:-. ..",.. ------
/. "" .",."'" 

/,' ........ 
r· , 

/.1' " ••••• 
~, / .. , ... 
", .' ;.', .... 

~/, :,' ,., .' 
" ..->/ 

20 40 60 

100% load 
75% load 
50% load 
25% load 
Variable torque load 

80 

Percent Speed 

Note: The curves labeled with values at percent load are for constant-torque loads. 

Source: Eaton Corporation 1988 

142 

100 



CHAPTER FOUR 

flows are low (due to the decreased frictional losses in the pipes) 
would be a good candidate for an ASD. A pump supplying a fire 
protection system where the piping is oversized and a constant 
pressure is needed regardless of flow would probably not save 
enough for an ASD to be cost-effective. 

Once a good ASD application is identified, the question arises of 
what type of drive to use. This choice involves selecting among the 
major categories of ASDs discussed above, as well as choosing a ver
sion suited for variable-torque loads (including pumps, fans, and com
pressors) or constant-torque loads (such as conveyors, some machine 
tools, and winders). Most manufacturers make two lines of ASDs, 
each suited to either variable- or constant-torque loads. 

Constant-torque ASDs are typically 10-20% more expensive than 
variable-torque equipment because the electronics must be designed 
and built to withstand the high currents that occur when a constant
torque machine starts with a full load. Figure 4-9 shows the efficiency 
of variable-torque and constant-torque inverters as a function of both 
speed and load. 

Process Controls and the Integration of ASDs 
To work effectively and save energy, an ASD must be integrated 

into some type of control system. Most ASDs have a provision for con
trolling the speed by adjusting a setting on the local ASD panel. This 
type of relatively unsophisticated control is used where there are no 
major changes in the process that correspond to a desired speed of the 
equipment. For example, an ASD is often used to control the speed of 
a conveyor that carries a product through a freezing tunnel or a dry
ing oven. The slower the belt, the longer the product is held in the tun
nel. In these situations, the operator sets the belt speed based on some 
characteristics of the product and only changes the speed when the 
product changes. This is called open-loop control, as the system out
put is not monitored to regulate the performance. Typical applications, 
in addition to conveyors, include some types of ventilation equip
ment, and pumps and fans that run at constant speed where relatively 
large flow fluctuations due to external disturbances can be tolerated. 

In more demanding applications, a control system, of which the 
motor and the ASD are a subsystem, must be designed to satisfy the 
process requirements. Generally the control system will have one or 
more sensors to monitor the state of the process variables. The sen
sor(s) provides data to a controller or computer programmed with 
the control strategy, or algorithm. The controller compares the actual 
level of the process variable with a preset desired level. Based on this 

143 



ENERGY-EFFICIENT MOTOR SYSTEMS 

comparison and the programmed algorithm, the controller or com
puter will send a signal to change the system operation so that the ac
tual value of the variable correlates with the desired value. A com
mon example is a building HVAC control system in which the speed 
of a chilled water pump might be controlled by the pressure of the 
water in the circulating loop of the building. 

ASDs feature several types of control inputs that allow them to be 
easily controlled by an external signal. The value applied at the con
trol inputs determines the speed of the motor. Most ASDs are 
equipped with low-voltage or low-current control inputs, or a low
pressure pneumatic control input. Additionally, modem ASDs also 
feature a digital interface that allows the plant's computer to commu
nicate directly with the ASD. This situation is common in the process 
industries such as pulp and paper, chemicals, and refineries. 

Potential Drawbacks of ASDs 
Electronic ASDs hold great promise, but improper selection and 

use of the technology can lead to a number of problems. 
An existing motor can be retrofitted with an ASD. However, cau

tion must be exercised when doing this. Since the electrical wave gen
erated by an ASD is slightly irregular, a motor will heat up slightly 
more when used with an ASD than when run off the standard line 
power. Inverter-duty motors use an upgraded insulation and other 
design features to address this problem. It is also important that the 
drive and motor be electrically compatible. If the electrical character
istics of the drive are not correctly matched, standing waves can be 
created in the motor, resulting in premature failure of both the motor 
and the drive. Most ASDs can be ordered with an option of driving a 
motor at up to twice its rated speed. At times it may be necessary to 
replace a motor if the system requires operation in these high speeds 
because the existing motor's rotor and bearings cannot handle the 
speed, or because the load demands more power at a higher speed. It 
is also important to be aware of any critical harmonic frequencies for 
the motor, the driven equipment (e.g., a fan), or a combination of 
those. The drive should be programmed to avoid operation at any 
multiples of these frequencies to prevent mechanical resonance prob
lems that can destroy the equipment. 

An ASD can save a great deal of energy by slowing a motor to 
match light loads. Care must be taken, however, because motors that 
are run at small fractions of their rated speed can overheat or suffer an 
irregular rotation known as cogging. Most manufacturers do not rec
ommend operating a motor at less than 10-15% of rated speed. 
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ASDs have some losses in the circuitry. As with most electric 
equipment, these losses result in increased heating of the drive. Most 
drives are equipped with cooling fins so that the heat does not build 
up and trip the electronic circuitry; many are also equipped with fans. 
In general, the ASD cooling system will work adequately when the 
drive is located in a room with normal temperature conditions. Some 
large drives and those located near hot spots in a plant may need to be 
placed in an air-conditioned room. 

A standard ASD houses the circuitry in a box that closes but does 
not seal tightly. Most manufacturers can package ASDs in housings 
that are impervious to dust, water, or explosive vapors. These special 
enclosures can add 10% to the cost of small ASDs and 5% to larger 
models. 

Many add-on features are available that can increase the cost of an 
ASD installation. These can be required in any of the following situa
tions: when special control interfaces are needed; when the machine 
has special requirements for acceleration, deceleration, or direction re
versal; when manual or automatic bypass of the ASD is needed; or 
when equipment is required to protect against overload, voltage fluc
tuation, short circuits, loss of phase, harmonics, and electromagnetic 
interference. 

The early generation of ASDs often 
had poor power factors. Today, most 
small ASDs (below 300 hp) use an input 
circuit with a high power factor over the 
entire speed range. In fact, these types of 
ASDs have a better power factor over the 
entire operating range than motors con
nected directly to the line power (which 
have lower power factors at low loads). 
These units are generally identified in cat
alogs as having high input power factor 
(0.95 or above) over the entire speed 
range or as a PWM-type input circuit. For 
small drive units with general applica
tions, it is almost always possible to find 
an ASD with good power factor. 

Larger current-source ASDs may have 
poor power factors at low speeds (see 
Table 4-2). The effects of poor power factor 
are partially mitigated by the fact that less 
power is used at low speeds than at full 
speed, especially in the case of variable-

Table 4-2 

Displacement Power 
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torque loads. With constant-torque loads, the reactive power consumed 
at low speeds can reach unacceptably high values. It is possible to cor
rect the low power factor caused by ASDs with capacitors and filters 
(for displacement power factor and harmonics, respectively). However, 
an ASD differs from other motor loads in that the displacement power 
factor should be corrected at a central location with a switched capaci
tor bank instead of at the individual piece of equipment. 

ASDs larger than 200 hp, such as cycloconverters and current-source 
inverters, can produce harmonics and electromagnetic interference that 
can disrupt power line signals, computers, and other electronics and 
communications equipment. Smaller pulse-width-modulated ASDs 
damp harmonics better and generally do not pose problems unless there 
are many of them in the plant. The problems caused by harmonics and 
EMI, and their diagnosis and mitigation, are discussed in Chapter 3. 

Trends and Developments in ASD 
Technology 

There has been continuous progress over the past decades in the 
technologies used in electronic ASDs, including the microelectronics 
used in control circuits; sensors that provide input to the controls; and 
the power electronics used to condition the input current to the mo
tors. These technology trends and the associated cost reductions have 
helped accelerate ASD market penetration. 

Increasingly powerful microprocessors and large-scale integration 
devices have allowed complex control functions and algorithms to be 
incorporated in compact and inexpensive ASD packages. Correspond
ing advances in power electronics technology have also been achieved. 

The integration of power electronic devices and microelectronics 
into single packages known as power-integrated circuits (PICs), or 
smart power devices, will lead to further miniaturization. PICs have the 
potential to slash the number of ASD components, reduce costs, and im
prove reliability. One manifestation of this trend is the move toward in
tegrated motor / drive packages, especially in the smaller motor sizes. 

Another interesting development is the integration of sensors in a 
silicon chip for all kinds of variables, including temperature, pressure, 
light, force, acceleration, and vibration. The integration of PICs with 
sensors is helping to decrease the cost not only of the ASD, but also of 
the overall control system of which the ASD is a part. Electronic ASDs 
are now being routinely packaged with motors, especially for low
horsepower devices such as home air conditioners, heat pumps, wash
ing machines, and other appliances. The Japanese are doing this in 
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many heat pumps and air conditioners, and most U.S. manufacturers 
(including Trane and Carrier) have integrated ASDs in the fans and 
compressors for their high-end furnaces, air conditioners, and heat 
pumps. Also, advanced motors with speed control capability, such as 
switched reluctance, are beginning to be incorporated into appliances 
like clothes washers. 

The general trends in electronic ASDs point to increased compact
ness, efficiency, and reliability, as well as more flexibility (e.g., added 
control and protection features), less power line pollution, and de
creasing cost per horsepower. With these trends, a staggering growth 
in the electronic ASD market can be expected, particularly as the cost 
per horsepower decreases. 

Economics of Speed Controls 
The economics of motor speed control technologies are briefly dis

cussed below. For further details, see Appendix A. 
Mechanical ASDs, such as adjustable pulleys, are fairly inexpen

sive, with prices ranging from $50/hp (equipment only) for a 125 hp 
drive to $350/hp for a 5 hp drive. Typical equipment prices for eddy
current drives range from $200/hp for a 5 hp drive to $150/hp for a 15 
hp drive, to less than $100/hp for a 100 hp drive. While the equipment 
prices are typically low, these mechanical ASDs are seldom used for 
retrofits due to the difficulty of repositioning the motor or the driven 
load. Electronic ASDs are generally much better suited to retrofit ap
plications because they are connected to the motorized system only 
through the wiring. 

The price of electronic ASDs, in terms of dollars per horsepower, 
is a function of the horsepower range, the type of AC motor used, 
and the additional control and protection facilities offered by the 
electronic ASD. In 2000, cost for low-voltage applications varied 
from about $160/hp at 50 hp to $100 at 500 hp. Typical costs per 
horsepower for ASDs used with induction motors are shown in Fig
ure 4-10. These data are based on comparison of solicited bids and 
studies of actual implementations and assume variable-torque 
equipment. Most commercial applications use a standard installation 
with a NEMA 1 enclosure (indoor application). Installation costs typ
ically run no more than 15% of equipment costs. Many industrial ap
plications will require a higher-cost installation (such as a NEMA 12 
"wash-down" enclosure or special ventilation of the cabinet) due to 
harsh environments or the need to isolate the drive from adjacent 
equipment. Installation can vary depending on the application and 
can cost substantially more than the standard installation because 
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Figure 4-10 

ASD Costs per Horsepower for Low and Intermediate Voltages 
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sometimes special controls and sensors are needed to integrate the 
ASD into the control system and/ or abatement of harmonics is nec
essary (Easton 2000). 

Drives for synchronous motors above 1,000 hp are about twice as 
expensive per horsepower as drives for induction motors of the same 
size. As noted earlier, the integration of ASDs into mass-produced ap
pliances lowers costs dramatically. ASDs built into Japanese variable
speed heat pumps reportedly added only $25/hp to the manufac
turer's cost (Abbate 1988). 

Typical energy savings from ASDs range from 15 to 50%, and sim
ple paybacks of 1-8 years are common, based on energy savings alone. 
The payback is, of course, sensitive to the price of electricity, labor 
costs, the size of the drive, the load profile, whether the application is 
new or a retrofit, and other factors. 

In addition, there are costs and benefits that are difficult to quan
tify, induding maintenance requirements, reliability, reduced wear on 
the equipment, less operating noise, regeneration capability, im
proved control, soft-start, and automatic protection features. In most 
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instances, these difficult-to-quantify factors, like improved process 
control, motivate a user to install ASDs. 

ASD Case Studies 
The following descriptions of documented ASD applications profile 

the engineering background, cost and energy savings, and other bene
fits of the applications. Only projects that have submetered data have 
been used. In the past decade, since the publication of the first edition of 
this book, significant experience has been gained with ASD applica
tions. While most of these applications have resulted in significant 
nonenergy benefits, these advantages are not as easily documented as 
the energy savings. The energy benefits are so great and readily avail
able that, considering them alone, the projects prove economically 
attractive. While many of the applications are unique to a specific site, 
especially in industry, the examples presented below are reflective of 
the opportunities available from appropriate applications of ASDs. 

Boiler Feed Pump at Fort Churchill Power Plant 
Like many small to medium-size oil- and gas-fired power plants, 

Sierra Pacific Power Company's UO-megawatt (MW) Fort Churchill 
plant acts as spinning reserve, operating at minimum power until 
needed. Its minimum load, 16 MW, was provided at a relatively large 
cost due primarily to high fuel costs. An added problem, and one that 
limited the extent to which the plant's output could be reduced, was 
the large pressure drops in the throttling valves, which increased 
maintenance costs as well. The boiler feed pump provided over 2,700 
pounds per square inch (psi) of pressure and all but 250 psi were 
wasted through restrictive operation of the feedwater control and tur
bine stop valves (EPRI 1985). In other words, the throttling valves dis
sipated most of the energy delivered to the water. 

An analysis of the plant's operation, including the load profile 
(number of hours per year at each fraction of full load) and the heat 
rate (amount of fuel required per kilowatt-hour output at each fraction 
of full load), showed that the plant could be turned to an even lower 
load and valve wear reduced if the induction motor drive of the boiler 
feed pump was retrofitted with an ASD. The retrofit on the 2,000 hp 
pump was performed in 1984 as an EPRI demonstration project 
(Oliver and Samotyj 1989). 

The following results were achieved: 

41 Minimum power was lowered to 12 MW, resulting in large fuel 
savings. 
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.. Pump input power at minimum plant power was reduced from 815 
kW to 293 kW. 

.. Annual savings from fuel and pump electricity totaled $1,600,000, 
which paid off the $480,000 installation in about 4 months . 

.. Other benefits (including reduced maintenance and reduced stack 
emissions) were significant but have not been quantified. 

Coolant Pumps at Ford's Dearborn Engine Plant 
The Dearborn Engine Plant's cooling system includes five 75 hp 

pumps for circulating cooling fluid to cutting tools. The pre-retrofit 
operation incorporated three pumps, operating in parallel at 64 psi 
and 1,325 gallons/minute each, for 5,700 hrs/yr (the other two pumps 
were maintained as spares). 

An analysis of the system showed that the pumps were operating 
most of the time at excessively high pressure in order to meet occa
sional peak loads (the required pressure is 50 psi). The solution was to 
install an ASD on one of the pumps, along with a control system, not 
only to maintain pressure levels but also to shut off coolant flow to 
machines not operating. Thus, the pump staging, along with ASD con
trol, was able to meet the system requirements exactly. 

The results of the retrofit were as follows: 

.. Reducing the required flow and meeting that requirement more ef
ficiently through reduced pressure reduced energy use by 48% . 

.. The $75,000 cost of the retrofit was paid back in 1.4 years from the 
annual $55,000 savings . 

.. Other benefits (not quantified) included reduced misting (from the 
coolant nozzles); improved indoor air quality; reduced pump 
wear; and improved direction control of coolant (due to constant 
pressure). 

.. The above benefits contributed to improved machining quality, im
proved coolant filter performance, and decreased filter maintenance 
due to reduced flows. The control system also allows pump wear to 
be monitored, assisting in planned maintenance (Strohs 1987). 

Boiler Fans at Ford's Lorain Assembly Plant 
The assembly plant at Lorain, Ohio, is served with 125 psi steam 

from three coal-fired boilers installed in 1957. In 1976, environmen
tal regulations required replacement of the induced draft fans with 
models equipped with outlet dampers. This controls combustion 
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better, thereby lowering emission levels. With this change, particu
late emissions were reduced to acceptable levels at high boiler 
loads. However, this goal could not be met at loads below about 
40% of the rated maximum capacity of each boiler (80,000 lb/hr of 
steam). In the summer, steam load dropped as low as 15,000 Ib /hr, 
and large amounts of steam were vented to the atmosphere to pre
vent excessive emission levels. 

After the damper-equipped fans were installed, tightened envi
ronmental requirements forced even further modification. In 1986, 
forced and induced draft fans were equipped with ASDs, which im
proved control of the boilers and met the particulate emission require
ments even at boiler outputs below 25% of maximum. 

In addition to avoiding fines for excessive emissions, the controls 

.. Saved $53,000 in coal costs by greatly reducing steam venting 

.. Saved $41,000 in electricity costs for the six fans 

'" Paid back the $90,000 retrofit cost in slightly less than 1 year 

On the downside, the controls created a low power factor and po
tential electromagnetic interference, which may require ASD modifica
tion or additional power-factor correction equipment and filters 
(Futryk and Kaman 1987). 

Ventilation Fans in a New Jersey Office Building 
ASDs were installed on two supply fan and two return fan motors 

in variable-air-volume (VAV) ventilation systems in a 130,000-square
foot commercial office building. Inlet vanes on the fans had previously 
controlled the air volume. 

As a test, two control schemes were compared. The first used the 
pre-retrofit duct static pressure control with the existing setting of 2.5 
inches of water. The second reset the duct pressure to 1.5 inches when 
system loads were reduced. 

The retrofit had the following results: 

.. With the same control strategy as before the retrofit, energy savings 
were 35%, amounting to $5,200 annually, which would payoff the 
$40,000 installation cost in 7.7 years . 

.. With the modified (pressure reset) strategy, savings increased to 
52°;;" or $8,700, annually, with a simple payback period of 4.6 years. 

.. Due to the inefficiencies of the inlet vanes, resetting the duct pres
sure with inlet vane control did not result in significant savings 
compared to the base case (Englander and Norford 1988). 

151 



ENERGY-EFFICIENT MOTOR SYSTEMS 

Gas Removed from Steel Making at Burns Harbor 
Bethlehem Steel Corporation's (BSC) Burns Harbor Facility in 

northwest Indiana is one of the premier integrated steel production 
plants in the United States. Seeking opportunities to increase produc
tivity while reducing energy costs, BSC retained General Conservation 
Corporation (GCC) to identify and implement energy efficiency mea
sures on a shared savings basis. One opportunity they targeted was 
the application of an ASD on the primary induced draft (ID) fan of the 
#3 basic oxygen furnace (BOF). This fan, driven by a 7,000 hp motor 
with a design capacity of 40,000 cubic feet/minute (dm) at 1,200 rpm, 
removes waste gasses from the BOF and draws them through several 
gas cleanup steps before reaching the fan. The fan exhaust passes 
through a silencer before reaching the stack. It operates continuously 
at 1,200 rpm, and gas flow is regulated by a set of upstream dampers. 
The gas volume required varies from negligible during idle periods to 
a peak of 25,000-30,000 dm. This peak flow is only necessary for a 
third of the typical 45-minute heat cycle. As a result, not only does the 
gas flow vary significantly, but it shows that the fan is oversized for its 
maximum requirements. 

When GCC proposed the installation of the ASD in 1987, BSC was 
uncertain about committing to it for three reasons: (1) the existing system 
already ran smoothly; (2) the ID fan was critical to plant operation; and 
(3) they were hesitant to spend the necessary capital. GCC agreed to 
fund the project in return for 50% of the savings, and BSC was given the 
option to purchase the equipment in 7 years at fair market value. 

The need to maintain a critical pressure drop through the scrubber 
complicated the project design. The existing fan was deemed unable 
to withstand the cycle stress, so it was replaced with a new unit that 
was 5% more efficient. During process operation, the fan speed was 
set to vary between 960 and 1,075 rpm and to reduce to 560 rpm when 
the fan was idle. An added benefit was that these speeds could be ad
justed to even lower levels immediately after system cleaning. With 
the modified system, average monthly energy consumption was re
duced by almost 50%, from 2,602 to 1,310 megawatt-hours (MWh). In 
addition, the modifications reduced noise levels in the furnace area 
significantly and extended system component lives. The reduced fan 
speeds also improved the system's tolerance to slight fan imbalances, 
which in tum reduced operation and maintenance (O&M) costs. The 
resulting savings were $310,000 for each partner. This annual income 
for GCC allowed them to recover their $1,225,000 capital inveshnent 
in about 4 years. BSC was so pleased with the project results that, at 
the end of the initial contract period in 1994, they extended the shared 
savings agreement (OIT 1998). 
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Improved Ventilation in a California Textile Mill 
A Japanese-owned mill, Nasshinbo California, Inc., produces cot

ton fabric. This Fresno, California, facility is the only spinning and 
weaving plant in the western part of the United States. A ventilation 
system is needed to keep the plant's temperature at 85-95°F, with a 
relative humidity of 50-60%. This ensures reliable operation of the 
processing equipment and maintains produce quality. A system of 
nine supply and nine recirculation fans mixes outside air that has been 
cooled and humidified with air washers with plant air that has been 
filtered to remove suspended particles and fibers. Seasonal variations 
and different products cause differences in airflow requirements. 
Manually operated variable inlet guide vanes and outlet dampers con
trol the flows. However, this control system is labor intensive and sub
ject to corrosion due to the high humidity. 

Pacific Gas & Electric Co. (PG&E), as part of their Power Saving 
Parh1er (PSP) program, contracted with an energy services company, 
Tamal Energy, to finance the design and modification of the system 
with ASDs. AD! Control Techniques Drives implemented the project. 
They determined that all but one of the recirculation and two of the 
supply fans were oversized. The remaining 15 fans were fitted with 
ASDs. The flow was modulated using the ASDs, which produced bet
ter air quality and resulted in annual labor savings of 48 hrs/yr. Air
borne lint in the plant was decreased, which reduced the number of 
equipment breakdowns while improving the product quality. In addi
tion, the ASDs improved the plant's power factor, thereby cutting 
penalty costs. 

The fan system modifications lowered system demand from 322 
kW to 133 kW, and reduced electricity consumption by 59%, from 
2,700 to 1,100 MWh annually. This produced annual cost savings of 
slightly more than $100,000. Nasshinbo realized these savings because 
the PG&E program covered the $130,000 cost of the project (OIT 1997). 

Other Controls 
The electronic ASD is only one of the new control technologies to 

have emerged from the electronics revolution of the past 10 years. 
Electronics process controls, sensors, fast controllers for compressors, 
power-factor controllers, and energy management systems (EMS) for 
controlling mechanical and lighting systems in buildings are all be
coming more sophisticated and effective. 

In many cases, the new control systems are used to improve the 
product being processed, to increase the yield of the product, or to 
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improve the comfort in a building. Energy conservation is only some
times a primary goal; at other times, it is a side benefit when control 
systems have been installed for process reasons. 

Improved controls and sensors can save energy by monitoring more 
system variables than was previously possible and by responding more 
rapidly and accurately than ever before. Because of their slow response 
time, process controllers have historically used set-points with built-in 
safety margins to ensure that the process meets minimum performance 
requirements. A new generation of intelligent controllers is currently 
available that looks at both the historic pattern of control and the recent 
system changes and automatically retunes the process control parame
ters to optimize response time for each situation. 

These controllers yield energy savings for two reasons. First, the 
rapid response ensures that the process is operating within desired 
limits. Energy wasted when the process is slightly out of spec is now 
conserved. In addition, the increased accuracy allows the operator to 
set the process control variable to the exact set-point without incorpo
rating a safety factor. 

Building and industrial process control loops in the past were typi
cally designed to control one or perhaps two variables. With the advent 
of the microprocessor, control systems can now monitor and respond to 
many parameters. For example, the temperature of heated or chilled 
supply air or water in building HVAC systems has traditionally been 
fixed at one preset level, or perhaps was varied with outside air temper
ature, which is only one indication of cooling or heating requirements in 
a large building. With this approach, the HVAC system tends to provide 
excessive cooling or heating much of the time. Newer energy manage
ment systems allow the temperatures of the cooling and heating 
medium to be reset based on the actual demand for heating and cooling 
in different zones of the building. Significant energy savings can result 
from this type of control strategy since only the minimum amount of 
heating and cooling is used to meet the needs of the building. 

In the past, use of industrial process controllers was limited because 
sensors were not available for specific applications, or because they 
tended to drift and needed frequent recalibration. As a result, many 
processes were controlled manually with fairly crude adjustments. The 
electronics revolution has produced sensors that can detect small con
centrations of specific ions, sense humidity without fouling and drifting, 
and measure other process variables. These new sensors, combined with 
the advent of central control (which reduces the cost for each control 
point), have expanded the range of processes that can be automated. For 
example, humidity sensors can now be purchased that survive in the 
harsh environment of a lumber kiln and remain in calibration for long 
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Figure 4-11 
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periods of time. This innovation allows humidity to drive the operation 
of equipment. 

Vector Control 
DC motors have traditionally been used in high-performance appli

cations, such as servodrives, rolling mills, robotics, and web winders, 
where accurate torque and speed control are necessary. The develop
ment of inexpensive microprocessors and ASDs now allows the more 
reliable AC-induction motor to be used in such tasks. In this process, 
known as vector control, the motor current, voltage, and position are 
continuously monitored. These values are then plugged into mathemat
ical formulas called algorithms, which precisely control torque, speed, 
position, and other critical parameters. Vector control can be coupled 
with many types of ASDs and has been successfully used in a wide 
range of applications. The general approach to closed-loop, micro
processor-based vector control is shown in Figure 4-11. For more on vec
tor control, see Leonard 1986 or Bose 1986. 

Power-Factor Controllers 
Many applications require a constant speed, even as the motor 

load varies. For example, a motor driving a saw blade must maintain 
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constant speed regardless of whether the blade is cutting a O.5-inch 
board or a 2-inch board, a hardwood or a softwood. As a result, the 
motor runs with a light load when cutting wood below its maximum 
capacity or when idling between cuts. 

For applications below 15 hp, in which the motor runs much of 
the time at full speed but at light or zero loading capacity, electronic 
variable-voltage controls, also known as power-factor controllers 
(PFCs), can increase both power factor and efficiency. These devices 
eliminate part of the sine wave fed to the motor. As a result, the aver
age current (represented by the area under the sine wave) is lower. 
Since the power is the product of the voltage times the current, PFCs 
reduce the power used at low loads and thus improve motor effi
ciency by reducing magnetic and FR losses. 

Energy savings range from 10-50% at light loading to zero at full 
load. Overall energy savings of 10% typify the limited number of at
tractive installations (including saws, grinders, granulators, escalators, 
punch presses, lathes, drills, and other machine tools) that idle for ex
tended periods. The potential savings are greater for single-phase mo
tors than for three-phase motors because the former have much larger 
no-load losses. Similarly, the higher and flatter efficiency curves of 
large motors make them unattractive candidates for power-factor con
trollers. PFCs also can incorporate soft-start capabilities at little extra 
cost. In fact, many controllers marketed as soft-start devices include 
the power-factor control capability. 

PFCs also improve power factor because of the way power con
sumption is sensed and controlled. In general, as the load on a motor 
decreases, the power factor deteriorates as a result of reactive current, 
which shifts the voltage sine wave out of phase with the current sine 
wave. When the controller eliminates part of the sine wave, it not only 
reduces the average magnitude of that waveform but also shifts the 
center of the waveform so that the voltage and current are closer to 
being in phase. In this way it improves the power factor. 

PFCs can generate significant harmonics, which need to be sup
pressed. They also have internal losses typically equal to a few per
centage points of rated power. 

List prices of 10 hp PFCs are $30-60/hp. Their cost-effectiveness 
can be evaluated by estimating the load profile and the net efficiency 
gains at each point of part-load operation. 

Summary 
Speed control for motors, particularly when applied to fans and 

pumps, is an extremely effective way to produce energy savings in 
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motor drives. While speed can be controlled using multiple motors, 
multispeed motors, and an assortment of mechanical devices, most 
retrofits and many new installations use electronic ASDs because 
these devices are easy to install on existing equipment and their costs 
and reliability are increasingly making them attractive to the user. 

An ASD produces energy savings most effectively when inte
grated into a larger control system. Modern control systems not only 
control motor speed for adjustable-speed applications but also reduce 
energy use by improving process control. 
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Chapter 5 

Motor Applications 

Previous chapters have discussed components of the drivepower 
system-motors, wiring, controls, and transmission hardware

upstream from the load. In this chapter we take a different perspective 
and focus on several principal loads, most notably fans, pumps, and 
compressors. We emphasize these topics for two reasons. First, these key 
loads account for more than half the drivepower energy used. Second, 
understanding the theory of fan, pump, and compressor applications is 
necessary if one is to design efficient, reliable systems to drive them. 

Fans and Pumps 
The fans, pumps, and compressors that move and compress air, 

water, and other gases and liquids (collectively known as fluids) in 
industry and commercial buildings consume approximately 50% of 
the electricity used by U.s. motor-driven systems. (See Chapter 6 for 
further discussion of end-use estimates.) Most of the electricity used 
by this group is for fans and pumps, the initial focus of this chapter. 

Fans and pumps are used in many applications. Equipment 
ranges in size from fractional-horsepower units in residential appli
ances to tens of thousands of horsepower used in utility power plants. 
Despite the range of size and usage, nearly all fan and pump applica
tions have time-varying flow requirements, and most of the flow vari
ation is done inefficiently, if at alL 

Fluid-Flow Fundamentals 
All fan and pump applications share certain characteristics. One 

is the nature of fluid flow. To produce a flow of fluid through a 
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Figure 5-1 

System Head Loss Curve, Showing Squared Relation between 
Pressure ("Head") and Flow 
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pipe, duct, damper, or valve, a pressure difference must be created 
across the component. A common example is the garden hose. To 
force water through it, the pressure must be greater at the faucet 
than at the far end of the hose. The greater the pressure difference, 
the greater the flow. 

For a given system, a curve can be drawn to show the pressure 
difference required at any given flow. An example is shown in Fig
ure 5-1, where the pressure difference (in pump jargon, "head") is 
shown as a function of flow (gallons per minute). As the figure 
shows, the relation is quadratic (Le., the pressure difference is 
proportional to the square of the flow rate). Or, expressed in mathe
matical terms, 

where 
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Q is the flow rate in cubic feet per minute or gallons per minute 
(gpm) 

cc means "is proportional to" 

Thus, if the flow doubles, the pressure drop quadruples. This squared 
relationship holds true for systems of all fluid types. The slope of the 
curve is determined by the system components' resistance to flow. 
For example, a water distribution system constructed from 2-inch
diameter pipe will have much larger resistance than one constructed 
from 4-inch pipe, which would thus result in a greater pressure drop 
than for the 4-inch system for any given flow. In other words, the 
more restrictive the system, the steeper the system curve. 

In the United States, units for measuring pressure and flow differ 
between fan and pump applications. For fans, the pressure difference 
is given in inches of water column (1 inch corresponds to 0.0361 psi; 
thus, 27.7 inches of water equals one psi). For pumps, the pressure (or 
head) is given in feet of water column (one foot corresponds to 0.434 
psi; thus, 2.31 feet of water equals one psi). The flow rate for fans is 
given in cubic feet per minute; for pumps, in gallons per minute. (To 
convert U.S. units to the Systeme Internationale units of pascals, mul
tiply inches of water by 249, or multiply psi by 6,894.) 

The power required to create a given flow relates directly to the shaft 
power required by the fan or pump from the drive motor (which in turn 
relates to the required electrical input power). A basic relationship that 
follows from the physics of fluid flow is that the theoretical power re
quired to create the pressure difference needed to produce a given flow 
is proportional to the product of the pressure and flow. That is, 

Power cc ll.P x Q 

Thus, there is a unique theoretical power required for any given 
combination of pressure and flow. The terms water-horsepower (for 
water pumps) and air-horsepower (for air fans) are often used to denote 
the theoretical power required in these systems. The relationship be
tween the theoretical and the actual power requirements is discussed 
in the following section, "Fan and Pump Characteristics." 

A set of relations, known as affinity laws, exists for fans and 
pumps. One law states that for a given fan or pump installed in a 
given (unchanging) system, the flow rate is directly proportional to 
the speed of the fan or pump: 

Q cc N where N is speed 

For example, if the speed of a fan is doubled, the flow through the 
fan and system attached to it is also doubled. 
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Another affinity law is that the theoretical power required by a fan 
or pump increases with the cube of its speed: 

Power ex N3 

For example, when a fan's speed is doubled, the power require
ment grows eightfold (two to the third power). This cubic relation fol
lows directly from the concepts previously discussed. The power re
quired is proportional to the product of the pressure and the flow, and 
the pressure in a given system is proportional to the square of the 
flow. The power required is proportional to the cube of the flow. Since 
the flow is proportional to the speed, the power is proportional to the 
cube of the speed. 

The "cube law" has a great significance for the energy used by 
motors in fluid-flow applications. For example, reducing the flow (by 
reducing the speed of the fan) in an oversized ventilation system by 

Figure 5-2 

System Curve with Minimum Pressure Requirement of 20 Feet 
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only 20% halves the power required by the fan. In many systems, the 
flow can be varied continuously to meet a constantly fluctuating de
mand. Methods of flow variation are discussed below, under "System 
Control and Optimization Techniques." 

The affinity laws can be very useful in fan and pump applications, 
but the user must be sure that the laws hold in every specific case: 
they only hold if all other variables remain constant. For the cube law 
to apply, the system curve must be of the form in Figure 5-1: at zero 
flow, the pressure difference must be zero. Examples of such systems 
include residential and other ventilation systems that were originally 
designed to operate at constant air flow, and water circulation systems 
that do not use pressure controls or other means to create flow-inde
pendent pressure differences. The affinity laws also assume that the 
efficiency of the fan or pump remains constant at varying speeds. 

Another common type of system has a fixed, or static, pressure re
quirement, even at zero flow, as shown in Figure 5-2. Examples include 
pumping between two reservoirs where there is an elevation increase, 
and most variable-air-volume (VAV) building ventilation systems that 
are designed to maintain constant pressure in the ductwork upstream 
from the dampers that serve each area. Since the cube law does not 
hold where the pressure does not drop to zero at zero flow, a more te
dious analysis must be performed to determine the operating condi
tions of such systems. 

Fan and Pump Characteristics 
Just as each system has a characteristic curve for the pressure differ

ences required by different rates of flow, each fan or pump also possesses 
a performance curve. More precisely, each fan or pump has a family of 
curves that, like system curves, are plotted on a graph with pressure on 
the vertical axis and flow on the horizontal axis. These curves describe 
where the energy goes (to some combination of pressure and flow) when 
a certain amount of energy is added to the fluid. Figure 5-3 shows a typi
cal fan curve, and Figure 5-4 shows a typical pump curve. 

We deal with only centrifugal fans and pumps in detail here be
cause they collectively consume more energy than the other types (see 
Table 6-11). However, most of the analytical methods apply to other 
models as welt especially propeller-type (axial) fans. Centrifugal fans 
are used in many air-moving applications: residential furnaces; com
mercial and industrial HVAC equipment; and large blowers in utility 
power plants. Similarly, centrifugal pumps are used in applications 
ranging from fractional-horsepower residential units to industrial 
pumps of thousands of horsepower. 
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Figure 5-3 

Typical Centrifugal Fan Curve 

~ 

I 
.! 

J 
j 

CFMx 1000 

Note: The vertical axis is the pressure of fan operation, expressed in inches of water column. The 
horizontal axis is the flow rate, in thousands of cubic feet per minute of air. The solid curves labeled 
with different fan speeds (in revolutions per minute) show the pressure and flow relation of the fan. 
For example, if the fan is operating at 1,450 rpm and the system imposes 2.0 inches water column 
(w.c.) of pressure on the fan, there will be 22,000 cfm of flow through the system. The dashed curves 
represent the shaft power required at the fan to operate at any given point. In this example, the 
22,000 cfm at 2.0 inches will require nearly 20 hp. 

Source: Greenheck Fan Corporation 1986 

The curves for centrifugal fans and pumps have similar shapes. 
They start at a pressure at zero flow; as flow increases, pressure re
mains constant or slightly increases; they then decrease in pressure as 
flow increases further. In Figure 5-3, the different curves represent the 
same fan operated at different speeds. The speeds are shown on the 
solid curves. In Figure 5-4, the different curves are for the same pump 
with different-diameter impellers (the bladed, wheel-shaped devices 
attached to the rotating shaft). 

The reason that different speeds are shown for fans is that fan 
speed is usually easy to set at any given point by using different belts 
and pulleys that connect the fan to the motor. For pumps, the most 
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Figure 5-4 

Typical Centrifugal Pump Curve 
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Note: The vertical axis is the pressure of pump operation, in feet of water. The horizontal axis is the 
flow rate, in gallons per minute. The solid curves labeled in inches show the pump characteristics for 
different impeller diameters. (All curves in this case are for 1,750 rpm pump speed.) For example, 
this pump with an 11-inch impeller will flow 1,200 gpm at 114 feet of head. The dashed curves la
beled in BHP ("brake horsepower") show the horsepower required at the pump shaft for any given 
operating point. In the example above, about 43 hp would be required (interpolating between the 40 
and 50 hp curves). The solid curves labeled with percentages are the pump efficiency. In this case, 
the efficiency is about 82%. The solid curve at the bottom (NPSH, or net positive suction head) 
refers to the minimum pressure required at the pump inlet to avoid pump damage through cavitation. 
The head and flow are also given in metric units. 

Source: Paco Pumps 1983 

common arrangement is for the motor to be directly coupled to the 
pump, forcing both to operate at the same speed. Machining the 
pump impeller to a smaller diameter provides different performance 
characteristics for the same pump. Of course, operating pumps at dif
ferent speeds is possible, as discussed in the following section. With 
fans, on the other hand, it is generally not possible to reduce the im
peller diameter to obtain different characteristics, so flow restriction or 
speed control must be used. 
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CHAPTER FIVE 

The cubic relation between speed and power requirement in cer
tain fan and pump loads can affect the efficiencies gained by efficient 
motors, which have lower slip, often with up to 1% higher operating 
speed than their standard-efficiency counterparts. A 1% increase in 
motor speed can increase power-draw by 3%, negating much of the 
benefit gained from switching to an efficient motor. To ensure that such 
gains are not lost, pump impellers can be trimmed and fan sheave and 
belt systems modified to slow the fan slightly. When sheaves and belts 
are altered for this reason, the efficiency of the transmission system can 
also be improved by substituting cogged V-belts or synchronous belts 
for conventional V-belts. 

The curves also depict efficiency (generally only for pumps in 
curves of constant efficiency in percent) and the shaft horsepower re
quired to operate at any given combination of flow and pressure 
(shown in the figures as dashed lines sloping downward from left to 
right). The efficiency of a pump or fan is the ratio (usually expressed 
in percent) of the theoretical power required to the actual power 
needed and can range from well below 50% to above 90%. The infor
mation for fans is often provided not as a graph (as in Figure 5-3) but 
as a table containing the same information. For example, Table 5-1 lists 
flow rates in the first column; thus, the rows of data represent constant 
flow. Pressures are listed across the top, so the columns of data repre
sent constant pressure. The intersection of flow and pressure pin
points the necessary speed and power required. 

A fundamental concept for analyzing fluid-flow applications is the 
so-called operating point-the combination of pressure and flow at 
which a given system and fan (or pump) operate. It is determined by 
plotting the system curve and the fan (or pump) curve on the same 
graph of pressure versus flow. The operating point is simply the intersec
tion of the two curves; it represents the equilibrium flow point where the 
pressure drop through the system equals the pressure added to the fluid. 
For example, in Figure 5-3, assume the curve labeled "do not select to the 
left of this system curve" is the applicable system curve. If the flow re
quirement is to,OOO dm, then the pressure required will be about 7.7 
inches of water, the fan speed must be about 1,490 rpm, and the shaft 
power required is about 18 hp. 

Once a desired operating point is determined, the system de
signer must choose a fan or pump to meet this condition. This 
choice is important in determining the energy and power require
ments of the system; unfortunately, choosing the best equipment for 
the application is difficult. This is true even with pumps, where the 
efficiency is explicitly stated once the pump and operating point are 
known. Given an operating point, a designer wishing to get the 
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Figure 5-5 

Typical Pump Selection Chart, Showing One Type of Pump of One 
Manufacturer at One Speed 
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Note: Once the operating point is known (from the system design), the user can determine which 
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adjacent pump may be checked at the same operating point. 

Source: Paco Pumps 1985 

most efficient pump from a specific manufacturer would use an 
equipment selection chart such as the one in Figure 5-5. 

The specific pump curve is then inspected (see Figure 5-4) to estab
lish the efficiency at the operating point. These last two steps are re
peated for all pumps available from all manufacturers until the best 
pump is found. For fans, where the efficiency is not directly available, 
the process is analogous except that the designer would search for the 
lowest shaft power requirement for any given operating point. This 
difficult and time-consuming process is rarely performed exhaustively, 
even in new systems. In existing systems that are modified (and thus 
have a different system curve), the fan or pump is seldom analyzed in 
an effort to reoptimize the system. The result is that many systems suf
fer from unnecessarily large energy consumption due to pumps and 
fans operating far from their points of maximum efficiency. 

More recently, software has become available to aid in the selection 
of pumps and fans. While some pump and fan manufacturers provide 
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software about their own products in their electronic catalogs, commer
cial software packages often detail equipment from multiple manufac
turers; therefore, these commercial options provide the consumer with a 
more complete picture of the available pump and fan technology. The 
Annotated Bibliography lists examples of several software packages. 

Another common cause of energy waste is the oversizing of the driven 
equipment, the motor, or both. As discussed in Chapter 3, systems are usu
ally designed to have excess capacity. Pumps or fans are often oversized 
because exact determination of the system curve is difficult. In addition, the 
system may change over time. For example, pumps will require more 
capacity as scale and corrosion build up inside pipes, and fans may require 
additional capacity as the leakage and dirt buildup in the ductwork 
increases. To prevent excessive flows in oversized systems, some means of 
flow control are often necessary. 

System Control and Optimization Techniques 
In order to minimize the energy and peak power requirements of a 

fluid-flow system, a designer must" get the big picture" of why the flow 
is needed in the first place. For example, if a flow of chilled water is 
needed to cool a building, the following options could reduce the re
quired flow: reducing the cooling load; increasing the size of the cooling 
coils; reducing the temperature of the chilled water; increasing the air 
flow through the cooling coils; or some combination of all these mea
sures. Of course, some of these options involve tradeoffs between pump
ing energy and energy required to chill water or move air, and most of 
them involve trading first cost and operating cost, so interdependent sets 
of optimization variables are at work. For further discussion of the eco
nomics, see Appendix A. 

Once the optimum flow is ascertained, the system should be de
signed to achieve it with the minimum possible pressure drop (since the 
required power is proportional to the product of flow and pressure). 
Small pressure drops are achieved by using large-diameter system com
ponents, smooth surfaces, and gradual bends and transitions in the el
bows, tees, and so on. Again, there are tradeoffs between first cost and 
operating cost. 

When the flow and pressure requirements are reduced to the lowest 
practical values (thus minimizing the theoretical power requirement), 
the overall efficiency of the pump or fan package (including the pump, 
the transmission between pump and motor, and the motor) should be 
scrutinized. The object here is to meet the required operating point with 
the minimum amount of electrical power. In industry jargon, the overall 
efficiencies of pumps and fans are known respectively as wire-to-water 
efficiency and wire-to-air efficiency. 
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As soon as the cost-effective minimum electrical power for meeting 
the design operating point is determined, a flow control scheme should 
be worked out for efficiently meeting system requirements at flows 
below design flows (since most systems operate below design load most 
of the time). For example, in the case of chilled water for cooling, the 
flow used for design is the one necessary to meet the peak cooling load 
on the hottest day of the year. The system could easily operate at lower 
flow rates for the rest of the time. 

One of the best opportunities for cost-effective overall system opti
mization exists in new systems designed from the beginning to work 
with variable flow. However, many existing constant-flow systems can 
be converted to variable flow, with large potential savings. For example, 
constant-volume building ventilation systems can be converted to vari
able-air-volume systems. While most medium-size to large buildings are 
now being built with VAV systems, most buildings in the existing stock 
are likely to have constant-volume systems. 

While optimization opportunities are specific to each case, some 
general opportunities for energy savings should be pursued for fan 
and pump systems, both new (including renovations) and retrofit. 
When installing fans and pumps in new applications, the following 
principles apply: 

.. Reduce restrictions in ductwork and fittings or in pipes and fittings 
(use larger sizes, gradual bends, and so on). 

.. Reduce flow in variable-volume heating or cooling systems, respec
tively, by increasing or decreasing the temperatures of the supply 
air, water, or both. This step will often involve a tradeoff in energy 
use between the fan and the boiler or chiller. 

.. Regulate pressure in variable-volume systems with a reset control, 
based on the actual needs of the worst-case zone of the system. For 
example, in a VAV system that provides cooling, the warmest zone 
would dictate the system supply pressure . 

.. Use an ASD control to vary the fan speed in VAV applications and 
the pump speed in variable-volume pumping applications (see the 
following discussion on ASD versus other control schemes). 

When installing fans and pumps in retrofit applications, the following 
measures are recommended: 

.. Use an ASD control to vary the fan or pump speed either to convert 
constant-volume to variable-volume systems or to replace inlet 
vanes, discharge dampers, or throttling valves. 

.. Reduce pressure in variable-volume systems using worst-zone reset. 
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Variable-flow systems can be controlled directly or indirectly, i.e., the 
flow control components in the system may respond to feedback from a 
flow sensor or from another sensor reacting to other parameters, includ
ing pressure, temperature, and velocity. A few basic techniques, and 
variations of them, can vary flow-throttling devices (including dis
charge dampers on fans and throttling valves on pumps), multiple fans 
or pumps, and speed controls. 

Throttling devices, which are essentially adjustable restrictions, 
operate by changing the system curve. Figure 5-6 illustrates the effect 
of throttle control on flow by steepening the system curve. Throttle 
control causes system and pump curves to intersect at a lower flow 
(the operating point is shifted to the left along the pump curve). The 
power required for throttled flow is generally somewhat less than for 
full flow since the flow reduction is a greater percentage than the 

Figure 5-6 

Throttling Operation in a Variable-Flow, Variable-Pressure 
Pumping System at 80% Flow 
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Source: Adapted from Baldwin 1989 
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pressure increase percentage. The extent of this power reduction de
pends on the shape of the pump or fan curve. While throttling devices 
are relatively inexpensive and can give fairly precise flow control, using 
them is the least energy-efficient flow control technique. This is due to 
the fact that throttles dissipate flow energy provided by the fan or pump. 

Another type of throttling device for fans, the inlet vane (also 
called the variable-inlet vane, or VIV), works by changing the fan 
curve. While these devices are more efficient than outlet dampers, 
they still control flow by dissipating energy across the control device. 

Multiple fans or pumps can be used, in series or parallel (or both) to 
adjust the flow rate. This scheme works by changing the effective fan or 
pump curve. That is, the fluid-moving machine seen by the system is the 
combination of two or more fans or pumps. Thus, the operating point is 
changed, again resulting in flow control. This control scheme is not as 
precise or efficient as might be desired because it works in steps. 

Speed control works by changing the fan or pump curve. For fans, 

Figure 5-7 

Typical Variable-Speed Pump Curve 
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172 



CHAPTER FIVE 

the usual curve or table demonstrates its effect. For pumps, special vari
able-speed (rather than variable impeller diameter) curves can be ob
tained for certain impeller sizes (see Figure 5-7 for an example). For other 
impeller sizes, or when variable-speed curves cannot be obtained, vari
able-speed curves can be calculated by several methods. These methods 
include interpolation between several available curves for the same 
pump at different fixed speeds (for example, 3,500, 1,750, and 1,150 rpm 
for 60 Hz motors and 2,900, 1,450, and so forth for 50 Hz), use of the 
affinity laws (though the assumption of constant efficiency may result in 
significant error), and approximating the speed curves using the im
peller diameter curves. The details of constructing such custom curves 
are beyond the scope of this book: see Garay 1990 for further informa
tion. There are also several computer programs that can assist in this 
analysis (see the Annotated Bibliography for examples). 

Speed control can be used with single- or multiple-fan or pump com
binations, or for complete replacement for throttling control. Figure 5-8 

Figure 5-8 

Throttling Losses in a Variable-Flow, Variable-Pressure Pumping 
System at 80% Flow, Compared with Reduced-Speed Operation 
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Figure 5-9 

Typical Energy Consumption of a Centrifugal Fan System 
with Discharge Damper, Variable-Inlet Vane, Variable-Speed Eddy 
Current, and Variable-Frequency Drive Control 

110 

100 

90 

j::' 80 
z 
L.I.J 
c..:l 
a: 70 
L.I.J 

!:!::.. 
z 

60 c 
i= 
Q.. 

:liE 
50 ::::l 

en 
Z 
C 
c..:l 40 
>-
c:J 
a: 
L.I.J 

30 z 
L.I.J 

20 

v r1J 
/ 
V If! 

/ } I / 

/ 
/ 

/ 11 
Discharge Damp~ V V ~!J 

0 V JII 
V Vjl Variable-Inlet Vane 

V I 
Eddy-Current V / Drive ./ 

10 

~,... V Variable-Frequency 
AC Drive --,./'" or 

Variable-Voltage DC Drive 
0 

o 20 40 60 80 100 

CFM OUTPUT (PERCENT) 

shows the comparison between a throttling control and a speed control 
application in terms of power requirements. 

Speed control is generally the most energy-efficient flow control 
technique since it supplies only the amount of flow energy required 
(see Figure 5-9). In addition, it is the most suitable for retrofit applica
tions where the fan or pump is already in place and varying flow with 
multiple-staged pumps is impractical. The equipment necessary to 
provide speed control, ranging from mechanical friction disks and ad
justable pulleys to electronic ASDs, is covered in Chapter 4. 

However, it is important to be sure that speed control is really war
ranted, because speed control devices add to the cost of the system. 
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They also introduce inefficiencies that must be offset by the energy sav
ings realized from the speed control. 

System Optimization Case Studies 
Several ASD case studies were presented in Chapter 4, document

ing the potential of this technology to save energy and money in fan 
and pump applications. Often, however, energy savings can be 
achieved in pump and fan systems using other techniques. Two such 
examples are given below. 

Farm Irrigation 
An irrigation system at a large farm consisted of a series of pumps 

that supplied water to irrigated fields. The pumps were arranged so 
that water for fields close to the water source was pumped directly 
from that source while water for distant fields passed through a series 
of booster pumps. The conservation strategy consisted of the follow
ing system changes: 

.. The sprinkler heads on the irrigation system were converted from 
high-pressure nozzles to low-pressure nozzles, halving the pressure 
needed to supply water to the fields . 

.. The nozzles at the end of each pipe run were equipped with small 
booster pumps. These pumps increased the pressure for the 5% of 
the water that went to the nozzles on the end of the system. As a 
result, the pressure in the main system could be lower. 

.. The decreased pressure requirements allowed the owner to trim 
pump impellers, thereby reducing the brake horsepower needed for 
pumping a given volume. (Note that significantly reducing the im
peller diameter may decrease the pump efficiency to the point 
where it could be cost-effectively replaced with a pump better 
matched to the application.) 

.. Trimming the impellers caused many of the motors to be oversized 
for the application. These motors were marked and replaced, where 
physically possible, with smaller, more energy-efficient models . 

.. Traditionally, the fields were irrigated on a fixed schedule designed 
to provide enough water under worst-case hot-weather conditions. 
Instead, soil moisture sensors installed as part of the conservation 
package allowed the farmer to water fields only when they needed 
irrigation. As a result, less water was needed to maintain the quality 
and quantity of the crop. 
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.. In the past, enough pumps had been run to supply more than an 
adequate amount of water to the system. After the system upgrad
ing, pumps were scheduled to meet minimum flow requirements 
without excess water. 

The results of the retrofit included annual energy savings of 
34% of the base energy consumption for the system. The simple 
payback for the installation was 2.3 years, and there was less wear 
on the pumps due to the lower operating pressure and reduced use. 

Pony Pump and Motor Addition 
A school used a hot-water system to meet the space heating needs 

of the building. The system flow was designed to meet the worst-case 
needs of the building (the heating needs under the coldest expected 
condition of 5°P ambient temperature). However, the temperature 
during most of the year was far above the design criteria. The system 
had six hot water circulation pumps with a connected load of 95 hp. 

The conservation retrofit entailed installing a second set of pumps 
(or pony pumps) in parallel with the existing set. These provided ap
proximately 60% of the full-rated flow and 40% of the full-rated pressure 
of the system. Each set of pumps was equipped with a set of controls 
and valves that operated the main pumps if the ambient tempera hIre fell 
below 35°F. If the ambient temperature reached 35°P or above, the main 
pumps suspended operation and pony motor pumps began to operate. 
All pumps were turned off if the ambient temperature was above 6TF. 
The total connected load for the pony motors and pumps was 20 hp. 

The following data were retrieved from the building energy man
agement system after the retrofit: 

.. With the original system, the hot-water circulation pumps ran for 
5,800 hrs/yr. After the retrofit, the main pumps ran for 750 hrs/yr 
and the pony motors and pumps for 4,050 hrs/yr. Both pumps were 
off for the remaining period . 

.. Energy savings totaled 225,000 kWh, amounting to $14,700/yr, 
and offering a 1.6-year simple payback on the investment. 

" The system provided added reliability since both sets of pumps 
were unlikely to break at the same time. 

Compressed-Air Systems 
Compressed-air systems are pervasive throughout industry and 

are also used by many commercial facilities. Compressed air is fre
quently referred to as the "third utility." Analogous to other utilities, 
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compressed-air lines run throughout a facility, supporting air-driven 
hand tools, clamps, sprayers, and pneumatic motors, among other 
uses (Friedman et al. 1996). While it is the most expensive utility, av
eraging more than three times the cost of electricity, many plant-level 
staff remain unaware of the cost and treat it as though it were free 
(Aegerter 1999). As a result, the most important efficiency measure, 
perhaps, is awareness. 

Like fan and pump systems, compressed-air systems are made 
up of an assemblage of components including the motor and drive, 
the air compressor itself, controls, air treatment equipment, piping, 
and often storage. Achieving peak compressed-air system perfor
mance requires addressing the performance of individual compo
nents and analyzing the supply and demand sides of the system, and 
assessing the interaction between the components and the system. 
This "systems approach" moves the focus away from components to 
total system performance. System opportunities have been shown to 
be the area of greatest efficiency opportunity. Typical compressed-air 
system wire-to-air efficiencies are about 10%. Experts have found 
that after they implement the measures identified in a thorough re
view of the system, either one or more compressors can be shut 
down or a compressor can be downsized, with energy savings fre
quently exceeding 40% (DOE 1998). 

The DOE Motor Challenge program and the Compressed Air Chal
lenge (CAC), both discussed in Chapter 9, developed Improving Com
pressed Air System Performance: A Source Book for Industry (DOE 1998). 
This reference guide provides a performance opportunity road map, 
factsheets to assist in system optimization, and lists of available re
sources. The book identifies the following types of interrelated actions: 

.. Establishing current conditions and operating parameters 

.. Determining present and future process production needs 

.. Gathering and analyzing operating data and developing load duty 
cycles 

.. Assessing alternative system designs and improvements 

.. Determining technically and economically sound options, taking 
into consideration all of the subsystems 

.. Implementing those options 

.. Assessing operations and energy consumption, and analyzing eco
nomics (i.e., validating performance) 

.. Continuing to monitor and optimize the system 

.. Continuing to operate and maintain the system for peak performance 
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As mentioned above, energy efficiency opportunities exist at both 
the component and system levels. These can be grouped into the fol
lowing general categories: 

• Leaks 

• Inappropriate uses of compressed air 

• System pressure level 

• Air treatment 

• Controls 

.. Distribution system 

.. End-use equipment 

.. Compressor package 

.. Automatic drains 

.. Air receiver / storage 

.. Heat recovery 

Drawing on the DOE/CAC Sourcebook, we will briefly discuss 
some of these opportunities for energy efficiency. This section 
should not be considered comprehensive. For additional informa
tion, the reader is encouraged to consult the Sourcebook and the ref
erences appearing in it. Selected references also appear in the Anno
tated Bibliography at the end of this book. 

Compressed-Air Leaks 
Leaks can be a significant source of wasted energy, often ac

counting for 20-30% of compressor output. They can also contribute 
to other production problems. A drop in system pressure can ad
versely affect equipment performance and efficiency, and the in
creased compressor runtime (needed to satisfy the additional sys
tem demand created by the leak) will lead to increased equipment 
maintenance and unscheduled downtime. 

Leak detection and repair is a critical element of a compressed
air system maintenance program. A good way to assess the condi
tion of a system is with a "leak-down test." This test is performed 
during a plant shutdown. All equipment that uses compressed air is 
shut off and the system is pressurized. Then all compressors are 
turned off and the speed of the header pressure drop must be moni
tored. The pressure falling quickly would indicate significant leaks 
that demand immediate attention. 
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The most common sources of leaks are 

• Couplings, hoses, tubes, and fittings 

• Pressure regulators 

• Open condensate traps and shut-off valves 

• Pipe joints, disconnects, and thread sealants 

Most large leaks are not in the occupied plant area, but in places 
where plant staffers go less frequently and leaks are less likely to be 
heard. Typical places to look include 

• Leaking connections on compressor interstage piping 

• Compressor, interstage, and condenser drains that are left open 

" Compressor aftercooler knockout pot drains that are left open 

• Overpurging of heatless air dryers (more is not better) 

• Air dryer bleed-valves that are left open 

" Air receiver bottom drain valves that are left open 

Many of these leaks result from bleed-valves installed in place of 
failed water traps. The solution is to reinstall the traps (Aegerter 1999). 

Typically, the worst leaks are in remote areas of the plant, such as 
abandoned equipment and roofs. An excellent time to check for leaks is 
during shutdowns, when the plant is quiet and they can be readily heard. 

The best way to detect leaks is to use an ultrasonic acoustic detec
tor, which can recognize the high-frequency sound associated with 
leaks. A simpler method involves applying soapy water with a brush 
to suspected leaks, and looking for bubbles. 

Leaks occur most often at joints and fittings. Stopping them can be 
as simple as tightening fittings, but may require replacing a piece of 
equipment such as a hose, valve, or trap. In order to help avoid fuhlre 
leaks, only high-quality parts should be used to replace equipment, 
and they should be installed correctly with the appropriate thread 
sealant. 

Unfortunately, even when leaks are identified and repaired, the 
job is not over. New leaks will develop over time. The best strategy for 
avoiding further problems is to set up a prevention program that 
monitors the system for new leaks and fixes them as they develop. 

Inappropriate Uses of Compressed Air 
Because compressed air is clean and usually readily available, 

many people choose it for applications without comparing it to more 
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economical energy sources. Many operations would be better accom
plished with other energy sources, including the following: 

• Using small fans instead of compressed air to cool electrical cabinets 

• Using a blower rather than a venturi to create a vacuum 

• Using a blower rather than compressed air for low-pressure appli
cations 

• Using mechanical techniques (e.g., a brush) rather than compressed 
air for parts cleaning or debris removal 

• Using mechanical techniques (e.g., a pusher arm) rather than com
pressed air for moving parts 

While pneumatic tools have advantages, such as precise torque con
trol, lower tool maintenance, and safety in flammable environments, 
many can be replaced with electric tools at a lower life-cycle cost. In 
particular, recent performance improvements and cost reductions in 
cordless electric tools make them attractive replacement options. 

All applications should have proper regulators installed to mini
mize the demand on an air system. Compressed-air piping, like elec
trical wiring, is often left in place after the application is abandoned. 
However, unlike the wiring that is for the most part harmless, this un
necessary piping represents opportunity for leaks. Compressed-air 
flow to this equipment should be cut off as far back in the distribution 
system as possible. 

System Pressure 
A system's pressure level should be set at the lowest pressure that 

meets all requirements of the facility. Lowering the compressed-air 
header pressure by 10 psi reduces the air leak losses by approximately 
5% and improves centrifugal compressor capacity by 2-5%. Mainte
nance staff usually requires 80 pounds per square inch gage (psig) to 
operate pneumatic hand tools (Aegerter 1999). Reducing system pres
sure will also decrease stress on system components, lessening the 
likelihood of future leaks. 

The process of lowering system pressure must be approached with 
some caution, however, since this can cause the pressure at points in 
the system to fall below minimum requirements. However, appropriate 
use of storage and controls can resolve this issue. In addition, if a major 
piece of compressed-air-using equipment, such as a press, requires a 
higher pressure than the rest of the system, that piece of equipment 
should be evaluated for modifications that can reduce the required 
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pressure. Replacing pneumatic presses with larger-bore products or re
ducing gear ratios can lower the pressure. The cost of most of the mod
ifications is usually insignificant, compared to the large savings oppor
tunities that can be realized from a reduction in system pressure. 

Other Savings Opportunities 
Removing water and oil from compressed air is necessary for 

most applications before the air can be used. Fouled compressed-air 
treatment equipment causes increased energy consumption while de
livering poor-quality air that can harm equipment. For this reason, it is 
important to clean filters, and maintain and operate the drier, filters, 
aftercoolers, and separators per manufacturers' specifications. 

Compressor Controls 
One of the goals of system management is to shut off compressors 

in multi-compressor systems. To find out if one or more of the multi
ple plant air compressors can be shut down, it is first important to un
derstand the theory of how different types of compressors are con
trolled. The following test can be used: 

• Start by beginning to unload the smallest compressor while moni
toring header pressure. 

• If the compressor can be fully unloaded without the header pres
sure dropping, the compressor can be safely shut off. 

Once a compressor has been shut down, it is important to turn off 
the purge air to that compressor's dryer to eliminate a now unneces
sary compressed-air load (Aegerter 1999). 

Controls match the air supply with system demand, regulating 
the pressure between two levels called the control range. They are one 
of the most important factors in determining the overall energy effi
ciency of a compressed-air system. Most compressed-air systems con
sist of several compressors delivering air to a common header. The ob
jective is to shut off or delay starting a compressor until needed. To 
this end, the controls try to operate all units at full load except the one 
used for trimming (adjusting compressed-air supply based on the 
fluchlations in compressed-air demand). 

In the past, control technologies were slow and imprecise. This re
sulted in wide control ranges and higher compressor set-points than 
needed to maintain the system pressure. Modern microprocessor-based 
technologies allow for much tighter control ranges as well as lower 
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Table 5-2 

Characteristics and Applicability of Compressor Controls 

Control Type Types 01 Compressors Applications Characteristics 

Start/Stop Reciprocating and Low-duty cycle Simple, consisting of a 
rotary screw applications pressure switch that 

turns the compressor on 
and off. Should not be 
used with cycling loads 
that may result in 
multiple starts. 

Load/Unload All May be inappropriate for Motor runs continuously, 
(Constant rotary screws because but the compressor is 
Speed) they consume 15-35% unloaded when the 

of full-load power when pressure set-point is 
fully unloaded reached. Unload strate-

gies are compressor 
manufacturer dependent. 

Modulating Centrifugal and Most appropriate for Output is controlled 
(Throttling) rotary screw centrifugal because less by restricting the 

efficient when used on compressor inlet. 
positive displacement 
compressors (e.g., 
rotary screws); control 
range is, however, 
limited 

Multi-Step Reciprocating Allows precise pressure Specially designed recip-
(Part Load) and rotary screw control without requir- rocating compressors 

compressors ing the compressor with three- or five-step 
specially designed to start/stop or load/ control (0%, 50%, 
to operate in two or unload and 100% or 0%,25%, 
more partially 50%,75%, and 100%). 
loaded modes Some rotary screw 

compressors can vary 
compression ratios with 
special valves, frequently 
combined with inlet con-
trol to improve part-load 
efficiency and control 
accuracy. 

ASD All Not widely applied, but 
a potential emerging 
control technology 

Source: DOE 1998 
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system pressure control points. Every 2 psi of pressure difference pro
duces about a 1% change in energy consumption. In addition, a more 
constant pressure level can enhance production quality conh'ol. 

The appropriate type of control technology needed is determined 
by the type of compressors being used and the demand profile. Con
trols for single compressors can be relatively simple, while multi-com
pressor systems are much more complex and sophisticated. The con
trols for an individual compressor in a mUlti-compressor system range 
from simple to very complex, depending on the type of compressor 
and the way it is integrated with the system. Table 5-2 describes the 
characteristics and applicability of different compressor controls. 

System controls coordinate the operation of multiple individual 
compressors in order to meet the system requirements. Before the in
troduction of modern, automatic controls, systems were controlled 
using an approach known as cascading set-points. The set-points for 
each individual compressor would either add or subtract the compres
sor capacity to follow the system load. This approach led to wide 
swings in system pressure, as shown in Figure 5-10. 

Figure 5-10 

Impacts of Controls on System Pressure 
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Source: DOE 1998 
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Modem automatic controls match system demand with compres
sors operated at or near their maximum-efficiency points. Two general 
kinds of system controllers exist: single-master (sequencing) controls 
and multi-master (network) controls. A single-master control meets 
system demand by sequencing or staging individual compressors. The 
control places individual compressors on- or off-line in response to de
mand while maintaining tight control around the system target pres
sure. This strategy, combined with appropriate storage, will frequently 
allow system pressure to be reduced. 

Multi-master controls are the latest technology in compressed-air 
system control. They provide both individual compressor control and 
system regulation by means of a network of individual controllers. The 
controllers share information, allowing the system to respond more 
quickly and accurately to demand changes. One controller acts as the 
lead, regulating the whole operation. This strategy allows each com
pressor to function at a level that produces the most efficient overall 
operation. The result is a highly controlled system pressure that can be 
reduced to close to the minimum level required. Although more costly, 
these controls represent the most energy-efficient system available. 

Storage plays a critical role in a compressed-air system, allow
ing it to maintain pressure while meeting surges in demand. In 
other words, storage serves to decouple the system demand from 
compressor operation. In addition, it can be located at critical pres
sure applications to ensure precise pressure regulation. 

The pressure in the header can be maintained in a much nar
rower range than can the pressure of the compressor discharge to 
the primary receiver (the compressed-air storage tank located be
tween the compressors and the distribution system). This shields 
the compressor from severe load swings. Reducing and controlling 
the system pressure downstream from the primary receiver can re
sult in energy savings of more than 10%, although the compressor's 
discharge pressure remains unchanged. 

Air Compressors 
The two general categories of air compressors are called positive 

displacement and dynamic. In positive displacement compressors, a 
volume of air trapped within a mechanically reduced compression 
chamber causes a rise in pressure (see Figure 5-11). In dynamic com
pressors, the impeller imparts velocity to the airflow (see Figure 5-12), 
which is converted into pressure. 

Within each category, there are several different types and de
signs within types (see Table 5-3). Each design also has a different 
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full-load efficiency and part-load efficiency curve. For example, reci
procating compressors are about 10% more efficient than comparable 
screw compressors at full load. At part load, the screw's efficiency 
declines rapidly. When operating considerations do not dictate the 

Figure 5-11 

Schematics of Two Common Types of Positive Displacement Air 
Compressors: Single-Acting Reciprocating and Helical-Screw 

Helical-Screw 

Source: Ingersoll-Rand 2000a 

Single
Acting 
Reciprocating 
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Figure 5-12 

Schematic of a Centrifugal Air Compressor, the Most Common 
Type of Dynamic Compressor 

Source: Ingersoll-Rand 2000b 

choice, selection of a different type of compressor or a mix of com
pressors can reduce energy consumption (Elliott 1995). 

Facilities frequently use several different types of compressors in 
order to take advantage of each design's unique operating characteris
tics. Many large manufacturing facilities will use centrifugal compres
sors for base load of general plant air and use positive displacement 
compressors to handle load swings. 

Within each type of compressor, the potential also exists for pur
chasing a unit that is 5-20% more efficient. For example, a premium 
100 hp reciprocating compressor is approximately 10% more efficient 
at full load than a standard unit. These more efficient units command 
a price premium of 10-30%. As with motors, part-load efficiencies are 
equally important. Screw compressors have particularly bad part-load 
performance. An internally compensated design can be purchased for 
a 10-15% premium that will significantly decrease part-load power 
consumption (Elliott 1995). 

Air compressors are inherently inefficient devices. Wire-to-air effi
ciencies range from 21% down to 13%, depending on the compressor 
design and operation. The balance of the electricity goes to generate 
heat, of which 50-90% can be recovered. This heat can be used to pro
vide space conditioning, process heat, or warm water, or preheat 
boiler makeup water. 
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Table 5-3 

Types of Air Compressors 

Positive Displacement Characteristics 

Reciprocating A piston is driven through a crank and connecting rod in a cylinder. 
Available in sizes of 1-600 hp. 

Single-Acting Compression occurs in one direction of piston movement only. Typi
cally smaller, air-cooled machines. 

Double-Acting Compression occurs in both directions. Typically larger, water-cooled 
machines. These are the most costly but most efficient compressors. 

Rotary Rotating formed shafts trap air in a cavity that decreases in volume as 
the shaft rotates, compressing the air. Generally larger machines. 

Helical-Screw The most common industrial compressor. Low.initial cost, compact, 
and easy to maintain, but relatively low efficiency, particularly at part 
load. Available in both air- and water-cooled configurations from 3 to 
600 hp. 

Liquid-Ring Less common 

Scroll Less common 

Sliding-Vane Less common 

Dynamic Characteristics 

Centrifugal Dominant dynamic compressor design, widely used in large industrial 
plant air applications. Has an impeller similar to a centrifugal fan's or 
pump's. Units available in the 100-20,000 hp range. Tends to be effi
cient at full load. 

Axial Has an impeller similar to a turbine. Generally high efficiency but re
stricted to very high flow capacities. 

Sources: DOE 1998; Elliott 1995 

Air-cooled, packaged rotary screw compressors are well suited 
for hot air applications such as space heating or heating process air. 
Since the aftercooler and lubricant cooler are generally located in 
enclosed cabinets with fans, only ducting and an additional fan to 
handle the duct loading are needed. When heating is not required, 
the air can be exhausted outside the building. Approximately 50,000 
Btu/hr with 30-40o P of temperature rise are available for each 100 
dm of capacity. 

Packaged, water-cooled reciprocating and rotary screw compres
sors are similarly excellent candidates for heat recovery. The hot water 
offers greater flexibility since the heat can be used for both water heat
ing and space conditioning applications. 
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While carrying out a comprehensive compressed-air perfor
mance optimization may appear intimidating to plant staff, consul
tants are available to assist with the initial audit and training. Also, it 
is not necessary to do everything in order to realize huge savings, as 
the Equistar experience shows. 

The Equistar Experience 
Equistar Chemicals is a $6 billion producer of ethylene, propy

lene and polyethylene. It is headquartered in Houston, Texas, with 
16 manufacturing facilities in the Midwest and along the U.S. Gulf 
Coast. These facilities contain large compressed air systems. 

Bob Aegerter, an engineer with Equistar, has developed a practical 
strategy for managing air compressors at the company's plants that has 
had proven results. His principal strategy is to reduce compressed-air 
demand so that he can shut off compressors. 

The first step toward achieving that goal is to eliminate unnec
essary air demand by finding all leaks. First the staff looks for leaks 
in the compressor room containing the compressors and dryers. 
After the compressor and dryer leaks have been identified and re
paired, the next step is to survey the rest of the plant for leaks. If a 
survey does not yield sufficient results, then plant staff can turn to 
ultrasonic leak detection. The third step is to isolate equipment 
and/ or parts of the plant that are not in service, turn off all equip
ment in the area, and depressurize that portion of the system, which 
further reduces air demand. 

Once the leaks are fixed, the staff sets the system pressure to the 
lowest level that meets operations and maintenance requirements. 
The final step in the process is for plant operators to find out if they 
can shut down one or more of the multiple plant air compressors. 
Equistar has been able to shut down at least one compressor in each 
of the plants where it has carried out this approach (Aegerter 1999). 
With air compressors being the largest single electric load, the 
plants have been able to reduce their compressed-air cost by more 
than a third by implementing this plan. 

Other Motor Applications 
Fans, pumps, and compressed-air systems are the largest users of 

motor energy and are therefore the main targets for energy-saving 
motor controls and system optimization measures. However, many 
other motor-driven loads exist in commercial and industrial applica
tions. While this book cannot discuss in detail all end-use systems, 
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several important additional systems are discussed to give the reader 
a sense of the conservation possibilities. 

Most of these applications require custom engineering due to the 
special requirements of individual systems. The costs and savings are 
typically site-specific. 

Centrifugal Compressors and Chillers 
Centrifugal compressors and chillers can often benefit from /I cube 

law" savings via speed control in much the same way that pumps and 
fans can. Wasteful throttling devices and frequent on-off cycling of the 
equipment can largely be avoided with precise speed control, leading 
to both energy savings and extended equipment life. Accurate control 
of centrifugal chillers is especially beneficial in buildings where space 
conditioning systems run regularly at partial load. The capability of 
motors with ASDs to operate at high speeds can eliminate the need for 
speed-increasing gearboxes, with corresponding savings in initial in
vestment and in energy and maintenance costs. 

Substituting AC Motors and ASDs for DC Drives 
AC motors used in tandem with ASDs are supplanting DC drives 

for many applications in industry. As noted in Chapter 2, AC motors 
are favored by many industries in new applications because these mo
tors require less maintenance and the maintenance that is required 
costs less: it is less expensive to rewind or replace an AC motor than to 
rewind or replace a DC motor. In addition to ASDs, some of the new 
AC motor designs discussed in Chapter 2 that allow precise speed 
control, such as switched reluctance, are competitive in some applica
tions. However, a large number of applications still use DC motors. 

Energy savings from converting to AC motors and ASDs accrue 
for several reasons: 

" The greatest energy savings occur when the old DC system pro
duces current using a motor generator set (see Chapter 4). In these 
applications, the overall system efficiency can be improved from 
approximately 55% to approximately 85% when an ASD and AC 
motor are installed. 

" Substantial energy savings can also occur when rectifiers and DC 
motors are changed to ASDs because of the losses in the rectifier as 
well as the higher efficiency of the AC motor. 

" AC motors with ASDs are currently being installed on systems 
where a constant mechanical tension is required, as in winders. 
With older DC systems, the tension was often adjusted by imposing 
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friction on the system, thereby decreasing the overall system effi
ciency. Eliminating the need for such energy-wasting devices im
proves the system efficiency. 

• DC drives were the standard for traction devices such as subway 
cars and ship propulsion. Such loads can be served instead by AC 
motors equipped with ASDs. This allows for regenerative braking, 
which puts power back into the system during braking. As a result, 
the overall energy use for the system decreases. 

Examples of areas where AC drives can replace DC drives with re
sultant energy savings include mills and kilns (steel, paper, cement, and 
mining industries), traction drives (transportation), winders (paper ma
chines and steel-rolling-mills), and machine tools and robotics. 

Conveyors 
The power used by a conveyor consists of the power needed to 

move the material on the conveyor and the power for moving the con
veyor belt. 

The power required to move the material is set by the rate of flow 
of the material. For example, a conveyor operating at its design capac
ity, measured in, for example, pounds per minute, uses 100 hp to 
move the material. When only half as much material is needed, it will 
require 50 hp to move the material, regardless of whether the belt is 
running at half load (in units, say, of pounds per foot of belt) and full 
speed or full load and half speed. 

However, if the belt speed is slowed with an ASD, the power re
quired to move the belt will decrease. For most short conveyors, the 
power needed to move the belt when it is fully loaded is less than 10% 
of the power needed to move the material. However, in long convey
ors, such as those found at power plants and mines, the power to 
move the belt can be substantial. 

As an example of energy savings at reduced speed, if moving the 
material on a fully loaded conveyor requires 150 hp, a belt needing 20 
hp uses 12% of the power at full load. Running the belt at half load 
and full speed will use 95 hp (75 hp for the material and 20 hp for the 
belt). Running the belt at half speed and full load will use 85 hp (75 hp 
for the load and 10 hp for the belt), for a savings of 11 %. Likewise, the 
savings at 25% of full load will be 26%. 

Based on these calculations, the use of ASDs on conveyors shows 
some potential for energy savings. However, the savings are not as 
dramatic as the savings that are available when ASDs are used on 
pumps and fans. 
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Summary 
Pumps, fans, and compressed-air systems provide a fertile area for 

energy conservation because of both the characteristics of fluid flow 
and the relative importance of these machines as a percentage of the 
total motor population. These applications are good candidates for 
system optimization techniques that reduce either the pressure or flow 
requirements of a system. For pumps and fans, installing speed con
trol technology to match the pump or fan output to the system re
quirements offers the potential for large energy savings. 

Other motor systems presenting conservation opportunities in
clude cooling and refrigeration compressors, systems currently using 
DC drives for speed control, and conveyors. 

The next two chapters estimate the aggregate conservation poten
tial based on the technologies described in Chapters 2 through 5. 
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A Profile of the Motor 
Population and Its Use 

More than half of all electricity produced in the United States (as 
well as most other nations) and about two-thirds of all U.S. in

dustrial electricity flows through motors. (As discussed in Chapter 2, 
motors are in general very efficient, actually consuming only a small 
portion of their energy input; the rest is used by the driven equip
ment.) By way of comparison, U.S. primary energy input to motors ex
ceeds fuel use in all highway vehicles. One would think that a class of 
devices responsible for such a sizable portion of world energy flows 
would be thoroughly profiled. Remarkably, however, less is known 
about the stock, performance, and usage of motors than about any 
other major category of energy-using equipment. 

Data Sources and Limitations 
Until recently, most of the literature published on the U.S. motor 

stock contained little or no reliable field data, including how many mo
tors, of what types and sizes, are used for which purposes, for how 
many hours per year. Fortunately, in recent years a number of major 
studies have been conducted that provide substantial information on 
the U.S. motor population and its use. Particularly notable is a 1998 
field study commissioned by the U.S. Department of Energy that col
lected detailed data on motors used in a representative sample of 254 
manufacturing plants (XENERGY 1998). This study contains a wealth of 
primary data that provides a good foundation for analytic work on 
motor system energy use. Other major new data sources include a set of 
studies by Easton Consultants characterizing the U.S. motor, fan, pump, 
air compressor, and variable-speed drive markets (Easton Consultants 
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1996, 2000), a study by Lawrence Berkeley National Laboratory on 
small electric motors (LBNL 1996), a study by Arthur D. Little, Inc. on 
motors in the residential and commercial sectors (ADL 1999), and a 
study by XENERGY on the market for compressed-air efficiency services 
(XENERGY 2000a). These studies are primarily based on interviews with 
equipment manufacturers and retailers, although several of these stud
ies include some field data. Finally, several analyses have been prepared 
that take the available data and use them to characterize motor system 
energy use in the residential, commercial, industrial, and utility sectors. 

While data sources have significantly improved since the first 
edition of this book was prepared in 1991, there are still several data 
gaps. In particular, while the 1998 XENERGY study provides a wealth 
of data on the use of integral-horsepower motors in manufacturing 
plants, these account for only a minority of motor energy use. The 
data do not, however, extend to how the motor-driven equipment is 
used, which (as discussed in the previous chapter) is where the 
largest savings potential can be found. A similarly detailed source is 
not available on other industrial motor uses. Likewise, while the 
LBNL study on small motors is a good start, its estimates are highly 
approximate and based as much on educated guesses as on solid 
data. Furthermore, even the XENERGY motors study reports only the 
results of a limited number of analyses; further analysis of this data
base could produce substantial useful information, such as better 
data on the distribution of the motor stock by frame type, motor 
speed, and duty and load factors. 

Given the enormity of motor energy use and the significant 
amount of missing data, governments, utilities, and other groups 
should place a high research priority on additional broadly based, 
well-designed field surveys of the motor stock. Policies and pro
grams could be more easily directed to the largest and most lucra
tive savings opportunities if those opportunities could be better 
identified and quantified. Of course, there are limits to the value 
and applicability of general field data. Unlike electricity savings in 
commercial lighting, where there are millions of virtually identical 
fixtures operating under similar conditions, drivepower savings are 
far more application-specific. With these caveats in mind, let us now 
examine the data. 

Motor Sales, Population, Distribution, 
and Use by Size and Type 

In 1997, more than 200 million electric motors were sold in the 
United States (U.s. Census Bureau 1998). This is approximately a 30% 
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increase in the quantity of motors sold relative to 1989, with most of 
the sales increase in fractional-horsepower motors (motors under 1 hp 
in size) (see Table 6-1). 

Based on these sales, and a variety of other assumptions discussed 
later in this chapter, we estimate that more than two billion electric 

Table 6-1 

U.S. Motor Sales: 1989 and 1997 

Motor Type 

fractional-horsepower 

AC noncom mutated 
Single-phase 

Shaded pole 
Permanent split-capacitor 

Other 

Polyphase 
AC commutated 

DC or universal 

TOTAL 

Integral-horsepower 
AC noncommutated 

Single-phase 

Polyphase, induction 
1-5 
5.1-20 hp 

21-50 hp 

51-100 hp 

101-200 hp 
201-500 hp 

Over 500 hp 

Synchronous 
DC (includes motors and generators) 

TOTAL 

GRAND TOTAL (fractional & integral) 

Sales 

1989 1997 

68,265,514 90,446,231 
21,764,620 26,458,590 
27,685,392 14,165,846 

828,852 1,747,024 
(not available) 49,322,471 

28,928,811 11,545,904 

147,473,189 193,686,066 

1,798,343 1,919,713 

986,679 1,232,412 
493,016 516,172 
145,826 174,532 
58,769 63,571 
37,833 35,561 

8,642 18,392 
2,605 6,065 

243 6,078 
2,652,849 3,567,631 

6,184,805 7,540,127 

153,657,994 201 ,226,193 

Note: Fractional-horsepower motor data exclude heretic and other rotating equipment, as well as 
motors used in automobile accessories, aircraft, spacecraft, toys, and clock-type timing. Universal 
motors can operate on either AC or DC power. 

Sources: U.S. Census Bureau 1989, 1998b 

195 



ENERGY-EFFICIENT MOTOR SYSTEMS 

Figure 6-1 

Population and Energy Use of Electric Motors in the United 
States by Size Class: 1997 
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Source: Based on data in Table 6-2. Includes ali fractional-horsepower motors and integral-horse
power polyphase induction motors (does not include other types of integral-horsepower motors since 
data on population by horsepower is not available) 

motors were operating in the United States in 1997. One might well 
ask how an energy efficiency program can practically be applied to 
two billion motors. Luckily, the task is not quite as daunting as it may 
seem; relatively few large motors offer the lion's share of the motor 
savings potential. Less than 5% of all motors (those of 1 hp or larger) 
account for at least 80% of all motor energy input. The relationship of 
motor sales, population, and energy use by size class is depicted in 
Figure 6-1 and Table 6-2. 

Less than 5% of drivepower energy used by integral-horse
power motors in the United States in 1997 went to DC and universal 
motors, while nearly all of the rest was used by AC induction mo
tors. Thus, a program focusing on integral-horsepower induction 
motors has the potential to capture most of the available savings. 
Although the greatest savings potential in a systems sense lies with 
the largest motors, the opportunities with fractional-horsepower 
motors should not be ignored. Most energy use by fractional-horse
power motors occurs in major home appliances-notably refrigera
tors, freezers, furnaces, and air conditioners. Fractional-horsepower 
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Table 6-2 

U.S. Motor Estimated Population and Energy Use: 1997 
Average Annual 

Average Motor Stock Average Average Annual Average Elec. Use 
Motor Type Life (thousands) hp Load Op. Hours EHlclency (TWh) 

Fractional-horsepower 13 1,917,151 0.25 50% 1,250 65.0% 344 

Integral-horsepower 
AC noncommutated 

Single-phase 13 23,378 1.5 50% 2,745 70.0% 51 
Polyphase, induction 

1-5 hp 17 16,774 2.07 50% 2,745 80.2% 44 
5.1-20 hp 19 9,367 11.9 50% 3,391 86.8% 163 
21-50 hp 22 3,208 32.5 50% 4,067 90.3% 175 
51-100 hp 28 1,646 65 50% 5,329 92.5% 230 
101-200 hp 28 1,059 135 50% 5,200 94.3% 294 
201-500 hp 29 251 300 50% 6,132 95.0% 181 
Over 500 hp 29 76 1,200 50% 7,311 96.0% 215 

Synchronous 29 76 200 50% 5,500 94.7% 82 
DC (includes motors 
and generators) 13 34,487 2 50% 1,500 80.0% 72 

TOTAL 90,322 1,507 

GRAND TOTAL 
(fractional & integral) 2,007,473 1,851 

As percentage of U.S. electric energy end-use 59% 

Source: ACEEE calculations using 1989 sales from Table 6-1 to calculate motor stock; other data estimated by 
reviewing data from many different studies. 

units receive an estimated 19% of all motor input energy and are 
considerably less efficient than larger models. Moreover, as dis
cussed in Chapter 2, the difference in efficiency between standard
and high-efficiency motors is largest in the small size ranges. There
fore, the opportunity for improvement is great (LBNL 1996). As 
Table 7-1 shows, replacing standard-efficiency motors with EEMs 
would save more energy in fractional-horsepower units than in any 
other size class. 

Additional information on the motor stock and motor energy use in 
the residential and commercial sectors is summarized in Figures 6-2 and 
6-3. In the residential sector, the vast majority of motors are fractional
horsepower, but integral-horsepower motors still account for nearly half 
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Figure 6-2 

Population and Energy Use of Electric Motors in the Residential 
Sector in the United States by Size Class: 1995 
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of energy use. In the commercial sector, fractional-horsepower motors 
are also the most numerous, but integral-horsepower motors account for 
roughly two-thirds of energy use, with motors in the 10-25 hp range 
alone accounting for more than one-quarter of energy use. 

Distribution by Design, Speed Frame, 
and Enclosure 

As discussed in Chapter 2, high-efficiency, integral-horsepower 
motors are readily available in T-frame, NEMA Design B motors 
with open drip-proof and totally enclosed fan-cooled enclosures, for 
the most common speeds-I,200, 1,800, and 3,600 rpm. Price and 
performance vary among these categories; for this reason, as dis
cussed in Chapter 9, several utilities offer different rebates for dif
ferent speeds and enclosure types. 

The availability of high-efficiency motors outside these standard cat
egories varies. Some manufacturers make high-efficiency, explosion-
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proof, C-face, and 900 rpm T-frame motors. High-efficiency replace
ments for some non-T-frame motors can be obtained with special modifi
cations to the mounting hardware or other special-order modifications. 
In other instances, high-efficiency models are simply not available. 

Analyzing the aggregate potential for efficient motors and de
signing programs to promote them require an estimate of the com
position of the existing motor stock by design, speed, frame, and en
closure type. In terms of national data, the only available source is 
the XENERGY (1998) field study that estimates energy use for design 
B, other induction, DC, and other motor types. These results are 
summarized in Table 6-3 and show that Design B motors account for 
more than 60% of total motor system energy use. As for data on 
speed, frame, and enclosure type, we were unable to locate any na
tional breakdown by these criteria, but several regional motor sur
veys offer some insight. These include an unpublished field survey 
of 2,641 motors in commercial and industrial facilities in Rhode Is
land (NEPSCo 1989); a proprietary survey of 405 motors in six Pa
cific Northwest factories (Seton, Johnson, and Odell 1983); an inven
tory of 106 facilities containing 28,000 motors, representative of the 
industrial sector in Wisconsin Electric Company's service territory 
(XENERGY 1989); and measured data on 97 HVAC motors in build
ings at Stanford University (Wilke and Ikuenobe 1987). Two of the 
surveys have data on enclosure types. These data, summarized in 

Table 6-3 

Distribution of Motor Energy Use by Motor Type and Design 

Motor 
Horsepower Annual Consumption in Gigawatt-Hour per Year 

Design B Other Induction DC Other TOTAL 

1-5 21,244 150 1,321 5,092 27,807 
6-20 47,561 795 3,406 8,360 60,122 
21-50 55,565 1,064 4,658 11,824 73,111 
51-100 56,293 2,519 6,646 7,466 72,924 
101-200 64,853 2,189 9,621 6,436 83,099 
201-500 49,691 3,927 14,035 23,166 90,819 
501-1,000 38,896 450 12,862 25,030 77,238 
1,001+ 28,113 3,097 3,328 55,769 90,307 

TOTAL 362,216 14,191 55,877 143,143 575,427 

Source: XENERGY 1998 
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Table 6-4 

Distribution of Enclosure Types 

Open Drip-Proof Totally Enclosed Explosion-Proof 

Survey # % of Total # % of Total # % of Total 

Seton, Johnson, & Odell 1983 226 55.9 
NEPSCo 1989 814 72.9 

Table 6-5 

Distribution of Motor Speeds 

3,600 1,800 

Survey # % # % 

Seton, Johnson, & Odell 1983 33 8 243 60 
NEPSCo 1989 129 7 1,475 79 
Wilke & Ikuenobe 1987 1 1 91 96 

Table 6-6 

Distribution of Frame Types 

T-Frame 

Survey # % 

Seton, Johnson, & Odell 1983 223 55 
NEPSCo 1989 1,359 87 
Wilke & Ikuenobe 1987 52 56 

122 30.2 

236 21.1 

Nominal rpm 

1,200 900 

# % # % 

64 16 14 3 
216 12 37 2 

2 2 0 0 

U-Frame 

# % 

160 40 

159 10 
41 44 

39 
66 

720 

# % 

9.7 
5.9 

Other 

# % 

4 1 47 12 
o 0 2 0.1 
o 0 1 1 

Other 

# % 

22 5 
44 3 

0 0 

Table 6-4, show that 56-73% of installed motors are models with 
open drip-proof housings, 21-30% with totally enclosed housings, 
and under 10% with explosion-proof housings. 

Three of the surveys sort motors according to speed. As shown in 
Table 6-5, these data indicate that 60-96% of the motors operate at 1,800 
rpm, 2-16% operate at 1,200 rpm, 1-8% operate at 3,600 rpm, and 
1-12% run at various other speeds. Table 6-6 presents the distribution 
of frame types. T-frames clearly predominate, with a range of 55-87% 
in these three data sets. Nearly all remaining motors are U-frames. 

Tables 6-3 to 6-6 suggest that most operating motors are types for 
which high-efficiency versions are readily available. 
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Duty Factor 
One important consideration in determining the savings potential 

for a given motor is its duty factor, or how many hours per year the 
motor operates. Motors with high duty factors have the greatest sav
ings potential. Fortunately, the XENERGY field study discussed above 
provides the first good national estimates of duty factors in manufac
turing facilities. Data were collected for the manufacturing sector as a 
whole, as well as separately for the chemicals, papel~ metals, petro
leum, and food sectors. These data are summarized in Table 6-7. 

However, the XENERGY study does not include commercial build
ings or motors used in nonmanufacturing industrial applications such as 

Table 6-7 

Average Annual Motor Operating Hours in U.S. Manufacturing 
Plants 

Motor 28 26 33 29 20 
Horsepower Chern. Paper Metals Petrol. Food Other All SICs 

1-5 4,082 3,997 4,377 1,582 3,829 2,283 2,745 

6-20 4,910 4,634 4,140 1,944 3,949 3,043 3,391 

21-50 4,873 5,481 4,854 3,025 4,927 3,530 4,067 

51-100 5,853 6,741 6,698 3,763 5,524 4,732 5,329 

101-200 5,868 6,669 7,362 4,170 5,055 4,174 5,200 

201-500 6,474 6,975 7,114 5,611 3,711 5,396 6,132 

501-1,000 7,495 7,255 7,750 5,934 5,260 8,157 7,186 

1,000+ 7,693 8,294 7,198 6,859 6,240 2,601 7,436 

All Sizes 6,333 6,748 6,465 4,332 4,584 3,678 5,083 

Source: XENERGY 1998 

Table 6-8 

Motor Duty Factors by Size Class 

Average Hours of OperationNear 

Horsepower Wisconsin Rhode Island Stanford University 

0-5 2,979 6,195 

5.1-20 4,132 6,161 5,156 

20.1-50 4,132 504 6,190 

>50 5,539 4,670 4,500 

Sources: NEPSCo 1989; Wilke and Ikuenobe 1987; XENERGY 1989 
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mining and oil and gas extraction. A limited amount of data includL,g 
these sectors is available from some of the smaller regional studies men
tioned above, including one of commercial and industrial motors in 
Rhode Island (NEPSCo 1989), a WISCOnsin survey on industrial facilities 
(XENERGY 1989), and data on 97 HVAC motors at Stanford University 
(Wilke and Ikuenobe 1987). These data are summarized in Table 6-8. 

The Wisconsin data are broadly similar to the national data reported 
above. The Rhode Island and Stanford University data show signifi
cantly higher operating hours than the national data for motors less than 
50 hp, indicating a need for further data collection on motors in nonman
ufacturing applications. 

Even more important than average values by size class, however, 
is an accurate profile of the distribution of duty factors within a size 
class-what percentage of motors of a given size are used 1,000 
hrs/yr, 2,000 hrs/yr, and so on. This information is useful to utility 
program planners, among others, for determining eligibility criteria 
in motor rebate programs. New England Electric, for example, offers 
generous rebates for high-efficiency replacements for 100 hp or 
smaller motors operating at least 1,250 hrs/yr and for motors larger 
than 125 hp operating 2,500 hrs/yr. This rebate program is discussed 
further in Chapter 9. 

Fortunately, XENERGY has recently completed such an analysis 
based on the data collected from its national field study. These data 
are summarized in Table 6-9 and show that the largest proportion of 
motors have low duty factors, but this is primarily because small 

Table 6-9 

Percentage of Motors Used in Manufacturing, Sorted by Motor 
Size and Duty Factor 

Duly Factor 

1,001- 2,001- 3,001- 4,001- 5,001- 6,001- 7,001- Over 
Motor hp ~1,000 2,000 3,000 4,000 5,000 6,000 7,000 8,000 8,000 

1-5 hp 20.4 11.2 5.1 4.0 5.0 1.9 4.1 1.7 5.2 
6-20 hp 6.8 4.5 3.5 2.1 2.3 1.1 1.8 0.9 3.5 
21-50 hp 1.6 1.5 1.3 0.8 0.9 0.5 0.9 0.6 1.1 
51-100hp 0.2 0.3 0.5 0.2 0.4 0.2 0.3 0.4 0.6 
101-200 hp 0.1 0.1 0.3 0.1 0.2 0.1 0.2 0.1 0.5 
201-500 hp 0.0 0.0 0.1 0.0 0.1 0.0 0.1 0.0 0.3 
500+ hp 0.0 0.0 0.0 0.0 0.0 0.0 0.1 0.0 0.2 

TOTAL 29.0 17.7 10.8 7.2 8.9 3.9 7.5 3.7 11.3 

Source: Rosenberg 1999 
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Table 6-10 

Percentage of Manufacturing Motor Energy Use, Sorted by Motor 
Size and Duty Factor 

Duty Factor 

1,001- 2,001- 3,001- 4,001- 5,001- 6,001- 7,001- Over 
Motor hp ::;1,000 2,000 3,000 4,000 5,000 6,000 7,000 8,000 8,000 

1-5 hp 0.2 0.4 0.3 0.3 0.5 0.3 0.6 0.3 1.0 
6-20 hp 0.5 0.9 1.2 1.0 1.4 0.8 1.6 1.0 4.0 
21-50 hp 0.3 0.8 1.2 1.0 1.5 1.1 2.1 1.6 3.5 
51-100hp 0.1 0.3 0.8 0.5 1.2 0.7 1.6 2.1 4.0 
101-200 hp 0.1 0.3 1.2 0.5 1.6 0.9 2.4 1.2 6.1 
201-500 hp 0.0 0.2 0.8 0.4 1.4 0.3 2.2 0.8 7.7 
500+ hp 0.0 0.1 0.3 0.1 1.7 0.7 4.6 2.8 20.6 

TOTAL 1.2 3.2 5.8 3.8 9.3 4.8 15.1 9.8 46.9 

Source: ACEEE analysis based on data in Table 6·9 and average motor horsepower assumptions by 

size class from Table 6·2 

motors tend to have low duty factors and small motors account for 
the largest number of motors. Viewed another way, we can estimate 
the proportion of motor energy use as a function of motor horse
power and duty factor. These data are estimated in Table 6-10. Since 
large motors account for the largest portion of motor energy use, 
and large motors tend to have high duty factors, the vast majority of 
motor energy use is by motors with high duty factors. Conversely, 
motors with duty factors below 2,000 hrs/yr account for less than 
5% of motor energy use. 

Load Factor and Motor Sizing 
In addition to duty factor, the size of a motor relative to its typi

cal load helps determine its operating efficiency and the potential 
for savings. Load factor is important because, as a motor operates 
further and further below 50% of its rated load, its efficiency drops. 
This decrease occurs more rapidly for standard-efficiency than high
efficiency units, as was illustrated in Figure 3-8. As discussed in 
Chapter 3, downsizing should be considered for any motors run
ning below 40% loading. 

The recent XENERGY national field study provides a good assess
ment of motor sizing practices in the manufacturing sector of the 
United States. In this study, instantaneous measurements were 
taken on a representative sample of hundreds of motors in the field 
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Table 6-11 

Motor Loading by Horsepower 

Part Load 
Application 

(% of full load) Air Compressor Fan Other Pump All 

<40% 15% 30% 55% 39% 44% 

40-120% 84% 69% 43% 56% 53% 

>120% 1% 1% 2% 4% 2% 

Source: XENERGY 1998 

Table 6-12 

Motor Loading by Application 

Part Load 
Horsepower Category 

(% of full load) 1-5 hp 6-20 hp 21-50 hp 51-100 hp 101-200 hp 200+ hp 

<40% 42% 48% 39% 45% 24% 40% 

40-120% 54% 51% 60% 54% 75% 58% 

>120% 4% 1% 1% 0% 1% 2% 

Source: XENERGY 1998 

and the results were weighted to represent the motor population at 
large. Overall, 44% of motors were found to be operating at less 
than 40% of full load, indicating a very high proportion of oversized 
motors. With only a few exceptions, over sizing was not found to 
vary much as a function of motor size or application. The XENERGY 

data are summarized in Table 6-11 (as a function of motor horse
power) and in Table 6-12 (as a function of motor application). 

These data should be interpreted carefully, however, since they 
are one-time instantaneous measurements taken on systems where 
load may vary substantially on an hourly or seasonal basis. In addi
tion, the readings were subject to some measurement error. 

For comparison, a survey of 22,300 motors in small and 
medium-size industries in Brazil provides the breakdown of motor 
loading shown in Table 6-13. This survey suggests somewhat better 
sizing practices than those reflected in the U.S. data just cited, as the 
survey indicates that only 22% of the motors operate below 50% 
load (Geller 1990). 

As wasteful as motor oversizing can be in terms of energy and 
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dollars, it is sometimes justified in 
terms of higher reliability, reduced 
downtime, and the flexibility to accom
modate expanded process needs. Indi
vidual cases should be evaluated with 
an eye to the various tradeoffs involved 
in the sizing decision, including the 
power factor problems with lightly 
loaded motors, as discussed in Chapter 
3. In general, it is probably not cost-ef
fective from an energy savings point of 
view to downsize motors running 
above 40% of their rated load. 

Motor Life 
The life of a motor depends on 

how it is used and maintained and also 

Table 6-13 

Motor load Factors in 
Brazilian Industry 

% load % of Motors 

0-10 4.4 
10-20 0.5 
20-30 2.2 
30-40 6.0 
40-50 10.1 
50-60 11.5 
60-70 13.7 
70-80 4.9 
80-90 12.6 
90-100 24.5 

Source: Geller 1990 

depends somewhat on its construction. There is enormous variation 
in motor life, with some motors used in corrosive environments last

Table 6-14 

Average Electric Motor Life 

ing less than a year, and 
other well-maintained mo
tors lasting more than 40 

Horsepower 
Range 

years. While there is enor-
Average Life Life Range mous variation, for purposes 

(years) (years) 

1-5 

5.1-20 

21-50 

51-125 

>125 

17.1 

19.4 

21.8 

28.5 

29.3 

13-19 

16-20 

18-26 

24-33 

25-38 

Source: Schueler, Leistner, and Douglass 1994 

of analysis, average values 
are useful. A 1995 survey of 
motor repair shops (Schueler, 
Leistner, and Douglass 1994) 
collected informa tion on 
motor life at time of failure. 
These data are summarized 
in Table 6-14. 

Saturation of High-Efficiency Motors 
In recent years, extensive data have been published on sales and 

saturation of high-efficiency motors in the United States. Since 1993, 
the U.s. Census Bureau has collected data on shipments of motors 
that meet the EPAct efficiency standards. Generally these data show 
a gradual rise in the sale of efficient motors, which accounted for 
16% of 1-200 hp motor sales on a unit basis and 32% on a value basis 
in 1997 (see Figure 6-4). As was discussed in Chapter 2, in November 
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Figure 6-4 

Efficient Motors as Percentage of Shipments: 1994 to 1997 
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1997, the EPAct standards became mandatory for many types of mo
tors. Therefore, the market share of these motors is likely to climb 
steeply. 

The saturation of efficient motors in the motor stock will tend to lag 
behind the saturation among current sales because only a small portion 
of motors are replaced each year. Thus it takes several decades for the 
stock to tum over. This is borne out by the results of the )(ENERGY motor 
systems inventory, which found that efficient motors (generally defined 
in terms of EPAct efficiency levels) made up 9.1% of the integral motor 
stock in U.s. manufacturing plants in 1997. The saturation rate of effi
cient motors was higher among 51-100 hp (17% saturation) and 101-200 
hp motors (25% saturation) than among other motor sizes. Efficient mo
tors were particularly common in the chemical and paper sectors. These 
results are summarized in Table 6-15. 

As was discussed in Chapter 2, and will be further analyzed in 
Chapter 9, manufacturers and utilities are increasing their promotion 
of so-called premium-efficiency motors that exceed EPAct motor stan
dards by 1-3%. Unfortunately, no national data exist on the sales of 
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Table 6-15 

Saturation of Efficient Motors in U.S. Manufacturing Plants: 1997 

Motor 28 26 33 29 20 
Horsepower Chern. (%j Paper (%j Metals (%j Petrol. (%j Food (%j Other (%j All SICs (%j All SICs 

1-5 7.8 12.0 2.1 4.7 6.6 7.5 7.2 523,735 
6-20 15.1 17.3 2.0 8.3 12.4 10.3 10.4 340,735 
21-50 21.6 21.9 4.3 11.8 13.2 7.8 11.3 127,111 
51-100 27.9 27.2 8.4 2.1 28.3 15.3 17.1 62,234 
101-200 32.7 17.0 0.1 7.0 7.4 37.6 25.5 56,247 
201-500 19.8 4.2 0.0 19.6 5.2 48.4 17.7 15,346 
501-1,000 1.3 0.0 0.0 0.0 0.0 9.5 1.3 352 
1,000+ 4.5 0.0 9.6 0.6 0.0 0.0 3.9 425 

All Sizes 14.4 15.3 2.5 7.5 8.8 8.9 9.1 1,125,887 

Note: EPAct applies only to motors up to 200 hp. For motors above 200 hp, XENERGY developed its 
own definition of efficient. 

Source: XENERGY 1998 

Table 6-16 

Approximate Market Share of CEE Premium Motors 

New England/New Jersey New York 
1998 1998 

1-5 21% 11% 
6-20 40% 22% 
21-50 59% 32% 
51-100 5% 37% 
101-200 63% 63% 
Total 29% 16% 
Note: "Premium" defined as meeting CEE efficiency levels (see Table 2-9). 

Sources: Easton Consultants & XENERGY 1999a; PEA 1998 

Northwest 
1997 

12% 

these motors, although some regional data are available from the 
Northeast (Easton Consultants and XENERGY 1999a) and Northwest 
(PEA 1998) United States. These data are summarized in Table 6-16. 
They show very substantial market shares for PEMs in New England 
and New Jersey for 1998 (29% of 1-200 hp motor sales), and somewhat 
lower market shares in New York and the Northwest (12-16% of 1-200 
hp motor sales). However, the Northwest figures are from 1997, before 
the EPAct motor standards went into effect, and thus are not directly 
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comparable to the 1998 figures. The authors of the Northeast study es
timate that the national market share for PEMs is roughly similar to 
that found in New York; market shares are higher in New England 
and New Jersey due to utility promotions, above-average interest in 
energy savings, and high electricity prices. Past experience indicates 
that market shares for efficient motors also tend to be above the na
tional average in the Northwest due to utility promotions and a high 
saturation of motor-intensive industries. Thus, if the saturation of 
PEMs is above the national average in the Northeast and Northwest, it 
stands to reason that the market share in other regions of the country 
is likely to be lower than the figures shown for New York. However, 
these estimates are very approximate; additional data collection is 
needed outside of the Northeast before more definite conclusions can 
be drawn. 

Use of Adjustable- Table 6-17 

Speed Drives Saturation of Motor 
In addition to energy-efficient Systems with AC Adjustable-

motors, an energy-saving measure Speed Drives 
that has been widely promoted in Motor Systems 
recent years is the adjustable-speed with ASDs 

drive. The XENERGY (1998) field By Horsepower Number % of Total 

study provides a useful snapshot of 1-5 767,807 11 
the use of these drives in manufac- 6-20 254,862 8 
turing. Overall, XENERGY found 

21-50 46,126 4 
that 9% of motor systems have 

51-100 13,536 4 ASDs, with their use highest 
among smaller motors (this finding 101-200 11,661 5 

is surprising but may reflect the 201-500 1,873 2 

wider availability of integrated 501-1,000 820 3 

motor / ASD packages in small 1,000+ 644 6 

horsepower sizes). The XENERGY TOTAL 1,097,328 9 
data are summarized in Table 6-17. 

ASD saturation has been in- By Application 

creasing steadily in recent years, Pump 77,510 3 
due to average annual sales Fan 101,204 7 
growth of 24% during much of the Compressed air 11,044 2 
1990s (see Figure 6-5). Other 907,570 11 

A 2000 study by Easton Con- TOTAL 1,097,328 9 
sultants further estimates the po-

Source: XENERGY 1998 tential and current markets for 
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Figure 6-5 

u.s. ASD Sales: 1993-1998 
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Table 6-18 

u.s. Motors over 50 hp under ASD Control by Industry Segment 

Total Percentage Typical Percentage 
Number with Variable- 01 Variable-

Industry 01 Motors Variable Load Load Applications 
Type/Segment >50 hp Load Applications with ASOs 

Industry 
Light/medium 176,000 27% Machine control; 49% 
industry HVAC; product handling 

Process industry 457,000 22 Pumps & fans; rolls & 33 
sheet handling; conveyors 

Other heavy 441,000 35 Pumps & fans; reduction 23 
industry equipment; compressors 

Water & wastewater 88,000 24 Pumps; aeration equipment 48 

Commercial HVAC 436,000 20 Pumps and fans 6 

Agriculture 85,000 10 25 

TOTAL 1,682,000 24 35 
Source: Easton Consultants 2000 
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ASDs by industry segment (e.g., light/medium industry, process in
dustry, etc.). Overall, they find that about one-quarter of loads are 
variable loads, and of these, just over a third already have ASDs. 
These results are summarized in Table 6-18. 

Motor Energy Input by Sector, Industry, 
and End-Use 

While analyzing motor usage by type and size class is informa
tive, most efficiency programs are designed and implemented by 
sector, industry, or specific end-use. It is thus useful to break out 
motor consumption by such categories. Probably the best analysis of 
motor system energy use is one by E Source that draws on data from 
the Electric Power Research Institute, Edison Electric Institute, and a 
host of other sources. This analysis is summarized in Figures 6-6 and 
6-7 and concludes that motors account for 52.5% of u.s. electricity 
use, including approximately 70% of electricity used in the industrial 
sector, 38% in the residential sector, and 37% in the commercial sec
tor. Of U.S. motor system energy use, the industrial sector accounts 
for approximately 44%, the residential sector for approximately 23°1<" 
the commercial sector for approximately 20%, and the utility sector 
for approximately 13%. The largest residential uses are appliances 
(particularly refrigeration) and space cooling. Space cooling, ventila
tion, and refrigeration dominate commercial-sector motor use. 
Pumps, blowers, fans, and compressors account for more than half of 
industrial and utility motor use. 

Figure 6-8 shows where, within the large and diverse industrial 
sector, motor use is concentrated. This figure is based on data from 
the 1994 Manufacturing Energy Consumption Survey (EIA 1997). 
We also include the electric utility industry in this figure, based on 
data from Figure 6-6. Electricity use by motor systems is particu
larly large in the chemical, primary metal, electric utility, and paper 
industries and moderately large in the food, petroleum/coal, and 
mining industries. The large use of motor systems shows why utili
ties offer a prime test bed for efficiency improvements, as the EPRI 
case studies in Chapters 4 and 9 describe. 

The XENERGY field study also provides useful information on 
the distribution of motor system energy use by application, includ
ing breakdowns for major manufacturing sectors and by motor size. 
These are summarized in Table 6-19 and Figures 6-9 and 6-10. The 
distributions show that material handling is a particularly impor
tant application in metal fabrication plants, pumps are particularly 
important in paper plants, and refrigeration and material processing 
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Figure 6-6 

Drivepower's Share of U.S. Electricity Use, by End-Use 

Where U.S. 
electricity _ 
flows(%) I 

Stand-alonf) motalS 22:,6 

.. 
~ 

~ 
lights 1.5.5 

't; 
Space coOling & .. 

a; 12..0 
.,; air handling 
:::; 
c; AppUances 12.0 
if!. 
co Miscellaneous ~ plug-loar.\s 11.5 

Utilities' own use, power 8.0 au.lhor/lles. railways 
S~a~ healing 7.0 

Electrolysis & process bea~ 6.0 
WIlter lIeatlr\g 5.0 

Source: E Source 1999 

Figure 6-7 

How much is 
used by 

motors (%) 

22.6 

11.4 

7.5 

2.3 

6.9 

1.8 

l 
z:. .,. 
:a!; 
.!:!'E 
~E 
"!c ::::Ie -'-c .. 
~~ 
In '" N 
In 

J 

Drivepower's Share of U.S. Electricity Use, by Sector and Task 

Electricity use by sector 
Drivepovier'sshafflO1tO(. 

I 
Ulilltf~s:* 8% 1.1% q/!9-&Q! 

~~ 
ComIT!Qrc1ar 211% "-

~ 

~ 

1(1.4% 
~ 
'" '0 

~"'dlIntl" 31% 
~ .. 
'" ,; .. 
~ 11.91\ 

IndustrIal 33% 52,s'kOfall 
electriQitY 

tlselt 

23.1%' 

1 

Seclorlishareof 
lolaldnvepower 

I" UlIlltlea 13% 

j~ Cilmml:lrcla, 20% 

:5 RfI.ldentiaf ~3% =c 
.~-g ". .= 'Q;:;; .. £ndU;strlaI44% 
":!. 
'S~ 

~~ 

L 

End use 
(% of total dnvepower) 

/Matenal handling and processing 4% 
/pumpS&fanS9% 

/Heating 0.2% 
-;. ...... Rcfngeration45% 

Ventilation 5.5% 
CooUng9.6% 

............. Heating 2.5% 
Cooling 7.8% 

Appliances 12.7% 

Other 2% 
Material processing 10% 
Materialhandhng5% 

----Refrigeralion3% 
~£ompressedair7% 

Pumps 11% 

• Includes utilities' own use in generating stations, public authorities (water supply. waste water treatment, Irrigation), and railways. 

Source: E Source 1999 

212 



IV
 

.....
. 

w
 

F
ig

u
re

 6
-8

 

1
9

9
4

 E
le

ct
ri

ci
ty

 U
s

e
 b

y 
In

d
u

st
ry

, a
n

d
 M

o
to

rs
' S

h
ar

e 
o

f T
h

a
t 

U
s

e
 

Ch
em

ic
al

s 
an

d 
al

lie
d 

pr
od

uc
ts

 
Pr

im
ar

y 
m

et
al

 in
du

st
rie

s 
El

ec
tri

c 
ut

ili
tie

s 
Pa

pe
r a

nd
 a

lli
ed

 p
ro

du
ct

s 
Fo

od
 a

nd
 k

in
dr

ed
 p

ro
du

ct
s 

W
at

er
 s

up
pl

y,
 s

ew
ag

e,
 ir

rig
at

io
n 

Pe
tro

le
um

 a
nd

 c
oa

l p
ro

du
ct

s 
Ru

bb
er

 a
nd

 m
is

c.
 p

la
st

ic
s 

M
in

in
g 

Tr
an

sp
or

ta
tio

n 
eq

ui
pm

en
t 

In
du

st
ria

l m
ac

hi
ne

ry
 a

nd
 e

qu
ip

m
en

t 
El

ec
tro

ni
c 

an
d 

ot
he

r e
le

ct
ric

 e
qu

ip
m

en
t 

Te
xt

ile
 m

ill
 p

ro
du

ct
s 

Fa
br

ic
at

ed
 m

et
al

 p
ro

du
ct

s 
O

il 
an

d 
ga

s 
ex

tra
ct

io
n 

Ag
ric

ul
tu

ra
l p

ro
du

ct
io

n 
Lu

m
be

r a
nd

 w
oo

d 
pr

od
uc

ts
 - -

I 

"'
 

, 
i 

• 
M

ot
or

 U
se

 

IJ
 

O
th

er
 E

le
ct

ric
ity

 U
se

 

o 
20

,0
00

 
40

,0
00

 
60

,0
00

 
80

,0
00

 
10

0,
00

0 
12

0,
00

0 
14

0,
00

0 
16

0,
00

0 
18

0,
00

0 
20

0,
00

0 

El
ec

tri
ci

ty
 C

on
su

m
pt

io
n 

(T
W

ht
yr

) 

S
ou

rc
es

: E
IA

 1
9

9
7

 fo
r 

m
o

to
r 

e
n

e
rg

y 
us

e;
 U

.S
. 

C
e

n
su

s 
B

ur
ea

u 
1

9
9

6
b

 fo
r 

el
ec

tr
ic

ity
 u

se
; 

ut
ili

ty
 m

o
to

r 
en

er
gy

 u
se

 b
as

ed
 o

n 
E

 S
ou

rc
e 

19
99

; 
ut

ili
ty

 e
le

ct
ri

c 
e

n
e

rg
y 

us
e 

fr
om

 E
IA

 1
99

5;
 a

nd
 a

gr
ic

ul
tu

ra
l, 

m
in

in
g,

 o
iV

ga
s 

ex
tr

ac
tio

n,
 a

nd
 w

a
te

r 
su

p
p

ly
 d

at
a 

fr
om

 X
E

N
E

R
G

Y
 1

99
8 

n ~ :;
0 ~ 



ENERGY-EFFICIENT MOTOR SYSTEMS 

Table 6n 19 

Distribution of Motor System Energy Use by Application 

28 26 33 29 20 All 
Application Chern. (%j Paper (%j Metals (%j Petrol. (%j Food (%j Other (%j SICs(%j 

Pump 26.0 31.4 8.7 59.0 16.4 19.0 24.8 
Fan 11.9 19.8 15.3 9.5 7.5 13.5 13.7 
Compressed Air 27.7 4.6 14.3 15.3 7.7 15.0 15.8 
Refrigeration 7.7 5.0 0.1 0.7 29.4 7.1 6.7 

SUBTOTAL 
(Fluid Systems) 73.3 60.7 38.4 84.4 61.1 54.6 61.0 

Material Handling 1.4 7.4 47.1 2.6 6.1 10.3 12.2 
Material Process 23.6 21.3 12.6 11.1 26.1 31.0 22.5 
Other 1.8 10.6 1.9 1.9 6.7 4.1 4.3 

SUBTOTAL 
(Other Systems) 26.7 39.3 61.6 15.6 38.9 45.4 39.0 

All APPLICATIONS 100.0% 100.0% 100.0% 100.0% 100.0% 100.0% 100.0% 

Source: XENERGY 1998 

systems are especially important in food plants. Analogous informa
tion for the residential and commercial sectors was estimated by 
Arthur D. Little, Inc. (ADL 1999), and is summarized in Figures 6-11 
and 6-12. Air conditioners and heat pumps account for nearly half 
of motor energy use in the residential sector. HVAC systems account 
for more than 70% of commercial sector motor energy use; refrigera
tion systems account for an additional 20%. 

Data compiled by Easton Consultants (1996) on the fan, pump, 
and air compressor industries allow us to further characterize these 
applications. Centrifugal fans dominate the fan and blower market 
in the manufacturing sector, accounting for more than 90% of fan 
and blower energy consumption. An estimated 45,000-50,000 cen
trifugal fans are sold to the manufacturing sector each year. Axial 
fans (which are used primarily in commercial HVAC applications or 
for large-flow, clean air applications in the mining, utility, and trans
portation sectors) make up the remainder of the market. 

Several types of pumps are used in manufacturing processes 
for moving different fluids under different pressures. For exam
ple, rotary pumps often handle higher-pressure fluid applications 
and reciprocating diaphragm pumps are used where preventing 
contamination is critical. Overall, centrifugal pumps dominate the 
process pump market in terms of annual unit and capacity sales, 
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CHAPTER SIX 

Figure 6-11 

Distribution of Motor Energy Use in the Residential Sector by 
Application 

Refrigerators & Freezers 
(25.4%) 

Refrigerators (17.9%) 

Dishwashing/Laundry 
(6.0%) 

Dishwasher (2.3%) 
Clothes Dryer (1.4%) 

Clothes Washer (2.3%) 

Miscellaneous (7.7%) 

Source: ADL 1999 

Figure 6-12 

Space Conditioning 

(60.9%) 

Central AC 
(not including 
indoor air blower) 
(23.0%) 

Heat Pumps 
(not including 
indoor air blower) 
(17.6%) 

Room AC (6.6%) 

Central AC & Heat Pump Blower (5.9%) 

Furnace Blower (7.9%) 

Distribution of Motor Energy Use in the Commercial Sector by 
Application 

Commercial Refrigeration (21%) 

Central Systems/Walk-Ins (11%) 

Self-Contained (7%) 

Ice Machines (3%) 

Miscellaneous (7%) 

Terminal Box (1 % 

Condenser Fan (2%) 
Cooling Tower Fan (1 %) 

Condenser & Chilled 
Water Pump (2%) 

Hydronic Thermal Dis!. (2%) 

Exhaust Fan (13%) 

HVAC Compressors (32%) 
Centrifugal/Screw Chiller (7%) 

Reciprocating Chiller (4%) 

Unitary (21%) 

HVAC Thermal Distribution /40%1 

Source: ADL 1999 
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Figure 6-13 

Distribution of Large Compressors by Horsepower Range 

>1,000 hPliiiill--l--li--i-i 
... 
II) 

~ 500-999 hp 
CL 
II) 

~ 100-499 hp 
:c 

0% 

Source: XENERGY 2000a 

Table 6-20 

10% 20% 30% 40% 50% 60% 

Percentage 

Presence of Compressed-Air (CA) Systems by Industry Group 

Percent of 
Total Establishments with 

NoCA SmaliCA FuliCA 
SIC Industry Group System System System 

20 Food and Kindred Products 13 34 53 
22 Textile Mill Products 0 24 76 
23 Apparel and Other Textile Products 9 0 91 
24 Lumber and Wood Products 8 10 82 
25 Furniture and Fixtures 0 0 100 
26 Paper and Allied Products 19 21 61 
27 Printing and Publishing 95 0 5 
28 Chemicals and Allied Products 8 7 84 
29 Petroleum and Coal Product 0 16 84 
30 Rubber and Miscellaneous Plastics Products 0 12 88 
32 Stone, Clay, and Glass Products 0 0 100 
33 Primary Metal Industries 5 13 82 
34 Fabricated Metal Products 8 61 31 
35 Industrial Machinery and Equipment 1 0 99 
36 Electronic and Other Electric Equipment 9 0 91 
37 Transportation Equipment 0 8 92 
38 Instruments and Related Products 11 0 89 
20-39 Overall Manufacturing 18 12 70 
Note: CA systems account for less than 5% of motor system energy. 

Source: XENERGY 2000a 
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installed units and capacity, and total electricity consumption 
(Easton Consultants 1996). 

Slightly more than one million air compressors are sold to the U.s. 
market each year, of which 98% are 5 hp or smaller. These small com
pressors are sold largely to the commercial and residential markets. 

Figure 6-14 

Revenue Share for Single-Phase Fractional-Horsepower Motors 
by Motor Type: 1992 

Split Phase (33%) 

Shaded Pole (20%) 

Capacitor Start (21 %) 

Permanent Split Capacitor (26%) 

Source: LBNL 1996 

Figure 6-15 

Revenue Share for Single-Phase Fractional-Horsepower Motors 
by Application: 1992 

Business Equipment 
(4%) 

Heating (7%) 

Source: LBNL 1996 

Fans and 
Blowers 

(10%) 

Home 
Appliances 
(23%) 

Refrigeration and Air Conditioning (16%) 
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Due to the very low hours of use, however, they account for only about 
12% of annual electricity consumption by new units. Air compressors 
at or above 25 hp, while accounting for less than 1% of annual unit 
sales, make up an estimated 80% of annual electricity consumption by 
new units. Of these larger compressors, approximately 17,000 are sold 
annually, of which about 72% are single-stage, flooded rotary screw 
types (Easton Consultants 1996). A 1999 field study of 222 of these 
larger compressors used in manufacturing plants found that nearly 
one-half were in the 100-499 hp range (see Figure 6-13). This study also 
examined the proportion of manufacturing enterprises that have com
pressed-air systems and estimated that 70% of manufacturing plants 
have plant-wide compressed-air systems, 12% have small compressed 
air systems, and 18% have no compressed-air systems. Data on this dis
tribution by industry type are summarized in Table 6-20. 

Additional Data on Small Motors 
Most of the preceding discussion focuses on integral-horsepower 

motors. However, nearly 20% of motor energy use is accounted for by 
fractional-horsepower motors. Research by Lawrence Berkeley Na
tional Laboratory (LBNL 1996) has begun to characterize the small
motor market. For example, as shown in Table 6-1, the vast majority of 
fractional-horsepower motors are single-phase. Of single-phase, frac
tional-horsepower motors, four types dominate-split phase, perma
nent split capacitor, capacitor start, and shaded pole. A description of 
the characteristics of these motor types can be found in Chapter 2. 
Roughly, these types have equivalent market shares, as shown in Fig
ure 6-14. These motors are used for a wide variety of applications, of 
which home appliances, pumps/compressors, and refrigeration/ air 
conditioning are the largest (see Figure 6-15). 

These data are a useful start, but given the substantial amount of en
ergy used by small motors and the many diverse types, applications, 
and sizes of these motors, much more data are needed to characterize 
small-motor sales and applications and to identify those market seg
ments with the greatest energy use and opportunity for energy savings. 
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Chapter 7 

Estimating the National Savings 
Potential in Motor Systems 

M ost analyses of the potential for improved efficiency in motor 
systems have focused on only two technologies: high-efficiency 

motors and adjustable-speed drives. These are indeed very important 
technologies, but (as the preceding chapters make clear), as part of an 
overall systems approach for reducing motor energy use, many other 
measures deserve attention as well. These include 

• Optimal motor sizing 

• New and improved types of motors 

• Better motor repair practices 

• Improved controls in addition to ASDs 

• More efficient motor-driven equipment including fans, pumps, and 
compressors 

• Motor system design improvements including better selection of 
equipment and system components matched to the application 

• Reduced waste of compressed air and other fluids moved by motor 
systems 

• Electrical tune-ups, including phase balancing, power-factor and 
voltage correction, and reduction of in-plant distribution losses 

• Mechanical design improvements, including optimal selection and 
sizing of gears, chains, belts, and bearings 

• Better maintenance and monitoring practices 

Only by paying close attention to all of the above parameters and to 
the synergism among them can designers and users of motor systems 
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truly optimize efficiency and reliability. We now examine the major effi
ciency measures in turn and evaluate their savings potential. We start 
with the motor itself and then proceed to motor speed control, opportu
nities for system improvements, and electrical and mechanical measures. 

Induction Motor Improvements 
As discussed in Chapter 6, induction motors draw an estimated 

53-59% of all U.s. motor input, or approximately 1851 terawatt-hours 
(TWh)/year. How much of this energy could be saved if readily avail
able EPAct-efficiency and premium-efficiency induction motors were 
substituted for standard units? Estimated savings are in the range of 
100-140 TWh/yr, equivalent to the output of 18-25 1,000 MW power 
stations (assuming typical 70% capacity factor and 8% grid loss). This 
estimate includes savings from the use of three-phase EPAct and CEE 
premium-efficiency integral-horsepower motors as well as savings 
from more efficient single-phase motors and fractional-horsepower 
three-phase motors. 

The savings estimate for integral-horsepower motors is based on 
the average efficiency of standard-efficiency, EPAct-efficiency, and 
CEE premium-efficiency motors as determined in a detailed 1998 in
ventory of motors used in manufacturing in the United States (XEN

ERGY 1998). Savings are further adjusted to account for the current use 
of EPAct and premium-efficiency motors in the current motor stock 
(as discussed in Chapter 6) and to limit the savings to cost-effective 
applications (estimated based on the proportion of motor energy use 
consumed by motors operating 2,000 hours or more annually per data 
in Table 6-9). Overall, we estimate a savings potential of 49 TWh/yr 
from increased use of EPAct motors and 30 TWh/yr from increased 
use of CEE premium-efficiency motors. Savings are higher for EPAct 
motors because of the greater efficiency spread between standard and 
EPAct motors than between EPAct and premium motors. 

For single-phase and fractional-horsepower motors, the energy sav
ings potential was approximated by Lawrence Berkeley National Labo
ratory at 5-24% (LBNL 1996). We apply this range of savings to the esti
mated energy use of fractional-horsepower motors from Table 6-2, 
resulting in a savings rate of 20-47 TWh/yr. The uncertainties associated 
with this estimate are substantial, but overall the potential savings from 
higher-efficiency fractional-horsepower motors are similar to the savings 
from integral-horsepower CEE premium motors. Savings are large due 
to the many fractional-horsepower and single-phase motors in use and 
the relatively high difference in efficiency between less efficient and 
more efficient motors. Capturing these potential energy savings will not 
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be easy given the many diverse motor types and applications repre
sented. However, most small motors are purchased by original equip
ment manufachlrers. This provides an opportunity to influence thou
sands of motor purchases by convincing a few decision-makers. The 
potential size of the savings in this area suggests the value of gathering 
improved data on sales and operating characteristics of these motors; the 
LBNL study was a good start but is only the first step in efforts to better 
characterize this important sector of the motor market. 

The Cost of Savings from Induction Motor 
Improvements 

As discussed in Chapter 6, the typical motor lasts 13-29 years be
fore it must be replaced, depending on motor size. When models under 
10 hp fail, they are typically replaced; larger motors are often repaired. 
With the passage of EPAct, what used to be called high-efficiency mo
tors are now standard practice for new motors; as old motors are grad
ually replaced, the stock efficiency will gradually increase. In addition, 
as Figures 2-26, 2-27, and 2-29 through 2-36 show, in new installations 
(including replacement of failed units), CEE premium-efficiency mo
tors in typical operating regimes (4,000 hrs/yr) have simple paybacks 
of 6 years or less relative to EPAct motors; paybacks are 4 years or less 
for ODP motors of 5 hp and above and 3 years or less for TEFC motors 
of 2-25 hp. Relative to repairing an existing standard-efficiency motor, 
CEE premium-efficiency motors have simple paybacks of 2 years or 
less in sizes up to about 200 hp for ODP enclosures and 40 hp for TEFC 
designs. Assuming a typical motor life of 20 years and a real discount 
rate of 6%, a 2- to 6-year payback corresponds to a cost of saved energy 
of 1-3 cents/kWh. Savings from motors with low duty factors will cost 
more than this aggregate analysis suggests, and motors with very high 
duty factors will yield cheaper savings. 

Similarly, the LBNL analysis on single-phase and fractional-horse
power motors estimates a typical simple payback of 2.5-10 years, 
varying with motor type, size, and application. Assuming an average 
motor life of 13 years, these simple payback periods correspond to a 
cost of saved energy of 1-6 cents/kWh. 

These analyses ignore the sizable savings from correcting for past 
rewind damage and oversizing. 

Correcting for Past Rewind Damage 
As discussed in Chapter 2, standard rewind techniques that bake 

motor cores in high-temperature (>600"F) ovens can damage the motor 
core and cause other problems that reduce the motor's efficiency. In 
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Chapter 2 we estimate that this damage equals 1% of total motor 
input or about 13 TWh/yr. At a retail electric rate of 6 cents/kWh, 
these losses are valued at about $1 billion/yr and equal the output of 
about 2 gigawatts (GW) of installed capacity. Full replacement of the 
existing motor stock with new, higher-efficiency motors would thus 
not only save energy equal to the difference in nameplate efficiencies 
but also eliminate the losses associated with operating a "wounded" 
motor fleet, essentially for free. Such rewind damage could be 
avoided in the future by adopting improved motor repair practices, 
as discussed in Chapter 2. 

Optimal Motor Sizing 
When replacing the current motor stock, care should be taken to cor

rect for past oversizing with the caveat that oversizing in some cases is 
justified by reliability and flexibility benefits (Baldwin 1989). As noted in 
Chapter 6, a recent field study estimates that 44% of integral-horsepower 
motors are running at or below 40% of rated load (XENERGY 1998). As
suming, as noted in Chapter 3, that this oversizing is causing, on aver
age, a 5% efficiency penalty in the affected motors, the savings from cor
recting oversizing would be on the order of 38 TWh. For the various 
reasons discussed in Chapter 3, not all motors running lightly loaded 
should be downsized, so we reduce the 38 TWh by one-third to account 
for installations where downsizing is seemingly attractive but in fact not 
practical or desirable. The remaining savings potential is thus 26 TWh. 

Since the oversized motors will be replaced eventually, and 
smaller, high-efficiency replacements will often cost less than stan
dard-efficiency replacements of the original size, the marginal cost of 
the new, downsized motors may be negative in some cases. 

Motor Speed Control 
As explained in Chapters 4 and 5, the range of potential cost-effec

tive applications for improved motor speed control is vast. In many 
processes, loads vary over time and the use of electronic adjustable
speed drives and other speed control techniques (e.g., multispeed mo
tors, pony motors, or staged motors) offers large opportunities for en
ergy savings. Opportunities for speed control are particularly great with 
centrifugal machinery and other applications where losses drop as speed 
is reduced. ASDs are becoming increasingly popular for flow control in 
new industrial and large commercial HVAC installations. The nation
wide field study discussed extensively in Chapter 6 (XENERGY 1998) 
found that 9% of motor systems in the manufacturing sector (represent
ing 4% of manufacturing motor energy use) are controlled by ASDs. This 
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study also estimated that motor systems representing 29% of motor sys
tem energy are candidates for ASDs, of which 14% of total motor system 
energy is the "prime market" for ASDs (defined as fluctuating centrifu
gal loads above 20 hp and over 2,000 operating hrs/yr). These figures in
dicate that significant savings are being achieved from systems that are 
already installed, but also indicate that a clear majority of potential ap
plications for ASDs are still available. 

The XENERGY figures discussed above help identify opportunities 
for motor speed control in manufacturing but do not consider other in
dustrial applications or commercial applications. To estimate potential 
applications for motor speed control (including ASDs as well as other 
speed control techniques discussed in Chapter 4), we go back to the data 
in Figure 6-9, which indicates that approximately 47% of motor energy is 
used for fans, pumps, conveyors, and HVAC equipment-the prime ap
plications for motor speed control (we deal with compressed-air systems 
separately below). There is great uncertainty about the proportion of 
these applications that are good candidates for motor speed control, but 
based on discussions with several industry experts, we estimate that be
tween one-third and two-thirds of these applications are appropriate. 
From these figures we subtract the 4% of motor energy use that is cur
rently controlled by ASDs (discussed above), leading us to estimate that 
motor speed controls can be applied to 12-27% of motor energy use. This 
range is very similar to the 14-29% range that XENERGY estimates for 
manufacturing. 

Energy savings vary widely from application to application, but, as 
shown in Chapter 4, savings of 15-50% are common. While savings of 
40-50% are not unusual, the average across many applications is likely 
to be lower. To be conservative, we estimate that typical savings are 
likely to be in the range of 15-30%. 

Applying these figures to our estimates of motor systems energy 
use leads to an estimated savings potential of 30-139 TWh annually. 
This is a broad range since there are a large number of uncertainties re
garding average savings and appropriate applications. But even at the 
lower end of this range, savings are similar to those shown above for 
premium-efficiency motors. At the upper end of this range, savings 
from motor speed control are higher than those of any other measure 
examined in this chapter. 

The cost-effectiveness of ASD applications varies widely. Numerous 
case studies cite simple paybacks of 2 years or less, corresponding to 
costs of saved energy of $0.01-O.025/kWh saved (Greenberg et al. 1988; 
PEAC 1987). These studies are probably skewed toward the most attrac
tive installations, however, with many other installations having pay
backs of 2 to 5 years. A 5-year payback corresponds (assuming 
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$0.07/kWh electricity and to-year equipment life) to a cost of saved en
ergy of almost $O.OS/kWh. We adopt this value as the upper bound of 
the cost of savings from ASD installations. 

Other Controls 
In addition to ASDs, there are many other types of controls that 

can be used to reduce motor system energy use. For example, as dis
cussed in Chapter 4, microprocessor-based controls that monitor mul
tiple system variables can often reduce system energy use substan
tially. Likewise, power-factor controllers can offer up to 10% overall 
energy savings in certain applications driven by small (15 hp or less) 
motors that run most of the time at zero or near-zero loading. As dis
cussed in Chapter 5, there are several specialized control systems 
specifically designed for compressed-air systems. Also, energy man
agement systems and other controls can be used in commercial HV AC 
and refrigeration systems to reduce energy use by 10% or more in typ
ical operations. However, many of these controls are application-spe
cific, so rather than discuss opportunities for other controls across all 
uses, we proceed now to discuss specific savings opportunities in 
some of the major types of motor applications-fans and pumps, com
pressed air, space cooling, and refrigeration. 

Opportunities for System Improvements 
Fan and Pump Systems 

As explained in Chapter 6, approximately 31% of motor system 
energy is used to power fans and pumps. In addition to motor speed 
control, there are multiple opportunities to reduce energy use in fan 
and pump systems, including installing more efficient fans and 
pumps and improving system design. Regarding equipment, energy 
can be saved through improvements to equipment components (e.g., 
cast versus stamped fan impellers) and the use of more efficient equip
ment types (e.g., airfoil fans tend to be more efficient than backward
inclined fans, and radial tip fans tend to be more efficient than stan
dard radial fans). Modest prospects for improving equipment 
components are illustrated by the difference in efficiency between 
standard and high-efficiency models offered by several manufactur
ers, as well as dissimilarities in efficiencies among manufacturers. An 
example of such an efficiency spread is illustrated in Figure 7-1, which 
shows the spread in efficiencies among different models of a given fan 
type. Opportunities to trade up to more efficient equipment types are 
illustrated in Figure 7-2. However, they are limited by the fact that the 
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Figure 7-1 

Efficiencies of Four Manufacturers' Most Efficient Backward-
Inclined Fans 
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Figure 7-2 

Typical Fan Efficiency Levels 
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more efficient equipment types are not appropriate for all applica
tions; for example, airfoil and backward-inclined fans can only be 
used in relatively clean environments. 

Easton Consultants (1996) estimates that, overall, more efficient 
fans and pumps have the ability to decrease energy use by 5-15% in 
typical applications. We reduce this range to 5-10% because their esti
mate includes savings from more efficient motors, which we have al
ready examined separately. Approximations of the cost of these im
provements are not readily available. Easton (1996) notes that 
backward-inclined fans cost only 5-10% more than standard fans. A 
15 hp fan operating 4,000 hrs/yr implies a simple payback of roughly 
1 year (at $0.06/kWh) and a cost of saved energy of less than 
1 cent/kWh (assuming a 6% real discount rate and a IS-year fan life). 

Easton (1996) also examines potential savings from improved fan 
and pump system design, and estimates that, overall, improved de
sign can reduce energy use 10-20% in typical applications. This is on 
top of the savings that can be achieved from improved equipment and 
motor speed control. These estimates include application of the opti
mization steps discussed in Chapter 5. Costs for these improvements 
vary widely, but Hanson (1997) notes an average simple payback of 
1.2 years for several projects. Assuming a 6% real discount rate and a 
lO-year time span before the system is reconfigured, the average cost 
of saved energy is 1 cent/kWh. 

Compressed-Air Systems 
As discussed in Chapter 5, compressed-air systems offer consid

erable potential for energy savings. These systems are complex, and 
the savings opportunities result from a wide range of measures that 
we have grouped into two categories. Reductions in air that is wasted 
due to inadequate maintenance, leaks, and inappropriate uses can 
save 20-30% of compressed-air energy. A further 15-25% savings is 
available from various system design improvements and more effi
cient equipment selection (Easton 1996). Many of these measures 
focus on reducing the discharge pressure of the air compressors, and 
include installation of lower-pressure-drop equipment and advanced 
compressor controls. Both of these classes of measures have a wide 
range of costs, but Suozzo and Nadel (1998) estimate an average cost 
of saved energy of 1.5 cents/kWh, although costs will likely vary 
from near zero to more than 5 cents/kWh, depending on the measure 
and the facility. Costs for reduced waste will tend to be at the lower 
end of this range, and costs for equipment and design improvements 
in the upper portion of this range. 
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Space Cooling Systems 
As with fans, pumps, and air compressors, opportunities for low

ering cooling system energy use include equipment efficiency im
provements as well as enhanced system design. Improved efficiency 
of packaged and component air conditioning equipment is readily 
available across a wide range of system sizes. Options to improve 
overall system design are also available for large and small systems. 

At the residential end of the spectrum, central air conditioning 
systems with seasonal energy efficiency ratios (SEER) of 13 or more 
are readily available and have been successfully promoted by many 
utilities (CEE 1997). Energy savings are more than 20% relative to a 
typical baseline system with a SEER of just over 10. Savings relative to 
the existing stock of equipment are often 30% or more since, prior to 
federal efficiency standards that took effect in 1992, SEERs averaged 
approximately 9 (ARI 1993) and many of these older systems are still 
in use. The Energy Center of Wisconsin (1997) found an average incre
mental cost of about $600 for going from SEER 10 to SEER 13. A na
tional analysis for DOE (1999) estimates average annual savings of 
about 670 kWh for this improvement (including for heat pumps and 
cooling-only units) and an 18-year average unit life, resulting in a cost 
of saved energy of 8 cents/kWh. While this value may appear high, it 
should be compared to the price of peak electrical power (which is 
often 10-20 cents/kWh) and not an annual average price. 

Home air conditioning energy use can also be reduced with im
proved attention to system installation and maintenance including 
proper refrigerant charge, proper airflow across the coil, and suitably 
sealing ducts to decrease leakage of conditioned air. Neme, Nadel, and 
Proctor (1999) reviewed multiple field studies on proper installation 
and maintenance and estimated that, on average, savings of about 24% 
are possible relative to typical installation and maintenance practices. 
Incremental costs for these improvements are on the order of $250-400 
(assuming that repairs are done during a regularly scheduled service 
call and that approximately half of the homes need duct sealing) 
(Suozzo and Nadel 1998). Assuming a lO-year average measure life and 
average air conditioner and heat pump annual energy use of 3,251 kWh 
(EIA 1995), the cost of saved energy is approximately 4-6 cents/kWh. 
Most of these savings occur at times of high electrical demand, when 
electricity prices are high. 

Overall, combining 20-30% savings from improved equipment ef
ficiency with approximately 24% savings from proper installation and 
maintenance, and adjusting for overlap between these two measures, 
gives typical savings of 25-40%. 
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At the large equipment end of the spectrum, state-of-the-art new 
water-cooled centrifugal chillers have efficiencies of less than 0.50 
kW /ton of cooling capacity at design conditions and 0.35 kW /ton 
under typical operating conditions (Nugent 1993). These efficiencies 
represent 20-44% savings relative to a typical new large chiller (effi
ciency of roughly 0.63 kW /ton of cooling capacity) and 33-53% sav
ings relative to a typical existing large chiller (0.75 kW /ton). 
Houghton et al. (1992) estimate that these savings are available at 
1-4 cents/kWh saved. 

Refrigeration Systems 
The energy efficiency of refrigeration systems can also be in

creased substantially. A 1996 analysis by Arthur D. Little, Inc. (ADL 
1996), examined 16 different measures to improve the efficiency of su
permarket refrigeration systems, noting the proportion of supermar
kets that had already adopted each measure. Based on this analysis, 
they estimated average available energy savings of 31 %. For a typical 
store, the improvements will cost $117,000 but save 683,000 kWh an
nually. The cost of saved energy for these improvements is 2 
cents/kWh assuming a lO-year equipment life. The ADL study also 
found similar available savings and costs for improvements to pack
aged refrigeration equipment such as ice makers, vending machines, 
beverage merchandisers, and reach-in refrigerators and freezers. 

Improvements to Synchronous and DC 
Motor Systems 

As illustrated in Chapter 6, we estimate that the combination of 
synchronous and DC motors accounts for only about 8% of total 
motor input, or 154 TWh/year, specifically about 72 TWh for DC units 
and 82 TWh for synchronous motors. 

Synchronous motors are large, efficient (96-98%) units made to 
order. We assume no significant savings potential because they are al
ready so efficient. We conservatively assume no penalty from oversizing 
since they are carefully specified. However, synchronous motors are 
subject to the same potential rewind damage as induction motors. We 
estimate this damage to be about 1% of the energy input to induction 
motors and we assume the same for synchronous equipment. Thus, 
perhaps 0.8 TWh/yr of excess losses could be corrected virtually for 
free by adopting better repair practices as the motor stock is replaced. 

The savings potential of DC motors is considerably larger. Some 
DC motors are driven by motor-generator (M-G) sets, wherein a 
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90%-efficient AC motor turns an 85%-efficient generator to produce 
DC power for an 85%-efficient DC motor. These values are imprecise 
but representative, and they yield an overall efficiency of only 65%. 
Replacement of such systems wherever practical with AC motors 
controlled by ASDs, or other variable-speed technologies such as 
switched-reluctance motors, can potentially improve efficiencies by 
tens of percentage points. Also, the economics of replacing instead of 
repairing is even more attractive for DC systems because rewinding 
costs more for DC motors than for AC units. 

M-G sets are not only inefficient, but also create large idling losses 
in numerous applications. For instance, they are commonly found in 
traction drives for such uses as elevators, cranes, and hoists. When the 
drive is idle, the DC motor shuts down, but in many cases the M-G set 
continues to run. In other instances, DC motor efficiency can be 
markedly improved by installing more sophisticated solid-state con
trols or using more efficient electronically commutated DC motors. 

DC motor losses from oversizing are probably not as vast a prob
lem because they are more carefully sized, due to their higher cost. 
Rewind damage in DC motors is probably comparable to that in AC 
models, where we estimate an overall 1% penalty. 

Combining the essentially zero-cost 1 % savings from correcting 
for past rewind damage in both DC and synchronous motors with 
the sizable savings available from replacing or better controlling DC 
motors, we assume that 5% of synchronous and DC drive system en
ergy use can be saved for less than $O.03/kWh. Again, the value is 
imprecise, but the term is so small that it matters little to the overall 
analysis. 

Applying this 5% improvement to the estimated 154 TWh/yr 
used by synchronous and DC motors yields a savings potential of 8 
TWh/year. 

Electrical Tune-Ups 
As mentioned in Chapter 3, phase unbalance, voltage variations, 

low power factor, and poor supply waveforms can reduce motor effi
ciency and damage equipment. No precise calculations of the aggre
gate efficiency loss caused by such problems exist, but one study has 
estimated the range of potential savings from their mitigation at 
15-179 TWh (corresponding to a 1-15% savings), with a cost well 
under $O.OI/kWh (Lovins et al. 1989). The wide range of uncertainty 
in this appraisal underscores the need for far more field data. To be 
conservative, we adopt a 1-5% savings range for our analysis, recog
nizing that the actual value may be higher. 
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Better Mechanical Drivetrain Equipment 
and Lubrication 

Significant but much overlooked opportunities for inexpensive 
savings are improvements in drivetrain design, equipment lubrica
tion, and maintenance. For example, as discussed in Chapter 4, syn
chronous and cogged V-belts can often be substituted for conventional 
V-belts, with potential efficiency gains of 0.5-8 percentage points. 

Proper selection of speed reducers (or increasers) is another critical 
area since different types, with the same capacity and design life and 
suited to the same task, can vary in efficiency by up to 25 percentage 
points. Moreover, the most efficient option is not necessarily the most 
expensive. For example, a Dodge APG size 4 helical geartrain listing 
for $579 with 94% efficiency has comparable capacity, design life, and 
speed ratio to a Dodge Master WM40 worm gear drive costing about 
four times more and yielding 68% efficiency (Lovins et al. 1989). 

Premium lubricants have yielded 3-20% energy savings in various 
devices, from wire-drawing machines (Ibanez 1978) to automobiles 
(Gutman and Stotter 1984; Milton and Carter 1982) to gear reducers, 
compressors, and motors (Kent 1989). A U.S. Navy-sponsored case 
study of one specialty lubricant in a 350 hp compressor reduced elec
tricity use by 2.6% at a negative cost of saved energy. The lubricant 
lasted four times longer, more than compensating for its higher price 
(Kent 1989). 

Improved maintenance is also critical to decreasing costly downtime 
and keeping efficiencies at optimal levels. An EPRI study stated, "The ef
ficiencies of mechanical equipment in general can be increased typically 
10 to 15 percent by proper maintenance" (Ibanez 1978). A motor diag
nostics program involving a vibration tester and a surge tester cut motor 
failures in one plant by about half (Kochensparger 1987). 

In some cases, less maintenance of the wrong kind is called for. 
Southwire Company's energy manager Jim Clarkson has observed a 
tendency of plant managers to have workers paint motors and other 
equipment to spruce up a facility when important visitors are ex
pected. Since extra paint makes motors run hotter, thereby reducing 
their lifetime and efficiency, Clarkson only half in jest issued a policy 
requiring workers to first strip the old paint before repainting any 
electrical equipment (Clarkson 1990). 

Potential savings from improved drivetrain technologies and 
maintenance practices are difficult to estimate. Lovins and his col
leagues (1989), citing numerous case studies, suggest that optimal 
practices in these areas could save 3-10% of all drivepower input, 
with the cost of saved energy reduced to nearly zero by improvements 
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in reliability and equipment life. Most of the cited studies of the belt, 
chain, and gearbox systems show paybacks from energy savings alone 
of under 2 years. The EPRI study by Ibanez estimates 10-15% savings 
from better maintenance alone. 

It is very difficult, however, to extrapolate the full savings potential 
from case studies. First, the relative shares of various transmission types 
are poorly documented, as are typical lubrication and maintenance prac
tices. Second, case studies, particularly from vendors, tend to be skewed 
toward the most attractive applications. Nevertheless, anecdotal evi
dence suggests that considerable room for improvement exists in this 
area. More objective and well-documented case studies are needed. 

Given the lack of data, we attempt no independent analysis here. 
The Lovins et al. and Ibanez estimates are plausible but difficult to 
verify. To be conservative, we adopt a lower range of 3-7% as an al
most certain opportunity for inexpensive savings. 

Indirect Savings 
Reduced Distribution Losses 

An estimated 6% of energy input is lost in the distribution wires 
between the customer's meter and motor terminals (see discussion of 
wire sizing in Chapter 3). As net input at the meter decreases, distribu
tion losses will fall in relation to the ratio of the square of the current. 

HVACBonus 
More efficient drivesystems produce less waste heat and thus re

duce the need for cooling in buildings and factories. They also in
crease the heating load. Since space cooling uses three times the en
ergy of space heating in the commercial sector and twice as much in 
the industrial sector, reducing internal waste heat released in those 
sectors results in a net HVAC bonus by allowing the cooling system to 
save more than the heating system must make up. Only in the residen
tial sector, where (nationally) heating loads are nearly twice cooling 
loads, will reduced heat from motor systems add to space condition
ingenergy. 

Some researchers have documented HVAC bonuses in the 40% 
range for commercial spaces in hot climates (California Energy Com
mission 1984; Linn 1987; Treadle 1987). A typical HVAC bonus in New 
England is 27% (Jackson 1987), the value we use as representative. The 
HV AC effects in other energy-use sectors are smaller and not as well 
documented. One estimate puts the average effect at about 4% in in
dustry and -5% in residences (Lovins et al. 1989). 
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Applying these values to the sectoral shares of motor input energy 
shown in Figure 6-7 (23% residential, 20% commercial, and 57% in
dustrial plus other) yields an input-weighted HVAC bonus for waste 
drivepower heat of around 6.5%. To avoid double counting, this free 
savings in net space conditioning energy must be discounted by the 
proportion of savings achieved by prior measures before being ap
plied to the cumulative savings. 

Adding Up the Savings 
We now compile in Table 7-1 all of the savings estimates discussed 

above. Note that not all the savings are additive; savings percentages 
are applied only to the input remaining to motors after savings from 
prior measures have been subtracted. 

We thus estimate that 28-42% of all U.S. motor input energy 
(15-25% of all U.S. electricity) can be saved by full application of the 
measures described above, most of which cost less than 3 cents/kWh 
saved. Most of this savings potential remains untapped. Furthermore, 
even this estimate is most likely conservative, because major redesign 
of industrial processes are not considered. To achieve the greatest total 
energy savings, energy use must be looked at on a system basis. With a 
system approach, each process needs to be studied for its energy use 
and its relation to the operation of the plant as a whole (examples of 
this approach are discussed in Chapters 4 and 9). While this would be a 
resource-intensive process, it would also yield benefits (such as waste 
minimization, improved product quality and materials utilization, and 
improved productivity) in addition to energy-cost reductions. 

Many measures contribute to the savings potential estimated here. 
No single measure dominates. The largest savings are available from 
cooling equipment and system efficiency, motor speed control, and fan 
and pump system design. The contribution of these and other mea
sures to the overall efficiency potential are illustrated in Figure 7-3. 

Six other recent studies have presented a roughly similar savings 
potential from electric motor systems, as shown in Figure 7-4. The most 
aggressive estimate, of 28-60%, was made by E Source (E Source 1993). 
This estimate is for the motor population as a whole, and includes 
many measures to improve system efficiency. The lowest calculation is 
11-18%, which was made by XENERGY (1998) in a study for DOE. How
ever, the XENERGY study is very conservative in that it only looked at 
measures that have a 3-year simple payback on a retrofit basis. The lat
ter criterion is particularly limiting, because a substantial portion of the 
efficiency potential is cost-effective only when existing equipment is 
being replaced, a consideration the XENERGY methodology ignores. 
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Figure 7-3 

Distribution of Midpoint Electric Motor System Conservation 
Potential 
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Most of the other studies estimate a savings potential very similar to the 
estimate made in this chapter (ADL 1999; Elliott 1995; Faruqui et al. 
1990; Jaccard, Fogwill, and Nyboer 1993). Interestingly, our estimate of 
28-42% available savings is somewhat higher than the 16-40% savings 
potential estimated in the 1991 edition of this book. Our current calcula
tion is higher because, unlike the 1991 estimate, the current analysis in
cludes savings in fan, pump, compressed-air, and cooling systems. The 
average savings range for all eight studies is 23-41 %. 

Some savings require replacement of existing equipment, a process 
that will take years. Barriers from lack of information to lack of incen
tives must be overcome. Fortunately, some innovative programs aim
ing to capture drivepower savings have already begun. The lessons 
learned from these efforts along with ideas for further implementation 
and research strategies are discussed in the chapters that follow. 
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Chapter 8 

The Motor Market 

Designing programs and policies that successfully promote motor 
system efficiency requires more than familiarity with the rele

vant technologies-it calls for an understanding of the key players in 
the motor market, their motivations, and the challenges they face. 
Successful programs must appeal to the key decision-makers and fit 
into their current ways of doing business. 

Given the many players involved, various approaches are 
needed when developing a program design, each one suited to par
ticular market segments. For example, the decision-makers, decision 
processes, and economic criteria involved in purchasing motors for 
new applications differ from those involved in purchasing motors 
for replacement applications. Programs or policies can be better tar
geted if they reflect an understanding of the differences between 
these two markets. 

How to tailor programs and policies to such differences is the sub
ject of Chapter 9. Here, we lay the foundation for that discussion by 
identifying the players, their interactions, and the factors that influ
ence their decisions. Among the key players are 

• End-users 
• Motor manufacturers 
• Motor distributors and repair and rewind shops 

• Original equipment manufacturers such as fan, pump, and com
pressor producers 

• Consulting engineers and design-build contractors 

• Electronic motor control equipment manufacturers, distributors, 
and representatives 
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Figure 8-1 

Interactions among Major Players in the Electric Motor Market 

Motors BE ~ 
Equipment 

End-users 

Specialized 
equipment 

Utilities. Universities. Government. Trade and professional associations 

• Mechanical equipment manufacturers, distributors, and representa
tives 

• Electric utilities, universities, government agencies, and trade asso
ciations 

The interactions among these players are illustrated schematically 
in Figure 8-l. 

The material discussed in this chapter is based on a number of 
published reports (the most useful ones are listed in the Annotated 
Bibliography), as well as on a series of discussions with knowledge
able people in the motor field, including manufacturers, distributors, 
end-users, and representatives of utilities and trade associations. 

End-Users and Customers 
Customer needs, attitudes, decision criteria, and decision-making 

processes vary widely. This section summarizes many of the impor
tant issues facing drivepower equipment users. 
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Decision-Makers 
Maintenance staff often make purchase decisions for replacement 

equipment. The exception to this tendency is in small plants, where 
there is often not a maintenance manager and instead decisions are 
frequently made by the general manager or other senior staff. These 
patterns are illustrated in Table 8-1, which summarizes the results of a 
recent nationwide survey in which motor purchase decision-makers 
were identified as a function of facility size. In companies with multi
ple locations, motor purchase decisions are mostly made at the plant 
level (more than 90% according to one survey [XENERGY 1998]), and 
not at headquarters. 

By contrast, purchase decisions for new equipment and replace
ments for ASDs usually involve engineering staff or consultants. The 
level of engineering analysis varies widely but generally increases 
with the project's size. Sometimes engineers oversee bidding and in
stallation. In other cases, engineers write specifications and then the 
purchasing department takes over. Large companies are more likely to 
do a thorough analysis than are small companies. 

Aversion to Downtime 
In some manufacturing facilities, if a production line is shut down 

for several hours, the value of the lost production capacity can be greater 
than the value of many years of energy savings. End-users are thus very 

Table 8-1 

Position of the Motor Purchase Decision-Maker as a Function of 
Facility Size 

Size Categories 

Large Medlum/Large Medium Small/Medlum Small Total 

Plant Manager 0% 17% 0% 12% 14% 13% 

Maintenance Manager 41% 43% 72% 5% 3% 9% 

Purchasing Manager 0% 0% 0% 20% 0% 2% 

Plant Engineer 16% 8% 12% 2% 4% 5% 

Chief Electrician 23% 4% 4% 1% 0% 1% 

President or General Manager 0% 0% 4% 35% 47% 40% 

Other 20% 24% 8% 25% 31% 29% 

(Blank) 0% 4% 0% 0% 0% 1% 

TOTAL 100% 100% 100% 100% 100% 100% 

Source: XENERGY 1998 
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concerned about downtime and reliability, particularly when replacing 
equipment. For this reason, there is a need to document case studies on 
equipment reliability and to provide this information to end-users. 

Concerns about downtime also cause customers to demand quick 
delivery of equipment and avoid purchasing high-efficiency equip
ment if it will take longer to obtain. Downtime costs also make end
users reluctant to replace operating equipment, even if it is inefficient. 
Thus, the only time many end-users will consider high-efficiency 
equipment is during the brief period between the failure of old equip
ment and the hasty purchase of new components. 

To minimize downtime, many companies stock spare motors and 
mechanical drivetrain parts such as gearboxes. To reduce the number 
of items that must be stocked, some companies standardize on a lim
ited number of equipment sizes, such as 50 and 100 hp motors. For ap
plications that require an intermediate size of, say, 75 hp, the next 
largest stocked motor is used. This practice results in systematic over
sizing. In recent years, some large companies have made arrange
ments with local distributors for them to stock and quickly ship re
placement equipment under medium- or long-term contracts. The 
advantages of this arrangement for the customers are that their inter
nal inventory needs are reduced, they get quick service, and they gen
erally get good prices as part of the long-term contractual relationship. 
Since distributors serve multiple customers, they can stock more items 
and oversizing problems due to stocking a limited number of items 
are reduced (Brithinee 1999; Darby 1997). 

Purchase Practices 
Existing equipment is usually replaced or repaired without engi

neering analysis, and is often replaced with the same size, brand, and 
model number. For example, a recent survey found that 55% of manufac
turing customers "always" select the same size motor as the one being 
replaced, and an additional 31 % of customers do this "most of the time" 
(XENERGY 1998). Only in the case of large motors (over approximately 
250 hp) with high operating costs does an engineering or economic 
analysis usually precede decisions concerning replacement equipment. 

End-users can obtain information on motors and related equip
ment from manufacturers' catalogs, trade publications, manufacturers' 
representatives, distributors, contractors, and professional organiza
tions. Customers commonly believe that motors under approximately 
200 hp and other drivepower components such as gearboxes, bearings, 
belts, chains, and lubricants are commodity items, meaning that mod
els produced by different manufacturers are interchangeable. Given 
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this outlook, purchase decisions are made based primarily on reliabil
ity, price, and availability, not on efficiency (ADL 1980). A recent survey 
in the northeastern United States found that the decision-maker is gen
erally aware of energy saving in the abstract but not cognizant of the 
specifics. As a result, energy cost saving is a factor in decisions, but not 
a primary concern (Easton Consultants and XENERGY 1999a). 

Some large companies (and a few smaller ones) have formal 
motor purchase policies that address motor efficiency; however, most 
do not. For example, a 1998 nationwide survey of manufacturers 
found that 20% of large customers have a motor efficiency policy, but 
among all customers only 3% have such a policy (XENERGY 1998). 

Repair or Replace? 
Most end-users replace small motors and repair large ones in the 

event of burnout because repairing is generally more expensive than 
replacing a small motor and less expensive than replacing a large one. 
Different companies use different guidelines for deciding whether to 
repair or replace. In most cases, 
motors of 10 hp or less are re- Table 8-2 -----------------------placed (Seton, Johnson, and Odell Percentage of Motors Repaired 
1987b), while motors of 40 hp or by Horsepower Category 
more are repaired (Marbek 1987). 
Decisions on 15-30 hp motors 

Horsepower 
vary extensively among firms. 
These tendencies are illustrated 1-5 
by data from a recent survey of 
manufacturing customers and 
summarized in Table 8-2. A few 

6-20 

21-50 

51-100 

Percentage 
Repaired 

20% 

61% 

81% 

90% 
firms will routinely replace mo- 101-200 91% 

tors as large as 100 hp instead of Source: XENERGY 1998 

repairing them (Lovins et al. ---------------------
1989). Repair-or-replace decisions 
are generally made at the plant level, although a few large corpora
tions have established guidelines for their plants. 

There are a few exceptions to the "replace small motors, repair 
large motors" rule: 

" Specialty motors and old, odd-dimension motors. Since new motors of 
these types are hard to find, they are generally repaired when they 
burn out. 

" Situations where the old motor is damaged and cannot be repaired. In 
these cases the motor is replaced. 
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iI> Situations where considerable time can be saved by either repairing or re
placing an old motor. When order time for a new motor is long, the 
motor is usually repaired. When repair shops are busy and cannot 
provide quick service and replacement motors are readily available, 
a new motor may be purchased. 

End-users select repair shops primarily on the basis of price and 
speed of service. Most motor repair shops do not provide the cus
tomer with any evaluation of the motor to be repaired or recommen
dations on replacement options unless the motor is severely damaged. 
To encourage competition and responsiveness, most end-users use 
more than one repair shop. Unless consistent reliability problems are 
encountered, the quality of the shops' repairs is not considered 
(Schueler, Leistner, and Douglass 1994). 

Souti1wire Company's Rewind Policy 

Southwire Company, a major wire and cable firm with annual sales 

in excess of $1 billion, has a general policy of replacing all standard

efficiency motors of 125 hp or less instead of rewinding them. South

wire has calculated that replacement is cost-effective in nearly all appli

cations. For larger motors, the firm compares the costs and savings of 

rewound versus new motors and purchases a new motor if the net pre

sent value of savings over 5 years exceeds the financing costs. The 

general policy is to replace motors when the repair cost exceeds 40% 

of the purchase price of a new motor. 

Southwire has experienced reliability problems with rewound motors 

and is also concerned about efficiency losses from the rewind process. 

Therefore, the firm prefers new motors unless it determines that the in

cremental cost of a new motor is excessive. The policy of buying large 

numbers of new, high-efficiency motors has enabled the company to 

negotiate a price for high-efficiency motors that is only 5% above the 

cost of standard-efficiency motors. To achieve this price, Southwire 

generally buys all motors from one supplier and expects that supplier to 

have high-efficiency motors in stock at all times (Clarkson 1990). 

Adjustable-Speed Drives 
For ASDs and major design decisions, the most prevalent crite

ria that the designer must take into account are equipment reliabil
ity, features, and performance (e.g., impact on production control 

244 



CHAPTER EIGHT 

and quality); equipment and installation costs; and savings in oper
ation and maintenance (e.g., reduced maintenance, increased equip
ment life, or reduced demand charges due to the soft-start capabili
ties of many ASDs). End-users often treat ASDs differently from 
other types of equipment because they are a relatively complex and 
unfamiliar technology. A number of early ASD systems had prob
lems that have made some end-users distrustful of even the new, 
improved versions. Due to their high price and high savings, ASDs 
usually receive engineering attention from either in-house or con
sulting engineers. However, it can be difficult and expensive to pre
cisely determine how much energy and money a particular ASD in
stallation will save. Many simplifying assumptions are often made, 
adding to the range of uncertainty for the end-user. One recent mar
ket study found that most ASD purchases are made by in-house 
staff that are responsible for identifying cost saving or process im
provement opportunities. Other ASDs may be purchased at the rec
ommendation of engineering firms or consultants, typically as part 
of a larger project such as a plant construction project. And finally, 
some ASDs are purchased as part of an OEM package, such as a 
chiller (Easton Consultants 2000). 

ASDs are not generally treated as a commodity product. There are 
important differences among models that warrant careful comparisons. 
Furthermore, many plants use only a particular brand of motor 
switchgear. In these cases, engineers will generally try to specify ASDs 
made by that manufacturer. Another important consideration is match
ing the motor with the drive, which often means purchasing a matched 
motor-drive set from the same manufacturer. Where the brand is not 
critical, particular features and capabilities can be specified and more 
than one product allowed to compete. This is particularly true in gov
ernment facilities, where competitive bidding is generally required. 

When an ASD unit fails, it can usually be repaired by replacing a 
circuit board rather than the whole unit. However, the rapid evolution 
of ASDs means that new features are regularly entering the market 
and customers desiring these new features will sometimes replace the 
whole equipment. In the rare cases when replacement parts for early 
units are no longer manufactured, customers must buy new equip
ment when an existing component fails. 

Maintenance Practices 
Motor maintenance practices are generally limited to what is 

needed to keep equipment running rather than optimizing perfor
mance and saving energy. Most industrial plants and large commercial 
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firms have full-time maintenance staff who regularly lubricate (and 
often overlubricate) motors, listen for bearing noise (a sign of wear or 
misalignment), and check and tighten belts as needed. Few firms do 
any more sophisticated monitoring or maintenance work on motor sys
tems. For example, during a major nationwide field study on a repre
sentative sample of motors and motor-users: 

[T]he field engineers noted repeatedly the limited re
sources available for motor system monitoring and mainte
nance. The priority for facilities management and mainte
nance staff was to ensure continuity and consistency of 
mechanical options. It was very difficult for facilities' man
agement staff to break away from their jobs long enough to 
answer a few questions or to provide escorts for the field en
gineers. There was clearly little slack in their schedule for the 
additional tasks required for active motor systems manage
ment-at least without considerable guidance concerning 
the most worthwhile allocation of resources. (XENERGY 1998) 

According to some industrial observers, the time available for 
maintenance is becoming even more limited in some firms due to in
dustrial company downsizing over the past decade (Hamer 1999). 

Many large industrial and commercial firms have some type of 
tracking system for motor system maintenance involving log books, 
file cards on each motor (sometimes kept in a central file and some
times attached to individual motors), or computer-based records. 

Small firms without maintenance staff primarily rely on outside 
equipment contractors to maintain HVAC systems, conveyor belts, and 
other drivepower components. Some large firms have begun to hire 
outside maintenance contractors as well, since corporate downsizing 
programs have left some companies short of maintenance staff. With 
outside service providers, maintenance frequency varies widely. A few 
firms schedule regular service calls. Others wait for problems before 
calling someone in. In many of these cases, the call is placed too late, as 
equipment has been damaged beyond repair and must be replaced. 

Overall, motor maintenance practices in the United States are less 
than optimal. In Japan, on the other hand, the responsibility for main
taining individual motors is often assigned to specific mechanics, who 
receive extensive training. When a motor fails on the production line, 
the problem can be attributed to its mechanic. This provides a strong 
impetus to conduct preventive maintenance (Johnston 1990). Ap
proaches for encouraging improved maintenance are discussed in 
Chapters 9 and 10. 
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Other Factors Influencing Decision-Making 
Several other factors, in addition to those related specifically to 

motor systems, influence most efficiency-related investment. Some of 
the more important ones are discussed below. 

Limited Information 
As noted above, most maintenance managers and other decision

makers are very busy, leaving little time to research new opportuni
ties, including opportunities to save energy. This lack of time gener
ally causes knowledge of energy-saving options to be limited. For 
example, in a survey of motor purchase decision-makers, only 22% 
were aware of premium-efficiency motors and only 25% knew of tools 
for helping to select new or replacement motors. Only among large 
companies were the majority of decision-makers aware of premium
efficiency motors or decision-assisting tools (XENERGY 1998). Adding 
to this confusion is publicity surrounding the EPAct motor standards, 
leading many users to mistakenly conclude that all motors are effi
cient and that they no longer need to pay attention to efficiency. Also, 
the lack of a standardized definition for the term premium efficiency 
and the resulting inconsistent definitions developed by different man
ufacturers make it difficult for some users to understand what is 
meant by the term. 

To our knowledge, similar survey data are not available for other 
energy-saving measures, such as optimization of fan, pump, and 
compressed-air systems. Given the fact that these other opportunities 
are usually more complicated than purchasing improved-efficiency 
motors, the lack of information is likely to be even more of a problem 
for these other opportunities. 

Limited Access to Capital 
The average end-user is more restrictive with capital than with 

operating funds (ADL 1980; Comnes and Barnes 1987). Generally, 
capital expenses are closely scrutinized and require approval at 
multiple levels in a company. To minimize capital outlay, compa
nies tend to choose the least expensive equipment that will do the 
job satisfactorily. 

Operating funds, on the other hand, are relatively easy to obtain, 
since they are required for production. Operating budgets are typi
cally based on expenses in previous years and are only seriously ex
amined when out of line with expectations. Moreover, unlike capital 
costs, operating costs are paid with pretax dollars. 

247 



ENERGY-EFFICIENT MOTOR SYSTEMS 

Payback Gap 
It is a curious fact that most firms look for a simple payback pe

riod of 2-3 years or less on energy projects and other operations and 
maintenance investments (Marbek 1987), even though longer pay
backs are often considered when investing in new product lines. This 
difference, known as the payback gap, makes it difficult to implement 
all but rapid-payback energy-saving measures, although measures 
with longer paybacks will sometimes be considered as part of a major 
facility upgrade designed to improve the long-term competitiveness 
of the firm (Comnes and Barnes 1987). The payback gap is most pro
nounced when viewed from the societal perspective-individual firms 
pass up energy-saving investments with paybacks of 3-4 years, while 
utilities invest in distribution lines with economic returns equivalent 
to 10- to 20-year paybacks. 

Low Priority Assigned to Energy Matters 
For the average industrial firm, energy costs represent only a 

small percentage of total costs; labor and material costs are usually 
far greater. For example, in 1998 the US. Census's Annual Survey of 
Manufacturers estimated that, on average, electricity accounts for a 
little over 1% of manufacturing costs. Since motors make up about 
70% of manufacturing electricity use (see Chapter 6), they make up 
about 1 % of total costs for the average industrial firm. Since energy 
costs represent a small proportion of an average end-user's total op
erating costs, motor and other energy-related operating costs are 
rarely examined in reviews of operating expenses. Breaking this log
jam will require creative approaches, some of which are discussed 
in Chapters 9 and 10. 

Transaction Costs 
Contributing to the low priority that energy matters are given is 

the fact that many energy-saving measures, including motor mea
sures, have substantial transaction costs. Comparing equipment or 
optimizing a system takes time, which is a commodity in short sup
ply in many firms. For example, Ostertag (1999) notes that "search 
costs" for high-efficiency motors will often be greater than for stan
dard motors because it is the standard motor that is the known 
quantity for many purchasers. For larger projects, outside engineers 
can be brought in to help with project design and implementation, 
but for small projects, if existing staff are short on time, decisions are 
commonly made based on expediency rather than economic merit. 
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Misplaced Program Emphasis 
Since they generally have full-time maintenance staff or energy 

managers, large firms are more likely to be interested in energy effi
ciency. Even in firms with energy managers, however, motor systems 
historically have not received much attention because of (often incor
rect) perceptions that motor system improvements have high capital 
expense, low rates of return, and low percentage savings. Energy man
agers tend to focus on low capital cost measures with high savings 
(ADL 1980). While this approach is reasonable during the start-up 
stages of an energy management effort, many firms have not moved 
beyond high-savings, low-cost measures. Moreover, many drivepower
saving measures are relatively inexpensive. 

Lack of Internal Incentives 
For many companies, energy bills are paid by the company as a 

whole and not allocated to individual departments. This practice gives 
maintenance and engineering staff little incentive to pursue energy
saving investments because the savings in energy bills show up in a 
corporate-level account where the savings provide little or no benefit 
to maintenance and engineering decision-makers. As is discussed in 
Chapter 10, mechanisms to improve internal incentives have been put 
into place in some facilities. 

Differences between Industrial Sectors 
Our discussion to this point treats all motor users the same and 

does not distinguish between customers except on the basis of size. 
However, large differences between customers do exist regarding en
ergy efficiency, including differences in their available opportunities, 
knowledge, receptivity, and prior activities. Some of these differences, 
though far from all of them, relate to industrial sectors-several sec
tors tend to have available capital (e.g., microelectronics); others do 
not (e.g., lumber and wood products). Some use motors heavily and 
some do not (see Figure 6-8). A recent study prepared for the North
west Energy Efficiency Alliance looked at these differences and made 
the following conclusions regarding these criteria (Easton Consultants 
and XENERGY 1999b): 

• The process industries (pulp and paper, chemicals, petroleum, and 
primary metals) rate high in the relative ease of achieving motor 
and motor systems energy savings. Their large, easily identifiable 
facilities are generally financially healthy and receptive to energy
saving initiatives. The fact that these facilities have already taken 
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steps to implement energy-saving improvements is a principal bar
rier because additional savings may be more difficult and expensive 
to obtain. Further, many facilities will require site-specific engineer
ing and process changes to realize such savings. 

• Other manufacturing categories rate lower in these criteria than the 
process industries. They are less concentrated, less healthy finan
cially (except microelectronics), and less receptive to energy conser
vation. They do have many opportunities for savings, however. 

• Mining is viewed by experts as having many opportunities, consid
ering that the handful of underground mines are major users of en
ergy. There are barriers, however, as mine managers are reported to 
be less receptive to energy conservation, and many of the opportu
nities require site-specific engineering. 

• Water and wastewater facilities have opportunities in pump sys
tems, motor upgrades, and new aeration technologies. Government 

Table 8-3 

Availability of Savings by Industry Sector 

Relative 
Ease in 

Achieving 
Industry 

Concentration 
01 Target 

Financial 
Health 01 
Industry 

Relative 
Receptivity 
01 Energy 
Efficiency Savings Summary 

Process Industry 
Pulp & Paper 
Chemicals 
Petroleum 
Primary Metal 

General Manufacturers 
Food 
Lumber & Wood 
Microelectronics 
Aircraft Parts 
Mining 

Water & Wastewater 

Irrigation 

2 

2 

3 
3 

2 

2 

5 

Note: The ratings should be interpreted as follows: 

2 2 
2 2 
2 1 
2 3 

3 2 
5 4 
1 3 
2 4 
3 3 

3 3 

3 3 

1 indicates that the factor is a positive contribution to achieving energy savings 

3 indicates factor is neutral toward energy saving 

5 indicates factor is an important barrier to achieving energy savings 

Source: Easton Consultants and XENERGY 1999b 
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ownership and regulation present barriers to significant investment 
and often limit changes to times when major construction or reno
vation is planned. 

• Irrigation is judged to be a very difficult sector in which to accomplish 
energy savings, although the potential opportunities are significant. 
The sector is hard to reach as it is made up of many (mostly small) 
farms, and receptivity to conservation is low, due in part to low power 
costs (Easton Consulting and XENERGY 1999b). Some programs that 
have successfully reached this sector are described in Chapter 9. 

While these findings apply to the Pacific Northwest, most are 
likely to apply to some extent in other regions of the United States. 
Table 8-3 summarizes these findings. 

We have covered some of the main factors influencing the deci
sions of motor system users. Now we turn to another of the key play
ers, the motor manufacturer. 

Motor Manufacturers 
In 1977, eight major manufacturers made up over 75% of the 

North American motor market (ADL 1980). Since then, a few new 
manufacturers, including Wegg, Toshiba, ABB, and Siemens, have en
tered the market, while a few old ones have left (MagneTek bought 
both Century and Louis Allis, and Westinghouse sold its motor busi
ness to Reliance and Siemens). Even so, the total number of major 
manufacturers has changed little (see Appendix D for a list of the 
major manufacturers and their product lines). Many experts predict 
that additional consolidation in the industry is likely, as well as a fur
ther increase in the presence of international firms in the U.S. market. 

A number of manufacturers, such as General Electric, make motors 
ranging from fractional-horsepower up to custom motors of thousands 
of horsepower. Others are more specialized. U.S. Motors produces 
models ranging from 0.75 to 350 hp, while Siemens tends to emphasize 
motors above 250 hp. Types of motors sold by the different major man
ufacturers are listed in Appendix D. In general, motors below 250-350 
hp are regularly produced and stocked by manufacturers, while larger 
motors are custom built, sometimes to standard specifications or to 
custom specifications, including desired efficiency levels. 

Motor Efficiency 
Within the 1-200 hp range, most major manufacturers produce two 

lines of motors-an EPAct-efficiency line and a premium-efficiency line. 
Of the premium-efficiency motors produced, some meet the Consortium 
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for Energy Efficiency's efficiency thresholds (discussed in Chapter 2), 
while others do not. In addition, most manufacturers produce efficient 
motors in sizes about 200 hp, with some premium lines extending as 
high as 500 hp. 

Premium-efficiency three-phase motors are generally available in 
T-frames for 1,200, 1,800, and 3,600 rpm nominal speeds for both 
TEFC and ODP enclosure types. Premium-efficiency motors are some
times produced in EXP (explosion-proof) enclosure types, C-face and 
D-flange mountings (commonly used for pump and other specialty 
applications), vertical-shaft designs, and 900 rpm models; however, 
because consumer demand for these products is low, only a few man
ufacturers produce them. It is technically straightforward to produce 
premium-efficiency versions of most types of motors. In fact, for a 
price premium, increases in efficiency can be ordered for nearly any 
motor. Thus, availability of premium-efficiency motors primarily de
pends on manufacturers' perceptions of likely customer demand. 

Efficiencies for both EPAct- and high-efficiency lines vary 
among manufacturers. However, differences in efficiency among 
manufacturers are much smaller for EPAct-efficiency motors than 
for premium-efficiency models since many EPAct-efficiency motors 
tend to cluster just above the EPAct-mandated efficiency levels (see 
Figure 2-25). With these motors, manufacturers compete primarily 
on quality and price. In the premium-efficiency lines, manufacturers 
compete on efficiency ratings in addition to these other two factors. 
This variation among manufacturers suggests that buyers should 
comparison-shop. 

Manufacturer Strategies 
Individual manufacturers employ various strategies to differenti

ate themselves from other manufacturers. Some emphasize efficiency 
and quality but charge higher prices; others stress low prices, while 
the rest use intermediate strategies. Current strategies for each of the 
major manufacturers are summarized in Table 8-4. 

Distribution Channels 
Manufacturers sell motors in two major ways-through local and 

regional distributors, and directly to large national companies and 
original equipment manufacturers. OEMs are firms, such as air condi
tioning manufacturers, that incorporate motors into the equipment 
they make. 

Most distributors are independent; i.e., they have no formal link 
with the manufacturer(s) whose products they sell. A few manufactur-
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Table 8-4 

Manufacturer Price, Quality, Efficiency, and Distribution Strategies 

Price/Quality Position on 
Manufacturer Strategy Energy Efficiency Distribution Strategy 

Baldor Strong premium Leader in developing Many distributors sup-
emphasis, above a CEE-qualified line ported by well-stocked 
average (5-10%) local warehouse; no 

direct sales 

USEM Solid, broad line; Most of premium line Large number of distrib-
competitively priced meets CEE utors; many carry a 

standards second line 

MagneTek Low price line Only partly CEE- Lower price used to fill in 
qualified distributors' primary 

brand 

Reliance High-quality Full line of CEE Two-tier distribution with 
premium emphasis; efficiencies; some hp strong support to top 
higher price sizes only offered as distributors 

CEE-qualified 

General Strong premium Most of line meets A few very large electri-
Electric emphasis, average CEE; offers some cal supply distributors; 

pricing of the highest GE Supply the most 
efficiencies and important and Grainger 
highest guaranteed increasingly important 
minimums 

Leeson Low price line Only partly CEE- Lower price used to fill 
qualified in distributors' primary 

brand 

Lincoln Low price line Only partly CEE- Second price line for 
qualified some distributors 

Toshiba Higher price, Mostly CEE-qualified; A small number of 
high-premium emphasis on quality very loyal exclusive 
emphasis; short line distributors who are well 

supported 

Siemens Specialty line, gen- Only partly CEE- A few specialty 
erally larger motors qualified distributors 

Dayton Standard line, Only partly CEE- Private brand for WW 
moderate price qualified Grainger manufactured 

mainly by USEM, 
declining as GE takes 
over 

Source: Easton Consultants and XENERGY 1999a 
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ers, including Reliance, have their own networks of regional distributors. 
Sales from distributors to customers are discussed later in this chapter. 

Large national companies and OEMs have sufficient buying power 
to demand the lowest possible price from manufacturers. To achieve 
these low prices, manufacturers sell directly to large customers, avoiding 
any distributor markup. Depending on the size of the order and the cus
tomer, these prices can be 50-70% off of suggested list prices (Seton, 
Johnson, and Odell 1987a). 

Motor Distributors and Repair-Rewind 
Shops 

Recent market research studies (e.g., Easton Consultants and 
XENERGY 1999a) divide distributors of small integral-horsepower mo
tors (those who sell motors up to 200-400 hp) into four categories: 

• Independent, value-added distributors 

• Independent, "order-taker" distributors 

• Electrical product chains 

• Motion product chains 

The independent, value-added distributors often offer a broad line 
of motors and motor-related accessories (e.g., belts, pulleys, and bear
ings). They usually provide repair consultation and service as well, 
with motor sales and repairs accounting for approximately equal por
tions of revenues. These distributors act as sales consultants, inform
ing customers of their options (including efficiency upgrades) and of
fering technical assistance. Relative to other types of distributors, 
these distributors tend to obtain a higher proportion of their total in
come from motor sales (an average of 37% according to a study in the 
northeastern United States) and sell a higher proportion of premium
efficiency motors. According to the study, this type represents just 
under 20% of distributors and accounts for just under 20% of integral 
motor sales (Easton Consultants and XENERGY 1999a). 

Independent, "order-taker" distributors are the most numerous 
type of distributor (nearly half of all distributors in the Northeast) and 
account for an even higher proportion of motor sales (65% in the 
Northeast). These distributors emphasize prompt order filling and 
price orientation. Like the value-added distributor, they offer a line of 
motors and related accessories (although often not as broad as the 
value-added distributor'S) and provide rewind services. They tend to 
emphasize repairs and rewinding more than do the other distributor 
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types; in the Northeast repairs/rewinding account for approximately 
50-60% of their revenues, while motor sales represent about 25% of 
revenues. 

Electrical product chains are companies like GE Supply and 
Grainger that sell a broad range of electrical products and components, 
including motors. They tend to sell at competitive prices, but generally 
do not offer motor repairs, except sometimes on a subcontract basis as a 
convenience for customers. In the Northeast, motors are only about 4% 
of their total sales. Unlike the independent distributors, who sell primar
ily to industrial accounts, electrical product chains also have significant 
sales to contractors and small OEMs (in the Northeast about 20% of elec
trical chain sales are to contractors and an additional 20% are to OEMs). 
In the Northeast, electrical product chains account for about 12% of 
motor sales (Easton Consultants and XENERGY 1999a). 

Motion product chains are companies like Kaman and Eastern Bear
ing that sell a broad range of drivetrain products (e.g., transmissions and 
belts), including motors. Like electrical chains, they have a significant 
OEM customer base and do little motor repair work. They offer technical 
advice, and the best chains provide many value-added services, such as 
plant motor inventory and rationalization services. In the Northeast, 
motor sales represent about 9% of motion product chains' business, and 
the chains account for about 5% of integral motor sales (Easton Consul
tants and XENERGY 1999a, 1999b). 

Distributors generally stock common motor types and sizes, such 
as standard-efficiency ODP and TEFC motors from 1 to 100 or 200 hp. 
Less common sizes and such specialized lines as explosion-proof and 
hollow-shaft motors are usually handled as special orders. Premium
efficiency models are stocked by some distributors, quickly drawn 
from upstream supplies by a few dealers and left to special order by 
others. Data on how many distributors fall into each category are not 
available; however, research in the Northwest and Northeast indicates 
that in highly developed regions such as the Interstate 5 corridor, the 
vast majority of dealers fall into the first two categories, while in less 
developed areas the third category is significant (Easton Consultants 
and XENERGY 1999a, 1999b). 

Manufacturers generally publish suggested list prices on motors, but 
only small orders to very small customers are actually sold at list price. 
Distributors sell motors at a discount that varies with the order size, how 
valued the customer is, and how many other distributors are competing 
for a particular order. Discounts are typically 30-50% (Easton Consul
tants and XENERGY 1999a; Seton, Johnson, and Odell 1987a), although 
high-volume dealers can sometimes provide discounts as high as 60% in 
bid situations (Easton Consultants and XENERGY 1999a; Stout 1990). 
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Dealers may compete intensely on orders that go out to bid. In 
these situations, unless premium-efficiency motors are specified in the 
bid documents, pressure to come in with the low bid often means that 
the successful bid will be for EPAct-efficiency motors. Utility rebate pro
grams (discussed in the next chapter) can help overcome this problem. 

For the repair of existing motors, distributors compete primarily 
on speed and price. When a motor breaks down, a whole process 
line may be shut down, so customers generally want repairs done 
"the day before yesterday." As discussed in Chapter 2, unless cus
tomers test each repaired motor, they cannot easily assess the qual
ity of a repair job, so distributors do not usually compete on quality. 
A few repair shops have tried to differentiate themselves on quality 
in recent years by obtaining third-party certification (e.g., ISO 9000, 
EASA-Q, or Advanced Energy; these certifications are discussed in 
Chapter 2). However, only a few large customers look for these en
hanced services, and as a result dealer participation in quality certi
fication initiatives has been minimal. 

Due to the variety of products they carry, many distributors have 
neither the knowledge nor the time to provide detailed information on 
whether a high-efficiency motor is appropriate for a particular appli
cation. The Marbek study (1987) found that 25% of Canadian distribu
tors surveyed had misconceptions about the technical reliability and 
applicability of high-efficiency motors. 

Sales of high-efficiency products are also hampered by the way or
ders are handled. First, many orders are processed over the telephone, 
which provides little opportunity for a distributor to explain high-effi
ciency products. Recently, some distributors have begun to take orders 
over the Internet, which provides even less opportunity for interac
tion. Second, orders are often placed by maintenance or purchasing 
staff who are concerned primarily about availability and price and 
have neither the technical background nor the interest to consider 
high-efficiency products. Third, most order-desk personnel at the dis
tributors have only as much technical knowledge as is published in 
manufacturers' brochures and catalogs. Clearly, improved dealer edu
cation and support are needed so that dealers can better work with 
customers to improve motor system efficiency (specific ideas are dis
cussed in the next chapter). 

Original Equipment Manufacturers 
OEMs incorporate motors into many types of equipment, includ

ing pumps, compressors, fans and blowers, air handling and HVAC 
units, industrial machine tools, and conveyor systems. 
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Figure 8-2 

Motor Sales by Sales Channel 
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A study of the U.S. motor market completed in 1995 estimates that 
OEMs account for about two-thirds of sales, including those directly 
from manufacturers to OEMs as well as sales from distributors to 
OEMs (see Figure 8-2) (Easton Consultants 1996). A previous study 
found that OEM sales account for an even larger share of small motors, 
with the OEM share of the market gradually decreasing as motor size 
increases (AOL 1980). Viewed by sector, OEMs buy nearly all the mo
tors used in residential equipment, most of the motors used in com
mercial buildings, and a sizable portion of industrial motors. Viewed 
by motor type, OEMs account for approximately 85% of OOP unit sales 
because both OEM sales and OOP motors dominate in the residential 
and commercial sectors (Boteler 1999). OEMs thus playa key role in 
the market penetration of high-efficiency drivepower equipment. 

The reality is, however, that OEMs operate in a highly competi
tive market that encourages them to keep costs down. Because few 
customers purchasing OEM equipment are aware of or concerned 
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about efficiency, OEMs generally use standard-efficiency compo
nents. An exception to this trend is appliances and cooling equip
ment that are covered by minimum-efficiency standards: in these 
cases, use of improved-efficiency motors is a common strategy for 
reaching the minimum-efficiency requirements. Even so, Easton 
Consultants' 1995 national study estimates that in 1992 5-10% of 
motors purchased by OEMs were energy-efficient models, far lower 
than the 20-25% of all motor sales that were energy efficient and the 
40-45% of distributor motor sales that were energy efficient (Easton 
Consultants 1996). 

OEMs generally have engineering staff who evaluate motors 
and other components and provide a list of acceptable products to 
the purchasing department. Besides basic equipment characteristics 
such as size and speed, the most important technical factor in 
motor evaluations is reliability-efficiency is usually not consid
ered. For all but the largest motors, engineering staff are usually 
not involved in purchasing decisions after a list of acceptable prod
ucts is developed. The purchasing department selects motors from 
the approved list based primarily on price and delivery terms 
(ADL 1980; Marbek 1987). 

In many cases, particularly with small equipment orders, OEMs 
are unable or unwilling to use high-efficiency motors, even when re
quested by the customer. The most common reasons are small differ
ences in motor technical characteristics and difficulties in obtaining 
high-efficiency motors through supply channels geared to supplying 
large volumes of standard-efficiency motors. At other times, efficient 
motors are available as an option, but at a premium price. 

These restraints do not mean that customers have no chance to in
fluence OEM practice. A Canadian study found that approximately 
half of the Canadian OEMs surveyed will use high-efficiency motors 
in a small proportion of their products, either when specified by cus
tomers or with some types of large, specialized industrial equipment 
(Marbek 1987). 

While OEMs have been slow to use high-efficiency motors, 
some have adopted improved gears and belts. As discussed in 
Chapter 3, high-efficiency gears and belts are sometimes stronger 
than conventional equipment. Added strength can extend service 
life and reduce maintenance requirements-important marketing 
advantages in some product lines. Stronger materials also allow 
components to be downsized, thus reducing material costs at the 
same time that efficiency increases. 

One final aspect of the OEM market is worth mentioning. When 
motors in OEM equipment fail, in about 60% of the cases there are 
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Compaq Computers Pushes OEMs to Improve Equipment 

Efficiency 

The Compaq Computer Corp. is a large manufacturer of personal 

computers. It has over 20 facilities throughout the world and spends 

millions of dollars on energy each year. A large portion of their energy 

use is for HVAC applications in Compaq offices and manufacturing 

clean-rooms. Compaq often purchases the most efficient HVAC equip

ment on the market because in the company's highly competitive mar

ket, minimizing long-term operating costs is an essential part of 

efforts to maintain or increase market share and profits. 

However, for major equipment, Compaq is not always content to 

purchase even the most efficient equipment on the market. Its analy

ses showed that chillers and cooling towers with even higher effi

ciency could be produced through changes such as improved motors 

and heat exchangers. Armed with this information, Compaq ap

proached major chiller and cooling tower manufacturers about produc

ing such units. Manufacturers were originally skeptical, but when 

Compaq went to Japan to purchase a cooling tower with a higher effi

ciency than any produced in the United States, domestic manufactur

ers began to produce the higher-efficiency units too. In fact, due to the 

competition, the price of this equipment to Compaq has declined. 

Compaq's former energy manager of facility resource develop

ment, Ron Perkins, offers this advice for companies seeking to im

prove the efficiency of OEM equipment: 

• Conduct some research (using technical bulletins) to estimate what 

efficiency improvements are possible. 

• In approaching manufacturers, make the case that there will be a 
market for the new, high-efficiency equipment, either due to the pur

chaser's own market size or due to the fact that the purchaser is a 

leader in its industry or trade association. 

• Publicize success stories and offer testimonials to responsive man
ufacturers. These efforts will make manufacturers more responsive 

in the future (Perkins 1989). 

restrictions regarding which replacement motors can be purchased, 
making it difficult to upgrade motor efficiency. The common restric
tions are listed in Table 8-5. 
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Table 8-5 

OEM Restrictions on Replacement Motors 

Restriction 

Replacement motors available only through OEM 
Replacement motors available only through one manufacturer 

Percent of 
Customers 
Reporting 

22% 
14% 

Replacement with motors from unauthorized vendors voids warranty 7% 
Replacement motors not available in premium-efficiency models 18% 
Other problems 10% 
Not applicable to motors in facility 6% 
No problems reported 33% 

Note: Customers could name more than one restriction. 

Source: XENERGY 1998 

Fans, Pumps, and Compressors 
As noted in Chapter 6, fans and blowers, pumps, and air compres

sors together account for the majority of industrial motor energy use 
and are thus perhaps the most important types of OEM equipment. A 
DOE report (Easton Consultants 1996) discusses these markets in some 
detail; the remainder of this section is based largely on this work. 

All four types of equipment have several different classes (dozens 
in the case of fans/blowers and pumps), each designed for separate 
types of applications. These markets tend to be very competitive and 
not every manufacturer produces all types of equipment. At the man
ufacturer level, the fan/blower, pump, and compressor markets are 
largely distinct-few manufacturers serve more than one of these 
three markets. 

Industrial Pumps 
Industrial pumps are primarily sold through manufacturers' repre

sentatives and distributors. Manufacturers' representatives are indepen
dent sales agents whose primary function is to assist in equipment selec
tion for the job, often using manufacturer-provided manuals, pump 
curves, and software. However, they do not install or service equipment 
or systems and therefore have little stake in system efficiency. Represen
tatives and distributors provide the primary link between the manufac
turer and the contractor or end-user, though representatives and distrib
utors vary widely in sophistication and the service they provide. Some 
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provide design, repair, and maintenance services, while others simply 
order and obtain equipment for the end-user or contractor. 

In some cases, pumps are sold directly to the end-user through the 
manufacturer. One example is the process pump, which is engineered 
specifically for a particular end-use application. As for design and instal
lation, consulting engineers design nearly all pump systems in new facil
ities and may also playa role in system renovations and retrofits, while 
mechanical contractors handle the installation. Some end-users design 
smaller system renovations themselves. Larger end-users, particularly in 
the chemical and petroleum industries, often employ internal process en
gineers to do system design work. 

Fans and Blowers 
For industrial fans and blowers, the market is fragmented, with no 

manufacturer accounting for more than a 12% share. Manufacturers sell 
fans and blowers to other OEMs for applications that include dust collec
tion, HVAC, oven vents, boilers, and pollution control equipment. OEMs 
and end-users generally purchase motors separately from the fan or 
blower. Representatives provide varying levels of design assistance, but 
contractors generally install most fan and blower systems (including 
fans, ductwork, and ancillary equipment). Design and specification engi
neers work with the contractor, end-user, and manufacturers' representa
tive to design the system for reliability, low noise, and efficiency, and 
may recommend specific equipment models or their equivalents. How
ever, they are not responsible for the efficiency of installed equipment, 
relying instead on post-installation air-balancing by independent firms. 
These firms may be called on to test the system after installation and cer
tify that it meets design criteria, but they generally do not focus on en
ergy per se. 

Air Compressors 
For air compressors, the market is concentrated, with a few manu

facturers making up more than 75% of sales. Sales by distributors domi
nate the market, accounting for 85-90% of all sales. However, distribu
tors have little motivation to offer energy-efficient equipment because 
most of their revenue is derived from parts and service. This results in a 
tendency to offer low-cost, low-efficiency compressor models in the dis
tributors' bids in an attempt to win business and then establish a lucra
tive service relationship. An exception to this rule is Ingersoll Rand, the 
largest compressor manufacturer, which has its own sales force that mar
kets not only compressors but also a variety of value-added services. In a 
search for higher profits, some other compressed-air distributors have 
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also begun to offer value-added services such as auditing and mainte
nance. A few vendors have even begun to offer metered compressed
air contracts in which the vendors maintain compressed-air systems 
on customers' premises and bill their customers based on the cubic 
feet of compressed air delivered. 

By contrast, compressor "air-end" manufacturers and packagers are 
involved in the whole process--component design and manufacturing, 
package design and assembly, and (in certain cases) distribution. As a re
sult, the manufacturers and packagers determine the effort applied to 
compressor engineering and design and the overall level of efficiency of 
the compressor package. Some manufachlrers also rebuild compressors. 
Manufacturers of motors and other ancillary compressed-air system 
components as well as foreign air-end manufacturers also supply com
ponents to compressor OEMs. 

Distributors, manufacturers' representatives, and consulting en
gineers (including compressed-air specialists) all have an impact on 
the compressed-air market. Three types of distributors serve the 
compressed-air market. They vary by level of design and selection 
assistance: compressed-air specialists offer extensive assistance; general 
industry distributors offer limited assistance; and warehouse distribu
tors offer little or no technical support. Manufachlfers' representatives 
serve the market for large compressors (approximately 1,000 hp and 
higher) and generally do not get involved with the plant air market 
(with the exception of Ingersoll Rand). Consulting engineers design 
and plan compressed-air systems for ease of maintenance, low noise, 
and reliability; efficiency is rarely a primary concern. Few engineering 
firms have compressor system specialists on staff, and expertise is rare. 
Engineers focus primarily on ensuring that the system can deliver suf
ficient airflow at the required pressure to all point-of-use locations. Fi
nally, air compressor audit firms troubleshoot compressed-air systems 
and recommend solutions to equipment, system, and O&M problems. 

Additional information about the compressed-air systems market 
can be found in a report prepared for the DOE and the Compressed Air 
Challellge (X ENERGY 2000). 

Consulting Engineers and Design-Build 
Contractors 

Consulting engineers prepare designs and specifications and help 
oversee the bid and construction process, but they leave the construc
tion work to in-house staff or outside contractors. Design-build con
tractors, on the other hand, handle both design and construction, 
thereby providing turnkey facilities, and are typically large firms. 
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Consultants are generally hired by end-users to assist with large 
projects such as new plants, new production lines, and major new 
equipment such as large ASDs. These projects are infrequent and large 
enough to make hiring temporary consultants more cost-effective than 
hiring permanent staff. 

Successful consulting practices are based on satisfied customers. 
For this reason, many consultants use decision criteria similar to those 
considered by end-users: the consultants stress reliability and are noto
rious for oversizing motors so as to provide a wide safety margin (Van 
Son 1989). Consultants sometimes recommend high-efficiency equip
ment, but if clients resist the idea, the consultants will usually drop the 
suggestion. Even when high-efficiency equipment is specified, it is com
monly one of the first items to be cut from a project if bids come in 
higher than expected, which is a common occurrence. 

When equipment unfamiliar to installation contractors is specified 
(ASDs, for example), installation prices often include a "risk factor" to 
cover the cost of unanticipated problems. In essence, the customer is 
paying for the contractor to learn how to install and troubleshoot a 
new type of system. On the other hand, ASDs are becoming common 
enough that customers have multiple vendors to choose from and are 
pressuring consulting engineers as well as equipment manufacturers 
to compete on price (along with other factors). 

Design-build contractors are increasingly being paid through fixed
cost contracts (Ontario Hydro 1988). A fixed-cost contract provides pro
tection against cost overruns and thereby allows the end-user to cor
rectly budget for a project. It also places great pressure on design-build 
contractors to keep initial costs down. Under these conditions, high-effi
ciency motors and other high-efficiency measures with increased costs 
are rarely specified. 

OEM representatives (discussed in the next section) often provide 
design services similar to those provided by consultants. These represen
tatives are not paid directly for this work: their fees are incorporated into 
the price of OEM equipment. The smaller the project, the more likely an 
OEM representative will be the primary designer. 

Control Equipment Manufacturers, 
Distributors, and Representatives 

Manufacturers of ASDs and other electronic controls include 
some large firms (both motor manufacturers and independent control 
manufacturers) as well as many small specialty firms. Many of the 
major firms serving the U.S. market are listed in Table 8-6. Of these 
companies, about one-third each are broadline electrical equipment 
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CHAPTER EIGHT 

companies, control-based companies, and motor-based companies. 
As of this writing, all major motor manufacturers now sell ASDs also, 
with many of these companies having acquired a control manufac
turer in recent years. Motor-based manufacturers have been steadily 
increasing their share of the market in recent years, partly by devel
oping and marketing matched control/motor sets that are optimized 
for each other and thereby minimize incompatibility problems in the 
field. Most manufacturers specialize in particular sizes or types of 
electronic controls. Many of these company-specific emphases are 
summarized in Table 8-6. 

Adjustable-speed drives and other electronic controls are generally 
sold through distributors or sales representatives, most of which handle 
more than one type of equipment. In addition to ASDs, for instance, they 
may also sell power-factor correction or uninterruptible-power-supply 
equipment. A few handle more than one product line for a particular 
type of equipment. Distributors stock products, while representatives 
generally place orders as needed with the manufacturers. Representa
tives and distributors will often perform design work for end-users in an 
effort to sell equipment the representatives and distributors represent. 
The overall structure of the ASD market is illustrated in Figure 8-3. 

Electronic controls are generally purchased in small quantities, 
so steep discounts are the exception rather than the rule. Because 

Figure 8-3 

Schematic Illustration of the Structure of the ASO Industry 
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installation costs can be substantial, equipment and installation 
costs are often considered together in evaluating system economics. 

Mechanical Equipment Representatives 
and Distributors 

Manufacturers of gears, belts, chains, bearings, and lubricants 
also range widely in size. Large firms involved in mechanical equip
ment include motor manufacturers (such as Reliance, a major pro
ducer of gears), rubber companies (which manufacture belts), and 
oil companies (which manufacture lubricants). Many small specialty 
firms are also involved in the manufacture of mechanical equip
ment. A growing number of foreign firms are exporting mechanical 
equipment, especially belts, to the North American market. 

Mechanical equipment manufacturers primarily sell to small 
buyers through mechanical equipment distributors, and sell to 
OEMs and large end-users directly. Sometimes a motor distributor 
will also stock mechanical equipment. Smaller firms often use re
gional representatives to promote their products, with stocking and 
distribution handled by the central office. 

Lubricants are generally sold by large oil companies through 
local petroleum product distributors. These distributors do the ma
jority of their business in the automotive field-commercial and in
dustrial business represents only a small portion of their annual 
sales. Small lubricant companies that manufacture premium-grade 
(high-efficiency and long-life) lubricants tend to sell through a net
work of product representatives. In a previous section we noted 
how some motor distributors are now offering lubrication services; 
these services are offered by certain lubrication distributors as well. 

Mechanical equipment is usually priced similarly to motors. Sug
gested list prices are published, but most purchasers receive a substan
tial discount that varies with the size of the order, the size of the cus
tomer, and other factors. With lubricants, published price schedules 
include volume discounts. These prices are generally followed except 
in bid or other special situations (Hudson 1989; Kent 1989). 

Electric Utilities, Universities, Government 
Agencies, and Trade and Professional 
Associations 

These groups have become increasingly active in the motor market. 
Many provide educational materials, seminars, and technical assistance 
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on motor system issues. For example, as discussed in Chapter 9, DOE is 
undertaking the Industrial Best Practices: Motors (formerly known as 
Motor Challenge) program to educate end-users about opportunities to 
improve their motor systems and strategies for taking advantage of 
these opportunities. In addition, trade associations such as NEMA and 
groups of government agencies and utilities (e.g., the Consortium for 
Energy Efficiency and the Canadian Electrical Association) develop 
standards for testing, classifying, and labeling motor system products. 

Utilities have become increasingly involved in improving power 
factor, power quality, and efficiency; they have also begun promoting 
use of electrotechnologies among customers. Utility efforts are primar
ily educational, although several utilities provide rebates for the pur
chase of premium-efficiency motors and other energy-saving measures. 

Further information on the activities of these players in the motor 
market is provided in Chapter 9. 

Summary 
The motor market is quite complex in that it involves many different 

players and many different decision criteria. As we have discussed, the 
market may be segmented many ways, including by system type (e.g., 
fan), customer size, and industry type (e.g., petroleum refining and 
paper and pulp). However, a particularly important way to segment the 
market is by market event-that is, whether the purchase is for replacing 
existing equipment, retrofitting existing equipment, or new applications. 
The market for replacement equipment is very different from the retrofit 
and new applications markets. Key attributes of these markets are sum
marized in Table 8-7. Planners and managers of programs to promote 
motor system improvements need to understand these different markets 
in order to shape programs that will successfully serve them. 

The replacement equipment market involves frequent purchases 
of small quantities of equipment, primarily from local or regional dis
tributors. Decisions are made quickly by maintenance or purchasing 
staff, primarily on the basis of availability, cost, and reliability. Engi
neering analyses of such replacement purchases are rare; when old 
equipment fails, it is often replaced with identical components. 

Programs designed for this market need to either reach the deci
sion-maker at the time the purchase is made or promote standard poli
cies that determine in advance which equipment to replace with high
efficiency models. The Southwire case study earlier in this chapter 
exemplifies how this can be done. 

Purchases of equipment for new applications occur infrequently, but 
when they are made, they generally involve an engineering analysis. 
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Table 8-7 

Key Attributes of the Markets for Replacement Equipment and 
New Applications 

Replacement 
Equipment Market 

Frequency of end-user Continual 
purchase decisions 

Order size Generally small 

Decision-makers Maintenance and 
production staff 

Time spent making Hours or days 
decisions 

Key factors Availability, 
reliability, cost 

Engineering analysis None, except for 
large motors and 
OEM equipment or 
for setting general 
purchasing 
guidelines 

Purchased from Distributors or (for 
very large companies) 
manufacturers 

External influences Distributors, service 
shops 

New Application Market 
and Retrofit Market 

Infrequent 

Frequently medium or large 

Engineering staff 
(sometimes at head office) 

Weeks or months 

Cost and reliability for commodity 
products; and operating cost 
savings for noncommodity 
products and design decisions 

Done by either in-house staff, 
outside consultants, or OEM 
representatives 

Design-build contractors, OEMs, 
manufacturers, or (for small 
projects) distributors 

Engineering consultants, 
contractors, OEM representatives 

These analyses often balance reliability, initial cost, delivery terms, and 
performance and operating cost considerations. Due to pressure to mini
mize initial costs, future savings are frequently heavily discounted. But, 
because new application decisions often involve large quantities of 
equipment, selection and design decisions are made over a period of 
months and there is time to reach the decision-maker. 

The retrofit market is similar to the new application market in that 
retrofit projects generally occur infrequently; but when they do, an en
gineering analysis is frequently involved. On the other hand, retrofit 
projects are usually much smaller than new application projects due 
to an aversion to downtime, limited capital availability, and other 
considerations. Furthermore, unlike new application projects that are 
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generally undertaken to address key organizational objectives such as 
increasing production capacity or other services, retrofit projects are 
much more difficult to sell to management unless the benefits of the 
project are really compelling. 

Programs and policies to reach these different markets are dis
cussed in the next chapter. 

269 





Chapter 9 

Programs to Promote Motor 
System Efficiency Improvements 

The opportunities for increasing motor system efficiency are sub
stantial, but so are the barriers to such improvements. Programs 

designed to overcome these barriers and foster more efficient drive
power systems have changed substantially since the first edition of 
this book was published 10 years ago. In this chapter we emphasize 
current program paradigms but also discuss some history and results 
of past efforts. 

Program Paradigms 
Energy-saving programs, including programs to improve the effi

ciency of motor systems, are commonly offered by utilities, govern
ment and nonprofit agencies, and private industry. 

These program operators have many rationales for operating en
ergy efficiency programs, but today three paradigms tend to dominate: 
market transformation; customer service; and resource acquisition. 

Market transformation initiatives seek to remove market barriers 
that impede specific energy-saving practices and, over time, make 
these practices common and self-sustaining. As discussed below, in re
cent years many utility and government programs have emphasized 
the market transformation perspective and developed strategies for 
removing market barriers to efficient motors and other motor system 
products and services. 

Customer service has been a goal of the private market and 
many utilities for a long time. Private companies provide customer 
service in order to promote sales of their products. In recent years, 
with the onset of competition in the utility industry due to restruc
turing, some utilities have begun to use energy efficiency services as 
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part of their efforts to provide value-added services to customers. 
These services can be provided by traditional utilities or they can be 
provided by competing power retailers as part of their efforts to 
build or retain market share. Frequently these services are provided 
on a reduced-cost basis, although they can also be offered on a full 
cost-for-service basis. 

Resource acquisition programs traditionally sought to reduce en
ergy use whenever conservation is less expensive per kilowatt-hour 
than available electricity supplies. In recent years resource acquisition 
programs has been commonly used to indicate the direct and quick 
acquisition (relative to market transformation) of energy savings in 
order to reduce power plant emissions, help address power reliability 
problems, and defer the need for expensive (and sometimes contro
versial) upgrades to the distribution system. 

These paradigms are not competing-in fact they can comple
ment each other. For example, customer service is frequently a part of 
market transformation and resource acquisition-focused programs. 
With motor systems, it is even possible to combine market transfor
mation and resource acquisition by conducting short-term resource 
acquisition (for example, by promoting leak detection and repair in 
compressed-air systems) in ways that have direct and long-term im
pacts on market barriers. 

In this chapter we discuss program approaches that address 
each of these perspectives. However, given the emphasis placed on 
market transformation in recent years by many program operators, 
we emphasize this perspective while keeping the other perspectives 
in mind. 

Market Transformation 

Why Market Transformation? 
In the past, governments, utilities, and other program operators 

have commonly used a broad array of regulatory and voluntary mech
anisms to promote energy-saving investments and actions that are in 
the public's interest. These mechanisms have included education and 
technical assistance programs, utility rebates and other demand-side 
interventions, building codes, equipment labeling, and minimum-effi
ciency standards. However, in many cases, these past efforts have fo
cused on short-term objectives and not on addressing underlying mar
ket barriers that hinder the long-term adoption of cost-effective 
energy-saving measures. And many of these activities have been con
ducted in isolation from similar activities by others. 
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In order to address these limitations with traditional program ap
proaches, a growing number of practitioners and policymakers are 
adopting a "market transformation" framework that attempts to in
corporate the best features of, and improve the coordination between, 
market-based and regulatory approaches. For example, as part of util
ity restructuring policies, quite a few states have embraced the market 
transformation concept and a growing number of states have estab
lished special funding for new market transformation programs 
(Nadel and Latham 1998). 

What Is Market Transformation? 
As noted above, market transformation means reducing, in a 

sustained manner, market barriers to the adoption of cost-effective 
energy efficiency products and services. If the most important and 
relevant market barriers have been addressed to the point where effi
cient goods and services are normal practice in appropriate applica
tions, and these changes are sustained over time, then a market is 
transformed. 

Due to the substantial effort required, generally a market transfor
mation strategy for a particular measure is designed to promote com
prehensive changes across many parts of a market, not just at the mar
gins. Measures are chosen for which substantial increases in market 
share appear achievable. Choosing measures in this way can maxi
mize savings while making efficient use of limited resources. The real 
benefits of market transformation are achieved when multiple activi
ties are combined into coordinated initiatives. 

Market transformation efforts are different from most traditional 
utility demand-side management (DSM) programs in several respects. 
The primary difference is that the fundamental goal of market trans
formation is to change markets, not save energy in the short term. By 
changing markets, market transformation initiatives are designed to 
save substantial amounts of energy in the long term. As a result, mar
ket transformation activities are devised in direct response to identi
fied market barriers. In fact, understanding the particular market bar
riers to widespread adoption of a technology or service is essential for 
developing and implementing successful market transformation activ
ities. In addition, market transformation initiatives generally are 
broader and longer term than typical DSM programs. A market trans
formation initiative may have several phases, many players, and a va
riety of activities. Coordination among the relevant players is thus 
necessary to ensure that a market transformation initiative or strategy 
is effective and the broad goals are accomplished. Since the primary 

273 



ENERGY-EFFICIENT MOTOR SYSTEMS 

goal of market transformation is to change markets, the evaluation of 
market transformation programs emphasizes progress made in ad
dressing market barriers and not precise measurements of program 
energy savings. While many traditional DSM programs include some 
of these attributes, few include all of the attributes that typify market 
transformation programs. However, market transformation is not a 
label that uniquely identifies certain energy efficiency program de
signs to the exclusion of others. It is instead an objective that all en
ergy efficiency programs have at least a theoretical potential to 
achieve, although some programs are clearly more effective at achiev
ing this objective than others. 

Frequently, a market diffusion, or "S'~ curve is used to illustrate 
the market transformation process (see Figure 9-1). The market dif
fusion curve shows an idealized version of the process by which a 
new technology or practice evolves from market introduction to 
mass-market or wide-scale adoption. The market history of many 
technologies (such as microwave ovens, VCRs, etc.) can be repre
sented using this type of curve. Market transformation initiatives 
typically include activities designed to accelerate the market adop
tion of a particular energy-saving measure so that it becomes (and 
hopefully remains) common practice much sooner than it would 
otherwise. Accordingly, market transformation initiatives often in
clude activities designed to (1) stimulate the development and mar
ket introduction of new energy-efficient models; (2) strategically 
build the market share of these new products until they attain a 
niche position in the market; and then (3) change consumer pur
chasing practices in order to further expand the market adoption of 
these measures so that they reach mass-market status and eventu
ally become common practice. 

Different activities, or "tools," are appropriate at different points 
along this market diffusion curve since barriers are often a function of 
product/market maturity (see Figure 9-1). For example, research and 
development and technology procurement efforts may be employed 
in the early stages of an initiative in order to stimulate the introduc
tion of new high-efficiency measures. Rebates and targeted outreach 
to large purchasers (e.g., bulk purchases) may be used to strategically 
increase market penetration until the measure achieves "niche" status. 
Consumer education, loans/rebates, and other promotional activities 
such as ENERGY STAR labeling may be used to expand a measure's 
market share to its full mass-market potential. And codes and mini
mum-efficiency standards (or in some cases voluntary standards) can 
be used to complete the transformation process by removing clearly 
inefficient products and practices from the market. 
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Time 

To illustrate the market transformation concept, let us examine a 
market transformation initiative that took place in the 1980s and suc
cessfully transformed the market for energy-efficient motors (meaning 
motors near the EPAct-efficiency levels) in the Canadian province of 
British Columbia (B.C.) and ultimately in all of Canada. 

The B.c. initiative consisted of four components: (1) educational 
efforts to provide customers and dealers with information on energy
efficient motors (specifically, their economics and availability); (2) cus
tomer incentives to pay part of the incremental cost of energy-efficient 
motors; (3) vendor incentives to encourage vendors to routinely stock 
and promote energy-efficient motors; and (4) support for efforts to 
enact provincial and national minimum-efficiency standards. As a 
result of the first three components, energy-efficient motors had a 
70% share of the new motor market in 1993, up from approximately 
5% in 1987. In 1992 and again in 1993, the utility reduced the incen
tives by just over 10%; market penetration still held since by then 
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dealers routinely stocked (and many customers routinely requested) 
efficient motors. In 1993 provincial efficiency standards were 
adopted and B.C. Hydro was able to phase out their motor activities 
(Nadel 1996). In 1994, these same standards were adopted by the 
Canadian federal government. 

Elements of a Market Transformation Initiative 
Drawing from this experience, in general terms, a market transfor

mation initiative or strategy for a specific market segment or end-use 
will often involve 

II A careful analysis of the overall market, including identification 
of the particular barriers that are hindering the development, in
troduction, purchase, and use of the targeted measure. In the case 
of the B.C. initiative, special attention was devoted to improving 
local availability and reducing the initial cost of energy-efficient 
motors, concentrating initially on large customers and large 
motor distributors. 

II A clear statement of the overall goal of the initiative or strategy as 
well as the specific objectives that will be accomplished along the 
way by the different initiative activities. In the B.C. initiative, the 
strategy was to raise the local market share in order to make 
provincial, and ultimately federal, minimum-efficiency standards 
uncontroversial. 

II The development of a set of coordinated activities that will achieve 
the desired objectives and systematically address each of the identi
fied barriers. In B.c., the initiative included education and incentives 
for vendors and customers, and advocacy for minimum-efficiency 
standards. 

II Successful implementation of the individual activities, including 
periodic evaluations and adjustments designed to respond to actual 
experience. In B.C., as a result of evaluation results, program opera
tors decided to adjust incentives downward several times. 

II Development and execution of a plan for transitioning from exten
sive market intervention activities toward a largely self-sustaining 
market, i.e., an "exit strategy." In B.C., the exit strategy was mini
mum-efficiency standards; for other market transformation initia
tives, other strategies may be employed. However, B.C.'s "exit" ap
plies only to sales of efficient motors in new construction and 
replacement situations; promotion is still needed for sales in retrofit 
situations and for sales of premium-efficiency motors in new con
struction and replacement situations. 
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Limitations to the 
Market Transformation Approach 

While the market transformation approach offers many advan
tages, it also has some limitations and as a result it is not appropriate 
for all situations. First, the market transformation approach is most 
appropriate for measures whose benefits to the customer are substan
tial and whose barriers can be readily identified and addressed. Mar
ket transformation also tends to be more successful when a manda
tory code or standard is ultimately enacted to complete the 
transformation process or the inefficient technology can be effectively 
eliminated from the marketplace by customer preferences. Con
versely, for measures with many complex barriers (some of which 
may be very difficult to overcome), market transformation will be dif
ficult. Also, some measures are appropriate in only a few applications 
and thus do not lend themselves to mandates. For example, a market 
transformation approach may be very appropriate for premium-effi
ciency motors and improved motor management practices since these 
measures face relatively well-defined barriers that, as discussed 
below, can ultimately be addressed by clearly defined corporate pur
chase and management policies. On the other hand, properly opti
mizing fan and pump systems is difficult to do, faces many complex 
barriers, and is too application-specific for standards to be of much 
help, with the result that partial rather than full transformation of the 
market is a more likely outcome. 

Second, market transformation is a long-term process that typi
cally provides only limited benefits in the early years-the major ben
efits tend to occur after a 5-10-year period. For example, in the B.C. 
program discussed above, it took 8 years from initial program plan
ning to the effective date of new standards. Where substantial savings 
are needed in the short term, resource acquisition strategies will gen
erally be more appropriate. Market transformation also typically re
quires extensive coordination among many diverse parties (in B.C., 
for example, motor distributors, motor manufacturers, end-users, the 
utility, and the provincial government) as well as periodic refining of 
the program approach as the market evolves over time. In cases 
where such coordination and program refinements are not possible, 
other program approaches will be needed. 

Finally, market transformation initiatives typically require extensive 
efforts and considerable expenses. Market barriers are often substantial 
and do not disappear with minimal effort. Some people have mischar
acterized market transformation as meaning primarily low-cost educa
tional activities. In most cases, significantly more intervention will be 
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needed, such as one-on-one technical assistance and financial incentives, 
particularly in the early years of a program. For example, B.C. Hydro 
started its motor program with substantial incentives for high-efficiency 
motors and then gradually reduced and finally eliminated the incentives. 

Market Segments and Market Events 
With the market transformation approach, as well as with other 

program approaches, it is important to understand and segment the 
market. Appropriate strategies will be different for different market 
segments; a program that applies a "one size fits all" approach will be 
doomed to failure. 

There are many ways to segment the motor systems market, in
cluding by type of product (e.g., motors, fans, and compressed-air sys
tem optimization services), customer type (e.g., small vs. large, single
site vs. multi-site, and owner-occupied vs. tenant), sector (e.g., 
commercial, institutional, and industrial), and industry (e.g., mining, 
chemicals, and paper). In the sections below, we will discuss some of 
these different segmentation schemes where appropriate. However, 
one overarching scheme that needs to be considered in designing most 
programs is segmentation by market event. 

Market events are times within the life of a motor system in which 
decisions are made to procure motor equipment and services. For pro
gram planning purposes, three market events are particularly impor
tant-new construction, equipment replacement, and retrofits. Each of 
these market events typically involves different decisions, decision
makers, and economic returns. Programs either can be designed to 
serve one of these markets or can serve multiple markets if they in
clude different program design features to serve each market. 

New construction involves installing equipment for the first time, 
such as installing a new process line or building a new building. New 
construction projects (as well as major renovation projects including 
design of new process lines) occur infrequently, but when they occur, 
major design decisions are made that involve a large investment of 
money and have a substantial impact on energy use. These decisions 
are frequently made by design engineers and other design profession
als. In new construction projects, the cost of efficiency projects is the 
cost increment between standard and efficient equipment and design 
practices. In new construction projects, budgets are typically tight and 
thus efficiency investments often compete with other design ideas 
(e.g., a nicer lobby) for a share of the budget. If efficient equipment or 
designs are not chosen, the cost to retrofit these improvements later is 
generally much higher. Hence new construction and major renovation 
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opportunities are often called a "lost opportunity" resource; if the effi
cient practice is not adopted at the time of construction, the opportu
nity may be lost forever. 

The replacement market involves replacing existing equipment 
with new equipment when it wears out or fails. Many failures happen 
suddenly, so decisions must be made quickly to get equipment back 
on-line as soon as possible. Replacement situations are often a good 
time to promote high-efficiency equipment and proper equipment siz
ing, but due to the tight time schedule and the fact that only one part 
of the system is being replaced at a time, it is usually not possible to 
implement major system design changes. On occasion, staff may antic
ipate that equipment will fail soon and undertake a more orderly 
planned replacement project (planned replacement strategies are dis
cussed in Chapter 2), but in most businesses, planned replacement is 
more the exception than the rule. In the replacement market, decisions 
are frequently made by maintenance or purchasing department staff; 
frequently an engineer is not involved. As with the new construction 
market, since equipment must be purchased, the cost of efficiency in
vestments in replacement situations is the difference in cost between 
standard and efficient practices. 

Retrofit projects involve the planned removal of equipment be
fore it needs to be replaced and tend to disrupt normal operations. 
They also tend to be relatively expensive since there is no credit for 
the cost to purchase and install standard equipment, as is the case 
with new construction and replacement projects. For these reasons, 
retrofit projects are generally undertaken when they produce large 
benefits, such as large energy bill savings and/or productivity or 
product improvements. It is often these latter benefits that are needed 
to sell the project, because retrofit projects are typically organized by 
in-house engineers who plan the projects and then solicit approval 
and funding from management. 

Building on the preceding discussion of program approaches and 
market events, we now turn to a discussion of program strategies for 
promoting more efficient motor systems. There are many possible 
ways to organize such a discussion. However, given our emphasis on 
the market transformation approach, we begin our discussion of pro
gram strategies by discussing strategies for different types of products 
because the marketplace today is primarily ordered by product (e.g., 
motor manufacturers compete with other motor manufacturers across 
multiple market segments), and it is the market that market transfor
mation initiatives seek to change. Howevel~ many strategies cut across 
these different product categories and seek to promote integrated ap
plications of multiple products. Thus, following the discussion of 
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strategies for specific product segments, we proceed to a discussion of 
strategies that cut across many of these segments. 

Program Approaches for Specific Products 
In discussing program approaches for different products, we de

fine the term product from a marketing perspective: it refers to any
thing that is for sale, including hardware, software, and services. In 
the following sections, we discuss programs to promote the following 
products: efficient motors; good motor management and motor repair 
practices; compressed-air system optimization; fan and pump system 
optimization (including irrigation systems); improved air condition
ing systems; and refrigeration system efficiency improvements. 

Motors 
Over the past two decades there have been many efforts to promote 

purchases of high-efficiency and premium-efficiency motors. In this sec
tion, we briefly review some of these past efforts and then discuss cur
rent programs to promote premium-efficiency motors in more depth. 

Past Efforts 
Efforts to promote high-efficiency motors began with education, 

technical assistance, and labeling programs by manufacturers, govern
ment agencies, and utilities. These efforts included educational publi
cations (e.g., NEMA 1999), motor labeling (discussed in Chapter 2), 
calculation tools to estimate energy and economic savings of more ef
ficient motors (e.g., slide rules and computer programs), seminars, 
and one-on-one technical assistance with individual customers. These 
programs were seldom evaluated, but as of the late 1980s the limited 
data available indicate that high-efficiency motors accounted for only 
about 3% of the motor stock (Gilmore 1989; XENERGY 1989), suggest
ing that these programs were having only limited impact. 

In the late 1980s many utilities began offering incentive programs 
to encourage the purchase of high-efficiency motors. Most of the pro
grams offered rebates for purchase of high-efficiency motors, where 
"high-efficiency" was defined in terms of a utility-developed table 
that indicated qualifying efficiency levels as a function of motor type 
(ODP or TEFC), speed, and horsepower. Some utilities used the 
NEMA definition of high-efficiency motors (NEMA 1999), but most 
used their own definition, feeling that the NEMA definition was too 
low. The resulting confusion prompted NEMA to develop a new defi
nition labeled "suggested standard for future design" (NEMA 1999) 
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that many utilities then adopted. Typical rebate programs provided re
bates of about $lO/hp for qualifying motors. Rebates were commonly 
paid to the customer, although some utilities used dealer rebates in 
addition to or instead of customer rebates. Programs were marketed 
both directly to customers and through motor dealers. Most programs, 
however, had only limited marketing efforts, and limited participation 
rates as a result (Nadel et al. 1991). 

A few programs, such as the B.C. Hydro program discussed 
above, included extensive marketing and education efforts, which 
tended to be much more successful. In addition to the B.C. Hydro pro
gram, another very successful program was a 1986 pilot program op
erated by Niagara Mohawk Power Corp. in which 33% of targeted 
customers participated. The program targeted large customers with 
long operating hours, provided extensive personal attention, offered a 
free computer assessment of costs and savings, and provided high 
($25 /hp) rebates-sufficient to pay more than half the cost of a new 
replacement motor in many applications (Niagara Mohawk 1987). 

By the early 1990s, high-efficiency motors accounted for approxi
mately 20% of new motor sales. While this was a significant accom
plishment, after more than a decade of work the vast majority of sales 
were still standard efficiency. At the same time, minimum-efficiency 
standards on residential appliances were going into effect and having 
dramatic impacts on sales of high-efficiency appliances. California and 
the federal government had looked at setting motor standards in the 
1980s but had not proceeded on this path due to lack of time (Califor
nia) or a feeling that sales of high-efficiency motors would take off in 
the absence of standards (the federal government) (Nadel et al. 1991). 
With the success of appliance standards, states and the federal govern
ment again began to look at setting motor standards, starting with 
Massachusetts and then extending to a Massachusetts congressman 
who introduced federal legislation. This proposed legislation spurred 
negotiations between motor manufacturers and energy efficiency advo
cates, resulting in an agreement to jointly support modified federal leg
islation. This legislation, included in the Energy Policy Act of 1992, took 
effect in October 1997: It covers the most common types of motors (fur
ther details are provided in Appendix B). At the time of passage, it was 
estimated that the new standard would result in savings of approxi
mately 13 billion kWh by 2013 and cumulative net benefits to motor 
users of nearly $5 billion. This analysis is summarized in Table 9-1. 

The legislation establishing minimum efficiency standards in the 
United States calls for DOE to update standards every 5 years, with 
new standards set at the maximum levels that are technically feasible 
and economically justified. However, DOE is unlikely to begin a rule-
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CHAPTER NINE 

making process until at least 2005 since a rulemaking prioritization 
process is now in effect and revisions to other standards (e.g., appli
ances) are likely to save more energy than revised motor standards. 

At the same time the United States was adopting minimum
efficiency standards, similar efforts were taking place in Canada. 
The first Canadian standards took effect in 1993 in British Columbia 
and Ontario. These standards were not as stringent as the U.S. stan
dards but took effect more than 4 years earlier. These standards be
came national standards in 1994 and were subsequently revised to 
require the same efficiencies as the U.s. standards, effective 1996 in 
British Columbia and Ontario, and October 1997 nationwide. 

Current Efforts 
Following the effective date of the EPAct motor efficiency stan

dards, efforts to promote improved motor efficiency have focused on 
premium-efficiency motors, with most programs using the CEE defi
nition of premium-efficiency motors that is summarized in Table 2-8. 
Some of these efforts also promote good motor management practices 
(discussed in the next section). Most of today's programs were de
signed from a market transformation perspective and seek to address 
barriers to the use of premium-efficiency motors-such as limited 
end-user familiarity, limited local stocking, and high prices-with the 
long-term goal of establishing a significant market penetration for pre
mium-efficiency motors. In addition, many of today's programs at
tempt to use promotion of efficient motors as an entree to working 
with customers to help them begin to consider more comprehensive 
motor system improvements. Most of today's programs include edu
cational and promotion efforts and many include financial incentives 
as well, with the majority paying incentives to the dealer. 

An important foundation for many recent programs is the Motor
Master+® software package supported by DOE and discussed in 
Chapter 2. This package includes a very comprehensive database of 
the motors on the market, their efficiency, and suggested list price. 
The program also includes a savings calculator and several motor 
management tools such as inventory management, maintenance log
ging, and energy accounting features (WSU 1999). This information is 
an important tool for planning programs and offering technical assis
tance to customers and dealers. 

One of the more successful of today's programs is the Northeast 
Premium Efficiency Motors Initiative, administered by the Northeast 
Energy Efficiency Partnerships (NEEP). The NEEP program has more 
than 20 participating utilities across New England and New Jersey 
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ENERGY-EFFICIENT MOTOR SYSTEMS 

and builds on previous programs that were operated by individual 
utilities for many years. Each participating utility serves on a working 
group that oversees program implementation. Program implementa
tion is largely done by a private contractor hired by the working 
group and includes marketing, several "circuit riders" (staff whose job 
it is to regularly visit distributors in the region and encourage and as
sist them in participating in the program), and rebate processing. Re
bates cover about half of the cost difference between EPAct and CEE 
premium motors. Individual utilities provide additional marketing 
and field support in their service areas. The NEEP program began in 
1998; in 1999, 2,300 rebates were issued (CEE 2000c). Rebates in 2000 
were running significantly ahead of 1999 levels (Gordon 2000). 

A 1999 evaluation of the program (Easton Consultants and XENERGY 

1999a) found that the market share of premium-efficiency motors is ap
proximately 30% in New England, about 10 percentage points above the 
national average and those of several neighboring states. The study 
found that 85-90% of premium motors are purchased without applica
tion for a rebate due to such factors as the small size of the rebate and the 
fact that rebate payments are seldom applied to the decision-maker's 
budget or account. On the other hand, the evaluation found that the 
NEEP was having a critical impact on the market by bringing attention 
to the value of premium motors and also by inducing some motor dis
tributors to pressure manufacturers to design and stock qualifying mo
tors. In addition, the study found that the relatively high market share 
for premium motors in New England is also due in part to past motor 
programs that have provided customers with experience and comfort 
with improved-efficiency motors. The evaluation recommended several 
improvements to the program, including broadening the promotion 
message to include premium motor benefits besides energy savings and 
using the program to promote model motor purchase policies (these are 
discussed further below). 

Another interesting program is the Express Efficiency Program 
operated by Pacific Gas & Electric. The PG&E program pays incen
tives to motor distributors, which they define as companies that buy 
directly from manufacturers. Earlier versions of the program pro
vided incentives to vendors (companies that sell to end-users) and 
were not successful because there are many more vendors than dis
tributors, making a vendor-based program hard to market. The pro
gram now pays incentives to the distributor for each motor sold; in
centives range from $35 to $630 per motor, varying with motor size. 
The program also includes a Web-based energy savings calculator 
and other Web-based information, tips for distributors on selling pre
mium motors, print advertisements in key trade publications, direct 

284 



CHAPTER NINE 

mail marketing to distributors and end-users, visits and telephone 
contacts with distributors, and several special promotions. In 1999, 
2,400 motors were sold, and in 2000 participation rates were up sig
nificantly. A 1999 evaluation of the program found that participating 
distributors reported increases in premium-efficiency motor aware
ness, stocking, and sales. Overall, 88% of the distributors surveyed 
thought that the program had a somewhat significant or very signifi
cant effect on their sales. The program contractor attributes their rela
tive success to their incentives and marketing, noting in particular 
extra marketing, incentives, and personal attention to get distributors 
to submit their first rebate applications. According to the contractor, 
"after receiving their first incentive check, distributors more clearly 
see the program merits for their customers and for themselves and 
are likely to continue to participate." Still, they note that rebates ac
count for on the order of 5% of motor sales in the northern California 
market and that significant work remains to be done (Barbour 2000; 
Barbour, Kulakowski, and Harwick 2000). 

Another program worth mentioning is the Energy $mart program 
in New York State, offered in most regions of the state by the New 
York State Energy Research & Development Authority (NYSERDA). 
This relatively low-budget program includes promotion, circuit riders, 
and distributor incentives to encourage distributors to stock and sales
persons to sell premium motors. The distributor incentives are 
$40/motor, regardless of motor size. Participation has been low 
(242 motors in the first year), but, as with the New England pro
gram, the market share of premium motors is significantly higher 
than implied by the number of rebated motors-in 1998, premium 
motors had a 16% market share in New York, similar to the national 
average (Easton Consultants and XENERGY 1999a). The New York and 
New England programs differ in two significant respects: rebates and 
prior program experience. In New England, rebates are paid directly 
to the customer and (for all but the smallest motors) rebates are 
higher. Also, while New York utilities did offer motor programs in 
the past, these programs were generally not as extensive as those in 
New England, and these programs ended several years ago, provid
ing a gap between the old and new programs. Therefore, the new 
program in New York had less of a foundation to build on than New 
England's did. There is no available evidence to indicate the relative 
importance of these two factors in explaining the market share differ
ences between New York and New England. 

Another interesting program is Premium-Efficiency Motors in the 
Northwest, offered by the Northwest Energy Efficiency Alliance (NEEA) 
in 1997-1998, which was the first regional program to concentrate on 
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premium-efficiency motors, building on previous programs oper
ated by the Bonneville Power Administration and local utilities. The 
goal of the program was to increase the quantity of premium-effi
ciency motors purchased by increasing dealer awareness and prod
uct availability as well as increasing customer awareness. The pro
gram included dealer incentives, in-person visits by "circuit riders" 
targeted at dealers and key industrial customers, and other dealer 
and customer promotions. In addition, several local utilities offered 
additional incentives paid directly to customers. After 7 months of 
field activity, the program resulted in 451 rebates, although, as in 
other programs, the market share of qualifying motors was signifi
cantly higher (approximately 12% in the Northwest at that time). At 
this time an evaluation of the program (PEA 1998) concluded that it 
was having little influence on motor sales, stocking, or promotion. 
This was in part because promotion efforts were just getting going, 
due to both limited incentives (incentives averaged 22% of the in
cremental cost of qualifying motors) and limited availability of 
qualifying motors from manufacturers (as discussed in Chapter 2, 
this latter problem has since been largely resolved). The evaluation 
also found that motor distribution practices were changing and that, 
in and near major cities, distributors could obtain premium motors 
quickly, even if they did not stock them. Based on these findings, 
the NEEA board decided to cancel the program before promotion ef
forts could begin in earnest, concluding that the program was pri
marily designed to affect stocking patterns, and since stocking was 
no longer a major issue, different program approaches were needed 
(these are discussed below). 

Information on these and other current premium-efficiency motor 
programs is summarized in Table 9-2. 

All in all, premium-efficiency motor programs have had some 
successes, but many programs are struggling. Major successes include 
improved availability of premium motors from manufacturers and 
distributors. These programs have also probably contributed to a sig
nificant market share for premium motors in some regions of the 
country. However, direct participation rates in these programs have 
been small. 

Based on discussions with several program managers, it appears 
that major barriers to premium motors are confusion among end-users 
about the different types of motors on the market following EPAct 
(e.g., confusion about the difference between EPAct and "premium" 
efficiency), limited customer understanding of the reliability and eco
nomics of premium motors, the relatively modest savings (in percent
age terms) between EPAct and "premium" motors, and the relatively 
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ENERGY-EFFICIENT MOTOR SYSTEMS 

high costs for premium-efficiency motors (as motor manufacturers 
seek to recoup the costs of their EPAct- and premium-motor-related 
investments). These factors result in many end-users not paying atten
tion to premium motors. 

To address the end-user confusion issue, many motor program 
managers have also encouraged EPA to begin an ENERGY STAR label
ing program for premium-efficiency motors. The ENERGY STAR brand 
is now being used to identify high-efficiency office equipment and res
idential appliances; extension of the program to include motors could 
build on this brand recognition and make it easier for purchasers to 
identify the most efficient motors on the market. EPA is now consider-

Opportunities and Programs on Fractional Motors 

We have a good understanding of the efficiency of integral-horsepower, 

polyphase motors and how they are used in commercial and industrial appli

cations. However, integral-horsepower motors are substantially outnum

bered by fractional motors. These motors are produced in both single- and 

polyphase configurations and are ubiquitous in commercial applications 

from small pumps and fans to compressors and conveyors. In the industrial 

sector, estimates of the proportion of drive energy represented by fractional

horsepower motors range from 0.5% to 1.5% (EPRI 1992; Rosenberg 

1996). On the other hand, almost three-fifths of the motor energy use in the 

residential and commercial sector is by motors of 1 hp or below (ADL 1999). 

Our knowledge of the efficiency of these motors and their applications is 

much more limited than for their larger siblings. 

Studies have hinted that energy consumption in this market segment is 

huge and that the opportunities for efficiency improvements are much larger 

than with large motors. A recent survey of reported efficiency levels in manu

facturers' catalogs indicates that efficiencies can range from less than 50% to 

over 80% for 0.50 and 0.75 hp polyphase motors (APT 2000). Other than 

studies of test methods in Canada in the early 1990s (McKay 1992) and a 

draft report prepared for DOE in 1996 (LBNL 1996), there has been little 

focus on efficiency in this class of product from either the efficiency commu

nity or manufacturers. 

While the Canadian effort has produced a test procedure (CSA 1993), it 

is faulted for its lack of reproducibility and difficulty to implement. As a result, 

there is no widely accepted test procedure for fractional motors that com

pares with IEEE 112 Method B for integral motors (NEMA 1999). This is due 
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ing whether to proceed with a program, in consultation with motor 
manufacturers and motor program operators (EPA 2000a). Education 
efforts on premium motor benefits and reliability would be part of the 
ENERGY STAR program. Furthermore, by building demand for pre
mium-efficiency motors, program managers hope that over time more 
manufacturers will introduce premium products and prices for these 
motors will corne down. 

In addition, there appears to be an emerging consensus among 
motor program managers that rather than promoting premium motors 
independently of other motor-related measures, premium-motor promo
tions should be tied into broader programs that seek to promote good 

in part to the difficulty of measuring efficiency accurately. Some experts feel 

that the IEEE 112 Method B can be extended to fractional polyphase motors 

with the use of appropriate testing equipment and experience (Kellum 2001; 

Kline 2001). IEEE is currently attempting to develop a new test method for 

fractional single-phase motors, though its adoption and the testing necessary 

to build confidence in the test may be several years off (Stricklett 2001). One 

obstacle is that the cost of performing a test is many multiples of the cost of a 

fractional motor. 

Recently, some energy efficiency programs have begun to express inter

est in these motors. In 2000, for example, Southern California Edison com

missioned some initial market analysis and testing (Benkhart, Elliott, and 

Grimm 2001). 

A better understanding of both product efficiency and markets will be 

needed if effective strategies are to be deployed to capture this efficiency po

tential. For fractional polyphase motors, the existing NEMA MG 1 testing, la

beling, and efficiency guideline coverage of integral-horsepower motors may 

be able to be extended. For single-phase motors, more extensive work will 

probably be needed, including refinement of existing (or development of new) 

test procedures, collection of additional data to better understand the market, 

and development of program strategies. 

Since a dramatic difference in efficiency exists among the different types 

of motors, one strategy may be to discourage use of less efficient types (such 

as the shaded-pole design discussed in Chapter 2) while encouraging more 

efficient designs (such as capacitor-start motors, also discussed in Chapter 

2). However, such an approach will need to concentrate on new motors and 

equipment since the more efficient motor types have a different physical size 

that may not fit in existing equipment. 
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motor management practices. By packaging these promotions together, 
greater savings can be achieved. Also, one of the best ways to promote 
sales of premium motors is for motor purchasers to establish standard 
specifications for when premium-efficiency motors should be purchased. 
Therefore, we now turn our attention to motor management programs. 

Motor Management and Motor Repair Practices 
Good motor management practices include automated inventory 

of fleet motor age and efficiency, predictive/preventive maintenance 
practices, guidelines for repair/replace decisions, stocking guidelines 
for on-site replacement, and use of quality repair specifications. In
creasingly, operators of motor programs are discovering that substan
tial energy savings can be achieved from good motor management 
practices. Initial efforts tended to address only one or two isolated as
pects of motor management, commonly as an add-on to high-effi
ciency motor programs, but in the past year more integrated motor 
management programs have started to evolve. 

Probably the largest motor management program operating today 
is the Drive Power Initiative operated by the Northwest Energy Effi
ciency Alliance. NEEA is a nonprofit organization formed by public 
and private officials and state government agencies in the Pacific 
Northwest to operate regional market transformation programs serv
ing a four-state region (Idaho, Montana, Oregon, and Washington). 
The NEEA program works with large motor users and trade allies to 
influence customer decisions regarding motor selection and replace
ment. Specific objectives include 

• Increasing the operating efficiency of in situ motors by assisting 
customers with comprehensive motor management 

• Increasing the number of motors that are replaced with new, effi
cient motors instead of being reconditioned by helping customers 
with repair/replace decision-making 

• Increasing quality reconditioning by educating customers, provid
ing repair guidelines, and working to ensure an adequate supply of 
qualified repair shops 

Among the good motor management practices being promoted 
are the development of economically rational replace/repair policies, 
purchases of premium-efficiency motors, use of quality rewind speci
fications and shops that can provide quality services, carrying an ade
quate motor inventory so the proper motor can be installed when a 
unit fails, proper motor sizing, and in situ motor testing. The program 
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is designed to address several barriers to these practices, including 
customer unfamiliarity with them, their benefits, and how to obtain 
quality services; lack of time; split decision-making authority (e.g., re
place/repair decisions are made in one department and procurement 
rules are set in another); and, in the case of motor repair, a shortage of 
repair shops with the equipment, skills, and time to undertake quality 
repairs. In many cases the program is trying to address these barriers 
by educating decision-makers and trying to get them to develop stan
dard company repair and replacement policies that maintenance per
sonnel can then implement. A sample of such a policy is provided in 
the box on p. 292. 

The initiative offers two main services: a broad customer educa
tion program and tailored one-on-one customer services to address 
specific motor management issues. The customer education program 
includes general marketing materials and a "tool-kit" of technical ma
terials that are available in printed form, a few of which are available 
on the Web. One-on-one services are offered by a group of five "circuit 
riders" with motor management experience whose job is to both re
cruit customers to participate in the program and assist current partic
ipants. The initiative also seeks to influence the practices of motor re
pair and rewind shops to support customer requests for improved 
services. Specific activities include preparation of a quality motor re
pair specification and supporting materials (e.g., a workbook; an eval
uation form to assist the customer in selecting a repair shop; and a 
sample motor inspection, repair, and test form for use by repair 
shops), distribution of these materials to repair shops and customers, 
and technical assistance from circuit riders for repair shops and cus
tomers on how to use the specification. In the longer term, the pro
gram also is considering making small grants to repair shops to help 
them acquire equipment needed to improve their repair services, and 
setting up a program to recognize "preferred providers," who follow 
the recommended repair specification (ELPN 1999; PEA 2000). 

At this point the initiative is still too new to tell how it is achiev
ing its objectives. An initial preliminary evaluation concluded that 
the program is off to a strong start in hiring skilled staff and targeting 
potential participating customers but that the specific services to be 
provided by the circuit riders need to be better clarified and refined 
(PEA 2000). 

Another program begun in 2001 is the Motor Repair Component 
of NEEP's Northeast Premium Efficient Motors Initiative. While this 
program is labeled "motor repair," the program is designed to address 
the repair/replace decision as well as the elements of quality repair 
when motors are repaired. The focus of the program is on educating 
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Sample Motor Policy Statement 

• Replace all failed standard-efficiency motors that operate continuously 

with premium-efficiency motors. 

• Repair all other failed standard-efficiency motors greater than (customer

specific threshold) and replace smaller motors with new premium-efficiency 

motors if annual operating hours are greater than (customer-specific 

threshold); otherwise, replace smaller motors with a new motor meeting 

EPAct standards. 

• Repair all failed energy-efficient motors greater than (customer-specific 

threshold) and replace smaller motors with new premium-efficiency mo

tors if annual operating hours are greater than (customer-specific thresh

old); otherwise, replace smaller motors with a new motor meeting EPAct 

standards. 

• Replace any motor for which the repair cost exceeds 60% of the cost of a 
new motor. The new motor should be a premium-efficiency motor if an

nual operating hours exceed (customer-specific number). 

• Assess optimal motor size for the application prior to motor replacement 

and specify this optimal size when ordering a new motor. 

The size thresholds above will vary depending principally on local 

prices for electricity, new motors, and motor repair services. The range for 

the repair/replace threshold varies from 40 to 75 hp among facilities that 

use this approach. For failed energy-efficient motors, the threshold is usu-

customers to make informed decisions when dealing with a motor 
failure. The program seeks to instruct customers in how best to 
choose between motor repair and motor replacement, and, if the an
swer is repair, how to get a proper repair. In the first year, the pro
gram is using a variety of printed materials similar to those used in 
the Northwest, and is also offering a series of motor repair work
shops for industrial facility managers. In the second year, services 
will be expanded, possibly to include one-on-one technical assistance 
to end-users (NEEP 2000b). 

Building on these initiatives, motor manufacturers and members 
of eEE have begun discussions about a possible joint education strat
egy focusing on repair/replace decisions. Discussions are still in the 
initial stages but items being discussed include developing training 
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ally one or two sizes smaller. For new replacement motors, the annual op

erating hour threshold for new premium versus EPAct motors also varies 

with local costs but will generally be in the range of 2,000-4,000 hours. 

In all cases where repair is called for, the repair shop should follow the 

Motor Repair Specification for Low-Voltage Induction Motors developed for 

DOE (Douglass 1999c), including 

• Performing a stator core test before and after winding removal 

• Avoiding overheating the stator or sandblasting the core iron 

• Repairing or replacing defective or damaged stator core laminations 

• Balancing the rotor 

• Repairing or replacing all broken or worn parts 

• Maintaining the same air gap between the rotor and stator and the same 

resistance of the stator windings (do not increase!) 

• Having and using an ammeter, voltmeter, wattmeter, ohmmeter, 

megohmmeter, and a high-potential tester 

• Having an appropriate power supply for running the motor at its rated 

voltage 

• Measuring and recording winding resistance and room temperature 

• Calibrating all test equipment and measuring devices at least annually 

• Not making any mechanical modifications or changes to the winding de

sign without customer approval 

Sources: Douglass 1999c; ELPN undated; Suozzo et al. 2000 

for distributors and utility motor program staff, developing tools to 
evaluate motor repair and replacement options, targeted incentives, 
and ways to enhance relationships with motor distributors and repair 
shops (CEE 2000b). 

Programs that address only one aspect of motor management 
also have some useful lessons to teach. For example, the Advanced 
Energy Corp., a nonprofit based in North Carolina, has promoted a 
quality assurance program for motor repair facilities, the Proven Ex
cellence Verification Program, for several years. To be certified, repair 
shops must follow certain procedures, as evidenced by an indepen
dent inspection of their facilities and records. Certification also in
cludes efficiency testing on a small sample of rewound motors. How
ever, participation in the program has been limited-four shops are 
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now certified after several years of program operation (AE 2000). Most 
customers do not recognize the added value that a certified repair 
shop brings and thus most repair shops see little reason to make the 
investment of time and money in certification. In addition, the re
quirements for this level of certification are considered to be too com
plex and expensive by many repair shops. 

For many years, Carolina Power & Light has provided free detailed 
energy audits to its industrial customers. For customers with motors 
that operate for long periods of time, the audit includes a motor survey. 
This survey includes spot metering of motor kilowatt use and focuses on 
units that, upon failure, should be replaced with high-efficiency motors. 
Auditors recommend that customers mark candidates for replacement 
with yellow paint and instruct maintenance staff to purchase new 
motors when a lJyellow dotlJ motor fails. Follow-up surveys indicate 
that this system works well in practice (Johnston 1990). 

Another method for readily identifying motors needing replace
ment is through the use of software designed to track motor mainte
nance needs and practices. Information on recurring maintenance 
tasks is put into the computer, and work orders are prepared by the 
computer according to a schedule set by the user. These systems can 
also identify motors with recurrent problems, enabling the develop
ment of replacement schedules. The MotorMaster+® package includes 
this software; other packages are available from private vendors. Evi
dence indicates that these systems are primarily used by large firms 
with at least a dozen maintenance workers on the payroll. For exam
ple, Ralston Purina reports a 2-year payback on a sophisticated main
tenance software system installed at their million-square-foot head
quarters complex (Sperber 1989). An evaluation of the MotorMaster+® 
package found that small firms seldom take advantage of the pro
gram's motor management components, finding that they are compli
cated and require substantial time to fill out (PEA 2000). 

Several utilities now offer equipment loan services to their cus
tomers. For example, National Grid USA (formerly New England Elec
tric) has been offering an equipment loan service for several years. The 
service provides equipment to monitor motor energy use, demand, 
power factor, and efficiency. Originally the utility hired private contrac
tors to assist customers with monitoring. More recently the utility has 
given each of their field representatives some metering equipment and 
the utility staff provide most of the technical assistance (Stout 2000). 

The Sacramento Municipal Utility District (SMUD) runs a Diag
nostic Services program in which utility specialists run diagnostic 
tests on motors and other equipment. Services are offered to cus
tomers at modest costs; for example, the charge is $150 to test a motor. 

294 



CHAPTER NINE 

When the tests indicate motor degradation, the specialists provide 
counseling on whether to repair or replace the motor. To date, approx
imately 325 motors have been tested. The major benefit of the pro
gram has been a reduction in motor failures (Coomes 2000). 

A few years ago, in order to improve the capabilities of motor re
pair shops in the province, Manitoba Hydro offered incentives to re
pair shops for the purchase of core-loss testing units. The testers help 
shops identify motors with damaged cores that should be replaced in
stead of repaired (Dederer 1999). 

Overall, these different programs illustrate how interest is increas
ing in programs that promote improved motor management practices 
and quality repairs. As discussed in Chapter 2, good motor manage
ment practices can result in significant energy savings, but barriers 
such as limited end-user knowledge about these practices and limited 
time to learn about and undertake them often get in the way. A possi
ble way to overcome these barriers in many firms is to institute com
pany-wide policies specifying specific replacement and repair policies 
so that, when decisions on particular motors need to be made, the pol
icy can be quickly applied. The Northwest Drive Power program is 
working in this direction but in the first few months of operation had 
not yet accomplished this objective (Gordon 2000). Other programs 
have had some success in promoting specific motor management 
practices, illustrating the importance of emphasizing a simple ap
proach and message to customers (most customers have not re
sponded well to complicated motor management systems). Thus, at 
this point in time, while programs to promote good management 
practices appear promising in theory, they are largely untested in 
practice. Hopefully current and nascent efforts in the next few years 
will fully test these program approaches. 

In an attempt to bring all these motor management goals together, 
CEE coordinated the launch of a new campaign, Motor Decisions 
MattersM. This initiative (which is profiled in the "Motor Decisions 
Matter Campaign" box on p. 298) is intended to compliment exist
ing regional programs with a consistent national message encourag
ing motor decision planning. All the major regional efficiency pro
grams, motor manufacturers and NEMA, the repair industry 
(represented by EASA), and DOE have joined together to support 
this initiative (CEE 2001). 

A related issue that also needs increased attention is how best to 
improve practices at motor repair shops. End-user education on 
good motor repair specifications and how to select a good repair 
shop can help for the more sophisticated end-users, but many end
users need a simpler way to recognize good repair shops. The EASA 
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and AE certification programs are steps in this direction, but their 
certification requirements are considered too onerous by many com
panies in the repair industry, and thus participation in these pro
grams has been limited. Simpler procedures are needed to identify 
and recognize good (as contrasted with superior) repair shops. Ide
ally these procedures would be developed within the repair industry 
(i.e., by EASA), but if EASA is unwilling, then independent program 
operators should work to develop such a program. Also, utility in-

Motor Challenge 

The Motor Challenge (MC) program, operated by DOE, worked in many of 

the areas discussed in this chapter, including motor management and motor 

systems optimization. DOE's Office of Industrial Technologies (OIT) created 

MC in 1993 as a voluntary industry/government partnership. The primary goal 

of the program was to increase market penetration of efficient industrial electric 

motor-driven systems by helping industry adopt a systems approach to devel

oping, buying, and managing motors, drives, and motor-driven equipment such 

as pumps, fans, and compressors. MC created a network of resources that 

supplied free motor systems information. MC's efforts included facilitating the 

formation of end-user groups, industry partners (e.g., equipment manufactur

ers), and allied partners (e.g., utilities); and providing an Information Clearing

house, technology demonstrations that resulted in case studies, and 

technology tools (Scheihing 1996). The flagship technology tool was Motor

Master+@ (which is discussed elsewhere in this chapter and in Chapter 2). 

In the spring of 2000, the MC program was subsumed into the broad In

dustrial Best Practices program, which also covers other areas such as 

steam (Cockrill 2000). The program de-emphasizes a technology-specific 

focus, with an eye toward plantwide improvements in cost and energy effi

ciency. Industrial Best Practices brought together all the resources, tools, and 

expertise that previously made up OIT's Challenge programs (Motor Chal

lenge, Steam Challenge, Compressed Air Challenge, and Combined Heat 

and Power Challenge) and the Industrial Assessment Centers (DOE 2001). 

The Information Clearinghouse was the central point for accessing MC 

products and services, and it continues in that role with Best Practices. The 

clearinghouse is staffed by experts in motor systems specification, design, 

and maintenance. These experts are available by toll-free telephone (see 

Appendix D). Publications, newsletters, technical bulletins, listings of educa-
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centives could be useful to encourage repair shops to acquire the 
necessary equipment and go through the certification process. 

Compressed-Air Systems 
As discussed in Chapters 5 and 7, there are usually opportunities 

to reduce the energy use of compressed-air systems by about 15-25%. 
Probably the biggest barrier to achieving these savings is that most 

tion/training opportunities, and updates on program activities are available 
through the clearinghouse (LBNLlRDC 2001). Also, the OIT Web site 

(http://www.oit.doe.gov/bestpractices/motors/) provides electronic re

sources, including databases of motor systems components, bulletin 

boards, case studies, and chat services. 

Industrial Best Practices: Motors' workshops, training sessions, and 

conferences provide various learning options, including attending regularly 

scheduled classes or workshops; working with one of the allied partners; or 

using prepared training modules, which include slides, trainer notes, and 

handout materials. A number of training modules are available, including In

troduction to Motor-System Management; Motor Basics; Repair/Replace 

DeCision-Making Policy; Using MotorMaster+® software (on-line training is 

also available for MotorMaster+® software); Adjustable Speed Applications; 

Pump Systems; Water and Waste Water Pump Efficiency; and Compressed 

Air Challenge (DOE 2001). 

In 2000, an evaluation of the MC program was conducted. It concluded 

that the program had many positive benefits, including reducing energy use 

by approximately 520 gigawatt-hours (GWh) per year; saving industrial facil

ity operators approximately $25 million annually; and stimulating nearly $75 

million of private investment in energy efficiency improvements to industrial 

motor systems. Overall, the benefits of the program were estimated to be 

over four times the amount of program expenditures. However, while the 

program has spurred important gains, the evaluation notes that the majority 

of potential savings in end-user facilities has not been achieved and recom

mends increased focus on developing a set of easy-to-use tools and materi

als that will support end-users and vendors in achieving system-level 

savings. The evaluation also recommends devoting more resources to help

ing program partners convince end-users to implement projects and then 

assist them with the process (XENERGY 2000). 
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Motor Decisions Matter Campaign 

While excellent information and tools exist regarding the purchase 

and repair of premium-efficiency motors, most industrial managers remain 

unaware either of this information or of how better motor management can 

benefit them. Motor manufacturers, the motor service industry, DOE, and 

CEE joined together in the fall of 2000 to launch a program packaging this 

information and creating a consistent market message: "motor decisions 

matter:' The goal of the program is to increase the demand for premium 

motors and quality motor repair services by promoting to decision-makers 

the benefits of implementing a motor management plan. 

The Motor Decisions Matte,sM campaign is designed to 

• Increase customer awareness of the benefits of better, more evalua
tive motor management ("customer" means the key employees in

volved in making key operational and policy decisions) 

• Highlight the tools and resources needed to manage motors more ef

fectively (how to tap into the savings of premium motors and high

quality motor repair) 

• Help consumers develop motor management plans for their facilities 

Rather than creating a new program, the campaign is designed for 

integration into existing programs. The hope is that, by having all major 

market players integrating the same simple market message into their 

marketing and product materials, this message will be more effectively 

delivered than it has been by past programs. 

Campaign participants are sharing market research and program 

tools and materials, such as brochures and computer decision programs. 

A marketing firm has been retained to refine the campaign message and 

to develop common campaign materials that can be customized by partici

pating programs and companies. 

The campaign founders hope that in the future the Motor Decisions 
Matte,sM campaign can serve as a vehicle for disseminating other pro

gram strategies, such as motor system energy efficiency services. 

Source: CEE 2001 

customers do not realize how wasteful compressed-air systems can be 
and how to achieve substantial savings from a variety of compressed
air system improvements. In addition, expertise in compressed air
systems is rare-there is a major need for training to improve the 
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quality of service providers. Furthermore, many customers do not 
have confidence in suppliers to deliver compressed-air savings, so 
they don't ask for these services. 

At this point, the major program operating in the United States to 
promote energy-saving improvements to compressed-air systems is the 
Compressed Air Challenge (CAC) program, operated by a consortium of 
government agencies, regional organizations, utilities, and compressed
air system component manufacturers and service providers. The mis
sion of CAC is to develop and provide resources that educate industry 
regarding the opportunities to increase net profits through compressed
air system optimization. The Compressed Air Challenge program is in
tended to address the barriers discussed above, primarily by providing 
objective information in user-friendly formats. 

Currently, the Compressed Air Challenge program offers several 
training courses and educational publications for customer mainte
nance and vendor sales staff. Two courses are offered: a one-day "Fun
damentals of Compressed Air Systems Training" (level 1) and a two
day" Advanced Compressed Air Management Training" (level 2). 
Publications include the Compressed Air Sourcebook as well as a series of 
fact sheets. A computer program (Air Master) has also been prepared 
that assists end-users in evaluating the applicability and energy-saving 
potential of eight energy efficiency measures for compressed-air sys
tems. Training programs have been offered in many regions of the 
country, often with co-sponsorship by local utilities and/ or state and 
regional organizations (McKane 2000). 

The Compressed Air Challenge also includes a customer awareness 
campaign on the benefits of effective and efficient compressed-air sys
tems. This campaign is just getting going and is particularly focused 
on placing articles in magazines read by industrial facility managers, 
engineers, and maintenance staff (McKane 2000). 

As a complement to the Compressed Air Challenge program, the 
Compressed Air and Gas Institute (CAGI) is considering developing 
level 3 and level 4 training courses and operating a certification pro
gram for people who pass exams based on these classes (McKane 
2000). CAGI and its members have also agreed on a common set of 
operating conditions for rating compressors; manufacturers are start
ing to make efficiency ratings available for these rating conditions. A 
common set of rating conditions makes it possible to compare equip
ment from manufachuer to manufacturer. 

Many utilities have used CAC materials to help develop more 
intensive local programs to promote compressed-air system effi
ciency improvements. For example, PG&E conducted market re
search on the compressed-air industry and offered a pilot program 

299 



ENERGY-EFFICIENT MOTOR SYSTEMS 

using a data logger to record compressor operating performance over 
time and Air Master to estimate energy and cost savings based on the 
data collected. The program found average potential energy savings 
of approximately 30%. Based on these results and the results of its 
market research, PG&E is developing a Compressed-Air Market 
Transformation Program (CAMP) that includes three main compo
nents: standardized tools for compressed-air testing; training for 
trade professionals and end-users; and development of case studies 
and other marketing materials. These components are designed to 
build the supply of professionals who can provide compressed-air 
marketing services, and to increase end-user interest in purchasing 
these services (Hanna and Baker 2000). 

Similarly, XENERGY began a program in 2000 sponsored by NY
SERDA. The program's objective is "to encourage compressed air sys
tem distributors to look at promoting energy efficiency in the systems 
they sell and service as a key strategy for increasing profits and en
hancing customer relationships." To achieve this objective, the pro
gram plans to provide participating distributors with tools and sup
port so they can quickly and effectively offer these services while 
minimizing start-up costs. Program services include plant assessment 
field materials to estimate system energy and potential savings from a 
list of two dozen common efficiency measures, plant assessment re
port writing tools (e.g., templates for developing reports), project im
plementation tools (e.g., guidelines and scripts regarding project fi
nancing and closing project sales), hands-on project design and 
closing assistance provided by expert consultants, and marketing sup
port (XENERGY 2000c). 

For years, utilities in the New England states (NSTAR, National 
Grid, and Northeast Utilities) and others have offered technical assis
tance and rebates for compressed-air efficiency projects. These ser
vices, combined with utility oversight of technical quality of studies, 
have created a small but significant community of compressed-air op
timization experts and an increasing number of sales and service and 
engineering firms with the ability to identify compressed-air efficiency 
opportunities, address the more straightforward issues, and tap into 
the experts for the more complex issues. Utilities in Massachusetts and 
New Jersey are also developing optimization case studies in a variety 
of industries as a complement to CAC in order to help build confi
dence in compressed-air system optimization among customers and 
vendors (Gordon 2000). 

Another interesting initiative is the Sav-Air program operated by the 
NW Alliance. The Sav-Air program provides integrated compressed-air 
management systems and engineering services that effectively allow the 
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customer to outsource management of their compressed-air systems. 
The Sav-Air approach includes remote monitoring and control of 
compressed-air systems using sensors, computers, and software. The 
service begins with temporary monitoring and preparation of a site
specific proposal and, if the proposal is accepted, proceeds to (1) de
tailed auditing and monitoring to determine baseline usage, savings 
potential, and system improvements; (2) installation of system im
provements; (3) verification of savings; and (4) ongoing monitoring, 
reporting, and system optimization. These services are provided by a 
private company that receives some support from the alliance but is 
otherwise selling these services to potential customers. As of this writ
ing, four sites have received initial monitoring and proposals, and in
stallation of detailed monitoring is now taking place at one site. These 
initial sites will be used to prepare case studies on costs and benefits 
and it is hoped that these case studies and other marketing efforts will 
ultimately allow Sav-Air to be a self-sustaining business (Scott, Stout, 
and Gordon 2000). 

A more limited approach for achieving some compressed-air en
ergy savings is through a leak detection and repair program. For ex
ample, in the early 1990s, B.C. Hydro provided free airflow and leak
age surveys of compressed-air systems. The surveys assessed leaks 
in the system, motor and compressor efficiency, system controls, and 
system pressure relative to compressed-air needs. Follow-up leakage 
tests were provided 3 months after the initial assessment. These 
identified the general location of leaks, estimated how much they 
were costing the customer, and suggested a leak reduction target. If 
the target was achieved, the company received an award and the 
maintenance crew got a free lunch and a door prize. In addition, to 
encourage regular tests of the compressor system, B.C. Hydro paid 
one-half the cost of a follow-up assessment 1 year after the original 
assessment. B.C. Hydro would also cost-share customer purchases of 
leak detection equipment. The hope was that customers would un
dertake and finance annual assessments without utility involvement. 
The program targeted facilities with compressor systems of 100 hp or 
more. After 2 years of operation, almost 200 customers participated, 
which was nearly 40% of eligible customers. Program staff attributed 
this high participation rate to the free nature of the service and to ex
tensive marketing efforts including local seminars and personal con
tacts with eligible customers. However, achieving persistence of sav
ings requires regular leak testing-more than 100 customers 
purchased leak detectors under the program but it is unclear how 
many of these customers regularly use this equipment (Ference 
Weicker and Company 1995; Nadel and Jordan 1994). 
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In 1992, in an effort to capture additional energy savings, B.C. 
Hydro introduced financial assistance for full-scale compressed-air 
system audits, and incentives and financing for implementation of 
audit recommendations. Approximately 50 projects were undertaken 

Selling Compressed Air and Other Energy Services 

Selling an energy service is another approach to motor systems 

improvement. Various forms of motor-driven equipment service are 

being considered in which the contractor operates (and possibly owns) 

the equipment and charges the customer per unit of output (e.g., cubic 

feet of compressed air at a specified pressure). Under this arrange

ment, the customer purchases the services they need on an out-source 

basis, and the service provider can earn higher profits by optimizing the 

system to reduce operating costs. 

For example, several years ago Wisconsin Electric Power Com

pany (WEPCo) operated a pilot program called the End-Use Pricing 

Service (EUP). Under EUP, WEPCo would design, install, own, and op

erate end-use systems on the customers' premises in return for a flat 

fee. A long-term contract (10-15 years) for the end-use service was ne

gotiated, with the customer paying a flat fee subject to renegotiation at 

intervals during the contract. An option for customer purchase of the 

equipment was also included. The program began with pilots of HVAC, 

refrigeration, and compressed-air services. While these initial pilot proj

ects were successful, the program prompted complaints of unfair com

petition from some trade groups and was suspended (Flanigan and 

Hogan 1995; Gandhi and DiGiacomo 1994). As the electric utility indus

try is restructured in the United States and electric service ceases to be 

a monopoly, these objections may no longer apply. 

A number of other groups, including utilities, air compressor distrib

utors, and energy service companies, are considering offering this type 

of service. In some cases, utilities are partnering with companies pos

sessing technical expertise. One such example is the partnering of 

Honeywell and Duke Engineering and Services (a nonregulated sub

sidiary of Duke Power Company) to offer "out-sourced utility" com

pressed-air services (Thielemann 1997). Some companies are also 

looking beyond compressed air to other motor services such as pump

ing, cooling, or even shaft horsepower. No examples exist at this time, 

though this appears to be an exciting area for development. 
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under this program component. In 1995, services were scaled back 
and then discontinued along with other energy efficiency programs 
due to a change in utility priorities (Ference Weicker and Company 
1995; Fleming 1995). 

Overall, reasonable progress is being made in raising the ability 
of the compressed-air systems industry to understand and address 
compressed-air systems problems. Major next steps are completing 
the suite of training and educational materials and increasing efforts 
to educate distributors and end-users about opportunities to improve 
systems operation and reduce operating costs through compressed
air systems improvements. Local and regional program operators 
would do well to tie in with the Compressed Air Challenge program 
and also to think about complementary local activities and services 
along the lines of the programs in California and New York. 

Fan and Pump Systems 
Fan and pump systems also provide large opportunities for en

ergy savings, and since fan and pump systems account for about 40% 
of motor systems energy use (see Chapter 6), they are a prime target 
for energy efficiency efforts. However, most of the available savings 
from fan and pump systems require good application-specific engi
neering and cannot be made in a "cookie cutter" fashion. Most end
users (and even many of the consulting engineers they hire) lack prac
tical knowledge regarding how best to optimize systems. 
Furthermore, optimization can be a time-consuming process, and time 
is something most customers are short of. 

Past Programs 
Programs focusing on fans and pumps began around 1990, start

ing in Canada but then progressing to several regions of the United 
States. Early programs were offered by B.C. Hydro and Ontario 
Hydro and focused on identifying good applications for adjustable
speed drives. However, this focus proposed an answer before asking 
which technologies make the most sense for each customer. By 1993, 
the Canadian utilities began several pilot projects that used a systems 
approach to optimize the entire motor-driven system. Due to a shift 
in utility priorities, these programs were discontinued before they 
moved out of the pilot stage, but many of the people working on 
these programs participated in the development of a Performance 
Optimization Service (POS) in Wisconsin. 

The Wisconsin POS program began in 1993 and was operated by the 
Energy Center of Wisconsin (a nonprofit organization) in partnership 
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with the state's utilities. Under POS, utility customer-service represen
tatives identified candidates for POS services, and a POS engineer was 
hired to provide the customer a quick, free engineering "walk
through" analysis of their systems. If substantial savings were pro
jected, a feasibility study proposal was prepared to cover work 
needed to determine what could be done to improve efficiency and 
performance, and how much it would save the customer. If the pro
posal was accepted, a POS engineer collected system-load and operat
ing data and prepared a feasibility study report, which recommended 
a design strategy and detailed technical and economic impacts of the 
project. As the program evolved, these steps were streamlined and 
combined so that following the walk-through the customer was given 
preliminary cost and savings estimates, along with the proposal for 
the detailed study. 

Utilities offered a range of incentives to customers to implement 
POS projects: partial reimbursement of feasibility study costs; cus
tomized rebates based on projected energy savings; low-interest loans; 
and shared-savings contracts through an independent financing orga
nization. A training program was developed with support materials 
for utility representatives, consulting engineers, trade allies, and end
users, with training tailored toward specific needs of each of these 
groups (Wroblewski 1996). 

The POS program provided initial audits to 36 sites and detailed 
feasibility studies to 11 sites. Ultimately, however, only six customers 
decided to implement projects: the others decided against imple
mentation or else made no decision at all. An evaluation of the pro
gram attributed the low implementation rate to several factors: (1) 
nothing was broken; (2) it was perceived that savings were risky or 
cost estimates unrealistic; (3) several plants got a second opinion 
from a fan vendor who told them not to do the project because of 
feasibility or reliability concerns; (4) reluctance on the part of plant 
personnel to acknowledge inefficiencies in their systems; (5) payback 
periods that exceeded company targets (typically 2 years); and (6) 
expectation/ desire for financial incentives (which Wisconsin utilities 
were phasing out as the POS program was beginning). The evalua
tion also found that those customers that did implement projects did 
so for two main reasons: the project solved an existing problem, 
and/ or the project was low risk and had low or no capital costs. In
terviews during the evaluation found that most companies preferred 
to consider process changes when existing systems fail or need to be 
expanded. Interviewees recommended greater utility involvement in 
the process, including presenting the POS concept to senior manage
ment. Also, interviewees recommended educating manufacturers 
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and design engineers about POS concepts so that these concepts can 
be incorporated into system designs when new equipment is in
stalled (Bensch 1999; Sturiale 1999). 

Of the projects that were implemented, four were evaluated. 
These projects cost an average of $48,000 and saved an average of 
$40,500 annually, resulting in an average simple payback period of 1.2 
years. As a result of this low implementation rate, as well as the high 
cost of marketing and engineering, the Energy Center decided to can
cel the program. Program staff felt that the concept had a lot of merit, 
but more work was needed to streamline procedures so that costs 
could be kept in check and also so that projects were more contained 
and easier for customers to make decisions about. For example, sev
eral of the engineers involved in the program recommended develop
ment of improved pre-screening procedures so that inappropriate sites 
could be better screened out prior to anyon-site assessments (Bensch 
1999; Meadows 2000). 

Recent and Current Efforts 
Focusing on Particular Industries 

Building on these lessons, recent efforts to capture fan and pump 
efficiency savings have tended to focus on particular industries and 
the particular fan and pumping systems that are generic to an indus
try. Focusing on industries allows for knowledge from one project to 
be applied to other projects, cutting costs. Also, word-of-mouth and 
case studies within an industry can be very useful in building partici
pation. Examples of programs focused on particular industries include 
work in California on municipal water and wastewater systems and 
agricultural pumping systems; work in British Columbia, the Pacific 
Northwest, and North Carolina on lumber-drying kilns; and work in 
the Northwest on refrigerated storage warehouses. 

In 1995, DOE, EASA, PG&E, and local motor distributors identi
fied water pumping at water and wastewater treatment facilities as a 
major energy-saving opportunity, based on several previous demon
stration projects. Using three California Energy Commission (CEC) 
case studies at water and wastewater sites as a foundation, they orga
nized operations and maintenance pumping workshops for Northern 
California American Water Works Association (AWWA) members. The 
workshops focused on how to choose motors and pumps, mainte
nance and operation practices, and motor and pump repair. These 
workshops were all standing room only. As a result, AWWA partnered 
with CEC and utilities throughout the state to offer workshops 
statewide. Based on this success, DOE, CEC, and AWWA, along with 
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the Electric Power Research Institute and the utilities, brought the 
Pumping System Optimization training (discussed below) to Califor
nia. They conducted six sessions in both 1997 and 1998, again to 
standing-room-only crowds. The success of the California initiative re
sulted in programs in other states, including New York, Arizona, and 
Iowa. The strength of the program has been its focus on a narrow mar
ket segment. Also, AWWA was an essential partner. Another induce
ment was that the initiative worked with participating states to give 
Continuing Education Unit hours for the workshops, which was im
portant to many of the water and wastewater operators who needed 
the hours to maintain certification (Oliver 1999). 

California utilities (e.g., PG&E and SCE) have also been promot
ing pump system improvements to agricultural customers for 
decades. The foundation of these programs has been a pump-testing 
service that tests pumping systems to determine overall system effi
ciency, electrical motor performance, pump hydraulics, and water 
well characteristics. The result is a computerized report containing in
formation on the testing results, and a recommendation on whether 
replacement or upgrading equipment is warranted. Where such 
changes are recommended, estimates of the capital and operating cost 
impacts for the upgraded system are provided. In recent years, many 
of these programs have added additional services such as free or sub
sidized engineering feasibility studies on energy-saving measures, 
pump system design analysis, and incentives for installing energy
saving measures (Conlon and Weisbrod 1998; SCE 2000). 

Recent market research by PG&E found that the major barriers in
hibiting good pumping practices are the perception that efficiency 
measures have many hidden costs, concerns that measures will not 
perform as advertised, and lack of information and the time needed to 
find trustworthy information. This research found that the PG&E 
pumping program was addressing the information barrier to a signifi
cant extent and other barriers to a lesser extent (PG&E 1999). A 1998 
evaluation of SCE's pumping program found similar program impacts 
and further found that pumping system efficiency gradually increased 
in the 1990s (due in part to the SCE program), program participants 
saved energy relative to nonparticipants, and the market share for 
high-efficiency pumps was much greater in California than in a neigh
boring state that did not have an agricultural pumping program (Con
lon and Weisbrod 1998). 

However, this study also recommended developing additional 
intervention strategies to better address the remaining market barri
ers to high-efficiency pumps and good pumping system design, op
eration, and maintenance practices. Among the recommendations 
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were the following: improving access to financing and other tools to 
reduce the first cost of more efficient equipment; developing stan
dards for defining and distinguishing high-efficiency pumping 
equipment; working with municipalities to improve bidding proce
dures so that efficient and inefficient equipment are no longer evalu
ated as "comparable;" encouraging dealers to improve stocking of 
efficient equipment; and offering training for pumping system con
sultants on the value of long-term payback from investing in the ac
quisition of higher-efficiency and longer-lasting equipment (Conlon 
and Weisbrod 1998). 

The N.C. Alternative Energy Corp., now Advanced Energy (AE), 
in cooperation with the furniture industry, North Carolina State Uni
versity, and the state's electric utilities, undertook a project to demon
strate the potential of controlling airflow in hardwood lumber dry 
kilns. The project's goals included understanding the drying process 
for furniture-grade hardwood; developing a control strategy for the 
fans; and evaluating the potential for savings. In furniture-grade lum
ber, especially some hardwoods, such as oak, the control of the dry
ing process is critical for maintaining lumber quality. The AE study 
developed a control strategy based on the change in the humidity in 
the air immediately before and after it had passed through the lum
ber stack to vary the fan speed. Field trials with two industrial 
demonstration sites confirmed that varying the airflow resulted in at 
least as good a lumber quality with no effect on production rates. The 
operators felt that the lumber quality was better with the variable air 
(particularly on woods difficult to dry, such as oak), though tests 
were not conclusive. The total energy required for a load of wood 
was reduced by about half. Paybacks for the fan control systems var
ied from 2.4 to 8.7 years, depending on motor size and kiln configura
tion. Following completion of the report, AE conducted a series of 
seminars on the topic for the Southeastern Dry Kiln Club, the indus
try technical association (IEL 1992). 

A project to promote variable fan speed systems in softwood 
dry kilns was operated by B.C. Hydro for several years. The pro
gram sponsored audits of dry kiln systems in the province and rec
ommended ASDs in applications with a 2-year simple payback or 
less (36% of audited kilns met this criterion). Ultimately, approxi
mately two-thirds of the kilns in the province were audited, and of 
these, approximately 25% proceeded to implement the audit recom
mendations (Ference Weicker and Company 1995). Similarly, indus
trial efficiency programs offered by the Bonneville Power Adminis
tration in the 1990s provided incentives for variable fan speed 
systems at many plants in the Northwest (Gordon 2000). 
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In the Northwest, a program has recently begun to work with re
frigerated fruit storage warehouses to encourage them to install 
ASDs on refrigeration system evaporator fans. The program builds 
on several successful refrigerated storage projects in the region and 
seeks to use these successful projects to promote widespread applica
tion of this measure in the Northwest's large fruit industry. The initial 
projects resulted in significant energy savings and reduced fruit 
weight loss in all applications while improving the quality of the 
stored fruit in some applications. The program centers on educating 
warehouse owners-as well as vendors, contractors, and systems 
operators-on the benefits of ASDs in refrigerated warehouses. Pro
ject activities include a database on refrigerated warehouses and ASD 
installations in these warehouses, demonstration projects, and detailed 
reports on these case studies. Overall, the demonstration projects 
have reduced fan energy use by 24-78% and have a simple payback 
period of 1.6-21.6 years when only energy savings are considered. 
However, when fruit mass loss savings are also considered, simple 
paybacks drop to 1.1-2.9 years (Morton and McDevitt 2000; NEEA 
2000). 

Other Current Efforts 
In addition to these industry-specific programs, a number of 

broader programs are being offered to promote fan and pump sys
tem energy savings. For example, DOE's Industrial Best Practices: 
Motors program has developed and offered a series of Pumping Sys
tem Optimization Workshops. These sessions present the fundamen
tals of optimizing pump systems and focus on the Pump System As
sessment Tool (PSAT), which helps industrial users assess the 
efficiency of pumping system operations. PSAT uses achievable 
pump performance data from Hydraulic Institute (HI) standards to 
calculate potential energy and associated cost savings. DOE is now 
developing a training program on how to use the PSAT software. 
Two levels of training are planned-for pump system specialists 
who will use the software to evaluate pumping systems, and for in
structors who will lead workshops for others on using the software 
(DOE 2000a). 

Many utilities offer incentives for installation of ASDs in fan and 
pump systems. Most of these programs offer" custom" incentives for 
ASDs and other energy-saving measures. In these custom programs, 
the customer or its consultants prepare a description of the measure, 
its costs, and its energy and demand savings. Based on this informa
tion, the utility will provide an incentive determined according to a 
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formula (e.g., $x per kWh saved). However, a few utilities offer pre
calculated incentives per unit horsepower controlled by the ASD, 
provided certain criteria are met. For example, National Grid USA 
offers incentives on a per horsepower basis for boiler water feed 
pumps; hydraulic pumps on injection molding machinery; chilled 
water distribution pumps employed in building HVAC systems; and 
supply, return, and building exhaust fans employed in variable air 
volume building HVAC distribution systems. For each of these ap
plications, annual equipment operating hours must exceed eligibility 
levels set by the utility. National Grid offers precalculated incentives 
for these applications because it is confident that ASDs will provide 
cost-effective energy savings. For other potential applications of 
ASDs, National Grid accepts custom-measure applications but re
quires engineering calculations to verify that savings are significant 
and cost-effective. The National Grid ASD program has been popu
lar with customers and ASD vendors because it is relatively simple 
to apply for and the amount of incentive is known in advance, mak
ing it easier for vendors to sell projects to customers. National Grid 
has been offering this program since the early 1990s and as of 2000 
has provided incentives for nearly 500 ASDs (McAteer 2000). 

Overall, it is clear that there is a lot of interest in and experimenta
tion with approaches for promoting fan and pump system improve
ments. However, none of the approaches used has yet "taken off" and 
produced a noticeable transformation of practices in the market. How
ever, the targeted industry approach has made significant progress in 
some markets and appears promising for replication in other regions. 
Continued work is needed to identify additional sectors and processes 
that lend themselves to optimization improvements, permitting devel
opment of additional industry-focused initiatives. For example, a re
cent analysis of motor energy use and savings opportunities in the Pa
cific Northwest identified four industry areas with the most promise: 
irrigation using groundwater pumping; the pulp and paper industry; 
the mining industry; and food preservation (including food process
ing and cold storage) (Easton Consultants and XENERGY 1999b). 
Broader efforts to develop good tools and training programs are a use
ful foundation for these more targeted efforts. They also contribute to 
the longer-term goal of increasing know ledge of motor and fan system 
optimization techniques by allowing these techniques to be employed 
across a wide range of applications. A particular need is to provide 
better training on optimization techniques for the process engineers 
who are designing fan and pump systems today. To the extent that 
these designers know how to "do things right," system efficiency at 
the time of construction can be significantly increased. 
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Standards for Pumps and Fans 

Over the past two decades, there have been periodic suggestions 

that minimum-efficiency standards be set for pumps and/or fans. For ex

ample, in 1980, DOE investigated possible standards for pumps and con

cluded that "the wide range of operational requirements for a given piece 

of equipment would make the establishment of standards extremely com

plex" (ADL 1980). Likewise, in the 1990s, the Canadian Electrical Associ

ation (CEA) investigated possible standards for commercial and industrial 

fans and concluded that market transformation initiatives are needed for 

both products, and that test procedures and minimum-efficiency stan

dards for small pumps should be pursued as well (Intek, Inc., and Libby 

Engineering Limited 1995; Kaminski 1994). However, work on small 

pumps did not make much progress before nationwide utility funding cut

backs caused CEA to scale back work on standards. On another front, 

the Air Movement and Control Association (AMCA) has had success with 

voluntary efficiency testing, certification, and labeling agricultural ventila

tion fans (AMCA 1995), illustrating how it may be possible to set stan

dards for some types of fans and pumps, but only by concentrating on 

particular types of products. However, any efforts to set standards for par

ticular types of pumps and fans will require substantial time and technical 

work to develop testing standards and efficiency levels that work across a 

broad range of products and applications. 

Air Conditioning 
Air conditioning accounts for approximately 17% of motor energy 

use (see Chapter 6). Air conditioning systems range from small resi
dential-scale packaged systems to large custom-engineered chillers. 
Program approaches vary with the type of system. 

For chillers, many programs begin with incentives for high-efficiency 
models. Efficiency thresholds vary with chiller size and type. Eligibility 
is typically stated in terms of kilowatt per ton under standard design 
load conditions but some programs are also specifying eligibility in 
terms of integrated part-load value (IPLV-a measure of part-load per
formance). For chillers that operate at part load most of the time, IPLV 
ratings are useful. For heavily loaded chillers, peak ratings are more 
appropriate. A sample chiller rebate eligibility schedule is provided in 
Table 9-3. 
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Sample Chiller Program 
Incentive Schedule
Water-Cooled Units, 300 Tons 
Cooling Capacity and larger 

Ceotrifugal Screw 

kW/loo Full Load IPLV Full Load IPLV 
(S/loo) (S/loo) (S/loo) (S/loo) 

0.64 - - $29 -

0.63 - - $31 -

0.62 - - $33 $29 
0.61 - - $35 $31 
0.60 - - $37 $33 
0.59 $35 - $39 $35 
0.58 $37 - $41 $37 
0.57 $39 $35 $43 $39 
0.56 $41 $37 $45 $41 
0.55 $43 $39 $47 $43 
0.54 $45 $41 $49 $45 
0.53 $47 $43 $51 $47 
0.52 $49 $45 $53 $49 
0.51 $51 $47 $55 $51 
0.50 $53 $49 $57 $53 

Note: Incentives are available for meeting 
either the full-load or part-load (IPLV) criteria, 
but not both. Incentive schedules are also 
available for other types of chillers, including 
air-cooled chillers and various types and 
sizes of water-cooled chillers. 

Source: Connectiv 2000 
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A 1994 review of chiller and 
other rebate programs found that 
the most successful programs typi
cally work closely with trade allies 
such as manufacturer representa
tives and engineering consultants; 
use marketing that emphasizes 
face-to-face contact with trade allies 
and customers; and maintain con
sistency in program design from 
year to year (Nadel et al. 1994). 

However, just as important as 
the efficiency of the chiller under 
laboratory conditions is how the 
system is optimized for the particu
lar application. A system providing 
process cooling for a three-shift in
dustrial operation will have very 
different system requirements than 
a system for a typical high-rise of
fice building. System optimization is 
very complex and does not lend it
self to simple rebates. Among other 
issues, the system designer needs to 
assess where and how to use ASDs 
or other techniques to match the 
system output to changing cooling 
and ventilation needs. Additionally, 
system optimization is most effec
tive when based on metered data on 
system loads, but most modelers 
and designers are not accustomed to 

working with metered data. Here, two complementary approaches 
tend to prevail. First, information on, and tools to aid, good system 
monitoring, analysis, and optimization can be provided to design engi
neers. Second, technical assistance can be provided by the program 
sponsor, including hiring or cost-sharing an optimization expert to 
work with the design engineers (or at times, it just means paying the 
design engineers a little more in order to have them take the extra time 
to fully optimize the system). 

A good example of the first approach is the CoolToolsTM program 
at PG&E. The objective of the program is to develop, disseminate, and 
promote an integrated set of tools for the design and operation of 
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chilled water plants. CoolToolsTM products are software programs, 
publications, and support services that together provide an objective, 
analytical method for comparing alternative strategies during the de
sign and operation of chilled water systems. The products are public 
domain and Internet-based (www.hvacexchange.com/cooltools). As of 
mid-2000, over 20 modules (software and/or written materials ad
dressing specific topics) were up and running, with more are in prepa
ration, including case studies of successful projects. According to the 
program manager, feedback on the tools from design engineers has 
been very positive; PG&E is now exploring options to encourage wider 
use of the tools (Turnbull 2000). 

Leading programs using the second approach are those offered by 
several New England utilities, including Northeast Utilities (NU), Na
tional Grid, and N-Star. For example, National Grid has integrated 
their replacement chiller optimization program into the Comprehen
sive Design Approach (CDA) of their Design 2000 Program. CDA 
deals with all manner of comprehensive building opportunities. For 
existing chillers, National Grid uses a calibrated modeling approach, 
based on metered data, to credibly show building loads. This has 
proved important in building designers' confidence to design to actual 
load levels. National Grid also optimizes new chiller systems through 
the CDA service. The primary difference is that there is no prior load 
data so the design is computer model-based. 

A further step beyond system optimization is to take steps to re
duce the load placed on the chiller before installing a new chiller. 
Commonly called "integrated chiller retrofits," such projects typically 
involve installing efficient lighting and possibly other load-reduction 
measures, with the resulting load reductions allowing for purchase of 
a smaller chiller than the one being replaced. Other measures to im
prove systems operation (such as improved HVAC controls, improved 
pumping and airflow designs, larger pipes or ducts, or VSDs) can also 
be included in the project. For example, Worcester Polytechnic Insti
tute (WPI) in Massachusetts replaced a 290-ton, 0.85 kW /ton chiller 
with a 170-ton, 0.62 kW /ton chiller. The chiller downsizing reduced 
the cost of the new chiller, in part because of reduced heat gains from 
installing more efficient lighting and in part because the old chiller 
was oversized. At the same time, WPI installed new air handling unit 
controls (to improve system operation), added ASDs to pumps in the 
system, and installed an outdoor air heat exchanger for wintertime 
computer room cooling. The total project reduced electricity use in 
buildings served by the chillers by more than 15% and had a 5.2-year 
payback to WPI (Gartland and Sartor 1998). Some utilities (e.g., the 
New England utilities discussed above) encourage such integrated 
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retrofits by packaging technical assistance services with incentives for 
purchase of efficient chillers and lighting and other load reductions. 
For example, New England Electric provided technical assistance and 
incentives for the WPI project discussed above. 

Existing commercial chiller systems can also be better optimized. 
All too often, controls and valves get out of adjustment, and in some 
cases they were never properly adjusted, even when the system was 
new. Commissioning is the process of checking that systems are properly 
installed and adjusted. For complex systems such as chillers, experi
enced commissioning engineers are needed to do a good job. Histori
cally, when commissioning is done at all, it is done when systems are 
new. But in recent years there has been growing interest in retrocommis
sioning, meaning the commissioning of existing buildings. Several utili
ties and government agencies now offer programs to promote these 
services, based on field studies that indicate whole building energy 
savings from commissioning of 5-10% and retrocommissioning of 
5-20%, with simple paybacks of 1-3 years. The typical retrocommis
sioning program includes training programs for commissioning engi
neers, educational materials and programs for building owners and 
managers on the benefits of retrocommissioning (including case stud
ies of successful projects), and financial incentives to share the cost of 
commissioning and retrocommissioning services with building own
ers. Most of these programs address the entire HVAC and control sys
tem, and often other systems as well, although a few programs have 
focused just on chiller systems (Dodds, Baxter, and Nadel 2000). 

The majority of commercial building cooling energy use is not at
tributable to chillers but instead is due to unitary (packaged) systems 
(E Source 1997). Units range in size from 3-phase versions of residen
tial equipment to rooftop systems of 30 tons cooling capacity or more. 
For packaged commercial systems, the Consortium for Energy Effi
ciency (a consortium of utilities and state and nonprofit energy organi
zations) has developed a set of efficiency thresholds that members use 
to determine eligibility for incentives and other promotions. By work
ing together on a single national specification, rather than having 
specifications vary from utility to utility, CEE members make it possi
ble for manufacturers and distributors to produce and stock a com
mon line of equipment that is eligible for programs nationwide. 

The CEE specification includes two efficiency tiers-Tier I, which 
is about 10% higher than current mandatory federal efficiency stan
dards for these products, and Tier 2, which is about 10% higher than 
Tier 1. However, the model building code developed by the American 
Society of Heating, Refrigerating and Air-Conditioning Engineers, Inc. 
(ASHRAE), was recently upgraded to require Tier 1 levels of efficiency, 
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Table 9-4 

CEE Eligibility Levels and NEEP Incentives for Air-Source 
Commercial Packaged Air Conditioners 

Required Efficiency NEEP Incentives ($/Ion) 

Cooling Federal 
Capacity Siandard CEE Tier 1 CEE Tier 2 CEE Tier 1 CEE Tier 2 

:0;65,000 Btuh 10 SEER 12 SEER 14 SEER $55 $85* 

65,001-
8.9 EER 10.3 EER 11 EER $38 $68 135,000 Btuh 

135,001-
8.5 EER 9.7 EER 10.8 EER $43 $73 240,000 Btuh 

>240,000 Btuh None 9.5 EER 10 EER $43 $73 

* For Tier 2, NEEP has slightly modified the CEE tiers, using SEER 13 for equipment under 65,000 
Btuh. 

Note: One ton = 12,000 Btuh. The programs also cover heat pumps and water-source equipment, 
with different eligibility levels and incentives. EER = energy efficiency rating. 

Sources: CEE 2000a; NEEP 2000a 

and the federal standard is likely to be revised soon to these levels as 
well. As a result, utility promotions are increasingly emphasizing Tier 
2, and some programs are dropping incentives for Tier 1 equipment. 
Table 9-4 summarizes the different efficiency tiers and also includes in
formation on incentives for each tier being offered in 2000 by NEEP, 
which probably has the largest program in the United States covering 
this equipment. Furthermore, EPA is considering establishing an EN
ERGY STAR labeling program for this equipment based largely on the 
CEE Tier 2 levels (EPA2000b). 

The NEEP program combines incentives for eligible equipment, 
extensive outreach and marketing to equipment distributors and ven
dors (via several full-time "circuit riders"), and more limited outreach 
to equipment purchasers. A 1999 evaluation of the program found that 
approximately 15'/'0 of equipment sales met the program's eligibility 
thresholds, split roughly between Tier 1 (60%) and Tier 2 (40%) (RLW 
Analytics 1999). In the first half of 2000, participation rates increased 
significantly, with the majority of rebates going to Tier 2 equipment 
(Linn 2000). 

In addition to more efficient equipment, the NEEP initiative is also 
beginning to explore interventions to improve the quality of installa
tion and maintenance practices for commercial packaged equipment. 
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In 2000, a customer education program on these issues was offered by 
NEEP in consultation with vendors. Also in 2000, a group of NEEP 
members studied the feasibility of a training and certification program 
on high-quality installations in commercial and industrial facilities 
and decided to develop and implement a pilot one-day training 
course for commercial HVAC technicians but to hold off on a certifica
tion program pending results of the training program. The sponsoring 
utilities have selected an independent organization (the Eastern Heat
ing and Cooling Council) to run the training program, feeling that 
there would be more acceptance from contractors if this training was 
not be a direct utility activity (Neal et a1. 2000). 

For residential air conditioning units, there are also many oppor
tunities to promote more efficient equipment and installation and 
maintenance practices. Most programs focus on central air condition
ing systems since these account for more than 80% of residential cool
ing loads (EIA 1999). EPA has the ENERGY STAR program that offers 
the ENERGY STAR label for residential central air conditioners with a 
seasonal energy efficiency ratio (SEER) of 12 or higher. EPA also has a 
variety of promotional tools for this equipment that it makes avail
able to manufacturers, distributors, utilities, and others who want to 
promote ENERGY STAR-qualifying equipment (EPA 2000c). Data avail
able from the Air Conditioning and Refrigeration Institute (a manu
facturers' trade association) indicate that just over 20% of residential 
central air conditioner and heat pump sales meet the ENERGY STAR 
levels (Leland 1998). 

In addition to promoting ENERGY STAR, some utilities are offering 
incentives for equipment with SEER 12, 13, or higher. A 1997 report for 
CEE reviewed many of these programs and found that several of the 
most successful ones were achieving market shares of 40% or more for 
SEER 12 equipment and market shares of 10% or more for SEER 13 
equipment. Particularly noteworthy was a program offered by Po
tomac Electric Power Company (PEPCo) that was achieving a 50%, 
market share for SEER 13 equipment. The study found that successful 
programs included strong relationships with HVAC contractors, had a 
lot of continuity (e.g., were operating for 5 years or more), and gave 
contractors ample notice of program changes. The PEPCo program 
achieved its high SEER 13 market share by first offering incentives 
that covered a larger portion of the incremental cost for SEER 13 
equipment than incentives offered for SEER 12 equipment, and then 
once the market for SEER 13 equipment was established, phasing out 
SEER 12 incentives entirely (CEE 1997). 

These programs are important because updated federal standards 
for air conditioners (and heat pumps) will not take effect until 2006. In 
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January 2001, the Clinton Administration published final standards. 
Their primary effect would be to raise the minimum SEER to 13. The 
Bush Administration suspended that regulation and proposed a SEER 
12 standard instead. As of this writing, that proposal is in its public 
hearing phase and the subject of litigation. The processes could have 
impact on the final standard level and possibly on the implementation 
date. Once the standards take effect, programs to promote improved
efficiency air conditioners will need to target efficiency levels above 
the new standards. 

As with commercial equipment, some of the residential programs 
are beginning to target proper installation and maintenance practices. 
For example, utilities in New Jersey are offering training to HVAC 
technicians on key elements of project equipment installation, includ
ing system sizing, proper refrigerant charging, and proper airflow 
maintenance. The program also requires that rebate applications for 
new systems include a form providing information on system charge 
and airflow, as well as submission of load calculations, in order to en
courage technicians to pay attention to these parameters on each job. 
This program was extended into a portion of New York State in 2001. 
And in California, utilities are offering incentives to customers to en
courage them to hire contractors to check their air conditioning and 
heat pump systems for proper charge and airflow, and to check duct 
systems for excessive leakage. If significant duct leakage problems are 
found, additional incentives are available for duct sealing services 
(Nadel et al. 2000). 

Refrigeration 
Motors are also used extensively to power refrigeration systems, 

including built-up systems (such as those used in many supermarkets 
and in the food warehousing and processing industries) and packaged 
systems (such as refrigerators, freezers, ice-makers, and water cool
ers). In the past, utilities played an active role in promoting more effi
cient built-up refrigeration systems by promoting such measures as 
floating head pressure control, uneven parallel compressors, mechani
cal subcooling, and hot gas defrost. As a result of these efforts (plus 
the fact that the high operating cost of refrigeration systems provides 
owners with a large incentive to improve efficiency), many of these 
measures have become common practice. 

At this point, opportunities to improve refrigeration systems are 
primarily promoted on a custom measure basis in which owners or 
their consultants propose energy-saving projects to their utility, and 
incentives are provided based on projected kilowatt and kilowatt-
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hour savings and the cost of the project. A few utilities actively pro
mote these services. For example, Northeast Utilities has an in
house refrigeration engineer who works with local supermarkets, 
warehouses, and ice rinks to develop specific energy-saving projects 
built around a list of approximately 20 energy-saving opportunities 
the utility has developed. The utility engineer is well known to re
frigeration system designers and developers, who inform him about 
projects early in the design stage. The utility engineer then meets 
with the owner and design team to review plans and discuss possi
ble energy-saving modifications. Based on information provided by 
the designers, the utility engineer then estimates the costs and sav
ings of energy-saving plan modifications and calculates the rebate 
available for the improvements, if they are implemented. Many of 
these recommendations are accepted. In recent years, the program 
has undertaken an average of 30 projects annually (Knapp 2000). 
According to outside observers, the key to the success of this pro
gram is the utility engineer, who has an excellent reputation in the 
local refrigeration community. 

For packaged equipment, most promotional activities today are 
based on the ENERGY STAR label. DOE sponsors the ENERGY STAR pro
gram for residential refrigerators and works with manufacturers, re
tailers, utilities, and state governments to promote the program locally 
(DOE 2000b). EPA is now researching possible ENERGY STAR programs 
for commercial refrigerators and freezers, refrigerated vending ma
chines, water coolers, and ice-makers (Kubo et al. 2000). 

Cross-Cutting Program Approaches 
The sections above discussed program approaches targeting mo

tors and motor-driven systems. In addition, there are a wide range of 
cross-cutting programs that promote energy savings across a variety 
of end-uses, including, but not limited to, motor systems. In the sec
tions below we summarize some of these approaches and how they 
have been applied to motor systems. 

Performance Contracting 
Performance contracts typically involve private energy service 

companies (ESCos), which contract with a utility or end-user to assess, 
finance, and install energy-saving measures. The ESCo takes as pay
ment a share of the energy cost reduction, based on either engineering 
estimates or actual metered savings. In the latter case, the ESCo takes 
the risk that predicted savings will actually materialize. 
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In recent years, several states and utilities have run standard per
formance contracting (SPC) programs (sometimes also called standard 
offer programs) in which incentives are provided to ESCos (and in 
some cases to customers as well) for installation of energy-saving mea
sures. SPC programs typically have two goals-developing the market 
for performance contracting services and acquiring energy savings. 
Some programs emphasize one or the other goal. SPC programs began 
in New Jersey in the mid-1990s and are presently under way in Califor
nia, New York, and Texas. 

In SPC programs, incentives are typically paid per kilowatt-hour 
saved, with savings pre-calculated for simple measures (e.g., efficient 
lighting) and metered for more complicated measures. Payments are 
typically made over several years and are based on expected lifetime 
energy savings from installed measures. For programs that emphasize 
developing the market for performance contracting services, eligibility 
is commonly limited to energy service companies, and incentives may 
be higher for energy-saving measures and market segments that are 
not typically emphasized by the ESCo industry. For programs that em
phasize resource acquisition, end-users are typically eligible to obtain 
incentives for measures in their own facilities and there is less differ
entiation of incentives among measures and market segments. 

Based on results to date with SPC programs, several conclusions 
can be drawn. First, SPC programs can achieve substantial energy 
savings. In 1998, an evaluation of the California program found that 
it resulted in annual energy savings of approximately 230 GWh. Sec
ond, most SPC programs operating today are under-subscribed (i.e., 
participation levels are not high enough to fully use program bud
gets). This means that at a minimum more time is needed to allow 
the market to build. These low participation rates possibly could also 
indicate that the size of the potential market for ESCo services is lim
ited. Third, programs are not yet generating evidence of sustained 
impacts on the market for efficiency services, although this could 
well be because it is too soon to tell. Regarding motors, motor-re
lated measures have been a significant part of savings in at least 
some programs. In New York, 31 % of electricity savings to date have 
been from motors, mostly in the institutional and commercial sec
tors, as only 11 % of total program savings to date have been in the 
industrial sector (Schiller et al. 2000). 

Bidding 
In the early 1990s, several utilities used bidding to select large 

projects to receive energy efficiency incentives. ESCos, other service 
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providers, and customers proposed projects, and winning bids were 
selected on the basis of requested incentive per kilowatt-hour saved 
and other factors. Thus, unlike SPCs where the program administra
tor sets incentive levels, under bidding it is the market that deter
mines the level of incentive, subject to a cost-cap set by the utility to 
ensure that the program is cost-effective to the utility and its 
ratepayers. However, based on experience with early bidding pro
grams, ESCos have expressed concerns about high transaction costs 
for bid preparation, lengthy periods for contract negotiation, and the 
fact that ultimately only a few firms (the winners) had access to in
centive funds. In order to address these concerns, the SPC concept 
was developed. 

However, in the past few years, at least two utilities have resumed 
bidding programs-Public Service of Colorado (PSCo) and Northeast 
Utilities. In the case of the PSCo program, $15 million in contracts was 
awarded in early 2000 to 15 contractors and 8 customers. As of this 
writing, implementation is just beginning (Schiller, Goldman, and 
Henderson 2000). In the case of the NU program, the first two rounds 
of funding resulted in projects that are projected to save nearly 200 
million kWh over the lifetime of the projects, with an average cost to 
the utility of less than $O.OI/kWh. The program has funded a wide 
range of energy-saving projects; some of the projects have included 
ASDs and efficient motors. Most of the projects to date have been or
ganized by ESCos or other third parties; only a few projects have been 
organized by customers (Odell 2000). 

While experience with the latest round of bidding programs is 
limited, some conclusions are likely to apply. A review of these pre
vious programs by Goldman and Hirst (1989) concluded that de
mand-side bidding programs can contribute most significantly to 
savings in existing large commercial and industrial facilities. For 
smaller facilities and new construction, bidding will generally not 
be appropriate due to high transaction costs and the lack of a solid 
measurement baseline. 

Rebate Programs 
Utilities have offered rebate programs for many years, including 

rebates for specific measures such as high-efficiency lighting equip
ment, HVAC systems, and motors, and custom incentives for mea
sures proposed by customers. Information on rebate programs for 
high-efficiency motors, HVAC equipment, and ASDs was discussed 
above; in this section we focus on custom incentives that can cover 
other motor systems improvements. 
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In a review of custom rebate programs in the 1991 edition of this 
book, we found that the more successful programs generally featured 
all or most of the following elements 

• An extensive education and technical assistance component 

• Marketing that emphasizes one-on-one personal contacts with 
equipment dealers and large customers 

• Significant rebates 
We also found that customers generally prefer payments per kilo

watt or kilowatt-hour saved or as a percent of measured cost because 
they are relatively easy for customers to understand, and to estimate the 
incentive for potential projects. Such payments can be set to reflect the 
value of energy savings to the utility. On the other hand, they encourage 
rapid payback measures and discourage longer payback measures. 

Payments to bring the cost of a measure down to a specified pay
back level are more difficult for customers to understand and require 
considerable analysis to accurately estimate costs and savings. On the 
other hand, these incentives best advance a utility's long-term objec
tive of encouraging medium- and long-term payback measures, which 
customers would be unlikely to implement without utility assistance. 
This approach is perhaps best suited to large customers that can un
derstand and are willing to work with complex programs. 

In general, these conclusions are still valid today. However, some re
cent experiences allow us to add several additional conclusions. First, 
many of the most successful programs have not just provided incentives 
and technical assistance to their customers but have gone a step farther 
and worked to develop a long-term partnership with their key cus
tomers. Second, energy savings alone will generally motivate only some 
customers, but when other benefits can be captured as well (e.g., produc
tion increases, productivity improvements, emissions reductions, etc.), 
prospective projects become attractive to many more customers. 

Partnerships take many forms but tend to share certain elements 
(Pye et al. 1996): (1) they are developed by working one-on-one with 
the customer; (2) the utility meets a customer's specific needs; (3) the 
benefits to customers extend beyond energy efficiency; (4) the partici
pant often offers something tangible to the utility in return (e.g., a 
long-term power purchase contract), as opposed to just taking incen
tive money; and (5) the project is often not designed with standard 
operating procedures but instead involves custom elements to serve 
particular customers' needs. 

An example of a program employing these features was PSI En
ergy's Industrial Efficiency Improvement and Energy Awareness 
Program. This program relied on personal contacts by PSI account 
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managers with an individual within a plant, usually the plant engineer. 
For medium-size and large industrial customers, the program pro
vided customized energy studies and tailored incentives to encourage 
installation of efficient equipment that could provide both demand and 
energy savings. Mostly smaller/simpler projects were implemented in 
the early years of each partnership, but as the relationship and trust 
built, larger projects were considered (Pye et al. 1996). 

While utility partnerships typically target large customers, several 
state agencies have operated programs to develop partnerships with 
small and medium-size industrial customers. For example, NYSERDA 
operates a custom-tailored technical assistance program called Flex
Tech with the goal of lowering facility operating costs, increasing pro
ductivity, and reducing air emissions. The heart of the program is en
gineering services provided by a FlexTech "stable" of 24 prequalified 
technical assistance consultants around the state. These firms have ex
tensive experience providing consulting services to industrial facilities 
and a range of expertise. Specific consultants are selected that can best 
address each individual customer's needs, and the cost of these ser
vices is shared between NYSERDA and the customer. In most small 
companies, management must approve this cost-sharing arrangement, 
which provides management buy-in that facilitates project implemen
tation. In addition, NYSERDA works with financial institutions to pro
vide low-interest financing to assist customers with implementing the 
measures. According to a survey of FlexTech clients, more than two
thirds of the recommendations made by FlexTech contractors have 
been implemented. Each dollar spent on FlexTech engineering services 
has resulted in $17 in capital improvements and $5/yr in energy sav
ings (NYSERDA 2000). 

A 1996 review of a variety of partnerships deduced several charac
teristics of successful endeavors (Pye et al. 1996): 

.. Understanding the customer 

.. Providing flexibility in all aspects of the program 

.. Building a long-term relationship and trust 

.. Establishing personal contact 

.. Bundling value-added services 

.. Constructively engaging trade allies 

.. Having patience and persistence 

Quantifying nonenergy benefits can often be the difference be
tween a project idea that sits on the shelf and one that gets imple
mented. For example, Massachusetts Electric has offered an Industrial 
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Systems Optimization Service (ISOS) since 1998. The program focuses 
on industrial production or process improvements and looks beyond 
electrical savings to provide comprehensive project evaluations. These 
nonelectric benefits may include thermal savings, hazardous waste re
duction, increased productivity, and/or labor or material savings. The 
target market is medium-size to large customers that lack the time or 
resources to fully evaluate the impact a process improvement may 
have for their business. The program offers financial incentives based 
on electricity savings, but by quantifying the nonelectrical benefits, it 
can often offer a much more attractive package to customers. 

For example, the ISOS program worked with a wastewater treat
ment facility that used a dissolved air floatation thickener (DAFT) sys
tem to remove solids. The sludge created by the process was then 
trucked off-site for disposal. ISOS investigated the replacement of the 
DAFT with a gravity belt thickener system. The new system elimi
nated the need for the compressed-air system required by the DAFT 
and significantly reduced pump energy requirements. In addition, the 
treated sludge is much thicker (less water content), thereby reducing 
the volume of treated sludge trucked off-site. This means a savings of 
almost $27,000/yr in transportation costs in addition to $7,700 in an
nual electric cost savings. The large nonenergy benefits were an im
portant factor in the customer's decision to implement the project 
(Coughlin 2000; MECo 2000). 

Loan Programs 
Loans can compensate for the limited access to capital that pre

vents many customers from investing in efficiency. Some programs, 
instead of offering rebates for installation of efficiency measures, use 
loans instead, with the interest rate commonly subsidized in order to 
make the loan (and hence project implementation) more attractive. For 
example, NYSERDA complements its FlexTech program (and other 
audit and technical assistance programs) with a loan program, which 
works with local banks and farm credit associations to buy down the 
interest rate 4.5% off the lender's rates for consumer and commercial 
loans. In the first 2 years of the program, approximately 300 loans 
were closed, totaling $23.5 million. Industrial projects accounted for 
approximately 20% of the loan dollars, primarily for HVAC and 
process improvements. More recently, residential sector applications 
have predominated as industrial customers often obtain financing 
through other programs and sources (Fenno 1989; Winters 2000). 

A number of utilities have offered loans to their customers. One of 
the better-publicized programs is the PacifiCorp Energy FinAnswer 
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program. Under Energy FinAnswer, the utility conducts comprehen
sive audits, provides engineering services, and can arrange financing 
at a favorable interest rate (the prime rate) for electric energy effi
ciency opportunities. The loan is paid back through an energy services 
charge on the customer's electricity bill, and program administrative 
costs are paid by the utility. The commercial new construction portion 
of the program has been particularly successful and is discussed in the 
next section. The industrial portion of the program began in 1992 and 
uses utility industrial energy experts to work with customers to iden
tify areas where they can achieve the most cost-effective results. The 
program also offers free monitoring and verification services to help 
ensure that energy savings are realized and maintained over time. 
Marketing targets large industrial customers (demand greater than 
500 kW), although other customers are also eligible. However, market
ing and implementing projects are slow processes, and, as a result, the 
program served only ten participants in the first year, with participa
tion building to about twenty new participants annually thereafter 
(Pye et al. 1996). In general, with FinAnswer the high quality of tech
nical assistance services has been the key to program success; without 
these services, participation in the program would probably be much 
more limited (Nadel et al. 1994). 

Wisconsin Electric and Puget Power and Light have offered cus
tomers a choice between a zero-interest loan and rebates with the 
same cost to the utility. Over 90% of participating customers selected 
rebates. Loans are thus less popular but are useful for the minority of 
customers that lack investment capital. Furthermore, both utilities 
found the rebates easier to administer than the loans (Clippert 1989; 
France 1989). 

New Construction Programs 
New construction embodies decisions that affect the energy use of 

a facility for many years to come. Incorporating efficiency measures 
when a facility is built is much less expensive than retrofitting it later 
because marginal capital, design, and installation costs are much 
lower for new construction. For these reasons, energy-saving opportu
nities in new facilities are often called "lost-opportunity resources": 
once the opportunity to acquire these resources inexpensively is lost, it 
may never come again. Due to both the unique energy efficiency op
portunities during new construction and differences in the new con
struction and existing facility markets (discussed in Chapter 8 and ear
lier in this chapter), many utilities and government agencies have 
targeted special programs for the new construction market. 
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Most new construction programs concentrate on commercial build
ings. Typically these programs have two tracks: a prescriptive track that 
provides rebates for common measures such as high-efficiency lighting 
and HVAC equipment; and a performance track that provides design 
assistance and custom rebates for comprehensive packages of efficiency 
measures, which are optimized through the design process. A 1994 re
view of these programs found that, in just a few years, several of these 
programs achieved participation rates of more than one-third of new 
commercial floor area, including a few programs that exceeded a 50% 
participation rate. 

These high-participation programs share several common attributes 
including an emphasis on personal marketing and building relationships 
with the design and building community, and the availability of financ
ing or financial incentives that cover most or all of the incremental cost 
of efficiency measures. Many of the programs emphasize ease of partici
pation and have achieved high participation rates by stressing simple, 
prescriptive measures such as lighting and HV AC equipment improve
ments. The PacifiCorp Energy FinAnswer program has taken a different 
tack. The program is not simple; instead it highlights quality services, in
cluding substantial energy savings from a comprehensive package of 
measures, building commissioning, and a post-occupancy audit. 

Savings from commercial new construction programs have rarely 
been empirically evaluated, but the limited available information indi
cates average savings relative to prevailing construction practices of 
about 20% for comprehensive packages of measures and about 10% 
for more limited packages of simple prescriptive measures (Nadel et 
al. 1994). 

Only a few utilities have offered industrial new construction pro
grams, and, of these, only some have actively worked to customize 
the program to meet the specific needs of industrial customers. In
dustrial new construction programs can encourage use of efficient 
processes in new factories and new production lines. They can also be 
used to encourage new plants to locate in the program sponsor's re
gion or to encourage existing customers to expand their local opera
tions. Because each production process and factory is different, a key 
component for a successful new construction program is to have con
sultants on retainer who are experts in particular process industries. 
These consultants can also advise the sponsor on which measures are 
the prevailing practice in a particular industry (and hence the cus
tomer should pay for) and which measures go beyond standard prac
tice and are appropriate for incentives. 

Among the industrial new construction programs that have 
achieved some success are United illuminating's (UI) Energy Blueprint 
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(which also included commercial buildings), B.C. Hydro's New Plant 
Design, and BPA's Energy Savings Plan programs (which dealt with 
both retrofits and new process lines and plants). While none of these 
programs are operating now due to utility-wide cutbacks in energy ef
ficiency services, they provide some useful lessons. Each of these pro
grams dealt with both industrial buildings and industrial processes 
and made extensive use of experienced process engineers to establish 
baselines and recommend efficiency improvements. All offered design 
grants to industrial customers to cover the customer's costs of analyz
ing alternative plant designs. Under the UI and BPA programs, incen
tives to industrial customers typically covered 50-80% of the incre
mental cost of a project and reduced energy use on average by 20-30% 
below baseline practice. The managers of these programs make sev
eral recommendations. UI found that it is important to staff the pro
gram with people who are experienced and well-versed in a particular 
industry. Several programs found that a key challenge was identifying 
firms early enough in the design process that there still would be time 
to affect design decisions. B.C. Hydro noted that several years can 
elapse from the time when a project is proposed and to the date the 
new plant is completed, and therefore patience is required on the part 
of the program sponsor and also a willingness to honor incentive com
mitments made several years earlier. The industrial component of UI's 
program cost the utility $0.02/kWh saved (Nadel & Jordan 1994; 
Nadel et al. 1994). 

Dedicated Efficiency Fund for Large Customers 
In some states, very large industrial customers have opposed 

state funding for utility energy efficiency programs. These customers 
argue that they have already invested in energy efficiency in their 
own facilities and that they should not subsidize efficiency invest
ments by others. The typical utility energy efficiency program has a 
budget of roughly 1-2% of utility revenues, so for customers with an
nual electric bills in the millions of dollars, the cost of efficiency pro
grams included in rates can be significant. In several states, in order 
to address this issue, utilities, utility regulatory commissions, and 
large industrial customers have negotiated an agreement in which the 
utility will set up special funds for large customers that do not wish 
to participate in the utility's normal program offerings and instead 
want to undertake their own efficiency investments. These programs 
are sometimes called "opt-out" programs. For example, in Vermont, 
the utility commission and the largest industrial firm in the state ne
gotiated an agreement that allows large customers to participate in a 
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C&I Customer Credit Program under which 70% of that customer's 
payments for energy efficiency programs goes into a fund that the 
customer can use to fund efficiency investments in its facility. The re
maining 30% is contributed to statewide efficiency programs under 
the rationale that all customers receive at least some indirect benefits 
from these programs (e.g., an improved environment and economic 
climate) (VDPS 1999). Somewhat similar programs have been set up 
in Indiana, Massachusetts, and New York. 

Tax Credits 
Tax credits and accelerated depreciation allowances have been 

used in many countries to promote energy-saving investments. For 
example, from 1978 to 1982, U.s. businesses could take a tax credit 
equal to 10% of the capital cost of energy-saving investments. Simi
larly, Japan allows a 7% tax credit on energy-saving investments 
plus a special depreciation allowance equivalent to 18% of the ac
quisition price of energy-saving measures (Furugaki 1988). 

An analysis of the U.s. program (ASE 1983) found that the 
credit had little impact on energy investments made by u.s. indus
try; most firms that took the credit would have made the same in
vestments if no credit had been available. This study also examined 
the hypothetical effects of higher tax credits, including a 40% tax 
credit and a 70% repayable credit, which would be repaid over a se
ries of years. The analysis concluded that these latter two credits 
would have only a limited impact on project economics (i.e., the in
ternal rate of return for a project with a 2.5-year simple payback 
rose from 33% in the no-credit case to approximately 45% in the 
high-credit cases). While the impact of high credits cannot be deter
mined with any certainty, the authors of the study conclude that 
"energy tax credits are relatively ineffective in inducing industrial 
firms to undertake additional conservation investment." 

In 1999 and again in 2000, the Clinton administration and several 
congressmen proposed a series of tax credits to Congress to promote the 
market development of several specific advanced energy-saving tech
nologies that have very limited current market shares. These credits are 
limited in time duration and available funding; their purpose is not to 
directly acquire large amounts of energy savings but instead to kick-start 
the market for covered products. In the industrial sector, the proposed 
tax credit targets the development of combined heat and power systems 
and does not cover motor systems. In the residential sector, tax credits 
are proposed for central air conditioners with SEERs of 13.5 and 15 
(Geller 1999). 
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Research, Development, and Demonstration 
Programs 

Most research, development, and demonstration (RD&D) work on 
new motor system technologies is done by private firms, ranging from 
industry giants to small start-ups. This work is largely carried out by 
companies in the United States, Europe, and Japan and covers diverse 
fields such as materials, electronics, motors, and ASDs. Most RD&D 
work is done as a strategic effort performed by private companies to 
ensure the competitiveness of their products. 

In addition, government agencies and electric utilities, through 
EPRI and the associated Power Electronics Application Center (PEAC), 
conduct drivepower RD&D, often in conjunction with industry. For ex
ample, DOE has worked with private manufacturers on the design of 
permanent-magnet motors, reluctance motors, amorphous metal mo
tors, and copper rotor motors (these technologies are briefly discussed 
in Chapter 2) (Comnes & Barnes 1987; Peters 1998). DOE, through Oak 
Ridge National Laboratory, is also working on the development of soft
start inverters, which reduce the voltage spikes that characterize the 
most common types of inverters (Peng 2000). Similarly, EPRI and 
PEAC are conducting research on a number of motor-related technolo
gies, including permanent-magnet motors, high-efficiency motor 
rewinds, manufacturability of more efficient motors, square-wave mo
tors (motors optimized to run on the square-wave power produced by 
some ASDs), improved-efficiency ASDs, and clean-power ASDs (those 
with less harmonic distortion) (Lawrence 2000). 

Much of the recent applications-related RD&D activity has in
volved ASDs and, to a lesser extent, improved production processes 
and motor efficiency in rewind and part-load applications. For exam
ple, EPRI has conducted several ASD application and demonstration 
projects, including one for very large motors (2,000 hp and up) used 
in power plants (Oliver & Samotyj 1989) and one for industrial appli
cations of fans and pumps ranging from 5 to 1,250 hp (Poole et al. 
1989). Some of these projects are discussed in Chapters 4 and 5. Ad
vanced Energy in North Carolina has conducted drivepower RD&D 
in wood-dust collection systems, industrial heat pumps, compressed
air systems, variable-airflow fans for lumber dry kilns, and rewind 
and part-load applications (NCAEC 1989). And the Energy Center of 
Wisconsin has emphasized development of improved optimization 
strategies for fan, pump, and compressed-air systems among other 
projects (Pye and Nadel 1997). 

Utility- and government-funded RD&D has also stimulated com
mercialization of advanced energy-saving products. For example, EPRI 
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teamed up with the Carrier Corporation to produce a high-efficiency 
variable-speed heat pump that incorporates a permanent-magnet motor 
with an integralASD-the first in the HVAC industry. Likewise, EPRI's 
ASD demonstrations have probably sped up market acceptance of these 
products, although definitive data on the effects of the demonstration 
projects are not available. 

Summary 
Most programs operating today emphasize the market transfor

mation approach, which seeks to reduce market barriers to particular 
products and services, thereby resulting in long-term, sustained 
changes in the market. 

Initial program efforts focused on energy-efficient motors, and 
several programs achieved substantial success, laying the groundwork 
for establishment of minimum-efficiency standards in the United 
States and Canada. Current motor-only programs focus on CEE pre
mium-efficiency motors and have achieved some significant impacts 
on the market, although direct participation rates in these programs 
are generally low. 

Increasingly, motors programs are not just addressing improved 
motor efficiency but are also seeking to improve motor management 
practices. These efforts seek to encourage customers to adopt and im
plement specific motor policies dealing with repair/replacement deci
sions and specifications for repair services. Complementary efforts are 
needed to encourage and assist repair shops in acquiring necessary 
equipment and improving the quality of their repairs. 

Interest is also growing in programs to improve management and 
optimization practices for major types of motor-driven equipment, 
particularly fans, pumps, and compressors. The Compressed Air Chal
lenge program has made substantial progress in developing tools and 
training programs to allow distributors and their customers to im
prove compressed-air systems. Programs to improve fan and pump 
systems are more limited and have evolved to focus on particular ap
plications in particular industries that can be widely replicated. 

In addition to programs focused on particular products, many ef
ficiency programs promote energy savings more broadly while paying 
some attention to motor systems. These programs are particularly use
ful for regions that need to acquire energy savings in the short term in 
order to improve system reliability and meet other regional needs. 

While most programs are oriented toward addressing the needs of 
particular markets, successful programs often share several common 
attributes, including 
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• Use of a personalized one-on-one approach for program marketing 
and service delivery 

• Development of good working relationships with trade allies such 
as equipment distributors and design engineers 

• Extensive education and technical assistance efforts 

• Significant financial incentives 

• Consideration of nonenergy benefits 

• Continuity over time 

• Patience 

No single program or policy is likely to overcome all the barriers 
to motor efficiency improvements. In order to capture even a fraction 
of the savings opportunities identified in Chapter 7, a combination of 
approaches is needed. While past and current program efforts have 
made significant progress, much more needs to be done. Specific rec
ommendations regarding next steps are provided in Chapter 10. 

329 





Chapter 10 

Recommendations 

Full, cost-effective application of the technologies and practices dis
cussed in this book could reduce national drivepower energy use by 

28-42%. The potential savings are large, but many barriers to their cap
ture exist. In this chapter, we recommend programs and policies to re
move these barriers and advance the implementation of energy-saving 
measures and practices. We also discuss education and research and de
velopment needs, both to help implement existing technologies and 
practices and to advance the state of the art in efficient motor systems. 

Significant progress was made in the decade since the first edition 
of this book was written. Some of the first edition's recommendations 
in the areas of standards, research, and education were implemented. 
Unfortunately, little has changed in many areas and the recommenda
tions remain largely the same. 

Programs and Policies 
Testing, Labeling, and Standards 

The area of motor testing, labeling, and standards has shown the 
greatest progress in the decade since the first edition of this book was 
published. Some of the first edition's key recommendations in this 
area have been implemented, including the passage and implementa
tion of motor minimum-efficiency standards in the United States and 
Canada. However, further steps must be taken to address problems 
with implementation of the new standards and labeling, and to extend 
the scope of the current standards. 

Many of the problems with the IEEE and Canadian Standards Asso
ciation test procedures that were identified in the first edition have been 

331 



ENERGY-EFFICIENT MOTOR SYSTEMS 

addressed, and these harmonized test standards are now positioned to 
become the international standards of choice. In an increasingly global 
market, it will be essential to reach an international consensus on testing 
standards, which should be based on the IEEE/CSA methods. The Eu
ropean Union, which has been considering this step, should act and 
provide leadership in moving to a truly global testing standard. 

In the United States, the Energy Policy Act of 1992, discussed in 
Chapter 2 and Appendix B, established testing, labeling, and mini
mum-efficiency requirements for most of the three-phase motors used 
in industry and buildings. All motors covered by EPAct ("covered mo
tors") manufactured in or imported into the United States now must 
be labeled with a certified efficiency value and must meet minimum
efficiency levels. While the implementation of these regulations 
proved more difficult than anyone involved would have imagined in 
1992, these efforts represent a major step forward in motor efficiency. 

Some problems have, however, been created by the regulations. As 
of this writing, details of domestic enforcement are only now being clari
fied, and procedures for enforcement of imports have yet to be set forth. 
One step the U.S. Department of Energy (DOE) should take is to move 
quickly and aggressively to enforce all aspects of EPAct for both domes
tic production and imports. NEMA and domestic manufacturers have 
shown good faith in trying to comply with delayed and unclear rules, 
and should be looked upon as allies rather than adversaries by DOE. 

The EPAct standard covers an important segment of the motor pop
ulation. However, other segments remain in need of either mandatory or 
voluntary standards. As discussed in Appendix B, the EPAct standards 
can be applied to many noncovered three-phase motors. The NEMA def
initions of "energy-efficient" motors can be applied to many three-phase 
induction motors, including 8-pole motors and motors above 200 hp. 

Of greater significance is the other major motor population-small, 
single-phase motors. As discussed in Chapter 6, these motors are the 
most numerous in the motor population, and (as discussed in Chapter 
2) they offer the greatest variation in efficiency levels among products. 
Due to the many types of motors that are made, this segment poses 
many challenges. The first challenge is the development of an accurate, 
cost-effective efficiency test procedure. IEEE 114-1982 (IEEE 1982) in
cludes a method, and the CSA has developed a procedure (CSA 1995), 
but many experts feel that these methodologies are unworkable (Bon
nett 1999; Daugherty 1999). Absent a workable test procedure, it is dif
ficult to label or provide other procurement guidance beyond recom
mending the purchase of one specific design over another. 
Complicating the small motor issue is the fact that few of these motors 
are purchased as a distinct product, but instead they are mostly 
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purchased as part of another commodity, such as an appliance. Because 
of these challenges, Lawrence Berkeley National Laboratory, in an as
sessment for DOE, did not recommend that DOE proceed with devel
opment of national standards for small motors (LBNL 1996). Even so, 
the government and technical associations should continue to work to 
develop reliable and cost-effective test methods for small motors that 
can serve as the basis for voluntary labeling and promotion initiatives. 

Promoting Improved-Efficiency Motors 
With EPAct now in effect, new motors need to at least meet the 

EPAct standards. However, additional savings can be achieved from 
use of new premium-efficiency motors and from replacement of old 
motors with either premium or EPAct-compliant motors. In order to 
promote use of these improved motors, several actions should be 
taken, including defining and labeling premium-efficiency motors, im
plementing increased education for end-users and repair shops on re
pair/replace decision-making criteria, and creating incentive pro
grams to encourage stocking and sales of premium-efficiency motors. 

Many regional program operators have worked through the Con
sortium for Energy Efficiency to set common eligibility levels for their 
premium-efficiency motors programs (as discussed in Chapter 2). 
However, no consistent labeling is used by manufacturers. NEMA has 
yet to develop a new definition of efficiency levels above EPAct. It 
should move quickly to adopt a standard definition of premium effi
ciency, working closely with utilities and regional organizations that 
are currently promoting CEE premium-efficiency motors. This new 
definition needs to be robust, reflecting a significant increase in effi
ciency over the EPAct levels. The starting point for developing these 
standards should be the CEE levels since program operators and man
ufacturers are already working with these levels. If NEMA sets a defi
nition that is too low, the utilities and other program operators will ig
nore it, just as they ignored NEMA's original definition of 
"energy-efficient" motors in 1990. On the other hand, the CEE levels 
were developed in 1996 and it is appropriate to review them now in 
light of changes in product offerings over the past few years. By work
ing together to develop a common definition, manufacturers and pro
gram operators can produce a definition that meets their needs and 
helps end-users understand exactly what is meant by "premium effi
ciency." If the industry is unable to move quickly on creating and dis
seminating a robust definition, the U.S. Environmental Protection 
Agency (EPA) and/or DOE should promulgate a voluntary definition 
based on the CEE levels. 
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EPA and DOE should also consider establishing a voluntary ENERGY 
STAR labeling or other branding program for motors, based on the defini
tions discussed above. The label or brand would build on other ENERGY 
STAR awareness promotions while addressing the market confusion 
about efficiency levels above EPAct. Governments are in an excellent po
sition to provide leadership by committing to purchasing motors meeting 
these higher levels. The Federal Energy Management Program (FEMP) 
has already adopted a specification, based on the CEE levels, as a recom
mended purchasing guideline (FEMP 2000). This specification goes be
yond the CEE standards by including motors up to 500 hp. Agencies and 
other governmental entities should follow FEMP's leadership. 

With the implementation of the EPAct minimum-efficiency stan
dards, substantial energy can be saved by replacing old, less-efficient 
motors with new motors that equal or exceed the EPAct efficiency levels. 
Education efforts are needed to shift the customer's repair-versus
replace decision toward replacement, and to encourage customers to 
purchase a premium product over an EPAct product. Regional pro
gram operators in the Northwest and Northeast are starting to operate 
such programs, but these efforts need to be better focused. We recom
mend focusing these programs on encouraging the adoption of stan
dard motor management policies that specify which motors to repair 
and which to replace as a function of motor size, condition, and oper
ating hours. A sample of such a policy is included in Chapter 9. Utili
ties and state governments in other regions should also develop pro
grams along these lines. 

As a complement to the above efforts, utilities and other program 
operators should offer incentives for the purchase of motors meeting 
the premium-efficiency definition. Such incentives serve several pur
poses. First, they encourage motor distributors and vendors to keep 
premium motors in stock, and to promote these motors to their cus
tomers. Second, they attract end-user attention and interest. Such in
centives can increase the market share for premium-efficiency motors 
when new motors are purchased and will also encourage more cus
tomers to replace instead of repair old motors. Incentive programs 
now under way in the Northeast United States and in northern Cali
fornia provide possible models for other regions. 

Manufacturers can and should play important roles in all of the 
above programs. Unfortunately, they have been involved in only a 
limited way because of their recent fixation on complying with the 
EPAct rule. Manufacturers are uniquely positioned to both reach end
users through their marketing efforts and inform and encourage deal
ers to promote conscious motor decision-making. To take advantage 
of this position and encourage information-sharing, they should 
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• Incorporate material on motor decisions into the educational and 
marketing materials that they make available to their dealers and 
trade allies 

• Identify premium motors in their published and on-line catalogs 

• Incorporate decision tools, similar to MotorMaster+ (WSU 1999), 
into their on-line catalogs, and make them available to distributors 
for use in counter and phone sales 

• Provide incentives to their distributors for sales of premium-effi
ciency motors 

Cooperation between motor manufacturers and program adminis
trators could substantially improve the effectiveness of motor incen
tive programs. In tum, these programs should cooperate to coordinate 
on a national level, as they did in developing and deploying the CEE 
premium-efficiency specification. 

Motor Repair and Replacement Practices 
Motor repair/replacement policies are only one aspect of good 

motor management practices. Other aspects of good motor manage
ment include motor inventory tracking, preventive maintenance, se
lecting a good motor repair shop, developing good repair specifica
tions in order to obtain quality repairs, and proper motor sizing. 
Education and technical assistance programs can provide information 
on these management measures and their benefits. The goal of these 
educational programs is to establish procedures for inventorying, 
maintaining, repairing, and purchasing motors that will reduce the 
cost of motor operations and minimize downtime during replace
ments. As discussed in Chapter 9, some efficiency programs are al
ready promoting sound motor management practices at the utility or 
regional level. 

Training courses and manuals for maintenance staff and for their 
bosses, who decide how much staff time should be allocated to main
tenance, can go a long way toward improving maintenance practices 
in the field. If maintenance staff and their supervisors understand 
how costly it is to lose a percentage point or two in efficiency from in
adequate O&M and appreciate how much downtime from bearing 
failures or other problems can be reduced by better O&M, these per
sonnel are more likely to upgrade their maintenance practices. 

One focus of this training should be to encourage users to mea
sure operating parameters when they first get a motor and then regu
larly thereafter, especially before and after repairs. Motor monitoring 
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benefits users by helping them to spot problems before they lead to 
failure. Regular measurements of current and voltage can identify 
problems with the electrical supply, as discussed in Chapter 2, and 
also changes in motor load that can guide future motor decisions. 
Software is available to compile and analyze this information. Owens
Corning Fiberglas Corporation regularly tests motors to identify units 
that are likely to fail and need repair, and also tests motors after repair 
to evaluate the repair job. The program has cut the motor failure rate, 
significantly improved motor repair quality, and reduced repair costs 
(Kochensparger 1987). 

Repair shop operators, as well as customers, should be educated 
on the quality repair practices discussed in Chapter 2 and the benefits 
that these repair practices bring. Rewind shops should be encouraged 
to test all motors for core damage before and after rewinding. Utilities 
and other program operators could offer incentives for the purchase 
and use of the necessary test equipment, as Manitoba Hydro has done. 
Incentives can also be offered to repair shops for training technicians in 
quality repair practices. Since a quality repair is predicated on the pres
ence of a quality-control tracking program, it may also make sense to 
provide shops with a small rebate for each quality-tracking form that is 
completed and provided to customers. The cost of completing the form 
is modest, and an incentive might encourage shops to offer this benefit 
to their customers. Likewise, since many repair shops also sell new mo
tors, efficiency programs could provide modest incentives to shops 
that provide an economic analysis to customers showing the life-cycle 
cost of both the repair and the replacement options. While these sug
gestions all involve financial incentives, nonfinancial incentives, in
cluding marketing assistance, publicity, and prizes such as free trips for 
shops that meet specific targets, can also be used in many cases. 

Several repair shop certification programs have been developed 
but have yet to receive broad market acceptance. Efficiency programs 
could encourage acceptance of certification by underwriting the cost 
of certification for shops in the programs' areas and promoting the use 
of certified shops to end-users. Current certification programs are per
ceived to be too complex and expensive by many repair shops. Con
sideration should be given to developing simpler and less expensive 
certification procedures. 

Systems Optimization 
Efficient, cost-effective performance requires careful integra

tion of motors, controls, electric cables, drivetrains, and driven 
equipment. It also requires an understanding of the load that the 
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driven equipment serves. As noted in Chapter 5, the largest source 
of compressed-air waste is inappropriate use. As with selecting a 
new motor, such optimization is essentially a lost-opportunity re
source-it is easiest to implement when the system is first designed 
or is being modified for other purposes. While an operating system 
can be analyzed for efficiency opportunities, this is more complex 
and costly. 

All too often, optimization is neglected because of inadequate 
time or expertise. Optimization of a system cannot be achieved 
piecemeal-it requires knowledge of electrical and mechanical engi
neering, computer optimization techniques, and practical experi
ence with the particular systems and processes affected. Few indi
viduals currently have the requisite skills. 

Another aspect of system design that merits increased attention 
is the systematic addition of safety margins at each stage in the de
sign process, resulting in dramatically oversized equipment. While 
safety margins have their place, engineers need improved training 
on equipment selection and control procedures that provide a safety 
margin without affecting efficiency. 

Matching the speed of centrifugal equipment (i.e., pumps, fans, 
and blowers) to load requirements is the largest potential source of 
motor system energy savings. Adjustable-speed drives and other 
controls are crucial tools in achieving maximum system efficiencies. 
In the past decade we have seen increased acceptance of ASDs in 
the marketplace, but still the technology remains underutilized or 
misapplied, as is discussed in Chapter 4. 

While the opportunities in systems optimization and ASDs are 
widely recognized, methodologies and programs that capture the 
potential have met with limited success. This is due in part to the 
complex nature of system evaluation, the specialized nature of the 
skills required, and the great diversity in motor-driven applications. 
Those areas where success has been achieved, such as pump system 
optimization in water and wastewater facilities, have measures that 
can readily be replicated among a large number of sites. We should 
build on these successes in our future endeavors. 

Education remains an essential strategy for addressing these 
problems. DOE and some utility and state efficiency programs are 
delivering seminars and workshops on motor system optimization 
to both end-users and designers. In addition, innovative initiatives 
such as the Compressed Air Challenge bring together diverse market 
interests to develop and deliver training that can show results on 
the plant floor. 

Because the magnitude of the savings potential from system opti-
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mization is so great, efforts in this area should be increased. Specific 
recommendations include the following: 

.. Continued implementation of the Compressed Air Challenge pro
gram to provide information, training, and software that can be 
used by individual plants as well as be a resource for regional 
programs . 

.. Development of more advanced compressed-air training courses 
and certification of technical staff who can demonstrate how to 
apply these techniques in the field . 

.. Development and operation of local programs to work with 
compressed-air equipment distributors and assist them in offering 
improved compressed-air management services to their customers. 

.. Development and implementation of regional programs to promote 
best practices in the areas of water supply, wastewater and irriga
tion pumping, and fan speed management in lumber-drying and 
food storage operations. These are all applications for which best 
practices have been identified in at least one region of the country; 
efforts are now needed to promote these practices elsewhere. 

.. Research and demonstrations to identify best practices in other spe
cific, recurring fan and pump applications. 

.. Development of additional training programs, handbooks, and soft
ware on fan and pump system optimization, building on currently 
available tools. 

.. Continuation and expansion of programs to promote more efficient 
air conditioning equipment, including system installation and 
maintenance. 

I> Expansion of education and technical assistance programs to en
courage better optimization of large HVAC systems, including 
the design of new systems and "retrocommissioning" of existing 
systems. 

Other Programs 
Technical assistance and generic rebates can be offered for kilo

watt-hours or kilowatts saved. These incentives can target end-users 
and, in some cases, energy service companies as well. Among the 
measures to include are the following: 

I> Rebates per horsepower for ASD applications meeting specific crite
ria that have been shown to result in effective installations. 
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• New construction incentives tied to the incremental cost of im
proved designs and equipment. These efforts need to focus more on 
industrial process improvements in order to complement the exist
ing focus on commercial buildings. 

• Incentives for refrigeration system efficiency improvements that ex
ceed standard practice. 

Another useful set of programs would involve implementing 
ENERGY STAR labeling for packaged commercial refrigeration equip
ment, including reach-in refrigerators and freezers, ice-makers, vending 
machines, and water coolers. These programs would help customers 
consider efficiency in their purchase decisions, thereby motivating 
equipment manufacturers to pay more attention to efficiency when they 
design equipment and take advantage of many low-cost opportunities 
for improving equipment efficiency. 

Other ideas that merit exploration include the following: 

• A utility-subsidized motor maintenance service in which outside 
contractors would perform ongoing preventive maintenance and ef
ficiency tune-ups in customer facilities. 

• Leasing of efficient equipment, whereby lease payments are less 
than monthly energy savings and the lease payments are included 
on customers' electric bills. 

• Internal shared savings programs in which departments within a 
company or agency can keep a portion of the money they save and 
use it for funding further improvements and staff bonuses. For ex
ample, the state of Washington had a program under which em
ployees involved in energy conservation programs shared 25% of 
the savings resulting from the measures they implemented, and the 
other 75% went to the state (Lannoye 1988). 

Finally, more attention is needed to specifically develop programs 
and services targeting small commercial and industrial customers. Past 
experience shows that, with many programs, large customers tend to 
participate much more often than small customers because large cus
tomers have more staff and also because program marketing efforts gen
erally target large savings opportunities (Nadel 1990). Also, experience 
to date with electric utility industry restructuring shows that power and 
service marketers are primarily targeting large customers (Flaim 2000). 
From an equity point of view, additional programs for smaller customers 
are needed. Frequently governments operate programs to assist small 
businesses. For example, DOE's Industrial Assessment Centers provide 
audits and technical assistance to small industrial firms on saving energy 

339 



ENERGY-EFFICIENT MOTOR SYSTEMS 

and reducing waste. Utilities and other program providers can work 
with these programs to expand services or add an efficiency component. 
'The Energy Center of WISCOnsin (ECW), for example, has set up a coop
erative relationship with the WISconsin Manufacturing Extension Part
nership (WMEP), which has a cadre of manufacturing specialists who 
work with firms on ways to modernize and improve operations. Under 
the WMEP /ECW partnership, ECW supports the cost for energy experts 
to accompany the WMEP specialists on visits to the factory. 'The two ex
perts then work together on developing recommendations (Shipley, 
Hinge, and Elliott 2000). Likewise, Massachusetts Electric has teamed 
with the Massachusetts Division of Energy Resources (the state energy 
office) to conduct assessments of electricity, gas, and nonenergy savings 
opportunities. 'The utility pays for the electric portion of the analysis, the 
state for the other portions (Elliott, Nadel, and Pye 1996). Another useful 
model is the FlexTech program in New York State (discussed in Chapter 
9). Programs such as these should be replicated in other states and new 
creative program ideas developed on ways to best assist small busi
nesses to implement motors and other efficiency improvements. 

Program and Policy Evaluation 
Programs and policies too often fail to include plans for assessing 

how well they work. While this situation has improved in the decade 
since the first edition of this book was published, the admonition needs 
to be repeated that programs and policies from the beginning should 
contain an evaluation component. With programs increasingly based 
on the market transformation approach to program design, evaluation 
needs to follow from each program's market transformation objectives. 
Thus, if programs aim to improve user knowledge and vendor stock
ing of some type of efficient equipment, evaluations should track these 
parameters over time as well as interview market participants to deter
mine which aspects of the program appear to be working, which do 
not, and what program modifications are needed. Evaluation results 
need to be circulated so that others can benefit, encouraging implemen
tation of good ideas and cautioning against problematical strategies. 

Education 
Throughout the sections above, dozens of areas are pointed out 

where more education is needed for end-users, equipment vendors, and 
service providers. In addition to these very specific education needs, 
there is a need for broader efforts as well. Motor system efficiency 
should be incorporated into engineering curricula, junior engineers 
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need one-on-one field training with experienced engineers, and practic
ing professionals should have ready access to continuing education pro
grams. In recent years, electric motor training has been eliminated from 
most engineering curricula at technical universities. 'These courses were 
originally in the electrical engineering curriculum, but with the shift to 
electronic and computer engineering in these departments, the courses 
have often been eliminated. Mechanical engineering departments 
should be encouraged to include motor system courses in their pro
grams. 'The one notable example where motor system efficiency is being 
incorporated into engineering curricula has been the Industrial Assess
ment Centers discussed in Chapter 9. Students participating in the pro
gram are provided a background in motor systems in order to allow 
them to identify opportunities when they perform the assessments. 'The 
students carry this awareness of motor system opportunities with them 
into industry. 

Universities should not be the only venue for motor efficiency edu
cation. Increasingly, technical schools and community colleges have as
sumed responsibility for educating the technical workforce, as well as 
providing continuing education for many engineers. 'The biggest chal
lenge in all these sectors has been the absence of curriculum materials 
and educators familiar with motor systems. Groups such as NEMA, HI, 
and AMCA should undertake curriculum development, as has CAGI in 
concert with the Compressed Air Challenge. Each motor program should 
encourage educational institutions in its region to add motor system 
courses to their course offerings, and provide them assistance in procur
ing expert instructors who can make these courses meaningful. 

Research, Development, and 
Demonstration 

Our recommendations are grouped in three areas: equipment, 
tools, and data. 

Equipment 
With the introduction of EPAct and lines of premium-efficiency 

motors, we may have achieved most of the efficiency improvements 
that are economically viable for the basic three-phase, integral
horsepower, general-purpose induction motor. As discussed in Chap
ter 2, to move to a higher level in this design will involve a shift to a 
technology such as the cooper rotor. Improving the efficiency of other 
induction motors, including single-phase units and additional 
polyphase models, should now be given priority because these motors 
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represent more than 25% of U.S. motor electricity use. Attention 
should also be directed toward other emerging motor designs, such as 
permanent-magnet, switched-reluctance, and written-pole motors, 
which offer high levels of efficiency as well as precise speed control 
(Nadel et al. 1998). Further work is also needed to optimize motors for 
use with ASDs. 

ASDs also require continued attention. The past decade has seen 
significant progress in improving the reliability of drives and reducing 
their tendency to both cause power quality problems and be affected 
by them. More work is needed to refine existing designs and develop 
new designs featuring improved torque and speed characteristics, 
higher efficiency, improved power factor, increased applicability, re
duced harmonics and interference problems, and reduced cost. In ad
dition, efforts need to focus on improving the efficiency of the 
motor / drive system. The recent trend (discussed in Chapter 2) of mar
keting an integrated motor/drive package offers promise in this area. 
Government and manufacturers should continue their support of ef
forts to bring these improved products to the market. 

Tools 
An important part of education and technical assistance programs 

is written materials, training courses, and software tools that teach 
practitioners proper techniques and aid them in applying these tech
niques. The Industrial Best Practices: Motors and Compressed Air Chal
lenge programs have developed a useful set of tools on motors and 
compressed-air systems, but additional tools are needed. First, a model 
motor management policy is needed that industries can modify for 
their needs. The material in Chapter 9 in this book is a start, but expan
sion and elaboration is needed. Second, there is a need for additional 
training programs on fan and pump system optimization. The Indus
trial Best Practices: Motors program has an introductory pumping work
shop, and ECW has an introductory fan systems workshop, but more 
advanced training programs are needed to complement these introduc
tory programs. Likewise, while DOE has developed an excellent 
Pumping System Assessment Tool, there is a need to develop an ana
logous tool for fan systems. Similarly, improved software would be 
helpful for chiller system optimization, and streamlined commissioning 
procedures for HVAC (and other) systems would also be usefuL 

Data 
Data on motor operating hours, load profiles, actual efficiencies, and 

applications are limited. While this situation has improved significantly 
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since the publication of the first edition of this book, much work remains 
to be done. The issuance of the United States Industrial Electric Motor 
Systems Market Opportunities Assessment (XENERGY 1998), funded by 
DOE, has significantly enhanced our understanding of motors and their 
use in industry. In addition, the motor-testing programs undertaken by 
Advanced Energy and the Canadian Standards Association have con
tributed significantly to our understanding of motor performance and 
the impact of repair. 

The XENERGY study has provided valuable insights. However, ad
ditional work focusing on specific motor-intensive industries is 
needed to refine our understanding of motors in the industrial sector. 
The study examined most industries at the two-digit SIC level. For 
many industry groups, significant variation exists among the individ
ual industries. There is a need for greater resolution in order to pro
vide a better understanding of the opportunities. The XENERGY report 
also dealt mainly with the manufacturing sector. More information is 
needed on motor use in nonmanufacturing sectors of the economy, in
cluding water treatment, agricultural water pumping, and mining. 

A study similar to the XENERGY report was recently completed for 
DOE on motor use in commercial and residential buildings (ADL 
1999). This study was a good start toward developing a better under
standing of motor energy use in these sectors. However, Arthur D. Lit
tle, Inc.'s estimates of opportunities to reduce energy use were limited 
to two measures (improved-efficiency motors and use of variable
speed drives); further analysis is needed on a much broader array of 
measures to reduce motor energy use in these sectors. 

In addition, plans should be made to periodically update data so 
trends can be tracked over time. These data are needed to estimate the 
potential savings across a wide range of measures, from high-effi
ciency motors and ASDs to better equipment sizing and maintenance 
in a variety of end-use sectors. Such information, preferably stored in 
a database, will allow engineers, utilities, and other motor efficiency 
practitioners to better focus their efforts. The data will allow them to 
develop rules of thumb and expert systems, as has already been done 
in the industrial sector using the XENERGY study (Rosenberg 2000). 

We still need more data on actual motor performance. The Cana
dian government has made a commitment to testing as part of its 
motor standards program, and with implementation of the EPAct 
standards, manufacturers in the United States are making similar 
commitments. Still, additional independent motor-test facilities are 
needed in this country to provide verification of the performance of 
motors and to undertake research into performance issues such as the 
impact of ASDs on motor life. 

343 



ENERGY-EFFICIENT MOTOR SYSTEMS 

Our call for publication of sales data by motor size class for high
efficiency motors was heeded by the u.s. Census Bureau; this informa
tion is now included in their Current Industrial Reports series (U.S. Cen
sus Bureau 2000). Unfortunately, with the implementation of the EPAct 
minimum standards, the term energy efficient is no longer meaningful. 
Once a new "premium-efficiency" level is defined, the U.S. Census Bu
reau should begin to collect data on sales of these motors. 

Similar information on ASDs is not now readily available. Informa
tion on the total number of these devices sold by size class would be 
very useful to program designers and policymakers. The U.S. Census 
Bureau currently combines ASDs with other types of electronic equip
ment in their tracking system. NEMA and the bureau should collabo
rate to gather and disseminate separate information on ASD sales. 

Conclusions 
Tapping the riches of the drivepower gold mine will not be easy. 

While new and better hardware is welcome, we have only begun to 
take advantage of the advanced motors; the controls; the drivetrains; 
and the monitoring, maintenance, repair, and system optimization 
systems already available. We need interdisciplinary education and 
training, involving the entire market channel: those who make, sell, 
specify, buy, and use drivepower technologies. We need to better com
municate the importance of planning economic motor decisions. This 
includes clearly conveying the efficiency choices for products in motor 
catalogs and sales and educational literature, and on the Internet, an 
increasingly important part of the information channel. We also need 
our engineers to approach design decisions from a system optimiza
tion perspective, considering all components from the wire to the 
load. Utility or government rebates and technical assistance are vital, 
as are internal incentives that reward employees for saving energy. Fi
nally, continued research is needed on new hardware, analysis tools, 
and program and policy options. 

With roughly 60% of U.s. electricity use at stake, and a similar 
share in most other industrialized countries, motor systems can be 
fairly characterized as the mother lode of energy savings. We have 
made significant progress in the United States in realizing the sav
ings, but a tremendous opportunity remains. While the challenges are 
large, the potential rewards are vast, in terms of energy and financial 
savings, economic competitiveness, and environmental protection. 
We hope this book helps motor users everywhere to reap these im
portant benefits. 
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cost of saved energy 

current-source inverters 

dissolved air flotation thickener 

direct current 

U.S. Department of Energy 

demand-side management 

Electric Apparatus Service Association 

electronically commutated permanent-magnet motors 

energy efficiency rating 

electromagnetic interference 

energy management system 

U.s. Environmental Protection Agency 

Energy Policy Act of 1992 

Electric Power Research Institute 

energy service company 

European Union 

End-Use Pricing Service 

explosion-proof motor enclosure 

explosion-proof fan-cooled 

explosion-proof nonventilated 

Federal Communications Commission 

Federal Energy Management Program 

General Conservation Corporation 

gallons per minute 

gigawatts 



GWh 

HI 

hp 

HVAC 

Hz 

FR 
ID 

IEC 

IEEE 

IGT 

IPLV 

ISOS 

JEC 

kVA 

kVAR 

kW 

kWh 

kW-yr 

LBNL 

MC 

M-G 

MW 

MWh 

NEEA 

NEEP 

NEMA 

NIST 

NPSH 

NU 

ABBREVIATIONS / ACRONYMS 

gigawatt-hours 

Hydraulic Institute 

horsepower 

heating, ventilating, and air conditioning 

Hertz 

current squared times resistance 

induced draft 

International Electrotechnical Commission 

Institute of Electrical and Electronics Engineers 

insulated gate transistor 

integrated part load value 

Industrial Systems Optimization Service 

Japanese Electrotechnical Commission 

kilovolt-amperes 

kilovolt-ampere-reactive 

kilowatts 

kilowatt-hours 

kilowatt-years 

Lawrence Berkeley National Laboratory 

Motor Challenge 
motor-generator 

megawatts 

megawatt-hours 

Northwest Energy Efficiency Alliance 

Northeast Energy Efficiency Partnerships 

National Electrical Manufacturers Association 

National Institute of Standards and Technology 

net positive suction head 

Northeast Utilities 
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NVLAP 

NYSERDA 

O&M 

ODP 

OEMs 

orr 

PAM 

PC 

PCBs 

PEAC 

PEMs 

PEPCo 

PPC 

PG&E 

PIC 

PM 

POS 

PSAT 

PSC 

PSCo 

psi 

psig 

PSP 

PWM 

RD&D 

RMS 

rpm 

SCR 

SEER 
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National Voluntary Laboratory Accreditation Program 

New York State Energy Research & Development 
Authority 

operation and maintenance 

open drip-proof motor enclosure 

original equipment manufacturers 

Office of Industrial Technologies 

pole amplitude modulation 

personal computer 

polychlorinated biphenyls 

Power Electronics Application Center 

premium-efficiency motors 

Potomac Electric Power Company 

power-factor controller 

Pacific Gas & Electric Co. 

power-integrated circuit 

permanent-magnet 

Performance Optimization Service 

Pump System Assessment Tool 

permanent split-capacitor 

Public Service of Colorado 

pounds per square inch 

pounds per square inch gage 

PowerSaving Partner 

pulse-width modulation 

research, development, and demonstration 

root mean square 

revolutions per minute 

silicon-controlled rectifier 

Seasonal Energy Efficiency Ratio 



SMUD 

SPC 

SR 

TEFC 

TDH 

TWh 

UI 

V 

VAV 

VIV 

VSI 

w.c. 

WEPCo 

WP 

WPI 

WSU 

ABBREVIATIONS I ACRONYMS 

Sacramento Municipal Utility District 

standard performance contracting 

switched-reluctance 

totally enclosed fan-cooled motor enclosure 

total dynamic head 

terawatt-hours 

United Illuminating 

volt 

variable-air-volume 

variable-inlet-vane 

voltage-source inverter 

water column 

Wisconsin Electric Power Company 

written pole 

Worcester Polytechnic Institute 

Washington State University 
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Appendix A 

Economics 

The end-user and the electric supply system both benefit from de
mand-side distributed resources such as efficient motors. Motor 

users and the electric supply system each have reasons for installing 
efficient motors and drives: the motor users will save money on oper
ating costs, and the electric supply system can obtain a demand-side 
resource that can be less expensive than new transmission and gener
ating assets. As a result of recent restructuring of the electric power in
dustry, the electric system is no longer a single vertically integrated 
company but now may be made up of several entities variously en
gaged in electricity generation, transmission, distribution, and related 
services. Anyone or a combination of these entities may offer de
mand-side management programs that encourage energy efficiency. 
This appendix presents some general economic concepts used by each 
party, followed by technology-specific discussions and tables and 
worksheets for evaluating the economics of drivepower investments. 

Economic Concepts 
Motor users and DSM programs use very different criteria when 

making decisions about investments. The perspective of the motor 
user is discussed first. 

Motor User Perspective 
Firms have choices about where to spend money to produce a re

turn on their investment. Each option, including the purchase of 
energy-efficient equipment, must compete for scarce capital with other 
potential investments. Therefore, the economic analysis of efficiency 
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investments should be formatted in the same way as the analysis of 
other capital investments in order that all options can be compared on 
an equal basis. 

The economic return needed to persuade a company to purchase 
energy-efficient equipment varies among firms. Many companies se
lect products or make capital investments solely on the basis of least 
first cost. However, the most common method used by equipment 
buyers to evaluate conservation investments is the simple payback, or 
the time that it will take for the savings to pay back the cost of the in
vestment. The simple payback is calculated by dividing the incremen
tal cost of the efficient equipment by the value of the expected annual 
energy savings. For example, if an efficient motor costs $500 more 
than a standard motor and is expected to save $400/yr, the simple 
payback will be 1.25 years. 

The use of the simple payback introduces some errors into the cal
culation by assuming that inflation is zero and utility rates are con
stant. It also ignores the life of the measure. A device with a 6-month 
payback may seem like a good investment, but it's not if it lasts only 8 
months. Because of the short payback requirements of most motor 
users, however, and the relatively low cost of installing efficient motors 
and drives, the errors in simple payback analysis are generally minor. 

Some motor users use a related analysis, called the return on in
vestment (ROI). This method looks at the percent of the investment re
turned annually. For example, if an efficient motor costs $200 more 
than a standard motor and is expected to save $100/yr, it returns 50% 
of the investment annually. In general, this method produces results 
equivalent to the simple payback analysis and, additionally, is capable 
of evaluating a payment stream. 

Within the format of a simple payback or ROI analysis, the cutoff 
value for investments varies from company to company, and with the 
nature and risk of the investment. However, survey data and discus
sions with motor users suggest that very few companies will invest in 
conservation improvements with paybacks exceeding 3 years, and 
many companies need to see a payback of 2 years or less (Marbek Re
source Consultants, Ltd. 1987). 

Energy service companies are willing to accept a much longer 
payback for an investment if it has an asset life appropriately rela
tive to return and certainty of the savings. As noted in several of the 
case studies in Chapter 4, many ESCos are willing to take on an in
vestment with a payback of 7 years (a ROI of about 14%) or longer if 
the terms are attractive. In addition, some motor suppliers are now 
beginning to offer service contracts in which they own and maintain 
the motor for a set annual fee, which can be offset by the customer 
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savings. This rate of return, 14%, is attractive to most financial insti
tutions (Sutcliffe 1999). 

Another method, called life-cycle cost analysis, calculates the total 
present cost of owning and operating the equipment over the life of 
the equipment, assuming that there is a time value of money. In other 
words, future costs and savings are discounted back to the present so 
that the cost of different options over the life of the equipment can be 
compared on an equal basis. This method presents the most accurate 
picture of investment options over the long term. In practice, however, 
very few companies use this method to make decisions about efficient 
equipment unless the project has a very large cost because most com
panies are typically looking only at short-term gains. A more detailed 
discussion of this analysis approach can be found in Making Business 
Sense of Energy Efficiency and Pollution Prevention (Pye 1998). 

It is interesting to compare the results of different techniques for 
evaluating the economics of conservation measures. For example, 
assume that an energy-efficient motor costs $1,200 more than a stan
dard motor and is expected to save the owner approximately 
$600/yr. The simple payback for this investment is $1,200/$600, or 2 
years. The return on investment is $600/$1,200, or 50%/yr. The 
motor is expected to be in service for 15 years. Over that period, it 
will save the owner $9,000. The present value of the energy savings 
depends on the discount rate used for the analysis. Using a real dis
count rate of 10%, the present value of these savings is $4,563, or al
most four times the incremental cost of the efficient motor. If a real 
discount rate of 6% is used, the present value is $5,827, or almost 
five times the incremental cost. Discount rates are user-specific. The 
higher the discount rate, the more the user values money in hand 
today over a stream of future savings. 

Since simple payback is the most prevalent method used by com
panies, it will be used here in the tables and examples regarding the 
economics of efficient equipment. It is also important to note that we 
will consider only the energy savings. As noted in the main text, many 
efficient motor projects produce significant nonenergy benefits. These 
benefits could significantly increase the attractiveness of a motor sys
tem efficiency project (Pye 1998). 

Utility Rates 
Of course, the economics of efficiency investments hinges on util

ity rates. Most utilities charge commercial and industrial customers 
for energy use (by kilowatt-hour) and peak power demand requested 
by the customer from the utility (by kilowatt). The ratio of these two 
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charges is highly utility-specific and can result in charges such that the 
demand component accounts for up to 45% of the total electric bill. 

Many utilities also levy an additional charge if the power factor 
falls below a certain level (typically 0.S5 to 0.95 depending on the util
ity). Again, there is a range of charges for power factor, although this 
charge rarely exceeds 5% of the total bill. A few utilities charge based 
on kilovolt-amperes rather than power (kilowatt-hour), which has a 
similar impact, as discussed in Chapter 2. 

Electric Supply System Perspective 
Entities that make up the electric supply system routinely evalu

ate investments based on life-cycle costs. These entities are accus
tomed to purchasing power plants and transmission assets that pay 
back over 15 years or more. Depending upon the regulatory environ
ment, these entities may apply the same kind of long-term analysis to 
demand-side resources. This policy stands in strong contrast to the av
erage energy user's requirement that conservation investments pay 
back in under 3 years. This difference in perspective is referred to as 
the payback gap, as discussed in Chapter S. 

In evaluating conservation investments, the electric supply system 
entity compares the costs it avoids by making the investment (fuel, 
operation and maintenance, and the avoided cost of new generating 
facilities) to the amount it has to pay for the energy savings plus pro
gram implementation and administrative costs (typically 20-30% of 
direct costs). If the present value of the expenses avoided over the life 
of the conservation investment exceeds the cost of the investment, the 
measure is attractive for the entity. 

Avoided cost figures will often vary with off-peak and on-peak 
periods. Consider an entity that has an avoided cost of $.OS/kWh for 
peak periods and $.03/kWh for all other times. It is considering giving 
a rebate for an efficient 10 hp, I,SOO rpm, TEFC motor in a new instal
lation. The specifics of the project include: 

Rebate or incentive level: 
Program cost: 
Total utility cost: 
Total motor operation: 
On-peak motor operation: 
Off-peak motor operation: 
Motor load: 
Engineering motor life: 
Expected operational life: 
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$100 
$30 
$130 
4,000 hrs / yr 
1,000 hrs/yr 
3,000 hrs/yr 
75% of rated load 
15 yrs 
10 yrs 
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Utility real discount rate: 
Power savings (Column 0, Table A-I): 
Energy savings on-peak: 
Energy savings off-peak: 
Annual dollar savings: 

7% 
0.053kW 
53 kWh/yr 
159kWh/yr 
$9.01 

The net present value of the energy savings over the lO-year pe
riod, using a real discount rate of 7%, is $63.28. Since this does not ex
ceed the amount that the utility would pay to capture the savings 
($130), the rebate is not cost-effective for the utility. 

On a more complex level, utilities running conservation programs 
assume that some of their customers would have implemented con
servation measures without an incentive. These customers, known as 
"free riders," receive rebates but their savings cannot be credited to
ward the conservation amount resulting from the utility program. 
Also, as discussed in the main text, many of these investments would 
have been cost-effective without the conservation program from the 
end-user's perspective, or attractive to an ESCo. 

Using the above example, if 20% of the end-users of efficient 10 hp 
motors who received a rebate would have purchased these motors in 
the absence of the rebate, the effective cost to the utility would be the 
same but the energy savings would be 20% less. The new avoided cost 
for the investment would be $306, which is still greater than the $130 
spent by the entity and therefore still cost-effective. 

The above factors, along with the cost of rebates and implementa
tion problems, have encouraged the shift from demand-side programs to 
market transformation programs, which seek to permanently shift mar
ket behavior from existing patterns to more efficient decisions. In the 
above example, the entity may choose to provide the.rebate or incentive 
to a motor distributor rather than an end-user in order to encourage the 
distributor to stock the more efficient motor. See The Role of Market Trans
formation Strategies in Achieving a More Sustainable Energy Future (Nadel 
and Latham 1998) for a more detailed discussion of this topic. 

Another popular analytic approach is to compare the cost to the 
utility per kilowatt-hour saved (often called the cost of saved energy, 
or CSE) to the utility's avoided cost per kilowatt-hour. The CSE can be 
calculated using the formula 

Present value of utility costs to achieve savings 
CSE = --------------------------------

Annual kilowatt-hour savings x present-value factor 

where the present-value factor is the present value of annual pay
ments of $1, made for the life of the measure, assuming a specific 
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discount rate. Present-value-factor tables can be found in many eco
nomics and business textbooks, or one can use the "present value" 
function in most computer spreadsheet programs. In the example 
above, the CSE is as follows: 

$130 utility cost 
CSE = ------=---- = $.013/kWh 

1,280 kWh saved/yr x 7.024 

The cost of saved energy ($.013/kWh) is well below the electric 
supply system's avoided costs of $.03/kWh (off-peak) and $.08 kWh 
(on-peak), so the investment is cost-effective for the entity. 

Having covered some general economic principles and analytic 
methods, we present in the following sections tables and worksheets 
to illustrate how to evaluate specific installations. 

Efficient Motors 
An efficient motor can be installed when a new motor is pur

chased (in lieu of rewinding an existing motor that has failed) or as a 
retrofit replacing an operating standard-efficiency unit. 

The relevant cost for financial analysis depends on the type of in
stallation. When a new motor is purchased, the incremental cost of a 
premium-efficiency model over an EPAct unit is the value to be used in 
calculations. When a new efficient motor is installed instead of rewind
ing a burned-out motor, the actual cost for the efficiency improvement is 
the cost difference between rewinding the old motor and purchasing a 
new efficient motor. When an efficient motor is installed as a retrofit, the 
costs of the efficiency gains include the full purchase price of the new ef
ficient motor plus the labor to remove the old motor and install the new 
one. We ignore the salvage value of the retiring motor because it should 
be scrapped, not re-used, and the scrap value of the metal is small. 

Motor Costs 
Tables A-I and A-2 present the costs for new efficient motors, new 

standard motors, and motor rewinds. These tables are based on some 
generic assumptions about the type of motor, the location, and the duty 
factor and can be used in the worksheets to follow on motor economics. 
However, actual motor costs for specific applications should be used in 
calculations to more accurately reflect the economics of a specific project. 
The MotorMaster+® software, discussed in Chapters 2 and 9, is perhaps 
the best source of motor-specific data currently available, incorporating 
economic evaluation tools that aid in comparing motor options. 
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APPENDIX A 

The critical factors influencing the purchase price of motors are (in 
order of importance): size, discount structure, speed, enclosure type, 
and efficiency. For most electrical equipment, manufacturers have a 
published "list" price that is typically 30-50% above the trade price ac
tually paid by industry. High-volume customers can often negotiate 
discounts of up to 50% off the trade price. In this appendix, we have 
made the simplifying assumption that all motors are purchased at the 
industry trade price, which is approximately 10-30% higher for CEE 
premium-efficiency motors than for EPAct motors. 

The slower a motor, the more material it requires and the higher 
its capital cost. Because more than 50% of the motors sold are rated at 
1,800 rpm, the tables in this section are based on this operating speed. 

Enclosure type also influences the cost of a motor. Totally en
closed fan-cooled motors require more material and must operate in 
more severe environments and therefore cost more than open drip
proof models. 

Other Costs for Motor Replacement 
U-frame motors can usually be replaced with T-frame motors of 

the same rating. However, the mounting holes do not line up for the 
two frame types, so a conversion baseplate must be used. Depending 
on the motor size, the adapter plate can cost between $10 and $100, 
with $25 as the most typical value. Using an adapter also adds an 
hour of labor to the installation. 

As stated in Chapter 2, many motors now in service are oversized 
for the application. One way to save money on an efficient replace
ment is to install a new motor that is smaller than the original unit. In 
this case, however, both the mounting system and the shaft may be 
different sizes than for the original equipment. This change in the 
physical size of the equipment generally will force the user to install 
an adapter plate for mounting the motor and to change pulleys or put 
in a sleeve for attaching the existing pulleys to the new shaft. 

Motor starters typically include protective devices designed to 
disconnect the motor if it is overloaded. Most starters use a tempera
ture-activated switch that is warmed by a set of protective devices 
known as thermal overload elements or heaters. The heaters are sized 
according to the motor's full-load input current rating and will typi
cally need to be changed if the motor is downsized. Also, as discussed 
in Chapter 2, some premium-efficiency motors have higher inrush 
currents than do older standard motors. This situation may require the 
replacement of the heaters or the entire starter in order to avoid nui
sance trips. 
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ENERGY-EFFICIENT MOTOR SYSTEMS 

Repair Costs 
The cost of repair depends on the extent of the repair and local labor 

rates. In the simplest version of a repair, new bearings are installed and 
the motor is cleaned, as described in Chapter 2. In many repairs, the motor 
windings are also replaced-the tables in this appendix include both 
winding and bearing costs, based on stripping in a burnout oven. 

Energy Savings 
The energy an efficient motor will save depends on a number of fac

tors. The potential is defined by the difference in efficiency between the 
efficient motor and the standard motor it replaces (including any degra
dation to the efficiency of the standard motor from aging and past re
pairs). The magnitude of the savings results from the load and number 
of hours of operation. The efficiency values listed in Tables 
A-I and A-2 are for 1,800 rpm TEFC and ODP standard- and high
efficiency motors, operating at 75% of full load, after averaging across 
the offerings of the major manufacturers serving the U.S. market. The 
difference in energy use for these two sets of products was used to calcu
late the savings for new or retrofit applications. The rewind savings val
ues in the tables assume that the motor being replaced lost one percent
age point in efficiency from previous rewinds. Of course, if more specific 
values are available, they should be used in the calculations instead of 
relying on the average efficiencies listed in Tables A-I and A-2. Note also 
that 3,600 rpm motors tend to be one or two points more efficient, and 
1,200 rpm motors one or two points less efficient, than 1,800 rpm models 
(see Figure 2-10 [top]). 

The savings values in Tables A-I and A-2 assume that the motors run 
at 75% of the rated load. In most cases, the motor user is unlikely to know 
the actual load on the motor. However, if this load is known, the work
sheet allows the user to adjust the calculation accordingly. 

Estimating Costs and Benefits 
Calculating Savings from Efficient Motors 

The following completed worksheets illustrate how to estimate the 
costs and benefits of installing a CEE premium-efficiency motor in the 
following situations: (1) as a new application; (2) as an alternative to 
rewinding an old U-frame motor (an installation that requires an adapter 
baseplate); (3) as a retrofit for an in-service standard motor; and (4) as a 
downsizing application. Immediately following the examples are two 
blank worksheets: one (Worksheet A-I) is to be used for the first three 
cases listed above, and the other (Worksheet A-2) is to be used for down-
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sizing applications. These blank forms may be copied or used to develop 
spreadsheets for evaluating specific applications. 

Example #1 involves buying a new 20 hp TEFC motor that will oper
ate at 85% load and 4,000 hrs/yr with utility rates of $.063/kWh and 
$88/kW-yr. Because the motor is a new installation, the relevant cost for 
analysis is the difference in price between a standard- and a high-effi
ciency motor. 

Example #2 analyzes the choice between rewinding a 50 hp, 
U-frame ODP motor and buying a new high-efficiency motor. The motor 
will operate 4,000 hrs/yr at utility rates of $.06/kWh and $70/kW-yr. Be
cause the operating load is not known, the calculation assumes 75% load
ing. The conversion from a U-frame to a T-frame model requires an 
adapter baseplate and, in this case, new heaters. 

Example #3 calculates the economics of replacing an operating stan
dard-efficiency 30 hp TEFC motor with a high-efficiency unit. The motor 
runs 4,000 hrs/yr at unknown loading, with utility rates of $.07/kWh and 
$50/kW-yr. No baseplate adapter is required, but the cost of labor to re
move the old motor and install the new one must be counted. We assume 
no heater replacement is needed, but a new pulley must be installed. 

Calculating Savings from Downsizing 
As a general rule, downsizing a motor can be cost-effective if the 

existing motor is operating at less than 40% of rated load. When a 
motor is running this lightly loaded, the combination of the energy sav
ings that accrue from eliminating the reduced efficiency at low loads 
plus the potential capital cost savings due to using a smaller motor (in 
new installations and, in some cases, instead of rewinds) will provide a 
good return on investment for downsizing. In addition, moving to a 
smaller motor can help to raise the facility's power factors, as discussed 
in Chapter 3. (Columns F and J in Tables A-I and A-2 show that it is 
cheaper to buy motors below approximately 15 hp than it is to rewind 
them. Rewinding is less costly for motors larger than approximately 10 
hp.) However, downsizing a motor that operates above 40% load is 
often not cost-effective. The cost of installing a new motor (including 
adapter plates, new pulleys, and heaters) plus the efficiency loss from 
operating a smaller, less efficient motor outweigh the savings from run
ning a new, smaller motor at higher loading. Because large motors 
maintain their efficiency better at low loads than do small motors, the 
40% cutoff is only a general guideline. Downsizing decisions should be 
evaluated for each specific application. 

Example #4 evaluates the economics of replacing a standard
efficiency 40 hp TEFC motor with a high-efficiency 15 hp unit when the 
40 hp motor runs at only 11 hp (28% of load). 

383 
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Example #1: 
Installing an efficient motor in a new application 

Application: new motor ~ rewind ___ retrofit 
1. Motor size (hp) 20 
2.a Operating hours per year 4,000 
3.b Operating load (if known) 85 % 
4.a Utility rate (energy) (a) $ 0.063 per kWh 

(demand) (b) $ 88 per kW-yr 
5. Motor enclosure: ODP (Table A-2) __ TEFC (Table A-I) ~ 
6. Enter kW savings @ 75% load from Table A-lor A-2 0.16 

(Column D for new installations or Column I for retrofit or rewind) 
7. Adjust kW savings to actual operating load, if known 

0.16 x 85 % / 75% = 0.181 kWc 
from Line 6 Line 3 

8. Calculate kWh savings 
0.181 x 4,000 = 724 kWh 

from Line 7 Line 2 

9. 724 x 0.063 + 0.181 x 88 = $ 61.54 
from Line 8 Line 4(a) Line 7 Line4(b) 

10. Costs (from Table A-lor A-2) 
(a) $ 1,009 new efficient motor (Column F) 
(b) $ 0 motor baseplate (U-frame, Column L; pre-NEMA, 

ColumnM) 
(c) $_O-=----_ labor (retrofit only, Column K) 
(d) $ 0 heaters ($20 if needed) 
(e) $ 0 pulley (if needed, Column N) 

subtotal $ 1,009 
(f) $ 931 cost of alternative (standard motor, Column E; 

rewind, Column J) 
11. Calculate net cost: 

Add Lines 10(a) through 10(e), then subtract Line 10(f) = $ 78 
12. Simple payback 78 / 61.54 = 1.27 years 

from Line 11 Line 9 

a If possible, break out operating hours, load profile, and rates by on
and off-peak, using a separate worksheet for each segment. 

b If load is under 40%, consider downsizing and refer to Worksheet A-2. 
If load is unknown, use 75%. 

C If actual load is not known, use Line 6 value. 
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Example #2: 
Installing an efficient motor as an alternative to rewinding 

Application: new motor ___ rewind ~ retrofit 
1. Motor size (hp) 50 
2.a Operating hours per year 4,000 

3.b Operating load (if known) N / A % 

4." Utility rate (energy) (a) $ 0.06 per kWh 
(demand) (b) $ 70 per kW-yr 

5. Motor enclosure: OOP (Table A-2) ~ TEFC (Table A-I) __ 
6. Enter kW savings @ 75% load from Table A-I or A-2 1.6 

(Column 0 for new installations or Column I for retrofit or rewind) 
7. Adjust kW savings to actual operating load, if known 

0.16 x 75 % / 75% = ~kWc 
from Line 6 Line 3 

8. Calculate kWh savings 
1.6 x 41000 61400 kWh 

from Line 7 Line 2 

9. 61400 x 0.06 + 1.6 x 70 = $ 496 
from Line 8 Line 4( a) Line 7 Line 4(b) 

10. Costs (from Table A-I or A-2) 
(a) $ lA50 new efficient motor (Column F) 

(b) $ 75 motor baseplate (U-frame, Column L; pre-NEMA, 
ColumnM) 

(c) $_0"'---_ labor (retrofit only, Column K) 

(d) $ 20 heaters ($20 if needed) 
(e) $ 0 pulley (if needed, Column N) 

subtotal $ 1,545 

(f) $ 900 cost of alternative (standard motor, Column E; 
rewind, Column J) 

11. Calculate net cost: 
Add Lines 10(a) through 10(e), then subtract Line 10(f) = $ 645 

12. Simple payback 645 / 496 1.3 years 
from Line 11 Line 9 

a If possible, break out operating hours, load profile, and rates by on
and off-peak, using a separate worksheet for each segment. 

b If load is under 40%, consider downsizing and refer to Worksheet A-2. 
If load is unknown, use 75%. 

C If actual load is not known, use Line 6 value. 
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Example #3: 
Installing an efficient motor as a retrofit for an in-service 
motor 

Application: new motor __ rewind __ retrofit ~ 
1. Motor size (hp) 30 
2." Operating hours per year 4,000 
3.b Operating load (if known) N / A % 
4." Utility rate (energy) (a) $ 0.07 per kWh 

(demand) (b) $ 50 per kW-yr 
5. Motor enclosure: ODP (Table A-2) __ TEFC (Table A-I) ~ 
6. Enter kW savings @ 75% load from Table A-lor A-2 1.2 

(Column D for new installations or Column I for retrofit or rewind) 
7. Adjust kW savings to actual operating load, if known 

1.2 x 75 % / 75% = 1.2 kWc 
from Line 6 Line 3 

8. Calculate kWh savings 
1.2 x 4,000 4,800 kWh 

from Line 7 Line 2 

9. 4,800 x 0.07 + 1.2 x 50 = $ 396 
from Line 8 Line 4(a) Line 7 Line 4(b) 

10. Costs (from Table A-lor A-2) 
(a) $ Il456 new efficient motor (Column F) 
(b) $ 0 motor baseplate (U-frame, Column L; pre-NEMA, 

ColumnM) 
(c) $ 232 labor (retrofit only, Column K) 
(d) $ 0 heaters ($20 if needed) 
(e) $ 80 pulley (if needed, Column N) 

subtotal $ 1?68 
(f) $ 900 cost of alternative (standard motor, Column E; 

rewind, Column J) 
11. Calculate net cost: 

Add Lines 1O(a) through 1O(e), then subtract Line 1O(f) = $ 868 
12. Simple payback 868 / 396 2.2 years 

from Line 11 Line 9 

a If possible, break out operating hours, load profile, and rates by on
and off-peak, using a separate worksheet for each segment. 

b If load is under 40%, consider downsizing and refer to Worksheet A-2. 
If load is unknown, use 75%. 

elf actual load is not known, use Line 6 value. 
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Example #4: 
Downsizing as a retrofit for an in-service motor 

1. Current motor size (hp) 40 

2. Operating load (a) 11 hp; (b) 28 %a 

3. Proposed motor size 15 hp 
4. Estimated efficiency of current motor running at current percent 

of rated load, using Figure 3-5 and, if speed is not 1 rpm, Figure 
2-10 (top) 83 % 

5. Motor enclosure: ODP (Table A-2) __ TEFC (Table A-I) ~ 
6. Efficiency of the proposed smaller motor operating at calculated 

percent of rated load, from Column C of Table A-lor A-2 or from 
Table 2-8 for specific 1,800 rpm models 94.4 % 

7 .. Operating hours per year 4,000 

8." Utility rate (energy) (a) $ 0.06 per kWh 
(demand) (b) $ 70 per kW-yr 

9. Calculate change in power requirements 

0.746 kW /hp x ---¥- x [ 0.~3 - 0.9~4 ] = 1.19 kW 
from Lme2(a) -- --

Line 4 Line 6 

10. Calculate energy savings 
1.19 x 4,000 = 4,760 kWh/yr 

from Line 9 Line 7 

11. Cost savings 
4,760 x 0.06 + 1.19 x 70 = $ 369 

from Line 10 Line 8(a) Line 9 Line 8(b) 

12. Costs (from Table A-lor A-2) 
(a) $ 21023 new efficient motor (Column F) 
(b) $ 172 motor baseplateb 

(c) $ 381 labor (retrofit only, Column K) 
(d) $ 20 heaters ($20 if needed) 
(e) $ 103 pulley (if needed, Column N) 

total cost $ 21699 

13. Simple payback 21699 / 369 = 7.3 years 
from Line 12 Line 11 

a If possible, break out operating hours, load profile, and rates by on
and off-peak, using a separate worksheet for each segment. 

b Baseplate costs are application-specific in downsizing installations. 
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Worksheet A-l (jar new applications, as an alernative to 
rewinding old U-frame motors, and as a retrofit for in
service standard motors) 
Application: new motor __ rewind retrofit 
1. Motor size (hp) __ _ 

2." Operating hours per year 
3.b Operating load (if known) % 

4." Vtility rate (energy) (a) $ per kWh 
(demand) (b) $ per kW-yr 

5. Motor enclosure: ODP (Table A-2) __ TEFC (Table A-1) __ 
6. Enter kW savings @ 75% load from Table A-lor A-2 __ _ 

(Column D for new installations or Column I for retrofit or rewind) 
7. Adjust kW savings to actual operating load, if known 

___ x % / 75% = kWc 
from Line 6 Line 3 

8. Calculate kWh savings 
x kWh 

from Line 7 Line 2 

9. X + X =$ 
from Line 8 Line 4(a) Line 7 Line 4(b) 

10. Costs (from Table A-lor A-2) 
(a) $ new efficient motor (Column F) 

(b) $ motor baseplate (V-frame, Column L; pre-NEMA, 
ColumnM) 

(c) $ ___ labor (retrofit only, Column K) 

(d) $ heaters ($20 if needed) 

(e) $ pulley (if needed, Column N) 
subtotal $ __ _ 

(f) $ cost of alternative (standard motor, Column E; 
rewind, Column J) 

11. Calculate net cost: 
Add Lines 10(a) through lO(e), then subtract Line 1O(f) = $"--__ 

12. Simple payback / = years 
from Line 11 Line 9 

" If possible, break out operating hours, load profile, and rates by on
and off-peak, using a separate worksheet for each segment. 

b If load is under 40%, consider downsizing and refer to Worksheet A-2. 
If load is unknown, use 75%. 

c If actual load is not known, use Line 6 value. 
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Worksheet A-2 (downsizing existing motors) 

1. 

2. 

3. 

Current motor size (hp) __ _ 

Operating load (a) hp; (b) %a 

Proposed motor size hp 

APPENDIX A 

4. Estimated efficiency of current motor running at current percent 
of rated load, using Figure 3-5 and, if speed is not 1 rpm, Figure 
2-10 (top) % 

5. Motor enclosure __ ODP (Table A-2) __ TEFC (Table A-I) 

6. Efficiency of the proposed smaller motor operating at calculated 
percent of rated load, from Column C of Table A-I or A-2 or from 
Table 2-8 for specific 1,800 rpm models % 

7.a Operating hours per year __ _ 

8." Utility rate (energy) (a) $ ___ per kWh 
(demand) (b) $ per kW-yr 

9. Calculate change in power requirements 

0.746kW/hp x _11_x [_1 ___ 1_ ] = kW 
from Line 2(a) -- --

Line 4 Line 6 

10. Calculate energy savings 
x = kWh/yr 

from Line 9 Line 7 

11. Cost savings 
x + x =$ 

from Line 10 Line 8(a) Line 9 Line 8(b) 

12. Costs (from Table A-I or A-2) 
(a) $ new efficient motor (Column F) 

(b) $ motor baseplateb 

(c) $ labor (retrofit only, Column K) 
(d) $ heaters ($20 if needed) 

(e) $ pulley (if needed, Column N) 

total cost $ __ _ 

13. Simple payback ___ / ___ = ___ years 
from Line 12 Line 11 

a If possible, break out operating hours, load profile, and rates by on
and off-peak, using a separate worksheet for each segment. 

b Baseplate costs are application-specific in downsizing installations. 
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Calculating the Economics of 
Efficient Motors: 
Electric Supply System Perspective 

Many motor purchase decisions are made in a hurry after a 
motor fails. When this occurs, it is difficult to evaluate the exact 
economics of improving motor efficiency since the efficiency of the 
original, failed, motor can no longer be measured. Thus, the trans
action cost of procuring an efficient motor must be kept to a mini
mum or a less desirable motor decision will be made. As a result, 
DSM programs often provide fixed rebates for efficient motors 
based solely on the size of the motor in order to expedite the pur
chase of an efficient motor when an existing unit needs to be re
placed or rewound. To ensure the cost-effectiveness of its invest
ment in rebates, the program will sometimes set minimum bounds 
on the operation of the motor (such as a minimum number of oper
ating hours per year). 

These DSM programs use avoided-cost data along with esti
mates of energy savings to set rebate amounts and define applica
tions where incentives should be offered. In general, the steps in
clude the following: 

1. Determine the avoided cost (sometimes differentiated for differ
ent seasons and/ or time periods such as on- and off-peak). 

2. Determine the average operating life of the measure, allowing 
for equipment that is removed before the end of its rated life be
cause of production line remodeling or other reasons. 

3. Look at the cost of efficient motors in the three cases: new motor 
purchases; installing efficient motors instead of rewinds; and 
retrofitting with efficient motors. 

4. Estimate the utility cost savings for each application for different 
operating hours and loads. This calculation involves multiplying 
the energy or demand reductions by the utility's avoided cost 
per kilowatt-hour and/ or kilowatt. Alternatively, the cost of 
saved energy (in $/kWh) can be calculated for each application. 

5. Compare the avoided cost to the utility with the incremental 
cost or cost of saved energy for the application. When costs for 
the applications are expressed in terms of $/kWh, avoided costs 
per kilowatt-hour need to be adjusted to incorporate avoided ca
pacity costs. This is generally done by taking avoided capacity 

390 



APPENDIX A 

costs (expressed in $/kW-yr) and dividing by the average an
nual operating hours of the capacity in question (approximately 
8,000 hours for base load capacity). The resulting value is added 
to the avoided costs per kilowatt-hour, which yields an estimate 
of capacity-adjusted costs per kilowatt-hour. 

An example of these calculations is provided in the first section 
of this appendix. A discussion of motor program strategies was 
provided in Chapter 9. 

Adjustable-Speed Drives 
As discussed in Chapter 4, ASDs for variable-torque loads 

(such as centrifugal pumps and fans) cost 10-20% less than ASDs 
that drive constant-torque loads (such as conveyors) because the 
latter require heavier-duty electronics that can withstand the full 
motor inrush current. 

ASDs are similar to motors in that typically the list price has lit
tle meaning in the marketplace, and the trade price is the actual 
purchase price for a low-volume user. Typical installed ASD prices 
are presented in Figure 4-10. 

Most of the potential for energy savings from ASDs is in cen
trifugal fan and pump applications. Therefore, most of the costs 
used in this section are based on variable-torque controllers suit
able for centrifugal equipment. One example outlines converting 
an older DC drive system to an AC adjustable-frequency drive that 
requires constant-torque equipment. 

Two major factors besides the ASD affect its installed cost: the 
other equipment required to make the ASD a usable part of the sys
tem, and the options ordered with the unit. 

Consider the example of a pump being installed to control the 
pH of the fluid in a basin by adding caustic. The base installation 
(without the ASD) includes a pH sensor in the basin; a feedback 
controller that takes the reading from the sensor, compares it to the 
desired pH, and sends out a signal to a control valve; and the con
trol valve itself, which changes the flow to the basin. All of the 
components required to control the flow of caustic by varying the 
speed of the pump are already planned for this system, so there is 
no additional cost for using the ASD except for the ASD itself. 

A second application example involves a factory that has three well 
pumps. When the plant is operating, each pump runs continuously, pro
ducing water pressure that varies between 50 and 100 psi, depending on 
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the water use at any given time. The minimum pressure required to 
keep the equipment at the factory supplied with water is 50 psi. 

In this application, there currently is no sensor that sees the 
complete picture of the water flow needed by the plant. Each pump 
rides up and down its own pump curve so that the pressure in the 
system increases as the flow decreases. As a result, the costs for in
stalling an ASD must include installing a pressure sensor in the 
plant at a central or critical location; providing a feedback con
troller that takes the reading from the sensor, compares it to the de
sired pressure, and sends out a signal to the ASD; and the ASD it
self on one of the pumps. 

The costs for adding a feedback control loop are specific to the 
project since they depend on the type of sensor and controller that 
are required. A pressure sensor for an industrial process application 
will cost between $150 and $1,000, depending on the location, the 
environment, the range, and the brand. A pressure sensor used in 
an HVAC duct might cost only $30. Dual sensors (a primary unit 
and a backup unit) are sometimes used for reliability in critical in
dustrial applications. 

An inexpensive, stand-alone controller for a process application 
will cost between $250 and $400, while a stand-alone, self-tuning 
process controller can cost up to $1,200. In a plant where there is a 
central programmable logic controller, controlling an additional ap
plication will have no incremental cost if there are extra channels 
available to run the control circuit without adding any input/ out
put hardware. Again, components that control HVAC equipment 
are far cheaper than industrial process control systems. 

Most ASDs include options for control panels with different en
closures and different features such as switches, safeties, overloads, 
and pilot lights. In addition, most manufacturers can either include 
the control panel in the same physical location as the controller or 
wire the ASD so that it can be controlled from a remote station. 

Historically, most manufacturers recommended that ASD users 
purchase an isolation transformer to keep harmonics generated by 
the ASD from entering the electric distribution system. Modern 
ASD technology has reduced the harmonic components emitted 
(particularly for units under 150 hp) to the point where an isolation 
transformer is not necessarily recommended. However, these trans
formers are still frequently installed if there is any question of 
lower power quality due to either the harmonics emitted by the 
ASD or the possibility of damage to the ASD by transients in the 
electric distribution system. An isolation transformer adds approxi
mately 10-20% to the cost of an ASD. 
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Other less frequently seen options are as follows: 

• ASDs sometimes emit radio frequency noise, which can be sup
pressed. 

• Automatic restart after a power failure or a motor trip is offered 
by some manufacturers. 

• Some ASDs have circuits that substitute for a process controller. 

• Some ASDs have signal outputs so that more than one ASD can 
be set to track together for applications such as conveyors. 

The capital costs for ASDs used in this section include the costs 
of a basic unit operating at 480 V and an attached control panel. 
These data are shown in Figure 4-10. The total costs used in the fol
lowing examples include materials, labor, and whatever else is 
needed to integrate the ASD into the system. Such costs are too 
application-specific to be listed in a "cookbook" table. 

Calculating ASD Energy Savings 
The amount of savings from the use of ASDs on centrifugal ma

chines such as pumps and fans is dictated by both the variation in 
flow for the system and the way the system is currently controlled. 
As a result, the actual savings are site-specific. Nevertheless, there 
are some general conditions that offer some clues as to whether a 
specific application is likely to be cost-effective. Several case stud
ies have been used to help the reader screen for applications where 
some potential exists. The case studies include 

1. A pump that provides variable flow into a long pipeline so that 
most of the energy of the liquid as it exits the pump goes into 
overcoming the frictional losses in the pipeline. 

2. A pump that provides intermittent flow into a long pipeline so 
that most of the energy of the liquid as it exits the pump goes 
into overcoming the frictional losses in the pipeline. 

3. A pump that feeds into a header that supplies a number of 
faucets, where the pressure in the pipe is allowed to vary with 
the demand. 

4. A fan that supplies air to a variable-air-volume system in a com
mercial building. 

5. The replacement of an older DC drive system, used for speed 
control, by an AC system with ASDs. 
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Example #1: 
Pump with variable flow into a long pipeline 

A pump is used to transfer wastewater from an intermediate 
catch basin in a factory to a sewage treatment plant. Under current 
operation, dirty water enters the basin at a varying rate depending 
on how the plant is operating. There is a throttle valve on the outlet 
from the pump that controls the flow to maintain a constant level in 
the catch basin. The system operates continuously at varying flow 
rates and has the following characteristics: 

Pump: Cornell 6NHP 

Rated Pump Flow: 1,200 gpm @ 55 feet of pressure, known as the total 
dynamic head (TDH) 

Actual Pump Flow: 

Percentage of Rated Flow 

51-60% 
61-70% 
71-80% 
81-90% 
91-100% 

Percentage of Time at Each Flow 

20% 
20% 
20% 
20% 
20% 

To calculate the energy savings from adding an ASD, complete the 
following steps: 

1. Calculate the system curve that shows the pressure drop in the 
piping system. A table or a formula can be used to establish the 
pressure drop through the piping at different flow rates. In this ex
ample, the pipe is 6,800 feet long and 10 inches in diameter. The 
losses in the pipe are as follows: 

Flow Rate (gpm) Losses per 100 feet Total Losses 

200 .028 foot 1.9 feet 
400 .099 foot 6.7 feet 
600 .213 foot 14 feet 
800 .370 foot 25 feet 

1,000 .569 foot 39 feet 
1,200 .811 foot 55 feet 

2. Draw the system curve on the pump curve by plotting the pressure 
drop at each given flow rate calculated in Step 1 and connecting the 
points (see Figure A-I). 
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Figure A-1 

Variable-Speed Pump Curve with a Variable-Pressure System 
Curve Superimposed 
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Note: The upper set of heavy dots represents flow control through throttling; the lower, through 
speed control. The upper and lower sets of operating points in this figure apply to Example #1, while 
the lower set only applies also to Example #2. 

3. Estimate the power needed for each flow band from the pump 
curve for the throttled system. In this case, the power needed for 
the given flow rate is equal to the power required by the base 
pump curve (or the pump curve when the pump is operating at 
full speed). For example, looking at the pump curve, when the ac
tual flow is 85% of the design flow (1,200 gpm x 0.85 = 1,020 gpm), 
the power required at the pump shaft is 21 hp (since this flow rate 
falls about one-fifth of the way from the 20 to the 25 hp lines). The 
electrical power required to drive the shaft is 21 hp times the con
version factor from horsepower to kilowatt (0.746) divided by the 
motor efficiency at the estimated motor load. For a standard 25 hp 
motor, this would be approximately 21 hp x (0.746 kW /hp)/0.897 
= 17 kW. The number 0.897 is from Table A-I. Note that the pres
sure produced by the pump exceeds the pressure required by the 
system at most flow rates. This extra pressure represents wasted 
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energy that is released across the valve to control the flow to the 
required level. 

This method can be used to estimate the power needed at each 
flow rate as follows: 

Midpoint Throttled Throttled 
Flow Rate (gpm) Power (hp) Power(kW) 

51-60% 660 18 14.9 
61-70% 780 19 15.7 
71-80% 900 20 16.6 
81-90% 1,020 21 17.4 
91-100% 1,140 22 18.2 

4. Estimate the power needed for the system using an ASD by esti
mating the energy needed for each flow range to follow the sys
tem curve and adding the losses for the ASD. For example, if the 
pump was only turning fast enough to overcome the frictional 
losses in the piping at 85% of rated flow, the pump shaft would 
be rotating at about 1,020 rpm (based on the point where the sys
tem curve crosses a line of equal motor speed at 1,020 gpm). 
Looking at the pump curve, the power needed at the pump shaft 
at this speed and flow would be about 15 hp. The electrical 
power required to drive the shaft is 15 hp times the conversion 
factor from horsepower to kilowatt (0.746) divided by the effi
ciency of the motor and the ASD at the estimated motor load and 
ASD speed. (See Figure 4-9 for typical ASD efficiencies as a func
tion of speed; the present example is a variable-torque load.) For 
a 25 hp motor, the required electrical power would be approxi
mately 15 hp x (0.746 kW /hp)/0.897 /0.95 = 13 kW. 

The above method can be used to estimate the power needed at 
each flow rate as follows: 

Horsepower 
Midpoint with ASD Input Power 

Flow Rate (gpm) Speed Control Efficiency w/ASD (kW) 

51-60% 660 5 0.89 4.7 
61-70% 780 7 0.92 6.3 
71-80% 900 10 0.94 8.8 
81-90% 1,020 15 0.95 13.1 
91-100% 1,140 20 0.96 17.2 

5. Estimate the total energy savings due to the ASD by calculating the 
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power savings for each flow range (the value derived in Step 3 
minus the value derived in Step 4) and multiplying by the num
ber of hours in that flow range (20% of full-time operation, or 
1,753.2 hrs/yr at each flow range): 

Flow Range Power Reduction Energy Savings per Year 

51-60% 10.2kW 17,883 kWh 
61-70% 9.4kW 16,480 kWh 
71-80% 7.8kW 13,675 kWh 
81-90% 4.3kW 7,539 kWh 
91-100% 1.0kW 1,753 kWh 

Total 57,330 kWh 

Note that the energy used at full flow increases slightly (compared 
to the original system) due to the inefficiencies of the ASD-from 
18.6 kW with a wide-open throttle to 19.4 kW with the ASD at 100% 
speed. At 95% flow (used in this example for the range of flow from 
91 to 100%), the ASD still saves energy. If a system demands full 
flow for a significant fraction of its operating time, operating the 
ASD in bypass mode (which requires the installation of a bypass 
switch) can eliminate the ASD losses. 

6. Calculate the dollar savings for the above at $.07/kWh equals 
$4,013. 

7. Estimate the installed costs at $5,100 for a retrofit and $4,300 for 
new construction. 

8. Calculate the simple paybacks at 1.3 years for retrofit and 1.1 years 
for new construction. 

In this example, there is no change in the flow rate when the 
control valve is changed to an ASD. The energy savings come from 
the reduction in pressure from the pump for all of the flow ranges. 
This pressure reduction is substantial since the pump output can 
follow the system curve, which has a low pressure requirement at 
low flows. 

Because the base system is already designed with a level sensor, 
a feedback controller, and a control valve, the cost for the installa
tion includes the cost of the ASD plus some labor time for wiring 
the unit. 

The project is cost-effective because of the relatively low cost and 
the fact that there is a sufficient period when the system operates at 
low flows to produce significant savings and justify the investment. 
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Example #2: 
Pump with intermittent flow into a long pipeline 

A pump is used to transfer wastewater from an intermediate 
catch basin in a factory to a sewage treatment plant. Under current 
operation, dirty water enters the basin at a varying rate depending 
on how the plant is operating. The basin has a control that turns the 
pump on and off to maintain the level between the high and low set
points. When all of the lines in the plant are operating, the pump 
runs 95% of the time. When only one line is running, the pump runs 
50% of the time. The system operates continuously with the pump 
cycling to meet the varying flow rates. The system has the following 
characteristics: 

Pump: Cornell 6NRP 

Rated Pump Flow: 1,200 gpm @ 55 feet TDR 

Actual Pump Flow: 

Percentage of Rated Flow Percentage of Time at Each Flow 

51-60% 20% 
61-70% 20% 
71-80% 20% 
81-90% 20% 
91-100% 20% 

To calculate the energy savings, complete the following steps: 

1. Calculate the system curve that shows the pressure drop in the pip
ing system using the same calculation as in Example #1. 

2. Draw the system curve on the pump curve (see Figure A-I). 

3. In the base case (with the existing equipment), the pump either 
operates at the rated flow or is shut off. As a result, the power 
needed for each flow band can be estimated by taking the energy 
use at full flow and multiplying it by the percent of time the 
pump is operating to meet the flow band. For example, the 
power at full flow is 

0.746 kW/hp 
22.5 hp x + 18.7 kW 

0.897 

The average power needed at 85% of full flow is 

18.7 kW x 0.85 = 15.9 kW 
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This method can be used to estimate the power needed by the 
existing system at each flow rate as follows: 

Flow Rate Power 

51-60% 
61-70% 
71-80% 
81-90% 
91-100% 

10.3 kW 
12.2kW 
14.0kW 
15.9kW 
17.8kW 

4. Estimate the power needed for the system with an ASD by estimating 
the energy needed for each flow range to follow the system curve and 
adding the losses for the ASD. The same calculation was done for Ex
ample #1 and yielded the following estimates of the power needed at 
each flow rate: 

Flow Rate Power 

51-60% 4.7kW 
61-70% 6.3kW 
71-80% 8.8kW 
81-90% 13.1 kW 
91-100% 17.2kW 

5. Estimate the total energy savings from the ASD by calculating the 
power savings for each flow range (Line 3 minus Line 4) and multi
plying by the number of hours in that flow range. Again, the continu
ously operating system runs 20% of the time (1,753.2 hrs/yr) at each 
flow range: 

Flow Range Power Reduction Energy Savings per Year 

51-60% 5.6kW 9,818 kWh 
61-70% 5.9kW 10,343 kWh 
71-80% 5.2kW 9,117 kWh 
81-90% 2.8kW 4,909 kWh 
91-100% 0.6kW 1,052 kWh 

Total 35,239 kWh 

6. The dollar savings for the above at $.07/kWh equals $2,467. 

7. The installed costs are $6,800 for a retrofit and $5,700 for new con
struction. The costs are higher for this application than for the system 
in Example #1 since these costs include a flow sensor and a feedback 
controller, which were not needed for the base system. 

8. The simple paybacks are 2.8 years for retrofit and 2.3 years for new 
construction. 
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In this example, there is a tradeoff between running the pump 
continuously at reduced pressure and flow with the ASD and running 
the pump for limited periods at full flow. In the base case, the pump 
cycles and operates at a relatively high efficiency when it runs. There 
are some savings from allowing the water to flow at lower rates, pro
ducing a lower pressure drop, but these savings are not as large as in 
Example #1 since there is no deliberately wasted energy to control the 
valve in this system. Note that running the pump continuously at re
duced speed instead of cycling will reduce wear on the pump, motor, 
and associated electrical equipment. 

The paybacks may not be attractive enough for many motor users 
but will be for some users and for most utilities. 

Example #3: 
Pump with variable flow into a header 

A pump is used to supply water to a factory with multiple water 
uses. Under current operation, the water is stored in a tank and pumped 
into the plant by a single pump, which pressurizes the system. Since the 
water demand varies, the pump will ride up and down the pump curve 
so that the pressure in the system varies from 55 to 70 feet of head and 
thus requires a relatively high minimum pressure. The system operates 
continuously at varying flow rates and has the following characteristics: 

Pump: Cornell 6NHP 

Rated Pump Flow: 1,200 gpm @ 55 feet TDH 

Actual Pump Flow: 

Percentage of Rated Flow Percentage of Time at Each Flow 

51-60% 
61-70% 
71-80% 
81-90% 
91-100% 

20% 
20% 
20% 
20% 
20% 

This system has very large pipes feeding the plant. As a result, 
the pressure drop is minimal at all flow rates, and the pressure re
quired by the system is constant regardless of the flow. This pressure 
is 55 feet of head. To calculate the energy savings, complete the fol
lowing steps: 

1. Draw the pressure requirements on the pump curve (see Figure A-
2). Note that this system curve is a straight line at 55 feet of head in
stead of the more typical system curve (as in Figure A-I). 
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Figure A-2 

Variable-Speed Pump Curve with a Constant-Pressure System 
Curve Superimposed 
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Note: The upper set of operating points (along the 1,200 rpm pump curve) shows the system (same 
pump as in Figure A-1) with no pressure regulation. The lower set (constant pressure at 55 feet) 
shows the operation using speed control to maintain constant pressure at varying flow. 

2. From the pump curve, estimate the power needed for each flow 
band for the existing, throttled, system. In this case, the power 
needed for a given flow rate is equal to the power required by the 
base pump curve (that is, the pump curve when the pump is oper
ating at full speed). Note that this is the same calculation for the 
base system in Example #1. 

Flow Rate Power 

51-60% 14.9kW 
61-70% 15.7kW 
71-80% 16.6kW 
81-90% 17.4 kW 
91-100% 18.2kW 

3. Estimate the power needed for the same system using an ASD by 
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4. 

estimating the power needed for each flow range to maintain a con
stant pressure of 55 feet and adjusting for the losses in the motor 
and ASD: 

Midpoint Horsepower ASD Power with 
Flow Rate (gpm) withASD Efficiency ASD (kW) 

51-60% 660 14.0 0.95 12.2 
61-70% 780 16.0 0.95 13.9 
71-80% 900 17.5 0.95 15.3 
81-90% 1,020 20.0 0.96 17.2 
91-100% 1,140 21.5 0.96 18.5 

Estimate the total energy savings due to the ASD by calculating the 
power savings for each flow range and multiplying by the number 
of hours in that flow range: 

Flow Range Power Reduction Energy Savings per Year 

51-60% 2.7kW 4,734 kWh 
61-70% 1.8kW 3,156 kWh 
71-80% l.3kW 2,279 kWh 
81-90% 0.2kW 350 kWh 
91-100% .3kW -526 kWh 

Total 9,993 kWh 

5. Calculate the annual dollar savings for the above at $.07 equals $700. 

6. Estimate the costs at $6,800 for a retrofit and $5,700 for new con
struction. The costs are higher for this application than for the sys
tem in Example #1 since they include a flow sensor and a feedback 
controller, which were not needed for the base system. 

7. Calculate the simple paybacks at 9.7 years for retrofits and 8.1 years 
for new construction. 

In this example, the energy savings are produced by controlling the 
pressure at the minimum acceptable level for the application instead of 
letting the pressure increase at low flow rates. In other words, the wasted 
energy is the extra pressure between the pump curve and the system re
quirement of 55 feet of head generated by the pump at low flow rates. 
The savings for this application are lower than in Examples #1 and #2 be
cause there is no reduction in pressure requirements at low flow rates, 
and the pressure generated by the pump only narrowly exceeds the 
pressure needed by the system. In general, it will not be cost-effective to 
install an ASD on systems that require a high minimum pressure. 
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As noted in Example #1, if the system is expected to operate much 
of the time at close to full flow, the ASD can be operated in bypass 
mode when close to full load (at additional installed cost and control 
complexity). 

Example #4: 
ASD on a variable-air-volume fan in a commercial 
building 

Many commercial buildings have air-handling systems in which 
the air volume is varied to meet the cooling demand in the building. 
These systems, known as VAV systems, have boxes that serve each 
thermal zone in the building, with the airflow to that zone adjusted 
by a local thermostat. Inlet vanes have historically been used on the 
supply fan to match the airflow to the output of the boxes. While the 
power requirement of a fan with inlet vanes decreases as the flow de
creases, the power does not fall off as fast as the flow because the 
inlet vanes reduce the efficiency of the fan. For example, the power 
that is required by a typical inlet vane system at 50% flow is about 
75% of full power. 

There are also many commercial buildings with constant-volume 
systems that may be good candidates for conversion to VAVs using 
ASDs. Such systems include terminal-reheat and dual-duct configura
tions. Note that converting such simultaneous heating and cooling 
systems to VAVs saves significant heating and cooling energy as well 
as ventilating energy. 

In general, it is difficult to do a hand calculation of the impact of 
installing an ASD on a constant-volume system, or in place of an inlet 
vane or discharge damper on a VAV system, because the impact de
pends on the building's thermal characteristics, which change with 
time. For example, in the morning, waste heat from lights may be ab
sorbed by the cool mass inside the building, which helps to make the 
space more comfortable. Later in the day, as the building's mass 
charges up, that same waste heat may serve to overwarm the space. 
Even with a constant outside daytime temperature of, say, 50°F, a 
building might thus need heating in the morning and cooling in the 
afternoon. Because of such issues, the easiest way to evaluate the sav
ings from installing an ASD on an air handler would be to run a ther
mal model (such as DOE2, Trak-Load, or ASEAM-see Appendix D) 
of the building and look at the relative energy use for ventilation 
using different assumptions for controlling the air flow. Such simula
tions would also estimate the heating and cooling savings made possi
ble by converting constant-volume systems to VAVs. 
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Assume that running this type of a model produces the following 
for a 100,000-square-foot office building: 

Base fan energy use: 
Fan energy use with an ASD: 
Energy savings: 
Dollar savings @ $.07/kWh: 

160,000 kWh/yr 
96,000 kWh/yr 
64,000 kWh/yr 
$4,480 

The economics of the project to the motor user will depend on the 
building. If the building is a three-story suburban office building with 
two 50 hp supply fans, the installed cost will be about $14,000, and the 
simple payback will be 3.1 years. 

If the building is a 12-story office building in a downtown core 
area with a floor-by-floor air handler system and twelve 7.5 hp mo
tors, the installed cost will be $35,000, and the simple payback will be 
7.8 years. 

Note that the economics of the project to the utility may be very 
different from that of a project with the same customer economics in 
the industrial sector because there are differences in the value of en
ergy savings during different time periods. Specifically, the projects in 
industry in the first three examples can be assumed to be driven by 
process requirements, which are typically consistent during the day 
and the year. However, the use of an ASD on a VA V system would 
save energy when the building cooling load is low, typically in the 
winter and in the early morning hours in the summer. If a utility has a 
summer peak, the use of an ASD on a VAV system may not yield any 
energy savings during the system peak unless the system is oversized 
(which is common). 

Example #5: 
DC drive system to be replaced with AC variable-speed 
drives 

An older plant that manufactures metal widgets uses a 5 hp DC 
motor to drive the shaft on each of 20 milling machines with 5 hp DC 
motors. The plant currently has a motor-generator (M-G) set where an 
AC motor drives a DC generator to supply DC power to the machines. 
The motor on the M-G set runs for 4,000 hrs/yr and draws 110 kW. 
The M-G set needs to see a constant load in order to regulate the volt
age, so it is designed so that the DC generator sees an artificial resis
tive load if all of the DC motors are not in operation. The plant uses all 
20 machines on the day shift (2,000 hrs/yr) but only 5 machines on the 
swing (evening) shift. 
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Use the following steps to calculate the energy savings: 

1. The current energy use is 110 kW x 4,000 hrs := 440,000 kWh. Note 
that there are no savings during the swing shift when fewer ma
chines are running since the M-G set must see a constant load to 
properly regulate the DC voltage. 

2. Calculate the expected energy use based on 15 motors of 5 hp run
ning 2,000 hrs/yr and 5 motors of 5 hp running 4,000 hrs/yr. As
suming the motors operate at 50% load, and the overall efficiency 
of the motor and ASD together is 70%, the total energy use is 

0.5 x 15 x 5 hp x 0.746 kW /hp x (110.70) x 2,000 hours 

+ 0.5 x 5 x 5 hp x 0.746 kW /hp x (1/0.70) x 4,000 hours 

:= 130,000 kWh/yr 

The total use for the proposed system will be 130,000 kWh/yr. 

3. Calculate the energy savings at 310,000 kWh/yr. 

4. Calculate the dollar savings at $.07/kWh is $21,700. 

5. Calculate the cost for the retrofit (assuming that constant-torque 
ASDs are needed for the application) at about $70,000, which in
cludes the cost for new motors. 

6. Calculate the simple payback at 3.2 years. 

In general, AC drives provide speed control at a lower energy pre
mium than DC drives, particularly when the DC drives are the older
style systems that use M-G sets. In addition, AC motors have much 
lower ongoing maintenance costs for rewinding and repair. 

Oversized Wiring as a Conservation 
Measure 

As discussed in Chapter 3, it is often cost-effective (in new instal
lations and remodels but not retrofits) to install cable larger than re
quired by code because larger wire has lower losses. In general, it is 
cost-effective to substitute larger wire for motors that operate for long 
periods of time at close to full load, particularly if larger wire can be 
installed in the same-size conduit. Two case studies will be used to il
lustrate when using oversized wiring is cost-effective. 

Case Study #1 
A 100 hp, three-phase, 480 V motor is being installed at a distance of 

approximately 500 feet from the motor control center (MCC). The motor 
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is expected to run for two shifts, 5 days/week (approximately 4,000 
hrs/yr). Using the tables in the National Electric Code (NEC): 

Full-load current: 
Base wire size: 
Base conduit: 
Estimated loss @ 100% load:b 

Estimated loss @ 75% load: 
Base cost, wire: 
Base cost, conduit: 
Base cost, total: 

124 amps 
1/0 XHHW coppera 

1.5 inches 
2.8 kW or 11,000 kWh 
1.6 kW or 6,400 kWh 
$1,980 
$2,185 
$4,165 

"American Wire Gauge copper wire sizes #8,6,4,3, 1/0,2/0,3/0, and 
4/0 have respective diameters of 0.129,0.162,0.204,0.229,0.325,0.365, 
0.410, and 0.460 inches, or 3.642, 4.115, 5.189, 5.827, 8.252, 9.266, 10.40, 
and 11.68 mm. These diameters are for solid conductors; standard 
wire has larger overall diameters to yield the same net cross-sectional 
area of copper. 

bBased on loss = 3PR (because each of the three phases has the same 
loss). Resistance (R) in ohms per 1,000 feet of wire at 75°C (167°F) for 
the various wire diameters is as follows: 0.12 for 1/0 copper; 0,10 for 
2/0 copper; 0.077 for 3/0 copper; and 0.062 for 4/0 copper. Because 
these values are for 1,000 feet of wire, R equals one-half these values 
for the 500-foot runs used in this example. To adjust these resistance 
values for other temperatures, use the formula 

R2 = Rj x (1 + 0.00323 [T2 - 75]) 

where R2 is the new resistance, Rj is the given resistance, and T2 is the 
new temperature in degrees Celsius. 

It is proposed that the wire size be increased to 2/0 XHHW, which 
would require 2" conduit: 

Estimated loss @ 100% load: 
Estimated loss @ 75% load: 
Proposed cost, wire: 
Proposed cost, conduit: 
Proposed cost, total: 
Incremental cost: 
Simple payback @ $.07/kWh, 100% load: 
Simple payback@$.07/kWh, 75% load: 

2.3 kW or 9,200 kWh 
1.3 kW or 5,200 kWh 
$2,200 
$2,525 
$4,725 
$560 
4.4 years 
6.7 years 

Because using larger wire in this case requires larger conduit, the pay-
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backs are longer than many consumers are willing to accept, although 
such paybacks might be acceptable to a utility. 

Case Study #2 
A 125 hp, three-phase, 480 V motor is being installed at a distance 

of approximately 500 feet from the MCC. The motor is expected to run 
constantly except during 3 weeks of maintenance downtime (approxi
mately 8,200 hrs/yr). Using the tables in the NEC: 

Full-load current: 
Base wire size: 
Base conduit: 
Estimated loss @ 100% load: 
Estimated loss @ 75% load: 
Base cost, wire: 
Base cost, conduit: 
Base cost, total: 

156 amps 
3/0XHHW 
2 inches 
2.8 kW or 23,000 kWh 
1.6 kW or 13,000 kWh 
$2,500 
$2,525 
$5,025 

It is proposed that the wire size be increased to 4/0 XHHW, which 
can still use the 2-inch conduit: 

Estimated loss @ 100% load: 
Estimated loss @ 75% load: 
Proposed cost, wire: 
Proposed cost, conduit: 
Proposed cost, total: 
Incremental cost: 
Simple payback@$.07/kWh, 100% load: 
Simple payback @ $.07/kWh, 75% load: 

2.3 kW or 19,000 kWh 
1.3 kW or 11,000 kWh 
$2,800 
$2,525 
$5,325 
$300 
1.1 years 
2.1 years 

Case Study #1 has a much better payback than Case Study #2 
because of the combination of longer operating hours (which pro
duce larger savings) and the lower incremental cost, since the con
duit size does not change when the wire size is increased. In addi
tion to receiving a fast payback, the motor user would save $140/yr 
for the life of the installation if the motor ran at 75% load. 

Drivetrains 
As discussed in Chapter 3, synchronous belts can be considerably 

more efficient than V-belts. Synchronous belts can be used effectively 
in both new and retrofit applications. They cost more than V-belts and 
require more costly cogged pulleys, but they last longer. V-belts are 
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sometimes used for safety reasons, because they will slip if the equip
ment jams. Because synchronous belts do not slip, some applications 
might require safety equipment such as clutches or shear pins, which 
will add to the cost of the system. 

There is no simple correlation between motor size and the cost 
of synchronous belts. The cost of the belts and pulleys depends on 
the gear ratio between the motor and the equipment, the amount of 
torque that the belts will see, and the distance between the centers 
of the pulleys. In new construction, a conventional V-belt system 
will cost about 65-75% less than a synchronous belt system. 

Although belt costs do increase with motor size, the increase is 
nonlinear, so retrofitting a belt on a larger motor is more cost-effective 
than doing the same retrofit on a smaller motor. Two examples follow: 

Example #1 
A synchronous belt drive is being considered for a fan in an air 

handler that is driven by a 5 hp motor via a conventional V-belt. The 
fan operates 10 hrs/day, 5 days/week (2,600 hrs/yr). The system pa
rameters are as follows: 

408 

Motor efficiency: 
V-belt efficiency: 
Synchronous belt efficiency: 
Energy cost: 
Motor load: 

Energy use for the V-belt system is 

88.7% (efficient motor) 
92% 
97% 
$.07/kWh 
75% 

5 hp x 0.746 kW /hp x 0.75 load x 2,600 hrs/yr = 8,900 kWh/yr 
0.92 x 0.887 

Operating cost is 

8,900 kWh/yr x $.07/kWh = $623/yr 

The energy use for the synchronous belt system is 

5 hp x 0.746 kW /hp x 0.75 load x 2,600 hrs/yr = 8,450 kWh/yr 
0.92 x 0.887 

Operating cost is 

8,450 kWh/yr x $.07/kWh = $592/yr 

The dollar savings due to the use of the synchronous belt is 
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$31/yr. The cost as a retrofit is $300, and the incremental cost in new 
construction is $170. The simple paybacks are 9.7 years for retrofits 
and 5.5 years for new construction. 

Example #2 
A synchronous belt is being considered for a fan in an air handler 

driven by a 75 hp motor. The fan operates 24 hrs/day, 5 days/week 
(6,240 hrs/yr). The system parameters are as follows: 

Motor efficiency: 
V-belt efficiency: 

95.1% (efficient motor) 
92% 

Synchronous belt efficiency: 97% 
Energy cost: $.07/kWh 
Motor load: 75% 

The energy use for the V-belt system is 

75 hp x 0.746 kW /hp x 0.75 load x 6,240 hr/yr 299,000 kWh/yr 
0.92 x 0.951 

Operating cost is 

299,000 kWh/yr x $.07/kWh = $20,900/yr 

The energy use for the synchronous belt system is 

75 hp x 0.746 kW /hp x 0.75 load x 6,240 hrs/yr 284,000 kWh/yr 
0.97 x 0.951 

Operating cost is 

284,000 kWh/yr x $.07/kWh = $19,900/yr 

The dollar savings due to the use of the synchronous belt is 
$l,OOO/yr. The cost as a retrofit is $1,375 and the incremental cost in 
new construction is $780. The simple paybacks are 1.4 years for retro
fits and 0.8 year for new construction. 

The paybacks in Example #2 are far more attractive because of the 
larger equipment size and longer operating hours. In cases where syn
chronous belts are not economical, cogged V-belts should be consid
ered. They fall between conventional V-belts and synchronous belts in 
cost and efficiency. 
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Motor Provisions 
in the Energy Policy Act of 1992 

The u.s. Congress, as part of the Energy Policy Act of 1992 (U.s. 
Congress 1992), set minimum efficiency levels (see Table B-1) for 

motors falling under the following description: general purpose, T
frame, single-speed, foot-mounting, polyphase squirrel-cage induc
tion motors of the National Electrical Manufacturers Association De
signs A and B, rated for continuous duty and operating on 230/460 V 
and constant 60 Hz line power. Presently, EPAct lists energy efficiency 
levels for 1-200 hp electric motors. Since October 1997, all motors 
covered under EPAct (or "covered" motors) that are either manufac
tured alone or as a component of another piece of equipment must 
comply with EPAct efficiency levels and also be labeled with a certi
fied efficiency value. This appendix will summarize the law and its 
implementation. 

Covered Equipment 
General purpose, one of several terms used to describe the type of 

motors covered, was not defined by EPAct. To avoid confusion, DOE's 
Office of Codes and Standards undertook the task of more clearly 
defining what motors are covered equipment as part of the final rule 
to implement EPAct directives concerning electric motors (Federal 
Register 1999). In general, DOE has interpreted general purpose to mean 
any motor that is designed in standard ratings, standard operating 
characteristics, and standard mechanical construction and can be used 
without restriction in a broad range of common applications. This 
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Table 8-1 

Allowable Minimum full-Load Efficiencies for Motors 
Covered by EPAct 

Number of Poles Nominal Full-Load Efficiency 

Open Motors Enclosed Motors 

Motor Horsepower/ 
Standard 6 4 2 6 4 2 
Kilowatt Equivalent 

1/.75 80.0 82.5 - 80.0 82.5 75.5 

1.5/1.1 84.0 84.0 82.5 85.5 84.0 82.5 

2/1.5 85.5 84.0 84.0 86.5 84.0 84.0 

3/2.2 86.5 86.5 84.0 87.5 87.5 85.5 

5/3.7 87.5 87.5 85.5 87.5 87.5 87.5 

7.5/5.5 88.5 88.5 87.5 89.5 89.5 88.5 

10/7.5 90.2 89.5 88.5 89.5 89.5 89.5 

15/11 90.2 91.0 89.5 90.2 91.0 90.2 

20/15 91.0 91.0 90.2 90.2 91.0 90.2 

25/18.5 91.7 91.7 91.0 91.7 92.4 91.0 

30/22 92.4 92.4 91.0 91.7 92.4 91.0 

40/30 93.0 93.0 91.7 93.0 93.0 91.7 

50/37 93.0 93.0 92.4 93.0 93.0 92.4 

60/45 93.6 93.6 93.0 93.6 93.6 93.0 

75/55 93.6 94.1 93.0 93.6 94.1 93.0 

100/75 94.1 94.1 93.0 94.1 94.5 93.6 

125/90 94.1 94.5 93.6 94.1 94.5 94.5 

150/110 94.5 95.0 93.6 95.0 95.0 94.5 

200/150 94.5 95.0 94.5 95.0 95.0 95.0 

broad definition was clarified in the rule by a set of guidelines and ex
amples of mechanical and electrical modifications, which can be used 
to determine whether a motor is considered covered equipment. Table 
B-2 displays the examples. 

In addition, EPAct energy efficiency levels apply to electric mo
tors that are rated in kilowatts or horsepowers other than those 
specified in NEMA MG 1, Table 10-4. Table B-1 shows the standard 
horsepower /kilowatt-equivalent ratings for metric motors. For 
other kilowatt-rated motors, the conversion to horsepower is done 
using the formula: 

1 kilowatt = (1/0.746) horsepower 
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For motors with power ratings that fall between the values in the 
table, the appropriate nominal efficiency level is determined as fol
lows: round up for a horsepower rating at or above the midpoint be
tween two consecutive horsepowers and round down for a rating 
below the midpoint. 

Determination of Efficiency 
In order to comply with EPAct, the average full-load efficiency of 

each basic model of electric motor must be determined by either testing 
or the application of an alternative efficiency determination method 
(AEDM). Basic model refers to all units of a given type of motor that re
flect the fundamental efficiency characteristics of a family of motors. 
Such characteristics are derived from the same general design and are 
anticipated to have similar efficiency values. 

Testing 
In general, efficiency is determined in accordance with NEMA 

Standard MG 1-1993, with Revisions 1-4 (NEMA 1993) and either 
IEEE Standard 112-1996, Test Method B, as amended (IEEE 1996) or 
CSA Standard C-390-93, Test Method 1 (CSA 1993). 

Alternative Efficiency Determination Method 
This method is the alternative to testing every basic model of 

motor for efficiency. It is based on testing a statistically valid sample of 
motors and applying the results to a mathematical model that repre
sents the electrical, mechanical, and energy efficiency characteristics of 
a basic model. The accuracy and reliability of an AEDM must be sub
stantiated before it can be used. In general, the tested losses must 
agree within 10 percent of the estimated losses. 

Certification of Compliance 
A manufacturer or private labeler must certify its electric motors 

are in compliance through either independent testing or a certification 
program nationally recognized in the United States. 

If independent testing is used, the testing laboratory must be ac
credited by one of the following: 

.. The National Institute of Standards and Technology/National 
Voluntary Laboratory Accreditation Program (NIST /NVLAP) 

(text continues on page 418) 
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ENERGY-EFFICIENT MOTOR SYSTEMS 

• An accreditation body having a mutual recognition arrange
ment with NIST /NVLAP 

• An organization that has petitioned and is classified by DOE 
as an accreditation body; such a testing laboratory must be an 
independent facility in order to render test reports objectively 
and without bias. 

If a certification program is used, the certification organization 
must meet certain criteria and submit a petition to DOE to be classi
fied as nationally recognized. 

Upon acceptance of a manufacturer's or private labeler's certifica
tion that its electric motors comply with the energy efficiency require
ments contained in the EPAct final rule (Federal Register 1999), DOE 
will issue a Compliance Certification (CC) number to that manufac
turer or private labeler. 

Labeling 
The nominal full-load efficiency, as determined by testing or use 

of an AEDM, must be marked on the motor's permanent nameplate. 
The CC number must be displayed on the permanent nameplate 
within 90 days of the number's issuance by DOE. In addition, a manu
facturer or private labeler has the option to mark its complying elec
tric motors with the encircled lowercase letters "ee," as in the follow
ing example, or with some comparable designation or logo. 

@ 
Also, such energy efficiency information must be prominently dis

played in motor catalogs and other materials used to market the motor. 

Imported Motors 
Any covered motor imported into the United States, whether it is 

manufactured alone or as a component of another piece of equipment, 
must meet the energy efficiency requirements prescribed by EPAct. 
These motors must also comply with certification and labeling re
quirements set forth in the EPAct final rule (Federal Register 1999). 
The importer would be responsible for certifying compliance if the 
covered motor had not already been certified for compliance by the 
manufacturer or private labeler. 

Enforcement 
Typically, DOE relies upon the marketplace to identify potential 

violations of the statutory requirements for electric motors. Upon 
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receiving written information alleging that there has been a viola
tion, DOE will investigate to determine whether a violation actually 
has occurred. DOE follows a prescribed procedure for enforcement 
as spelled out in the EPAct final rule (Federal Register 1999). As part 
of the enforcement process, the department can require the testing 
of motors under investigation. A violation can result in penalties, as 
provided under Section 431.128 in the final rule, and/or an order 
for "cessation of distribution of a basic model." 
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Glossary 

Material for this glossary was taken in part from the following 
sources: 

• 1981 Fundamentals. Atlanta, Ga.: American Society of Heating, Re
frigerating and Air-Conditioning Engineers (ASHRAE). 1981. 

• Cooling and Heating Load Calculation Manual. Atlanta, Ga.: American 
Society of Heating, Refrigerating and Air-Conditioning Engineers 
(ASHRAE). 1979. 

• Dictionary of Mechanical Engineering. Prepared by J.L. Nayler and 
G.H.E Nayler. New York, N.Y.: Hart Publishing Company. 1967. 

• "Energy Savings Potential in California's Existing Office and Retail 
Buildings." Staff Report. Sacramento, Calif.: California Energy 
Commission. 1984. 

• Glossary of Frequently Occurring Motor Terms. Wallingford, Conn.: 
EMS, Inc. 1983. 

• Guide to HVAC Equipment. Sacramento, Calif.: California Energy 
Commission. 1980. 

• Guidelines for Saving Energy in Existing Buildings: Building Owners 
and Operators Manual. ECM 1. Washington, D.C.: Federal Energy 
Administration. 1975. 

• IEEE Standard Dictionary of Electrical and Electronics Terms. New 
York, N.Y.: Institute of Electrical and Electronics Engineers. 1988. 

• Terminology of Heating, Ventilation, Air-Conditioning, and 
Refrigeration. Atlanta, Ga.: American Society of Heating, Refrigerat
ing and Air-Conditioning Engineers (ASHRAE). 1986. 
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Actuator: A device, either electrically, pneumatically, or hydraulically 
operated, that changes the position of a valve or damper. 

Adjustable-speed drive (ASD): A motor accessory that enables the 
driven equipment (e.g., fan or pump) to be operated over a range 
of speeds. The two general categories of ASDs are mechanical 
units (installed between the motor and the driven load) and elec
tronic units (installed in the electrical wiring to the motor). 

Air transport system: A system that distributes air to the various 
spaces in a building, generally comprising fans, ducts, dampers, 
registers, etc. It is sometimes referred to as a ventilation system, 
but the air transport of warm or cool air for space conditioning 
may be separate from the mechanical ventilation system in some 
buildings. 

Alternating current (AC): Electric current that is characterized by the 
electrons flowing back and forth along the conductors that consti
tute the circuit. Normal building wiring in the United States is al
ternating current with a frequency of back-and-forth flow of 60 cy
cles per second. See direct current. 

Ambient: Surrounding (e.g., ambient temperature is the temperature 
in the surrounding space). 

Amperes (amps): Equal to the flow of 6.25 x 1,018 electrons per sec
ond, or one coulomb per second. 

Full-load amps (FLA): The amount of current the motor can be 
expected to draw under full-load (torque) conditions when 
operating at the rated voltage. Also known as nameplate 
amps. 

Locked-rotor amps (LRA): The amount of current the motor can 
be expected to draw under starting conditions when full volt
age is applied. Also known as starting inrush. 

Service-factor amps: The amount of current the motor will draw 
when it is subjected to a percentage of overload equal to the 
service factor on the nameplate of the motor. For example, 
many motors have a service factor of 1.15, meaning that the 
motor can handle a 15% overload. 

See current. 

Amps: See amperes. 

Apparent efficiency: The product of a motor's efficiency and its 
power factor. 

ASHRAE 90: Comprising voluntary building standards for new 
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buildings, developed by the American Society of Heating, Refrig
erating and Air-Conditioning Engineers. These standards include 
minimum equipment efficiencies, building envelope characteris
tics, and required control strategies for nonresidential buildings. 

Average efficiency: See nominal efficiency. 

Avoided cost: Cost to the utility of the marginal kilowatt-hour pro
duced. When conservation or an alternative supply allows a util
ity to reduce its own power production, the savings to the utility 
is its avoided cost. This quantity (which includes avoided opera
tions and maintenance, transmission and distribution, and capac
ity costs) varies depending on a wide range of factors, including 
fuel cost, generation type (which may vary over the course of the 
day and the year), etc. 

Basic model: All units of a given type of covered equipment manu
factured by a single manufacturer and, with respect to electric mo
tors, that have the same rating and essentially identical electrical 
and efficiency characteristics (Federal Register 1999). 

Bearings: The supports that hold a revolving shaft in its correct posi
tion. In the context of motors, the two rotor shaft bearings 
(mounted in the motor frame) allow rotary motion of the shaft rel
ative to the enclosure while preventing axial or radial motion. 
Bearings come in a wide variety of types. Most integral-horse
power motors use ball bearings with rolling steel balls that contact 
the two main parts ("races") of the bearing to allow the relative 
motion. Many fractional-horsepower motors (especially the small
est sizes) use sleeve or journal bearings with a bearing lubricant to 
keep the spinning shaft from contacting the stationary bearing. 

Belt: A band of flexible material (usually rubber or plastic reinforced 
with fabric or steel) for transmitting power from one shaft to an
other by running over flat, grooved, or toothed pulleys. See Figure 
3-15 for illustrations. The common belt types include 

Flat belts: Smooth belts with a flat cross-section, riding on corre
sponding smooth pulleys. Flat belts are thinner and wider 
than V-belts used in the same applications. 

Synchronous belts: Belts with a flat cross-section and teeth 
formed in the inner belt surface. The belt teeth engage the 
teeth of the pulleys, preventing any slippage (hence the 
name). 

V-belts: Belts with a V-shaped cross-section and a smooth or 
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cogged inner belt surface. V-belts ride in pulleys (sheaves) 
with corresponding smooth, V-shaped grooves. The U cogged" 
V-belts are toothed with transverse grooves or notches. These 
notches do not interface with the notched sheaves but rather 
increase the contact force between the belt and the smooth 
sheave, reducing slippage while making the belt more flexible 
by reducing bending due to heating. 

Bipolar transistor: Three-terminal electronic switch in which the cur
rent between two terminals (the collector and the emitter) is con
trolled by the third terminal (the base). The base current is typi
cally 50-100 times smaller than the output current. 

Brushes: Conductors, usually composed in part of carbon, serving to 
maintain an electrical connection between the stationary and rotat
ing parts of a motor. Brushes contact either slip rings (in AC wound
rotor motors) or the contacts of the commutator (in DC motors). 

Capacitor: A component containing a dielectric (nonconducting) ma
terial sandwiched between two metallic layers. Capacitors are 
widely used for power-factor compensation and filters. See power 
factor. 

CEE premium-efficiency motor: A motor that meets or exceeds the 
minimum-efficiency level specified by the Consortium for Energy 
Efficiency. These levels represent an efficiency level above that of 
EPAct motors. This specification is used by many entities as the 
qualifying efficiency level for participation in motor programs. 
See Consortium for Energy Efficiency and EPAct motors. 

Centrifugal chiller: A machine that produces cold water by using 
centrifugal action in its compressor to raise the pressure level of 
the refrigerant gas. Centrifugal chillers are commonly used in 
large commercial buildings to supply chilled water to cooling coils 
in the buildings' HVAC systems. Chiller unloading (operating at 
cooling loads below maximum) is generally regulated by varying 
the flow of the refrigerant gas with variable-inlet vanes on the 
input side of the compressor. 

Centrifugal fan: A device for propelling air by centrifugal action. 
Forward-curved fans have blades that are sloped forward relative 
to the direction of rotation, while backward-curved fans have 
blades that are sloped backward and are generally more efficient 
at high pressures than forward-curved fans. 

Chiller: A refrigeration machine that produces cooled water, gener
ally at a temperature of 40-55°F. Types include reciprocating, 
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screw, centrifugal (named for the type of compressor used in the 
motor-driven compression-expansion cycle), and absorption (for 
the heat-driven absorption cycle). 

Chopper: A device that converts DC power into a square wave. When 
used with an output filter, a chopper can be used with a constant
voltage input to create a variable-voltage output by altering the 
ratio of on-time to off-time in the square wave. 

Code letter: An indication of the amount of locked rotor (inrush) 
current required by the motor when it is started. See amperes, 
locked-rotor. 

Coefficient of performance (COP): A measure of the efficiency of 
cooling or refrigeration equipment. COP is defined as the ratio of 
cooling output to energy input, with both quantities in the same 
units of measure (kilowatts or British thermal units per hour). 
Electric cooling equipment has COPs ranging between approxi
mately 2 and 6. See energy efficiency ratio. 

Compressor: A mechanical device that increases the pressure, and 
thereby the temperature, of a gas. Refrigerant compressors are the 
most common in building applications, followed by air compressors. 

Condenser: A heat exchanger in which a refrigerant is condensed 
from a vapor to a liquid. Common types of condensers are air
cooled (either by natural air flow, as in the coil on the back of 
many residential refrigerators, or fan-forced, as in air condition
ers); water-cooled (as in most large chillers for commercial build
ings); and evaporative, where water is sprayed on the outside of 
the refrigerant tubes and a fan forces air to evaporate a portion of 
the water, providing a cooling effect. 

Consortium for Energy Efficiency (CEE): A nonprofit organization 
located in Boston, Massachusetts, that develops and deploys 
market transformation programs for member utilities, govern
ment agencies, and public interest groups. CEE's motor commit
tee has developed several motor system initiatives. See market 
transformation. 

Cooling load: The heat and moisture that accumulate in a building 
and that must be removed in order to maintain comfortable tem
perature and humidity conditions. 

Cooling tower: A device that cools water directly by evaporation and 
is typically used to reject heat from one or more condensers. 

Covered motor: A motor, defined within EPAct regulations, to which 
EPAct specifications apply (see Appendix B for further explanation). 
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Current: The flow of electrons in an electrical circuit. Current is mea
sured in amperes. See amperes. 

Current signature: The unique distortions in the current profile 
caused by an operating electromechanical device. 

Current-source inverter (CSI): A type of electronic ASD that works 
by converting the AC input to controlled-current DC and then 
synthesizing the variable-frequency AC output by using a DC-to
AC inverter. See adjustable-speed drive, variable-Jrequency drive, and 
voltage-source inverter. 

Cycloconverter: An AC converter in which the AC supply from the 
grid is converted directly into another AC voltage waveform with 
a lower frequency, without an intermediate DC stage. The output 
frequency ranges between 0% and 50% of the input frequency. 

Damper: A restrictive device used to vary the volume of air passing 
through an air outlet, inlet, or duct. 

Demand charge: The amount charged by the utility per kilowatt of 
peak power used (demanded) by the customer. Demand charges 
are usually billed per month; the peak demand is measured by a 
special demand meter that records the highest average demand 
(typically over a 15- or 3~-minute interval) during the month. The 
charge may be fixed or variable according to the time of day, sea
son, and level of demand. 

Demand-side management (DSM): These programs focus on reduc
ing energy consumption by energy end-users and, in general, are 
operated by utilities, government, and public benefit entities. Proj
ects may focus on education, incentives, or market transformation. 
See public benefit fund and market transformation. 

Design: The design letter on a motor nameplate is an indication of the 
shape of the torque-speed curve. Figure 2-9 shows the typical shape 
of the most commonly used NEMA design letters (A, B, C, 0, and 
E). Design B is the standard industrial-duty motor, which has rea
sonable starting torque with moderate starting current and good 
overall performance for most industrial applications. Design C is 
used for hard-to-start loads and is specifically designed to have 
high starting torque. Design 0 is the so-called high-slip motor, 
which tends to have very high starting torque with high slip at £un
load torque. The motors are particularly suited for low-speed 
punch press, hoist, and elevator applications. Generally, the effi
ciency of Design 0 motors at £Unload is rather poor, and thus they 
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are normally used on those applications where the torque charac
teristics are of primary importance. Design A motors are not com
monly specified, but specialized motors used for injection molding 
applications have characteristics similar to Design A's. The most im
portant characteristic of this type is that the pull-out torque is some
what higher than Design B's; otherwise A and B are quite similar. 
Design E motors are comparable in specification to Design A's mo
tors with high starting currents and limited pull-up torques but re
quire special starters and are therefore predominately used in 
HVAC fan applications. See slip, torque, pull-out and torque, pull-up. 

Direct current (DC): Electrical current characterized by electrons 
flowing in one direction only. See alternating current. 

Discharge dampers: Dampers that regulate the flow of air on the out
let side of a fan in variable-air-volume systems. Dampers are the 
least efficient method of regulating air flow. 

Drivepower: Energy consumed by motors and motor-driven equipment. 

EASA-Q: A certification program developed by the Electrical Appara
tus Service Association for quality motor repair practices. See Elec
trical Apparatus Service Association and motor repair. 

ECM or ECPM: Electronically commutated permanent-magnet 
motor. See permanent-magnet motors. 

Eddy (or eddy-current) losses: See magnetic losses. 

Efficiency (motor): In general, this is the ratio of the mechanical 
power output to the electrical power input. See other efficiencies: 
apparent, minimum, and nominal. 

Electrical Apparatus Service Association (EASA): A trade associa
tion representing many motor repair shops, principally in North 
America. EASA also develops standards for motor repair prac
tices. 

Electromagnetic interference (EMI): Impairment of a transmitted 
electromagnetic signal by an electromagnetic disturbance; it's par
ticularly relevant to communications and data processing applica
tions. 

Energy charge: The amount charged by the utility for each kilowatt
hour of energy used by the customer. The energy charge may be 
fixed or variable, depending on the time of day, season, and level 
of usage. 
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Energy efficiency ratio (EER): A U.s. measure of cooling equipment 
efficiency, defined as 

(cooling output in Btu/h)/(electric input in watts) 

EER = COP x 3.412. See seasonal energy efficiency ratio. 

Energy-efficient motor (EEM): A motor that meets or exceeds the mini
mum-efficiency levels specified in NEMA MG I, Table 12-10. These 
levels correspond with the minimum-efficiency levels specified in 
the Energy Policy Act of 1992. See EPAct motor and NEMA MG 1. 

Energy Policy Act of 1992 (EPAct): Federal legislation that amended 
the Energy Policy and Conservation Act of 1978. Among other 
actions, it established minimum-efficiency standards for inte
gral-horsepower, general purpose, polyphase induction motors 
of 200 hp or less. 

EPAct: See Energy Policy Act of1992. 

EPAct motor: A motor that complies with the minimum-efficiency 
levels specified in the Energy Policy Act of 1992. These motors 
also meet the NEMA definition of energy efficient. See energy
efficient motor and Energy Policy Act of 1992. 

Explosion-proof (EXP): A type of motor package ("enclosure") de
signed to withstand the explosion of a specified gas or vapor 
within it and to prevent ignition of a specified external gas or 
vapor by sparks, flashes, or explosions that may occur within the 
motor casing. 

First cost: The initial cost of a project, including design, procurement, 
equipment, and installation costs. 

Forced commutation inverter: Inverter in which a special commuta
tion circuit is required to turn off the thyristor, making the inverter 
design more complex. See thyristor. 

Fractional-horsepower motor: A motor with a rated output power of 
less than 1 hp. See horsepower and integral-horsepower motor. 

Frame size: Motors come in various physical sizes to match the re
quirements of the application. In general, the frame size gets 
larger with increasing horsepower or with decreasing speed. In 
order to promote standardization, NEMA prescribes standard 
frame sizes for certain horsepower, speed, and enclosure combina
tions. Frame size specifies the mounting and shaft dimensions of 
standard motors. For example, a motor with a frame size of 56 will 
always have a shaft height above the base of 3.5 inches. Frame 

428 



APPENDIXC 

sizes are usually listed as a combination of a number and a letter, 
with the number indicating the relative size and the letter the gen
eral frame type (such as T, V, etc.). See frame type. 

Frame type: This is the general characteristics of a motor's size and 
mounting configuration, usually expressed by a letter. For exam
ple, NEMA T-frame motors (base-mount, single-ended shaft) are 
the most commonly made three-phase frame type; the similar but 
larger V-frame motors were most common until the 1960s. V
frame and T-frame motors have the same shaft size for the same 
power and speed. Another early design of the same type, A-frame 
motors, differs from T-frames in both motor size and shaft size. C
and J-frame motors are end-mounted and designed to be bolted 
directly to the driven equipment. L-frame motors are similar to C
frames except that they are designed to mount vertically above the 
load (usually a pump). Fractional-horsepower motors generally 
do not have a letter designation. See frame size. 

Free rider: A participant in a promotional conservation program who 
would have performed the conservation action even without the 
program. 

Frequency: The rate of oscillation of an alternating current, expressed 
in cycles per second (or hertz). In North America, the predomi
nant frequency of AC power is 60 Hz. 

Full-load speed: The approximate speed at which the motor will run 
when it is operating at full rated output torque or horsepower. 

Gate turn-off thyristor (GTO): An electronic switch with the same 
properties as a thyristor, but possible to turn off by applying a 
small control signal in the gate. This is in contrast to standard 
thyristors, which must have the voltage across the main terminals 
brought close to zero in order to be turned off (requiring the use of 
such techniques as forced commutation). See thyristor. 

Gears: A mechanical system for transmitting rotation through the use 
of toothed wheels in direct engagement. Gears are used to change 
the speed, direction, or orientation of rotation from one shaft to an
other. There are a great many types and combinations of gears; four 
of the most common types of gears are bevel, helical, worm, and 
spur gears. Helical and worm gears are shown and described in 
Figure 3-12. Spur gears are cylindrical gear wheels in which the 
teeth are parallel to the shaft and are used for transmitting power 
between parallel shafts. Bevel gears are beveled in order to transmit 
rotation between nonparallel shafts and are commonly used to 
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transmit power at 900 to the output shaft, that is, between shafts 
with intersecting axes at right angles. 

General purpose motors: NEMA defines a general purpose motor as 
an open or closed motor, 500 hp or less, rated for continuous duty, 
without special mechanical construction, that can be used in typi
cal service conditions without restrictions to a particular applica
tion or type of application. 

Harmonics: Electrical signals with frequencies that are integral multi
ples of the fundamental frequency. For example, in a 60 Hz appli
cation, a 180 Hz component is called the third harmonic. 

Header: The manifold into which multiple pumps or compressors 
discharge. 

Heating, ventilation, and air conditioning (HVAC) system: A system 
that provides one or more of the functions of heating, ventilation, 
and air conditioning (cooling) for a building. 

Hertz (Hz): Frequency of AC power in cycles per second. The pre
dominant frequency of power in North America is 60 Hz; in most 
other countries it's 50 Hz. See frequency. 

High-inertia load: A load that has a relatively high flywheel effect (or 
moment of inertia). Large fans, blowers, punch presses, cen
trifuges, industrial washing machines, and similar loads can be 
classified as high-inertia loads. See inertia. 

Horsepower (hp): A unit of power equal to 746 watts or 33,000 ft
lb/minute. In the United States, horsepower is used to indicate the 
rated output (shaft) power of a motor. One horsepower = torque 
(ft-Ib) x speed (rpm)/5,252. In compressor sizing, it is the full-load 
output rating of the electric motor driving the compressor. 

Hysteresis losses: See magnetic losses. 

Inductance: The property of an electrical circuit by which an electro
motive force is induced in it or in a nearby circuit by a change of 
current in either circuit. 

Induction motor: The most common type of AC motor, in which a pri
mary winding on one member (usually the stator) is connected to 
the power source and a secondary winding (in the case of wound
rotor induction motors) or a squirrel cage of metal bars (in the case 
of squirrel-cage induction motors). On the other member (usually 
the rotor), the induced current is carried. The changing magnetic 
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field created by the stator induces a current in the rotor conductors, 
which in turn creates the rotor magnetic field. The interaction of 
the stator and rotor magnetic fields causes the motor to rotate. 

Inductors: Generally, they are devices with a magnetic core around 
which windings of wire are wrapped, a construction that results 
in high inductance relative to the size of the device. An electro
magnet is a type of inductor. 

Industrial Best Practices: Motors, formerly Motor Challenge: See 
Chapter 9. 

Inertia: That property of a body by which it tends to resist a change in 
its state of rest or uniform motion. Inertia is measured by mass 
(equivalent to weight) when linear accelerations are considered. In 
the context of motor systems where rotational acceleration is the 
primary concern, inertia is measured by the moment of inertia, 
about the axis of rotation. The moment of inertia is the Imr2, 

where m is the mass of a part of the rotating equipment and r is its 
perpendicular distance from the axis of rotation. That is, the mo
ment of inertia depends on the weight of the rotating system and 
how far the weight is from the axis of rotation (the farther away it 
is, the more effect the same weight will have). 

Inlet vanes: Variable vanes on the inlet side of a fan that regulate air
flow in a variable-air-volume system. Inlet vanes are also used in 
centrifugal chillers. 

Insulated gate transistor (IGT): A three-terminal electronic switch 
with an input stage that is an MOS transistor and an output stage 
that is a bipolar transistor. In this way, the IGT combines the best 
properties of both transistors (requires negligible input power to 
control the transistor and results in low losses in the conduction 
state when the IGT is fully on). See MOS transistor. 

Insulation class: A measure of the resistance of the insulation compo
nents of a motor to their degradation from heat. The four major 
classifications of insulation used in motors are, in order of increas
ing thermal capabilities, Classes A, B, F, and H. Class A is no 
longer used in integral-horsepower motors; the designations C 
through E and G were never used. 

Integral-horsepower motor: This motor has an output power rating 
of 1 hp or above. See fractional-horsepower motor and horsepower. 

Inverter: A device or system that changes DC power to AC power. 

Inverter drive: A type of adjustable-speed drive that varies the 
motor speed, changing the frequency of the motor input current. 
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See adjustable-speed drive, variable-frequency drive, and voltage
source inverter. 

Inverter duty motor: A motor manufactured in conformance with 
NEMA MG 1, Part 31, with a higher class of insulation that allows 
the safe operation of inverter drives. See inverter drive and NEMA 
MGl. 

Isolation transformer: A transformer with primary and secondary 
windings physically separated, thus preventing primary circuit 
voltage from being forced onto the secondary circuits. Isolation 
transformers are often used with large ASDs to reduce the power 
quality degradation caused by the ASD. 

Kilovolt-ampere (kVA): The product of the voltage (in volts) and cur
rent (in amperes) in an electrical circuit, divided by one thousand. 
In DC circuits, kilovolt-ampere equals kilowatt flowing. In AC cir
cuits, the kilovolt-ampere equals the kilowatt if the power factor 
equals one; otherwise the kilovolt-ampere is higher than the kilo
watt. See kilowatt and power factor. 

Kilowatt (kW): A unit of (usually) electrical power equal to one thou
sand watts, or the flow of one thousand joules of energy per sec
ond. Equivalent to 3,412 British thermal units (Btus) per hour of 
thermal power or 1.34 hp. Other than in the United States, it is 
commonly used to indicate motor output (shaft) power. See horse
power and kilovolt-ampere. 

Kilowatt-hour (kWh): A unit of electrical energy equal to one kilo
watt of power flowing for one hour, i.e. 3,600,000 joules of energy. 
Equivalent to 3,412 Btus of thermal energy or 1.34 hp /hr. Kilo
watt-hour is the most common unit used for metering electricity. 
See kilowatt. 

Laminations: Thin steel sheets stacked together and used in electro
magnetic devices. In motors, they form the core of the stator and 
rotor magnets. In inductors and transformers, laminations provide 
the magnetic core around which the windings of wire are placed. 

Leakage reactance: The motor reactance associated with that fraction 
of the magnetic flux generated by the stator winding that does not 
cross the air gap and therefore does not reach the rotor (and vice 
versa, from the rotor to the stator). The leakage reactance is a trade
off value: for example, a high degree of leakage reactance results 
in lower starting current (a desirable result), but with undesirable 
reductions in steady-state motor performance. The leakage reac-
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tance increases with the air gap size and is also a function of other 
motor design parameters such as slot design, saturation of the 
magnetic circuit, and winding configuration. 

Load profile: Distribution over time of the heating, cooling, ventila
tion, electrical, or any other loads of a building or process. Load 
profile is usually expressed on an hourly basis over a day but may 
also be expressed on a seasonal basis over a year. 

Load types: 

Constant-horsepower: Loads where the torque requirement de
creases as the speed increases, and vice versa. Constant-horse
power loads are usually associated with applications such as 
traction (in electric vehicles, for example) and metal removal 
(e.g., drill presses, lathes, and milling machines). 

Constant-torque: Loads where the amount of torque required to 
drive the machine is constant regardless of the speed at which 
it is driven. For example, most conveyors and many recipro
cating compressors are constant-torque loads. 

Variable-torque: Loads that require low torque at low speeds and 
increasing torque as the speed is increased. Centrifugal fans 
and pumps are typical examples of variable-torque loads. 

Magnetic losses: When the iron core in the motor is subjected to a 
changing magnetic field, as it is during normal operation, there 
are two types of losses: eddy current and hysteresis. Eddy-current 
(or simply eddy) losses are due to the currents induced in the iron 
by the change in the magnetic flux, with losses growing with the 
square of the flux density and the square of the frequency. Eddy 
losses can be minimized by using thinner laminations and silicon 
steel with a higher electric resistivity. Hysteresis losses are due to 
the rotation of groups of iron atoms as they are excited by the 
changing magnetic field. Hysteresis losses are proportional to the 
square of the flux density and to the frequency. Hysteresis losses 
can be decreased by using high-performance silicon steel with 
high permeability and a narrow hysteresis cycle. Both types of 
magnetic losses can be decreased by using a lower magnetic flux 
density, which means using larger cross-sections in the magnetic 
circuit (i.e., more iron in the motor). 

Market transformation: This concept involves programs and mea
sures that seek to permanently change the market's structure or 
behavior to a desired goal (e.g., procurement of energy-efficient 
products). Strategies can involve education, targeted incentives, or 
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formation of new market structures. These efforts are frequently 
carried out by government, public interest, public benefit, or util
ity entities. See demand-side management. 

Mechanical cooling: Cooling by energy-using equipment such as 
chillers and air conditioners. Cooling accomplished through use 
of outside air or by evaporative coolers is generally not considered 
mechanical cooling. 

MG1: SeeNEMAMG1. 

Microelectronic: Electronic devices characterized by highly inte
grated circuits (many semiconductor devices on one chip of sili
con) that are usually used for computation and control and gener
ally operate at currents well below 1 ampere with voltages below 
10 V. See power electronic devices. 

Minimum efficiency: The minimum level of efficiency for a group 
of motors of the same specification. Up to 5% of motors can have 
an efficiency lower than the minimum efficiency. Minimum effi
ciency is sometimes guaranteed by the motor manufacturer. The 
NEMA minimum efficiency levels are set at two standard incre
ments of efficiency below the NEMA nominal efficiency. See 
nominal efficiency. 

Minimum-efficiency standard or specification: A standard or speci
fication requiring a particular type of equipment to meet a mini
mum level of operating efficiency. In the case of motors, such stan
dards generally set different minimum levels of nominal motor 
efficiency according to the motor size (in horsepower output rat
ing). See CEE premium-efficiency motor, efficiency, EPAct motor, 
NEMA MG 1, NEMA Premium Motor™, and nominal efficiency. 

MOS transistor: A three-terminal electronic switch in which the con
duction between the two main terminals (the drain and the 
source) is controlled by the voltage applied between the third ter
minal (the gate) and the source. The input current in the gate is al
most zero, and the input power required to control the transistor 
is negligible. This leads to simple control circuits and improved ef
ficiency. 

Motor (electric): A machine that converts electrical power into me
chanical power in the form of a rotating shaft. See induction motor 
and synchronous motor. 

Motor Challenge program, now Industrial Best Practices: Motors: See 
Chapter 9. 

Motor repair: This area covers a range of services that involve the 
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maintenance and repair of electric motors. These services can 
range from cleaning, preventive maintenance, and mechanical 
repair to the replacement of the electrical winding. See Electric 
Apparatus Service Association and motor rewind. 

Motor rewind: This procedure involves the removal of the motor sta
tor winding and replacing it with a new winding. A rewind is 
usually performed on a motor that has experienced an electrical 
failure. Rewinding usually also involves other mechanical and 
electric repairs such as cleaning and bearing replacement. See 
motor repair. 

National electrical code: The standards document setting forth ac
cepted sizing and installation practices for electrical equipment, 
used as a reference in setting local building codes. 

Natural commutation: A circuit in which the voltage applied to the 
thyristors reverses in polarity, leading to the turnoff of the device 
when the voltage crosses zero. 

NEMA: National Electrical Manufacturers Association. 

NEMA MG 1: A standard issued by the Motor Generator Committee 
of NEMA that provides design, labeling, and application specifi
cations for electric motors and generators. Table 12-10 provides 
the specification of energy-efficient motors that was incorporated 
in the EPAct Motor Standard. See energy-efficient motor, EPAct, 
NEMA, and NEMA Premium MotorTM. 

NEMA Premium MotorTM: A minimum-efficiency specification for 
motors issued by NEMA. See minimum-efficiency specification and 
NEMA. 

NEMA TP-1: A NEMA standard issued in 1996, entitled the Guide for 
Determining Energy Efficiency for Distribution Transformers. This stan
dard specifies how cost of ownership for distribution transformers 
should be calculated and provides a default table, Table 4-2, of 
minimum-efficiency levels for different classes of transformers to 
be labeled "energy efficient." See NEMA. 

Nominal efficiency: The average expected efficiency for a group of 
motors of the same specification. Half of the motors are expected 
to fall below the nominal value, and half above. NEMA's nominal 
efficiency (a rating indicating that the motor's nominal efficiency 
falls within a certain range) is now being stamped on the name
plate of most domestically produced integral-horsepower electric 
motors. See minimum efficiency. 
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Open drip-proof (ODP): A type of motor package ("enclosure") in 
which cooling is provided by an internal fan(s) forcing air 
through the motor. The ventilation openings are positioned to 
keep out liquid or solid particles falling at any angle from 0" to 15° 
from the vertical. 

Participation rate: The fraction (or percentage) of the eligible cus
tomers taking part in a program. 

Part-load ratio: The ratio of instantaneous output from a piece of 
equipment to the equipment's rated output. For example, if a 
piece of cooling equipment is exercising 60% of its full cooling ca
pacity, the part-load ratio is 0.6. 

Peak cooling load: The maximum rate of cooling that occurs in a 
building during the year. 

Penetration rate: The degree to which a technology has become the 
standard in a marketplace. For example, if energy-efficient motors 
are sold for 10% of the general purpose motor applications, then 
they have achieved a 10% penetration rate in that market. The 
market context must be clarified for the penetration rate to be 
meaningful. For example, one needs to know if the target market 
is new applications or the existing stock. 

Permanent-magnet (PM) motors: A family of motors in which a per
manent magnet replaces the stator winding. In some small PM DC 
motors, the rotor is still fed by a conventional brush-and-commuta
tor system. A more important type of PM motor has a stator with 
three windings producing a rotating field, as in induction and syn
chronous motors. The rotor consists of one or more permanent 
magnets that interact with the rotating field so as to align the poles 
in the rotor with the poles of the rotating field. The speed of the 
motor is the speed of the rotating field. Because there is no rotor 
current and the rotor magnetic field is constant, there are no losses 
in the rotor, helping to make PM motors more efficient (by five to 
ten percentage points in small sizes) than induction motors. The 
most common form of a PM motor is the brushless DC motor, also 
known as an electronically commutated motor (ECM). 

Phase: The indication of the type of power supply for which the 
motor is designed. The two main categories are single-phase and 
three-phase (sometimes referred to as polyphase). 

Poles: The ends of a magnet, which are always present in a pair con
sisting of a north and a south pole. Thus, the number of poles is 
always even. Poles may be located on permanent magnets or elec-

436 



APPENDlXC 

tromagnets. In AC motors, the synchronous speed is determined 
by the frequency of the power supply and the number of poles; 
four different motors operating at 60 Hz with two, four, six, and 
eight poles will have synchronous speeds of 3,600, 1,800, 1,200, 
and 900 rpm, respectively. 

Positive displacement: A term used to describe mechanical equipment 
(such as compressors, pumps, and blowers) characterized by a re
duction of the internal volume of a chamber, usually by a piston. 

Power conditioning equipment: Electronic devices intended to correct 
power quality problems such as low power factor or harmonics. 

Power electronic devices: Electronic devices used for the direct control 
of electrical power to various types of equipment, including motors. 
Power electronic devices are available with ratings up to about 
5,000 V and 5,000 amperes, with a trend toward ever higher ratings. 

Power factor: The ratio between the real power (measured in watts or 
kilowatts) and apparent power (the product of the voltage times 
the current measured in volt-amperes or kilovolt-amperes). Power 
factor is expressed either as a decimal fraction (zero to one) or a 
percentage (0% to 100%). In the case of pure sinusoidal waveforms 
(those not distorted by harmonics), the power factor is equal to the 
cosine of the phase angle between the voltage and current waves in 
an AC circuit. This value is known as the displacement power 
factor because it deals with the time displacement between the 
voltage and current. Since cosine values range from 0 to 1, the ap
parent power is always greater than or equal to the real power. If 
the power factor is less than 1, more current is required to deliver a 
unit of real power at a certain voltage than if the power factor were 
1. In the case of waveforms that include harmonics, the harmonic 
current adds to the total current without contributing to the real 
power, so the power factor is reduced. Many power electronic de
vices (such as ASDs) have high displacement power factors (over 
90%) but overall power factors that are significantly lower, de
pending on design and operating conditions (see current and volt
age). This higher current is undesirable because the energy lost to 
heat in the wires supplying power is proportional to the square of 
the current. In motors and other inductive loads operating in AC 
circuits, the current wave lags behind the voltage wave. When a 
capacitive load is applied to an AC circuit, the voltage wave lags 
behind the current wave. Since these are opposite effects, they can 
be used to cancel each other. Thus, capacitors can be (and very 
commonly are) used to correct low power factor. In DC circuits, the 
power factor is always 1. See kilovolt-ampere and kilowatt. 
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Public benefit fund: A fund collected as a surcharge on energy sales 
that is used to sponsor activities that benefit the public such as 
conservation and efficiency programs, low-income energy pro
grams, and energy research and development. See demand-side 
management. 

Pulley: See sheaves. 

Reciprocating compressor: A machine that uses positive displace
ment pistons for compression. The pistons move back and forth 
within their cylinders, much as in a standard automobile engine. 
Common applications of reciprocating compressors are refrigera
tion, air conditioning (induding reciprocating chillers), and com
pressed-air systems. 

Rectifier: A two-terminal (a positive anode and a negative cathode) 
electronic device that conducts a current in one direction with low 
resistance and blocks the current flow in the opposite direction. 
Rectifiers are mainly used to convert AC power into DC power. The 
most common rectifiers produced are solid-state silicon devices. In 
the past, mercury rectifiers (using liquid mercury in a vacuum tube) 
were commonly used in high-current applications. See inverter. 

Regeneration capability (also called regenerative braking): This is 
the return of energy to the supply system when a motor is brak
ing, in which case the motor is working as a generator. The input 
stage of the ASD must have the capability to work as an inverter 
to pump the energy back to the AC supply. 

Resistance: A property of electrical conductors that, depending on 
their dimensions, material, and temperature, determines the cur
rent produced by a given voltage difference across the resistance. 
Resistance is the property of a material that impedes current and 
results in the dissipation of power in the form of heat. It is mea
sured in ohms; one ohm is the resistance through which a voltage 
difference of one volt will produce a current of one ampere. 

Resistor: A device connected to an electrical circuit to introduce a 
specified resistance. 

Retrofit: To replace an operating piece of equipment with a more effi
cient product (in contrast to replace on failure). 

Rewind damage: Damage to a motor resulting from improper repair 
practices such as overheating the motor core during winding 
removal. 

Rewinding: See motor rewind. 
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Root mean square (RMS): The constant value of a periodic current or 
voltage that when applied to a resistance would produce the same 
amount of power. RMS is also known as equivalent DC. The RMS 
value of a periodic quantity is equal to the square root of the aver
age of the squares of the instantaneous values of the quantity for 
the period. For example, the mathematical expression of the RMS 
value of a current is 

where 

IRMS = lf2 J2(t)dt 
't 1 

't = the period of time for one cycle 

t1 = the time measurement starts 

t2 = the time measurement ends 

P(t) = the square of instantaneous value of the cur-
rent at a time t between t1 and t2. 

A similar expression applies to the RMS voltage and power val
ues. If the quantity is a sine wave (the nominal form for voltage 
and current in AC circuits), the RMS value is 0.707 times the peak 
value of the wave. 

Rotary compressor: A positive displacement compressor that changes 
the internal volume of its compression chamber(s) by the rotary 
motion of its positive displacement member(s). Two common 
types of rotary compressors are 

Rolling-piston compressor: A small rotary compressor with its 
rotor aligned eccentrically within the stator; used in domestic 
refrigerators and some room air conditioners. 

Screw compressor: A rotary compressor that produces compres
sion with two intermeshing helical rotors. Applications in
clude medium-to-large refrigeration and HVAC (including 
screw chillers) and compressed-air systems. 

Rotor: The part of the motor that rotates. 

SCR: See thyristor. 

Screw compressor, screw chiller: See rotary compressor. 

Seasonal energy efficiency ratio (SEER): A U.S. rating measure for 
unitary air conditioning equipment. Measured in a standard test 
that averages across different part-load ratios of equipment 
throughout a simulated cooling season. See energy efficiency ratio. 

Self-commutation: Circuits that use electronic devices, such as 
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transistors and gate-turnoff thyristors, that turn off with the ap
plication of a small control signal at their input. 

Service factor: The service factor is a multiplier that indicates the 
amount of overload a motor can be expected to handle. For exam
ple, a motor with a 1.0 service factor cannot be expected to handle 
more than its nameplate horsepower on a continuous basis. Simi
larly, a motor with a 1.15 service factor can be expected to safely 
handle continuous loads of 15% beyond its nameplate horsepower. 

Servodriver: See servomotor. 

Servomotor: A low-power electric motor that performs a positioning 
function. Examples include actuators for dampers, valves, and ad
justable pulleys. 

Shaded-pole motor: The shaded-pole motor, a type of single-phase in
duction design, is most commonly used in packaged equipment 
applications below 0.17 (1/6) hp. Although shaded-pole motors are 
cheaper than single-phase squirrel-cage motors, their efficiency is 
poor (below 20%) and their use should be restricted to low-power 
applications with a limited number of operating hours. 

Sheaves: Grooved wheels attached to the motor shaft and to the shaft 
of the driven equipment, such as a fan. Sheaves transmit mechani
cal power by means of one or more belts that ride in the grooves 
of the pair of sheaves. Another name for sheave is pulley. 

Silicon-controlled rectifier (SCR): See thyristor. 

Slip: The difference between motor operating speed and synchronous 
motor speed, expressed either directly in revolutions per minute 
or as a percentage of synchronous speed (see synchronous speed). 
For example, an 1,800 rpm motor operating at a full-load speed of 
1,725 rpm is running at a slip of 75 rpm, or 4.2%. Most standard 
induction motors run at a full-load slip of 2% to 5%. 

Slip rings: In an AC motor, they are a set of metal rings that are 
mounted on the rotor shaft and conduct current into or out of the 
rotor through stationary brushes. 

Space conditioning loads: A building's heat losses and gains that 
need to be counteracted by heating or cooling in order to maintain 
a comfortable temperature and humidity. 

Squirrel-cage induction motor: A type of induction motor with a 
squirrel-cage winding consisting of a number of conducting bars 
connected at each end by metal rings that are located in slots in 
the rotor core. The bars are parallel to the motor shaft; the rings 
are concentric with the axis of the shaft. This motor is the most 
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common type in use. In order to deliver torque to a load, its shaft 
must run with slip, or below synchronous speed. See induction 
motor, slip, and synchronous speed. 

Stator: The nonrotating magnetic section of a motor. In most induc
tion motors, the stator contains the windings. 

Synchronous motor: An AC motor in which the speed of operation is 
exactly proportional to the frequency of power to which it is con
nected (the motor operates with no slip). Synchronous motors 
generally have the rotor electromagnets supplied with DC power 
through slip rings. Since these motors produce little torque except 
at speeds near to the synchronous speed, they need special meth
ods for starting. 

Synchronous speed: The speed at which the motor's magnetic field 
rotates. It approximates the speed of no-load operation. A four
pole motor running on 60-cycle-per-second power will have a 
synchronous speed of 1,800 rpm; a two-pole motor at the same 
frequency will have a synchronous speed of 3,600 rpm. See slip. 

TEFC (totally enclosed fan-cooled): A type of motor package ("enclo
sure") in which there is no air exchange between the inside and 
outside of the motor. The fan is located in a cover opposite the 
driving (power output) shaft and is driven by an extension of the 
motor shaft through the housing. 

Temperature, ambient: The maximum safe room temperature sur
rounding the motor if it is going to be operated continuously at full 
load. In most cases, the standardized ambient temperature rating is 
40T (104°F). Certain types of applications, such as ships and boiler 
rooms, may require motors with a higher ambient temperature ca
pability such as 50°C or 60°C. Note that this definition is specific to 
motors, in contrast to the general definition of ambient. 

Temperature rise: The amount of temperature increase that can be ex
pected within the windings of the motor when going from nonop
erating (cool condition) to full load and continuous operation. 
Temperature rise is normally expressed in degrees Celsius. 

Throttle: A device that regulates the flow of a gas or liquid by directly 
restricting the flow. Discharge dampers, inlet vanes, and valves 
can all be throttles. 

Thyristor (also called silicon-controlled rectifier [SCR] or phase
controlled rectifier): Electronic devices that have both the same 
capabilities as rectifiers and a third terminal (the gate). The gate 
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allows conduction control from 0% to 100% when the polarity ap
plied to the main terminals is positive. If the polarity is negative, 
the thyristor blocks the current like a rectifier. 

Time rating: Most motors are rated for continuous duty, meaning that 
they can operate at full-load torque continuously without over
heating. Motors used in certain applications (such as waste dis
posers, valve actuators, hoists, and other intermittent loads) will 
frequently be rated for short-term duty such as 5 minutes, 15 min
utes, 30 minutes, or 1 hour. 

Torque: The twisting force exerted by the motor shaft on the load. 
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Torque is measured in units of length times force in foot-pounds 
or inch-pounds (or, for small motors, inch-ounces). For an illustra
tion of the following types of torque, see Figure C-l. 

Breakdown torque: See pull-out torque. 

Fun-load torque: The rated continuous torque that the motor can 
support without overheating within its time rating. 

Peak torque: Many types of loads, such as reciprocating com
pressors, have cycling torques, where the amount of torque 

Figure C-1 
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required varies depending on the position of the machine. 
The actual maximum torque requirement at any point is 
called the peak torque requirement. Peak torques are in
volved in types of loads (such as punch presses) that have an 
oscillating torque requirement. A motor's pull-up torque 
must be greater than the load's peak torque requirement to 
prevent stalling the motor. 

Pull-out torque: The maximum amount of torque that is available 
from the motor shaft when the motor is operating at rated 
voltage and running at full speed. Also known as breakdown 
torque. 

Pull-up torque: The lowest point on the torque-speed curve for a 
motor accelerating a load up to speed. Pull-up torque limits a 
motor's ability to accelerate its load and to meet a load's peak 
torque requirement. Some motor designs (typically NEMA 
Designs A and B) do not have a separate value for pull-up 
torque because the lowest point may occur at the locked rotor 
(starting) point. In this case, pull-up torque is the same as 
starting torque. 

Starting torque: The amount of torque the motor produces when 
energized at full-rated voltage with the shaft locked in place. 
It is the amount of torque available when the motor is ener
gized to break the load away (start it moving) and begin accel
erating it up to speed. Also known as locked-rotor torque. 

TP-l: See NEMA TP-l. 

Transformer: The most common form of transformers is a device to 
increase or decrease the voltage in an AC system. The primary 
side of the transformer is connected to the source of power, the 
secondary side to the load. A step-down transformer (the most 
common type in transmission and distribution systems) reduces 
the primary voltage to the secondary voltage. A step-up trans
former (used, for example, at power plants to increase the genera
tion voltage to the transmission voltage) increases the primary 
voltage to the secondary voltage. Transformers work by using the 
current in the primary winding to create a changing magnetic 
field, which is used to induce a voltage (and thus current when 
connected to a load) in the secondary winding. Another common 
transformer type is the isolation transformer. Efficient transform
ers are specified in the NEMA TP-l standard. 

Transistor: See bipolar transistor, insulated gate transistor, and MOS 
transistor. 
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Variable-air-volume (VAV): An HVAC system in which the amount of 
cooling is controlled by changing the air flow rate; YAY heating sys
tems are also used, as well as YAY controls of room pressurization. 

Variable-frequency drive (VFD): Another name for the most com
mon type of electronic adjustable speed drive. This type of drive 
uses an electronic package between the fixed-frequency AC input 
and the motor. The speed is varied by supplying the motor with 
synthesized AC power of changing frequency. See adjustable-speed 
drive. 

Variable-speed drive: See adjustable-speed drive. 

Ventilation: The introduction of fresh air into a building specifically 
for the purpose of maintaining good air quality. Air is usually 
drawn from outdoors but can also be purified, recirculated air. 
Often, the term ventilation is used loosely to include transport of 
any air, not just of fresh air. See air transport system. 

Venturi: A constricted throat in an air passage creating a vacuum. 

Voltage: The rated voltage under which a motor or related electrical 
equipment is designed to operate. In general, voltage is the electri
cal potential at any point relative to some reference point in a cir
cuit. The voltage represents the energy level of a quantity of elec
trical charge (electrons) at that point in the circuit. In the Systeme 
Internationale system of measurement, the unit of voltage is the 
volt, which equals one joule of energy per one coulomb of charge 
(see current). When there is a flow of charge at a given voltage, this 
stream of energy is electrical power. This power is measured in 
watts (joules per second) and is equal at any instant to the product 
of the voltage and the current in the circuit. 

Voltage-source inverter (VSI): A type of electronic ASD that converts the 
AC input to controlled-voltage DC and then synthesizes the variable
frequency AC output by using a DC-to-AC inverter. See adjustable
speed drive, current-source inverter, and variable-frequency drive. 

Watt: A unit of (usually) electrical power equal to one joule of energy 
flowing per second. See kilowatt. 

Windage: Motor loss resulting from the aerodynamic drag of the 
spinning motor rotor. 

Winding: Windings are the turns of insulated wire (usually copper) 
wrapped around the core of steel laminations in motor stators, 
transformers, inductors, and electromagnets. The stator windings 
are generally connected to the power supply. In squirrel-cage 

444 



APPENDlXC 

motor rotors, the windings are several bars of uninsulated alu
minum or copper, arranged in a cylinder and connected together 
at both ends by rings of the same material. The windings of 
wound-rotor motors are similar to those of the motor stator. When 
a motor is rewound, the insulated wire is removed and replaced 
with new wire. 

Wk2: The symbol used for moment of inertia and measured in lb-ft2. 
See inertia. 

Wound-rotor induction motors: This class of motors features insu
lated copper windings in the rotor similar to those in the stator. 
The rotor windings are fed with power using slip rings and 
brushes. 
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Appendix D 

Equipment Manufacturers 
and Associations 

This appendix is divided into three sections: 

1. Motor and drive manufacturers 
2. Manufacturers of motor system test and repair equipment 
3. Trade and professional associations related to motors and drives 

This appendix is also available on the ACEEE.org Web site, where 
it will be regularly updated. 

1. Motor and Drive Manufacturers 
Most manufacturers are members of the National Electric Motors As
sociation. Their contact info is listed on the NEMA Web site, where it 
is updated regularly. Please contact NEMA for the most recent infor
mation on manufacturers. 

National Electrical 
Manufacturers Association 
1300 North 17th Street, Suite 1847 
Rosslyn, VA 22209 
(703) 841-3200 
(703) 841-5900 (fax) 
www.nema.org 

One notable absence from NEMA 
is Baldor Electric: 

Baldor Electric Company 
P.O. Box 2400 
Fort Smith, AR 72902 
(501) 646-4711 
(501) 648-5792 (fax) 
www.baldor.com 
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2. Manufacturers of Motor System Test and 
Repair Equipment 

Abbreviations for product categories are as follows: 

(c) core loss testers 
(d) dynamometers 
(k) kW meters 
(m) megohmmeters 
(p) power quality analyzers 
(r) rewind equipment 
(t) tachometers 

Note that while digital multimeters and surface thermometers are also 
commonly used for motor testing, they are widely available and thus 
not listed here. 

AEMC Corporation (m) 
99 Chauncey Street 
Boston, MA 02111 
(617) 451-0227 
www.aemc.com 

Ametek (t) 
37 North Valley Road, Building 4 
P.O. Box 1764 
Paoli, PA 19301 
(610) 647-2121 
(610) 296-3412 (fax) 
www.ametek.com 

Amprobe (m) 
630 Merrick Road 
Lynnbrook, NY 11563 
(516) 593-5600 
(516) 593-5682 (fax) 
www.amprobe.com 
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AVO Instruments (m) 
4271 Bronze Way 
Dallas, TX 75237 
(800) 723-2861 
(214) 467-7341 (fax) 
www.avointl.com 

AW Dynamometer (d) 
P.O. Box 428 
Colfax, IL 61728 
(800) 447-2511 
(309) 723-4951 (fax) 
www.awdynamometer.com 

Dranetz/BMI Technologies (k, p) 
1000 New Durham Road 
P.O. Box 4019 
Edison, NJ 08818-4019 
(800) 372-6832 
(201) 287-8627 (fax) 
www.dranetz.com 



Dreisilker Electric Motors (r) 
352 Roosevelt Road 
Glen Ellyn, IL 60137 
(312) 469-7510 
(312) 469-3474 (fax) 
www.dreisilker.com 

Eaton Corp. (d) 
1111 Superior Avenue 
Cleveland, OH 44114-2584 
(216) 523-5000 
www.eaton.com 

Esterline Angus Instrument 
Corp. (k) 
P.O. Box 24000 
Indianapolis, IN 46224 
(800) 543-0829 
(317) 247-4749 (fax) 

Inductor, Inc. (d) 
5821 5th Avenue 
Kenosha,VVI53141 
(414) 657-0984 
(414) 657-1200 (fax) 
www.inductor.com 

Lexington Sales and 
Engineering (Lexseco) (c) 
4740 Allmond Avenue 
Louisville, KY 40209 
(502) 367-4393 
(502) 386-3377 (fax) 
www.lexseco.com 

Monarch Instrument (t) 
15 Columbia Road 
Amherst, NH 03031 
(603) 883-3390 
(603) 886-3300 (fax) 
www.monarchinstrument.com 

APPENDIX 0 

NLB (r) 
29830 Beck Road 
VVixom, MI 48393-2824 
(248) 624-5555 
(248) 624-0908 (fax) 
www.nlbcorp.com 

WOMA(r) 
Raritan Center 
95 Newfield Avenue 
Edison, NJ 08837 
(732) 417-0010 
(732) 417-0015 (fax) 
www.woma.de 

Yokogawa Corp. (t, m) 
2 Dart Road 
Newnan, GA 30265-1018 
(404) 253-7000 
(404) 251-2088 (fax) 
www.yca.com 
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3. Trade and Professional Associations 
Related to Motors and Drives 

Air Conditioning and 
Refrigeration Institute (ARI) 
1501 Wilson Boulevard, Suite 600 
Arlington, VA 22209 
(703) 524-8800 
(703) 528-3816 (fax) 
www.arLorg 

Air Movement and Control 
Association 
30 West University Drive 
Arlington Heights, IL 60004 
(847) 394-0150 
(847) 253-0088 (fax) 
www.amca.org 

American Chain Association 
6724 Lone Oak Boulevard 
Naples, FL 34109 
(941) 514-3441 
(941) 514-3470 (fax) 
www.americanchainassn.org 

American Gear Manufacturers 
Association 
1500 King Street, Suite 201 
Alexandria, VA 22314 
(703) 684-0211 
(703) 684-0242 (fax) 
www.agma.org 

American Society of Mechanical 
Engineers (AS ME) 
345 East 47th Street 
New York, NY 10017 
(212) 705-7800 
www.asme.org 
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Association of Energy Engineers 
(AEE) 
4025 Pleasantdale Road, Suite 420 
Atlanta, GA 30340 
(770) 447-5083 
(770) 446-3969 (fax) 
www.aeecenter.org 

Bearing Specialists Association 
Building C, Suite 20 
800 Roosevelt Road 
Glen Ellyn, IL 60137 
(630) 858-3838 
(630) 790-3095 
www.bsahome.org 

Electric Power Research 
Institute 
3412 Hillview Avenue 
Palo Alto, CA 94304 
(415) 855-2000 
www.eprLcom 

Electrical Apparatus Service 
Association 
International Headquarters 
1331 Baur Boulevard 
St. Louis, MO 63132 
(314) 993-2220 
(314) 993-1269 (fax) 
www.easa.com 

Fluid Power Distributors 
Association 
P.O. Box 1420 
Cherry Hill, NJ 08034-0054 
(856) 424-8998 
(856) 424-9248 
www.fpda.org 



Institute of Electrical and 
Electronics Engineers 
445 Hoes Lane, P.O. Box 1331 
Piscataway, NJ 08855-1331 
(732) 981-0060 
(732) 981-1721 (fax) 
www.ieee.org 

Mechanical Power Transmission 
Association 
6724 Lone Oak Boulevard 
Naples, FL 34109 
(941) 514-3441 
(941) 514-3470 (fax) 
www.mpta.org 

National Electrical 
Manufacturers Association 
1300 North 17th Street, 
Suite 1847 
Rosslyn, VA 22209 
(703) 841-3200 
(703) 841-5900 (fax) 
www.nema.org 

National Fluid Power 
Association 
3333 North Mayfair Road, 
Suite 311 
Milwaukee, WI 53222 
(414) 778-3344 
www.nfpa.com 

National Industrial Belting 
Association 
N19 W24400 Riverwood Drive 
Waukesha, WI 53188 
(262) 523-9090 
(262) 523-9091 (fax) 
www.niba.org 
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National Lubricating Grease 
Institute 
4635 Wyandotte Street 
Kansas City, MO 64112 
(816) 931-9480 
(816) 753-5026 (fax) 
www.nlgi.com 

Power Transmissions 
Distributors Association 
250 South Wacker Drive, 
Suite 300 
Chicago, IL 60606-5840 
(312) 876-9461 
(312) 876-9490 (fax) 
www.ptda.org 

Rubber Manufacturers 
Association 
1400 K Street NW 
Washington, DC 20005 
(202) 682-4800 
www.rma.org 

Society of Tribologists and 
Lubrication Engineers 
840 Busse Highway 
Park Ridge, IL 60068-2376 
(847) 825-5536 
(847) 825-1456 
www.stle.org 
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Annotated Bibliography 

This Annotated Bibliography describes some of the books, reports, 
journals, software tools, and Web sites that are most useful for ob

taining additional information on motor systems. 

Books and Reports 
Andreas, John. 1982. Energy-Efficient Electric Motors: Selection and 

Application. New York, N.Y.: Marcel Dekker. 
This reference, written in simple language, provides guidelines for 

selecting and applying electric motors on the basis of life-cycle costs. 
Particular emphasis is given to single- and three-phase motors from 1 
to 125 hp. The book covers the economics of energy-efficient motors in 
detail and discusses some of the interactions between the power sup
ply and the motor. There is a brief section on adjustable-speed drives. 

Arthur D. Little, Inc. (ADL). 1980. Classification and Evaluation of 
Electric Motors and Pumps. Report DOE/TIC-11339. Prepared for the 
U.S. Department of Energy, Office of Industrial Programs. Springfield, 
Va.: National Technical Information Service. 

This study, based on data from the late 1970s, represents the first 
attempt to describe the motor and pump markets and to analyze 
whether efficiency standards and labeling requirements for motors 
and pumps were desirable. The data in this report served as the basis 
for the development of the EPAct motor rule. The report contains 
many detailed breakdowns on the motor and pump populations, but 
the accuracy of some of the numbers is questionable (due to limita
tions in the underlying data). The report contains a politically biased 
conclusion that neither efficiency standards nor labeling requirements 
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are desirable. An earlier version of the report (DOE/CS-1047, same 
title and publisher) concluded that efficiency standards and labeling 
might be advantageous. This earlier version also contained some 
data that did not make it into the final report. 

Arthur D. Little, Inc. (ADL). 1999. Opportunities for Energy Sav
ings in the Residential and Commercial Sectors with High-Efficiency Elec
tric Motors, Final Report. Prepared for the U.s. Department of Energy. 
Washington, D.C.: Arthur D. Little, Inc. 

This study, commissioned by DOE's Office of Energy Efficiency 
and Renewable Energy, is the most complete study of motor use in 
the commercial and residential sectors. The report profiles motor 
technologies and applications found in the commercial and residen
tial sectors, current motor populations, energy use, and savings po
tentials, and also identifies barriers to increased use of efficient mo
tors. In contrast to the XENERGY (1998) study of motors in the 
industrial sector, this report is based on secondary data sources. 
However, when combined with the XENERGY (1998) study, these 
studies offer the most comprehensive picture of motor use in the 
United States currently available. 

Bensch, Ingo. 1999. POS Evaluation: Looking Back on the Perfor
mance Optimization Service Program, Report Summary. Madison, Wis.: 
Energy Center of Wisconsin. 

This ten-page report discusses the results and lessons from the 
Wisconsin Performance Optimization Service program, which is one 
of the most extensive programs to promote system optimization in 
North America. This study is useful reading for program planners 
and implementers interested in encouraging systems optimization 
since the Wisconsin program implementers had some notable suc
cesses but also learned some important lessons that will need to be 
addressed by future programs of this type. An in-depth report is also 
available for those wanting further details. 

Consortium for Energy Efficiency (CEE). 1996. Premium Efficiency 
Motor Initiative. Boston, Mass.: Consortium for Energy Efficiency. 

CEE's premium-efficiency motor initiative was inspired by a de
sire to define a new efficiency point for manufacturers to use as a 
target when they designed their new product lines in response to 
EPAct. The description discusses the motivation behind the initia
tive, how the levels in the specification were arrived at, and possi
bilities for the specification to be used in market transformation 
programs. 
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Dreisilker, Henry. Undated. "Safe Stator and Rotor Stripping 
Method." lO-page typescript. Glen Ellyn, Ill.: Dreisilker Electric Motors. 

Henry Dreisilker, president of a large motor distribution and re
pair business, has waged a one-man campaign for 30 years against the 
use of burnout-oven stripping. He maintains that conventional motor 
repair practice damages motors and that the low-temperature, me
chanical technique he uses and markets does a better job without 
damaging the motors. Dreisilker has an extensive collection of testi
monials in support of his method and case studies of the damage 
caused by conventional practice. 

E Source, Inc. 1999. Drivepower Technology Atlas Series, Volume IV. 
Prepared by B. Howe, A. Lovins, D. Houghton, M. Shepard, and B. 
Stickney. Boulder, Colo.: E Source, Inc. 

This volume is the third edition of one of the standard motor ef
ficiency references that built upon the 1989 report The State of the 
Art: Drivepower (Lovins et al. 1989). E Source's series was among the 
first motor energy efficiency technical references and helped estab
lish the credibility of this topic. This encyclopedic work provides in
depth technical information on motor and related technologies; 
motor systems; and motor selection, operation, and maintenance. 
The book focuses in particular on the state-of-the-art technologies 
and practice and provides information not readily available from 
other sources. 

Easton Consultants. 1996. National Market Transformation Strategies 
for Industrial Electric Motor Systems: Volume II, Market Assessment. 
DOE/PO-0044. Washington, D.C.: U.S. Department of Energy. 

This report is the result of a multi-funder research effort to charac
terize the opportunities for energy efficiency in key segments of the 
original equipment manufacturer motor marketplace. The structure of 
the motor drive, pump, fan, and compressed-air industry are de
scribed, and key market players are identified. 

Easton Consultants. 2000. Market Research Report: Variable Fre
quency Drives. Report #00-054. Portland, Oreg.: Northwest Energy Effi
ciency Alliance. 

This study builds upon the above report to provide a characteriza
tion of the ASD market and represents the most current market analysis 
available. This report projects the market for ASDs, estimates the in
stalled base, characterizes how the market functions, provides current 
cost data, and identifies potential implementation problems associated 
with drives. 
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Easton Consultants and XENERGY. 1999. Opportunities for Industrial 
Motor Systems in the Pacific Northwest. Portland, Oreg.: Northwest En
ergy Efficiency Alliance. 

Identifies opportunities for reducing motor system energy use by 
measure (e.g., motor efficiency upgrade, pump system efficiency im
provement, etc.) and sector (e.g., pulp and paper, irrigation, etc.). This 
work is largely based on a previous study by XENERGY for DOE (XEN

ERGY 1998). It also evaluates the sectors and measures on specific criteria 
and identifies five major program "opportunity clusters" -a motor 
package (efficiency, proper rewinding, and downsizing), an equipment 
package (primarily fan and pump systems), a compressed-air package, 
irrigation pumping, and refrigeration in the food-processing industries. 
The approach and packages may be appropriate for other regions. 

Electrical Apparatus Service Association (EASA). 1985. Core Iron 
Study. St. Louis, Mo.: Electrical Apparatus Service Association. 

This widely cited study from the 1980s, prepared by the trade as
sociation of motor repair shops, sought to resolve the question of 
whether conventional burnout-oven stripping degrades motor cores. 
Although the study concluded that no damage should occur when 
burnout ovens are set no higher than 650°F, the data from EASA's tests 
do show some damage and suggest that lower temperature limits may 
be warranted. Much of the more recent work, especially by the Wash
ington State University (Schueler, Leistner, and Douglass 1994) build 
upon this report to address this question. 

Friedman, R, C. Burrell, J. DeKorte, N. Elliott, and B. Meberg. 
1996. Electric Motor System Market Transformation. Washington, D.C.: 
American Council for an Energy-Efficient Economy. 

This report, the foundation for many of the motor system pro
grams developed in recent years (such as the Compressed Air Chal
lenge), remains an important reference on motor system markets. The 
study identified and characterized the major motor systems market 
segments and provided market structures for each segment, identify
ing key players. Opportunities for transforming the markets were 
identified, and intervention strategies were proposed for each. Based 
on this analysis, the various strategies were ranked based on their en
ergy savings and likelihood of success. The report was prepared by 
ACEEE under contract to DOE's Motor Challenge program and was 
also published by DOE (DOEjPO-0044, Volume I, 1996) along with a 
companion study, National Market Transformation Strategies for Indus
trial Electric Motor Systems: Volume II, Market Assessment (Easton Con
sultants 1996). 

456 



ANNOTATED BIBLIOGRAPHY 

Lawrence Berkeley National Laboratory and Resource Dynamics 
Corporation. 2001. Improving Motor and Drive System Performance: A 
Sourcebook for Industry. Washington, D.c.: U.S. Department of Energy, 
Office of Industrial Technologies. 

This new compilation assembles much of the key reference infor
mation into a single volume. The book provides an overview of 
motor technology basics and includes eight fact sheets on key motor 
topics and a list of resources available to motor users. The report also 
includes the motor repair documents prepared by the Washington 
State University. 

Nailen, Robert. 1987. Motors, Volume 6, Power Plant Reference Series. 
Palo Alto, Calif.: Electric Power Research Institute. 

This motor manual is directed mainly at power plant engineers, 
although most of the information is useful in other fields. Techniques 
for matching a motor to an application are described in relation to the 
load characteristics, environment, and power systems. Motor industry 
standards and maintenance practice are also covered. 

National Electrical Manufacturers Association (NEMA). 1999. Motors 
and Generators. NEMA Standards Publication No. MG 1-1998. Rosslyn, 
Va.: National Electrical Manufacturers Association. 

One of the most important technical references for understanding 
the energy efficiency of electric motors. This document is the primary 
technical standard by which motors are designed and specified in 
North America and is widely referenced throughout the world. The 
standard specifies allowable ranges for key operating parameters for 
different "designs" of motors and generators. MG 1 allows for the in
terchangeability of motors of a given design among different manu
facturers. Also provided are guidelines for labeling motors, including 
regarding energy efficiency. This standard is updated on approxi
matelya 2-year cycle. 

Schueler, V., P. Leistner, and J. Douglass. 1994. Industrial Motor Repair 
in the United States. Portland, Oreg.: Bonneville Power Administration. 

The first major independent study of the motor repair industry 
and motor repair techniques. The study persuasively makes the case 
regarding why repair is an important energy issue, provides a pro
file of the motor repair industry, discusses the repair process and its 
possible impacts on efficiency, identifies the major barriers to qual
ity repair, and proposes strategies to encourage quality repairs. Ap
pendices provide tools to assist end-users in managing their motor 
repairs. 
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Seton, Johnson, & Odell, Inc. 1987. Lost Conservation Opportunities in 
the Industrial Sector. Portland, Oreg.: Bonneville Power Administration. 

This report examines opportunities for obtaining efficiency im
provements at low cost when new equipment is purchased or existing 
equipment is being replaced. It discusses several motor-related indus
trial energy efficiency opportunities, including motors, pumps, and pip
ing. Extensive data on motor sales, costs, and efficiencies are included. 

u.s. Department of Energy (DOE). 1998. Improving Compressed Air 
System Performance: A Source Book for Industry. Washington, D.C.: U.S. 
Department of Energy. 

This practical reference provides guidance for engineers and 
compressed-air system operators on opportunity identification and 
system performance improvements. The guide was developed by 
DOE's Motor Challenge program, in cooperation with the Compressed 
Air Challenge. The leading experts in the compressed-air industry con
tributed to and reviewed this guide. The volume is organized into 
three parts: 
1. An overview of compressed-air systems that describes types of 

compressors and other system components and discusses uses for 
compressed air 

2. A set of 11 fact sheets covering the main performance opportunities 
3. A reference guide that directs the reader to additional resources for 

assistance in compressed-air system optimization and operation 

XENERGY. 1998. United States Industrial Electric Motor Systems Market 
Opportunities Assessment. Prepared for Oak Ridge National Laboratory 
and DOE's Office of Industrial Technologies. Washington, D.C.: U.S. De
partment of Energy, Office of Energy Efficiency and Renewable Energy. 

This study, perhaps the most important new data source on elec
tric motors to become available in the past decade, was commissioned 
by DOE and undertook a systematic review of all data sources in 
order to characterize the industrial motor marketplace. This review 
was supplemented by extensive field assessment of manufacturing fa
cilities. This research provided an accurate characterization of the 
number, size, and application of electric motors in industry and 
yielded important insights into how these assets are managed by 
plants and the sizes and locations of major efficiency opportunities. 
The main report, which is available online, is an important reference; 
however, the data available in the appendices of the complete report 
represent an even more valuable research resource. These include pro
files of motor use and savings opportunities in selected industries, 
methodological information, and a stock adjustment model to project 
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changes in the motor marketplace. Unfortunately, the complete report 
has become difficult to obtain. 

XENERGY. 2000. Assessment of the Market for Compressed Air Effi
ciency Services. Prepared for DOE and the Compressed Air Challenge. 
Burlington, Mass.: XENERGY. 

This study characterizes the compressed-air marketplace from 
both demand and supply sides. The report characterizes the knowl
edge of compressed-air system users and suppliers, provides a picture 
of the market structure, estimates energy use, and identifies the mag
nitude of efficiency opportunities. Market barriers on both sides are 
identified, and strategies for addressing these barriers are suggested. 

Journals and Periodicals 
ASHRAE Journal, ASHRAE Transactions. American Society of Heat

ing, Refrigerating and Air-Conditioning Engineers, 1791 Tullie Circle, 
N.E., Atlanta, Ga. 30329. 

The Journal, the monthly magazine of ASHRAE, covers topics re
lated to their mission in articles, advertisements, and product listings 
and is of primary interest to mechanical engineers designing or retro
fitting HVAC and refrigeration systems. Transactions is published 
twice each year and contains the research papers presented at the two 
annual ASHRAE meetings. 

Consulting-Specifying Engineer, Design News, Plant Engineering. 
The Cahners Publishing Company, 275 Washington Street, Newton, 
Mass. 02158. 

Consulting-Specifying Engineer is published monthly and is aimed 
at mechanical and electrical engineers working in the building con
struction industry. The articles, advertising, and product listings cover 
a wide range of technologies, including those related to motors. Design 
News is published twice monthly and is written for mechanical and 
electrical engineers designing components and systems for buildings, 
industry, and transportation. It includes articles, advertising, and 
product listings. Plant Engineering is also published twice monthly and 
includes articles, advertising, and product listings. It is written for en
gineers working in industry. 

Electrical Construction and Maintenance. Intertec Publishing, 888 7th 
Avenue, 38th Floor, New York, N.Y. 10106. 

This monthly magazine covers the installation, maintenance, and 
repair of a range of electrical technologies. Each issue includes "Motor 
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Facts," which covers a variety of issues in the selection, installation, 
and care of motors. 

Energy Engineering. Association of Energy Engineers, 700 Indian 
Trail, Lilburn, Ga. 30247. 

This bimonthly publication is the journal of the Association of En
ergy Engineers. Each issue concentrates on a single topic, such as 
motor systems, energy management control systems software, etc., 
and includes several articles plus a product directory. 

Energy User News. The Chilton Company, 7 East 12th Street, New 
York, N.Y. 10003. 

This monthly magazine is targeted at facility managers in com
mercial and institutional buildings. It presents case studies, inter
views, and surveys on energy use practices and reports on trends in 
energy costs. The magazine includes advertising and product directo
ries on a variety of energy-efficient technologies, including motors 
and drives. 

Engineered Systems. Business News Publishing Company, P.O. Box 
7016, Troy, Mich. 48007. 

This magazine, published bimonthly, "provides information to as
sist people who specify, install, buy, and maintain commercial, indus
trial, and institutional HVAC/R systems." Articles, advertisements, 
and product directories cover a wide range of topics in the areas of 
both mechanical and electrical technologies, including motors and 
motor systems. 

Heating, Piping, and Air Conditioning. Penton Publishing, Inc., 1100 
Superior Avenue, Cleveland, Ohio 44114. 

This monthly magazine is addressed to mechanical engineers 
working in the building trade. Articles, advertising, and product list
ings cover a variety of topics, including pumps, fans, piping, and 
ductwork. 

IEEE Transactions on Industry Applications, IEEE Transactions on 
Power Systems. Institute of Electrical and Electronics Engineers, 345 
East 47th Street, New York, N.Y. 10017-2394. 

Industry Applications, published six times a year, covers a variety 
of motor-related technologies of interest to industry (including re
cent developments in adjustable-speed drives and their applications) 
and includes papers presented at conferences of the IEEE Industry 
Applications Society. Power Systems focuses on topics of interest to 
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electric utilities, including new types of motors and the interaction of 
motor systems with utilities. This quarterly publication contains pa
pers presented at conferences of the IEEE Power Engineering Society. 

Software Tools 
Jacobs Engineering Group, Inc. 1996. ASDMaster™. Palo Alto, 

Calif.: Electric Power Research Institute. 
ASDMaster™ is a software tool developed by EPR! to assist with 

the analysis, application, and specification of adjustable-speed drives. 
ASDMaster™ provides the end-user with a screening tool that aids in 
identifying ASD applications, evaluating the economics, selecting the 
right ASD to suit the application and environment, developing a pur
chase specification, and locating manufacturers of suitable ASDs. The 
companion user's guide provides an excellent overview of ASD tech
nologies, application considerations, economic evaluation, and several 
case studies. 

Office of Industrial Technologies. 2000. Pumping System Assessment 
Tool. Washington, D.C.: U.S. Department of Energy, Office of Industrial 
Technologies. 

The Pumping System Assessment Tool (PSAT) is a software program 
developed by DOE's Office of Industrial Technologies to assist engi
neers and facility operators in performing assessments of pumping 
system energy usage. PSAT is also well suited for consultants or plant 
engineers performing plant energy usage surveys. End-users in the 
field will find PSAT easy to use since it was carefully designed to re
quire only the minimum essential operation data (or requirements) to 
perform its analysis. Although PSAT does not specify recommenda
tions for measures to improve systems, it does prioritize likely oppor
tunities for efficiency improvement and allows the user to broaden or 
narrow searches for improving efficiency. 

Washington State University Energy Program. 1999. 
MotorMaster+@, Version 3.01. Olympia, Wash.: Washington State Uni
versity. 

This program is the latest incarnation of what started as the Wash
ington State Energy Office's Motor Database in the late 1980s. The core 
feature of this tool is a database of catalog data for integral-horsepower 
motors from all major manufacturers. This database allows the user 
to compare different motors and evaluate repair/replace decisions. 
The database has also proven to be a valuable research tool, allowing 
the range of available products to be investigated. In the plus version, 
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a robust motor inventory and management function and a life-cycle 
cost calculator have been added to the compare function. While 
there are limitations with the database, as discussed in Chapter 2, 
the large database and the ability to download for free make this 
tool a must-have. 

Washington State University Energy Program. 2001. AirMaster+®. 
Olympia, Wash.: Washington State University. 

AirMaster+® is a stand-alone Windows-based software tool used 
to analyze industrial compressed-air systems. It is intended to enable 
auditors to model both existing system operation and future im
provements and evaluate savings from energy-efficiency measures 
with relatively short payback periods. AirMaster+® provides a sys
tematic approach to assessing compressed-air systems, analyzing col
lected data, and reporting results. Available upon request by e-mail
ing the OIT Clearinghouse at Clearinghouse@ee.doe.gov or calling 
800-862-2086. 

Web-Based Resources 
ACEEE Motors Web Page 
http://aceee.org/motor 

ACEEE maintains updated material and links to Web resources on 
motors, motor-driven equipment, and motor systems. 

Air Movement and Control Association International, Inc. 
http://www.amca.org 

AMCA is the association of the fan and blower industry. Informa
tion on AMCA-certified products is available on the site, along with 
downloadable Adobe PDP versions of their newsletter TechSpecs. 

Compressed Air and Gas Institute 
http://www.cagi.org 

CAGI is the manufacturers' association of the air-compressor indus
try. Their Web site has a "toolbox" including data sheets on compressed
air equipment performance and systems, a glossary, formulas, and a 
discussion of the European Union's Pressure Equipment Directive. 

Compressed Air Challenge 
http:// www.compressedairchallenge.org 

This Web site provides an online version of Improving Compressed 
Air System Performance: A Source Book for Industry, as well as informa
tion on training offered by the CAe. 

462 



ANNOTATED BIBLIOGRAPHY 

Consortium for Energy Efficiency's Industrial Programs 
http://www.ceel.org/ind/ind-main.php3 

CEE's Industrial Programs maintains a site that provides updated 
information on its motor system initiatives, including their premium-ef
ficiency motor initiative. The program has also assembled a "toolkit" of 
Web-based resources to help end-users and market transformation 
programs improve energy efficiency of motor systems. 

Hydraulic Institute 
http://www.pumps.org 

The Hydraulic Institute, the association of the pump industry, has 
been working with OIT to develop materials on energy efficiency in 
pump systems, much of which is available in the pump resources sec
tion of their Web site. Information on pump manufacturers is also 
available at the site. 

Industrial Best Practices: Motors 
http://www.oit.doe.gov/bestpractices/motors 

DOE's Office of Industrial Technologies maintains a Web site with 
many technical publications and some excellent software tools avail
able for downloading. An online version of the MotorMaster+® soft
ware is available. The site also maintains a calendar identifying train
ing opportunities related to motors and motor systems. 

Office of Industrial Technologies Clearinghouse 
http://www.oit.doe.gov / clearinghouse/ 

DOE's Office of Industrial Technologies also offers a clearing
house where trained staff answer questions on OIT's products and 
services, including motor programs. The clearinghouse can be con
tacted at clearinghouse@ee.doe.gov or 800-862-2086. 

Productive Energy Solutions, LLC 
http://www.ProductiveEnergy.com/ 

Productive Energy Solutions is a consulting engineering firm fo
cusing on motor systems optimization. The site provides material that 
can assist plant staff in assessing energy savings opportunities from 
motor systems optimization. The site also includes an online motor 
system cost calculator. 

Washington State University's Energy Program 
http://www.energy.wsu.edu/index/industrial.cfm 

WSU's Energy Program has developed many of the technical con
tent and software tools for OIT's Industrial Best Practices program, 
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many of which are available for downloading from this Web site. The 
site also has numerous research reports and technical assistance 
guides available both online and as Adobe PDP files. 
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A motors, 22, 23, 426-27 

allowable starts (table), 111 
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abbreviations, 367-71 
AC converters, 139,426 
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definition, 422 
frequency (definition), 429 
Hertz (Hz) (definition), 430 
See also AC motor improvements; AC 

motors 
AC inverter drive efficiency curves 
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AC motor improvements, 222-26 

controls, 224-26 
cost of improvements, 223 
energy savings, 222-24 
rewind damage correction savings, 

223-24 
savings potential, 222-26 
sizing improvements, 224 

AC motors, 13-31,41, 43, 430-31 
brushless motors compared to (graph), 

35 
calculating AC-to-DC motor 

replacement savings, 404-5 
classification and characteristics 

(table),41 
as DC motor substitutes, 189-90,404-5 
definition, 430-31 
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four-pole induction motors, 17 
frame size, 28 
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mechanics, 15-18 
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NEMA standards, 22, 23, 31 
poles (definition), 436-37 
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schematics, 16, 41 
selection factors, 21-31 
service factor, 27 
shaded-pole motors, 20-21 
single-phase motors, 14-16,39-40 
sinusoidal voltage (graph), 15 
speeds, 23-24 
squirrel-cage induction motors, 19-20, 

22,23,41,96-97,128 
supply voltage, 28-31 
synchronous motors vs., 32-33 
temperature ratings, 26-27 
three-phase motors, 15, 19-20, 48, 

59--60,110-12 
types, 19-20 
wound-rotor induction motors, 21, 41, 

445 
written-pole motors, 39-40 
See also AC motor improvements; 

inductors 
acronyms,367-71 
active current, 18 
actuator (definition), 422 
adjustable pulleys, 132, 133 
adjustable-speed drives (ASDs), 3, 

136-56,422 
applications, 140-46 
calculating savings, 393-405 
case studies, 149-53 
controls, 146-56 
cost-effective installations, 141-43 
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cycloconverters, 139 
as DC motor substitutes, 189-90 
definition, 422 
economics, 391-405 
and efficiency programs, 11 
energy savings, 148 
and fans, 307-8, 403-4 
and harmonics, 92-94, 95,146 
in1provementpaybacks, 225-26 
industry structure (diagram), 265 
inverter-based ASDs, 137-39, 142, 

431-32 
load types, 127-28 
loss mechanisms, 144-45 
marketing, 244-45, 263-66 
new technologies, 146-47 
population data, 209-11 
potential drawbacks, 144-46 
power factors, 145-46 
process controls, 143-44 
program recommendations, 342 
programs,307,308-9,337 
and pumps, 394-403 
purchase practices, 241 
repairs, 245 
replacement vs. repairs, 245 
research and development, 327 
sales (table), 264 
savings, 149-53 
savings potential, 224-26, 245 
selecting, 141-43 
speeds, 144-46 
wound-rotor slip recovery ASDs, 

139-40 
Advanced Energy (AE) 

fan program, 307 
Proven Excellence Verification 

Program, 293-94 
repair certification, 69 

AE. See Advanced Energy 
AEE (Association of Energy Engineers) 

contact information, 450 
AEMC Corporation contact information, 

448 
affinity laws, 161-63 

cube law, 162-63 
air compressors, 184-88 

applications, 187 
case studies, 188 
centrifugal air compressors, 184-85 
definition, 425 
dynamic air compressors, 184, 186-87 
efficiency, 186 
helical-screw reciprocating 

compressors (diagram), 185 
marketing, 261-62 
population data, 218 
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positive displacement compressors, 
184,185 

rotary air compressors, 187 
screw compressors, 185-87 
single-acting reciprocating 

compressors (diagram), 185 
types (table), 187 
See also compressed-air systems 

air conditioning 
chilled water systems, 311-12 
commissioning, 313 
design, 311, 312 
electricity use, 310 
incentive schedule (table), 311 
integrated chiller retrofits, 312-13 
NEEP air conditioner program, 314-15 
PG&E CoolToolsTM, 311-12 
programs,310-16 
rebate programs, 311 
SEER ratings, 315-16, 439 
standards, 313-16 
unitary packages, 313 
See also HVAC systems; space cooling 

systems 
Air Conditioning and Refrigeration 

Institute (ARI) contact information, 
450 

air conditioning rebate programs, 311 
air handling systems 

calculating savings, 403-4 
savings potential, 403-4 

Air Movement and Control Association 
contact information, 450 

air temperature 
ambient temperature, 441 
and motor efficiency, 123-24, 145 
temperature rise, 441 

air transport system (definition), 422 
alternating current (AC) 

definition, 422 
frequency (definition), 429 
Hertz (Hz),430 
See also AC motors 

ambient (definition), 422 
ambient conditions, 123-24 

ASDs, 145 
ambient temperature (definition), 441 
American Chain Association contact 

information, 450 
American Gear Manufacturers 

Association contact information, 450 
American Society of Mechanical 

Engineers (ASME) contact 
information, 450 

Ametek contact information, 448 
amperes (definition), 422 
Amprobe contact information, 448 



amps (definition), 422 
apparent efficiency (definition), 422 
appliances 

permanent-magnet motor applications, 
37 

switched-reluctance motor 
applications, 38 

application data in motor catalogs 
(illustration), 30 

applications, 159-91 
adjustable-speed drives (ASDs), 

140-46 
air compressors, 187 
centrifugal compressors, 189 
chillers, 189 
common motor types (table), 41 
compressed-air systems, 176-88 
controls, 3 
conveyors, 190 
DC motor substitutes, 189-90 
DC motors, 130-31 
electricity use by application, 212, 214 
fans, 159-75,214 
high-performance applications, 155 
permanent-magnet motors, 37 
population data, 214-17, 219 
pumps, 159-76,214 
single-phase motors, 219 
switched-reluctance motors, 38, 41 
written-pole motors, 39 
See also marketing; use profile 

ARl (Air Conditioning and Refrigeration 
Institute) contact information, 450 

Arthur D. Little motor study, 214 
ASDs. See adjustable-speed drives 
ASHRAE 90 (definition), 422-23 
ASME (American Society of Mechanical 

Engineers) contact information, 450 
Association of Energy Engineers (AEE) 

contact information, 450 
asynchronous motors. See AC motors 
attributes of markets (table), 268 
author information, 365-66 
availability 

efficient motors, 59-60 
energy savings availability by 

industrial sector (table), 250 
EPAct motors, 252 
high-efficiency motors, 252 
premium-efficiency motors, 252 
single-phase motors, 60 
three-phase motors, 59-60 

AVO Instruments contact information, 
448 

avoided cost (definition), 423 
AW Dynamometer contact information, 

448 
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AWWA (Northern California American 
Water Works Association) pump 
workshops,305-6 

B 
B motors, 22, 23, 426-27 

allowable starts (table), 111 
efficiency levels, 50, 52, 55 
sizing and efficiency (graphs), 96-97 

backward-inclined fan efficiencies 
(graph), 227 

Baldor Electric Company 
Baldor motors, 253 
contact information, 447 

Baldor motors, 253 
barriers 

drivepower savings, 6-8 
market barriers, 8, 75, 242-43, 247, 

286-89 
retrofits, 6-7 
savings, 6-7 
See also limitations; market 

transformation; programs 
basic model (definition), 423 
B.C. Hydro 

compressed-air system program, 301-3 
fan programs, 307 
New Plant Design program, 324-25 

bearing failure, 62 
Bearing Specialists Association contact 

information, 450 
bearings (definition), 423 
belt (definition), 423 
belt drives, 115-19 

comparison of belt drive types (table), 
119 

flat belts, 119 
maintenance, 123 
synchronous belts, 116, 117-19,407-9, 

423 
V-belts, 116-19,407-9,423-24 

benefits 
calculating, 382-83 
controls, 125 
efficient motors, 60-61 
estimating, 382-83 
oversizing, 205-6 

Bethlehem Steel Burns Harbor Facility 
case study, 152 

bidding programs, 318-19 
bipolar transistor (definition), 424 
blowers, marketing, 260-61 
boiler fan case study, 150-51 
boiler feed pump case study, 149-50 
Bonneville Power Administration (BPA) 

Energy Savings Plan program, 324-25 
rewind practice research, 65-66 
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bonuses, HVAC bonuses, 233-34 
BPA (Bonneville Power Administration) 

Energy Savings Plan program, 324-25 
rewind practice research, 65-66 

brand-name motor efficiency 
comparisons (tables), 55 

branding programs, 10 
Brazil, load factor, 205-6 
breakdown torque. See pull-out torque 
British Columbia, market transformation, 

275-76 
brushes (definition), 424 
brushless motors, 34-37 

c 
C&I Customer Credit Program, 326 
C motors, 22, 23, 426-27 

efficiency levels, 52 
cable sizing, 103-5 

Southwire Company policy, 105 
CAC (Compressed Air Challenge) 

program,299,337-38 
Improving Compressed Air System 

Performance: A Source Book for 
Industry, 177-78 

CAGI (Compressed Air and Gas 
Institute) training programs, 299 

calculating 
adjustable-speed drive savings, 

393-405 
benefits, 382-83 
costs, 382-83 
downsizing savings, 383-89 
drivetrain savings potential, 407-9 
DSM program cost-effectiveness, 

390-91 
efficiency, 40--42 
fluid-flow, 159-63 
paybacks, 374 
pump energy savings, 394-403 
RMS (root mean square) (definition), 

439 
savings calculation examples, 384-89, 

394-409 
savings evaluation methods, 373-75 
synchronous belt savings potential, 

407-9 
transmission savings potential, 407-9 
utility costs, 376-78 
worksheets, 384-89 

California Energy Commission (CEC), 
pump workshops, 305-6 

CAMP ( Compressed-Air Market 
Transformation Program), 300 

Canada 
B.C. Hydro programs, 301-3, 307, 

324-25 
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Canadian Standards Association (CSA) 
efficiency standards, 44-45, 58 

efficiency standards, 283 
Manitoba Hydro repair tests program, 

295 
market transformation, 275-76 

Canadian Standards Association (CSA) 
efficiency standards, 44-45, 58 

capacitor (definition), 424 
capacitor correction of power factors, 

106-7 
graph,107 

capital limitations, 8, 247 
Carolina Power & Light energy audit 

program, 294 
catalog formats, 29 

illustrations, 30 
CDA (Comprehensive Design Approach), 

312 
CEC (California Energy Commission), 

pump workshops, 305-6 
CEE (Consortium for Energy Efficiency) 

standards, 54-58, 71, 313-14, 333-34, 
425 

CEE motors, 424 
efficiency vs. size and costs vs, size 

(graph),71 
eligibility levels for air conditioners 

(table),314 
Motor Decisions Matter'''' campaign, 

295,298 
NEMA standards compared to, 54-58, 

71 
See also premium-efficiency motors 

CEE motors 
definition, 424 
See also premium-efficiency motors 

CEMEP (Committee of European 
Manufacturers of Electrical 
Machines and Power Electronics) 
standards, 58-59 

centrifugal air compressors, 184-87 
centrifugal chillers 

definition, 424 
electricity use, 230 

centrifugal compressors, 189 
centrifugal fans 

definition, 424 
See also centrifugal fans and pumps 

centrifugal fans and pumps 
characteristics, 163-69 
fans (table), 166 
population data, 214-19 
typical curves (graphs), 164-65 

certification 
EASA-Q (definition), 427 
EPAct compliance certification, 413-18 



repair certification, 69, 293-94, 295-97, 
336 

chain transmissions, 120 
maintenance, 120 

chains (corporate), 255 
characteristics 

AC motors, 41 
air compressors (table), 187 
centrifugal fans and pumps, 163-69 
compressor controls (table), 182 
DC motors, 41 
reluctance motors, 41 
squirrel-cage induction motors, 41 
switched-reluctance (SR) motors, 41 
torque-to-speed characteristics (graph), 

128 
wound-rotor motors, 41 

chilled water systems 
centrifugal chillers (definition), 424 
programs, 311-12 

chillers 
centrifugal chiller (definition), 424 
definition, 424-25 
See also air conditioning; refrigeration 

systems; space cooling systems 
chopper (definition), 425 
Clarkson, Jim, on the Southwire 

Company cable sizing policy, 105 
cleaning, 123-24 
code letter (definition), 425 
codes 

code letter (definition), 425 
electric code (definition), 435 

coefficient of performance (COP) 
(definition),425 

cogged V-belts, 116, 117, 119 
as overload protection, 116 
paybacks, 117 

commercial sector. See industrial sector 
commissioning air conditioning systems, 

313 
Committee of European Manufacturers 

of Electrical Machines and Power 
Electronics (CEMEP) standards, 
58-59 

compact motors, 48-49 
Compaq efficiency standards, 259 
Comprehensive Design Approach 

(CDA),312 
Compressed Air and Gas Institute 

(CAGI) training programs, 299 
Compressed Air Challenge (CAC) 

program,299,337-38 
Improving Compressed Air System 

Performance: A Source Book for 
Industry, 177-78 

compressed-air system programs, 
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297-303,337-38 
B.C. Hydro compressed-air system 

program, 301-3 
Compressed Air Challenge, 177-78, 

299,337-38 
Compressed-Air Market 

Transformation Program (CAMP), 
300 

Sav-Air program, 300-301 
utility programs, 299-301 
XENERGY compressed-air system 

program, 300 
See also compressed-air systems 

compressed-air systems, 176-88 
air compressors, 184-88 
applications, 179-80 
controls, 181-84 
efficiency, 177 
energy savings potential, 177-78 
leaks, 178-79, 180, 188,301-3 
maintenance, 181 
marketing, 302 
multi-master (network) controls, 184 
population data, 218 
pressure levels, 180-84 
references, 177-78 
savings potential, 228 
single-master (sequencing) controls, 

184 
storage, 184 
See also air compressors; 

compressed-air system programs 
compressors 

definition, 425 
reciprocating compressor (definition), 

438 
rolling piston compressors (definition), 

439 
rotary compressor (definition), 439 
screw compressors (definition), 439 
See also air compressors; 

compressed-air systems 
computer programs. See software 
condensation prevention, 123 
condensers (definition), 425 
conduits for cables, 104 
Consortium for Energy Efficiency. See 

CEE 
constant-horsepower loads (definition), 

433 
constant-power loads, 128 
constant-torque loads, 127 

definition, 433 
construction 

contractors as motor distributors, 
262-63 

as a market event, 278-79 
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new construction programs, 323-25 
See also contractors; design 

consulting engineers as motor 
distributors, 262-63 

contact information 
drive manufacturers, 447 
motor manufacturers, 447 
professional associations, 450-51 
test equipment manufacturers, 448-49 
trade associations, 450-51 
transmission manufacturers, 447 

contractors 
as motor distributors, 262-63 
See also construction 

control manufacturers as distributors, 
263-66 

controls, 2-3, 125-57 
AC motor improvements, 224-26 
adjustable pulleys, 132, 133 
applications, 3 
benefits, 125 
compressed-air systems, 181-84 
DC motors, 129-31 
economics, 147-49, 174-75 
eddy-current drives, 135-36 
electronic controls, 2-3, 136-56 
energy savings, 154 
energy savings potential, 224-26 
fans, 171-75 
flow control techniques, 170-75 
HVAC systems, 154 
hydraulic couplings, 132-35 
improvement paybacks, 225-26 
marketulg,263-66 
mechanical controls, 3-4, 132, 133 
multi-master (network) controls, 184 
multispeed motors, 128-29 
network (multi-master) controls, 184 
new technologies, 153-56 
overload protection, 117,381 
pony motors, 129 
power electronic devices (definition), 

437 
power-factor controllers (PFCs), 155-56 
process controls, 143-44, 154-55 
pumps, 171-75 
savmgs potential for improvements, 

224-26 
sequencing (single-master) controls, 

184 
single-master (sequencing) controls, 

184 
space cooling systems, 189 
startmg controls, 110-12 
table, 126 
teclmologies, 125-27 
thermal overload elements, 381 
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throttling devices, 171-73 
vector controls, 155 
See also adjustable-speed drives 

conveyors, 190 
energy savmgs, 190 

coolant pump case study, 150 
cooling load (definition), 425 
cooling systems. See air conditioning; 

refrigeration systems; space COOIUlg 
systems 

cooling tower (definition), 425 
COP (coefficient of performance) 

(definition),425 
core losses, 66-68 

tables, 67 
corporate programs, purchase practices, 

9 
cost-effectiveness 

adjustable-speed drive installations, 
141-43 

DSM program calculations, 390-91 
costs 

AC motor improvements, 223 
adjustable-speed drives, 391-93 
avoided cost (definition), 423 
discounts, 72 
efficient motors, 71-72 
estimating, 382-83 
life-cycle cost analysis, 74-75,375 
power-factor controllers (PFCs), 156 
premium-efficiency motors, 72, 74-75, 

379-80 
premium-efficiency motors, EPAct 

motors, and rewmds compared 
(tables), 379-80 

repairs, 382 
replacement, 381 
synchronous motors, 148 
transaction costs, 248 
utility cost figures, 376-78 
See also cost-effectiveness; economics; 

paybacks; savings 
covered motor (definition), 425-26 
cross-cutting program approaches, 

317-29 
CSA (Canadian Standards Association) 

efficiency standards, 44-45, 48 
CSD (current-source inverter) 

(definition),426 
CSls (current-fed inverters), 139 
cube law, 162-63 
current-fed inverters (CSls), 139 
current signature (defmition), 426 
current-signature predictive maintenance 

testers, 83-84 
current-source inverter (CSD) 

(definition),426 



customers, 240-51 
adjustable-speed drives (ASDs), 

244-45 
attributes of markets (table), 268 
aversion to downtime, 6, 241-42 
differences between market sectors, 

249-51 
economic perspective, 373-76 
information limitations, 8, 75, 242-43, 

247, 256, 286-89 
large companies, 254, 325-26 
and market transformation, 277 
priority of energy matters, 248 
program emphasis, 249, 271-72 
rebate program customer guidelines, 

319-22 
small customer programs, 339-40 
See also decision-making; educational 

programs; industrial sector; 
maintenance; purchase practices; 
residential sector 

cycling, 108-12 
allowable cycling, 110 
problems, 109-10 
starting controls, 110-12 

cycloconverters, 139 
defini tion, 426 

D 
D motors, 22, 23, 426-27 

efficiency levels, 52 
damper (definition), 426 
data 

educational programs, 342-44 
measuring data, 205 
performance data in motor catalogs 

(illustration),30 
recommendations, 342-44 
sales data, 195, 344 
single-phase motor revenue share data, 

219 
sizing data, 205 
training programs, 342-44 
use profile, 193-94 
See also databases; population data 

databases 
MolorMaster+ database, 75, 83, 283, 

294 
See also software 

Dayton motors, 253 
DC (direct current) 

definition, 427 
See also DC motors 

DC motors, 33-34 
AC motor replacements for, 189-90, 

404-5 
applications, 130-31 

INDEX 

brushless motors, 34-37 
calculating savings from AC motor 

replacements, 404-5 
classification and characteristics 

(table),41 
controls, 129-31 
diagram, 34 
distribution of input energy, 14 
efficiency, 230-31 
electricity use, 196, 197 
electronically commutated 

permanent-magnet motors, 34-37 
improvements, 230-31 
M-G sets, 231 
maintenance, 129-30 
motor-generators sets, 131 
sales in U.s. (table), 195 
savings potential, 230-31 
substitutes for, 189-90 
torque-horsepower characteristics 

(diagram),130 
universal motors, 33 
See also AC motors 

DC power, in inverter-based ASDs, 
137-39 

de Almeida, Anibal T., 365 
decision-makers for purchases, 241 

adjustable-speed drives, 245 
table, 241 
See also decision-making 

decision-making, 8-10, 241, 247-51 
capital limitations, 8, 247 
decision-makers, 241, 245 
incentives, 249 
industrial sector differences, 249-51 
information sources, 8, 75, 242-43, 247 
market events, 278-80 
motor purchase influences, 8-10 
payback gap, 8-9, 248 
priority of energy matters, 248 
program emphasis, 249 
repairs vs. replacement, 243-44 
selecting induction motors, 21-31 
transaction costs, 248 
See also purchase practices; selecting 

motors; selecting pumps 
dedicated efficiency fund programs, 

325-26 
definite purpose motors, 31 
demand charge (definition), 426 
demand-side management programs. See 

DSM programs 
demonstration programs, 327-28 

recommendations, 341-44 
Department of Energy (DOE) repair shop 

checklist, 69 
derating curves for motors on 
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adjustable-speed drives, 92-93 
graph,93 

design 
air conditioning, 311, 312 
Comprehensive Design Approach 

(CDA),312 
definition, 426-27 
distribution by, 198-201 
fans, 309 
NEMA categories, 22, 23, 426 
new construction programs, 323-25 
New Plant Design program, 324-25 
pumps, 309, 337 
systems optimization, 336-38 

design-build contractors as motor 
distributors, 262-63 

designing motor efficiency, 46-49 
development programs, 327-28 

recommendations, 341-44 
diagnosing 

oversizing, 100 
See also measuring efficiency; 

monitoring 
diameters for three-phase motors 

(graph),48 
direct current (DC) 

definition, 427 
See also DC motors 

discharge dampers (definition), 427 
discounts on efficient motors, 72 
displacement power vs. speed for ASDs 

(table),145 
distorted waves, 91-93 

graph,92 
distortions in electricity supply, 2 
distribution network losses, 102-8 

cable sizing, 103-5 
power-factor compensation, 105-8 
savings potential, 233 
transformers, 102-3 

distribution of input energy by general 
type of motor (graph), 14 

distribution of motors to customers, 
251---{j9 

adjustable-speed drives (ASDs), 
244-45, 263---{j6 

air compressors, 261-62 
chains, 255 
chains (corporate), 255 
contractors, 262---{j3 
control manufacturers, 263-66 
distributors, 254-56 
engineers, 262-63 
fans, 260-61 
government agencies, 266---{j7 
graph,257 
independent distributors, 254-55 
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original equipment manufacturers, 
256-60 

pricing, 255-56 
professional associations, 266---{j7 
pumps, 260---{j1 
representatives, 266 
strategies, 252, 253 
trade associations, 266-67 
universities, 266---{j7 
utilities, 266---{j7, 302 
See also customers; population data 

DOE (Department of Energy) 
EPActrole,281-83,332,418-19 
Improving Compressed Air system 

Performance: A Source Book for 
Industry, 177-78 

Motor Challenge program, 296-97 
MotorMaster+ database, 75, 83, 283, 294 
Pump System Assessment Tool (PSAT), 

308 
Pumping Optimization Workshops, 

308 
recommendations for, 333-34 
repair shop checklist, 69 
studies, 193-94,200,202-4,343 
XENERGY field study, 193-94,200, 

202-4 
downsizing motors, 98-100, 381 

calculating savings, 387, 389 
downtime 

customer aversion to, 6, 241-42 
reducing, 242 

Dranetz/BMA technologies contact 
information, 448 

Dreisilker Electric Motors contact 
information, 449 

Drive Power Initiative program, 290-91 
drivepower (definition), 427 
drivepower efficiency programs, 11 
drives. See adjustable-speed drives; 

transmissions 
drivetrains 

calculating savings, 407-9 
improvement potential, 232-33 
optimized, 5, 11 
savings potential, 407-9 
See also transmissions 

DSM programs 
calculating cost-effectiveness, 390-91 
definition, 426 
market transformation programs 

compared to, 273-74 
dust-ignition-proof enclosures, 25 
duty factor, 202-4 

by size class, 202-4 
table, 202 



E 
E motors, 22, 23, 426-27 

efficiency levels, 50, 52 
EASA (Electric Apparatus Service 

Association),427 
EASA-Q,427 
repair certification, 69 
repair practice research, 63, 65 

EASA-Q (definition), 427 
Easton Consultants 

fan improvement study, 228 
motor study, 214 

Eaton Corp. contact information, 449 
economics, 70-82, 373-409 

adjustable-speed drives, 391-405 
controls, 147-49, 174-75 
cost of efficient motors, 71-72 
customer perspective, 373-76 
DSM programs, 390-91 
EPAct motors, 71-76 
financial incentive programs, 11 
full-load efficiency vs. size and costs 

vs. size (graph), 71 
installation, 147-49 
life-cycle cost analysis, 74-75, 375 
premium motors, 71-75, 77, 208-9 
public benefit fund (definition), 438 
purchase practices, 8-10 
replacing operating motors with 

efficient motors, 78--82, 98 
replacing vs. rewinding, 75--78 
revenue shares for different motor 

types, 219 
ROJ, 374-75 
savings evaluation methods, 373-75 
utility perspective, 376-78, 390-91 
utility rates, 375-76, 426 
See also calculating; costs; financial 

incentive programs; incentives; 
paybacks; rebate programs; sales; 
saturation; savings; savings 
potential 

ECPMs (electronically permutated 
permanent-magnet motors). See 
permanent-magnet (PM) motors 

ECW (Energy Center of Wisconsin) 
improvement program, 340 

eddy. See magnetic losses 
eddy-current drives, 135-36 

diagram, 135 
educational programs 

compressed air system education 
programs, 299 

data, 342-44 
ENERGY STAR program, 288--89, 315, 

317,334 
motor management educational 

INDEX 

programs,291-92 
recommendations for, 340-41 
role in market transformation, 277-78, 

281 
tools, 342 
See also training programs 

EEM. See energy-efficient motors 
EER (energy efficiency ratio) (definition), 

428 
effect of changes in segregated losses on 

total losses for repaired motors 
(table),67 

efficiency, 1-2, 4-6, 40-42, 44-53 
AC induction vs. brushless motors 

(graph),35 
AC inverter drive efficiency curves 

(graph),142 
air compressors, 186 
air temperature effects, 123-24, 145 
apparent efficiency (definition), 422 
backward-inclined fan efficiencies 

(graph), 227 
brand-name motor comparisons 

(tables),55 
brushless vs. AC motors (graph), 35 
calculating, 40-42 
comparisons (tables), 44, 55 
compressed-air systems, 177 
DC motors, 230-31 
definition, 427 
design, 46-49 
determining, 82-84, 413 
efficiency loss during motor repair 

(table),64 
efficiency vs. torque for V-belts and 

synchronous belts (graph), 118 
and electricity distortions, 2 
EPAct efficiencies, 411-12 
EPAct motors (table), 412 
fans, 164, 167, 169-76, 227 
and frame size, 28 
full-load efficiencies and power factors 

(graph),24 
historical review, 47-49 
labeling, 49-53 
M-G sets, 231 
manufacturer lines, 251-52 
measuring,44-46,49 
minimum efficiency (definition), 434 
motor losses, 42-44 
nameplate designations, 21, 418 
nominal efficiency, 49-53, 435 
and painting motor enclosures, 232 
pumps, 164, 165, 167, 169-76 
and purchase practices, 7, 8-10 
and repairs, 7, 63--68 
and rewinding, 63 
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single-phase motors, 60 
and speed, 167 
strategies for motor manufacturers 

(table),253 
stray losses (table), 45 
three-phase motors, 59-60 
V-belts, 116-17 
variations, 49 
See also efficient motors; loss 

mechanisms; loss of efficiency 
from repairs and rewinding; 
selecting motors; sizing; standards 

efficiency loss during motor repair 
(table),64 

efficient motors 
availability, 59-60 
benefits, 60-61 
cost, 71-72 
diagram of efficient induction motor, 

43 
economics, 378 
energy-efficient motors, 53-59 
energy savings, 60 
full-load efficiency vs. size and costs 

vs. size (graph), 71 
historical efficiency compared to 

standard motors (graph), 47 
introduction of, 49 
lifetime, 60-61 
maintenance, 60-61 
rewound motors compared to, 75-78, 

223-24 
savings calculations, 384 
slip rate, 61 
standard motors compared to, 47, 61 
torque starting rates, 61 
See also energy-efficient motors; EPAct 

motors; high-efficiency motors; 
premium-efficiency motors 

Electric Apparatus Service Association. 
SeeEASA 

electric code (definition), 435 
electric meters, errors due to harmonics, 

93-94 
electric motors. See motors 
Electric Power Research Institute (EPRI) 

contact information, 450 
electric supply systems. See electricity 

supply; utilities 
electric utilities. See electricity supply; 

utilities 
Electrical Apparatus Service contact 

information, 450 
electrical losses, 42 
electrical product chains, 255, 264 
electricity supply, 87-95 

cable sizing, 103-5 
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conduits for cables, 104 
current signature (definition), 426 
DC power in inverter-based ASDs, 

137-39 
distortions, 2 
frequency (definition), 429 
harmonics and transients, 91-95,146, 

156,437 
kVA (kilovolt-ampere) (definition), 432 
kW (kilowatt) (definition), 432 
kWh (kilowatt-hour) (definition), 432 
phase (definition), 436 
power factors, 437 
regenerative braking (definition), 438 
resistance (definition), 438 
supply voltage, 28-31 
transformers, 102-3 
tune-up savings potential, 231 
universal motors, 33 
utility rates, 375-76, 426, 427 
voltage and frequency, 90-91 
voltage unbalance, 87-90 
watt (definition), 444 
waveforms, 91-95 
wiring, 2, 405-7 
See also voltage 

electricity use, 1, 9, 194-98, 211-20 
AC motors, 14, 15, 196--97,222 
active current, 18 
air conditioning, 310 
by application, 214 
by end-use, 212 
by sector and task, 212 
by size class, 196, 198-99 
centrifugal chillers, 230 
controls, 225 
DC motors, 196, 197 
fans (graph), 174 
fractional-horsepower motors, 196-97, 

288 
graphs and tables, 14, 17-18, 212-19 
industrial sector concentrations, 211, 

213 
integral-horsepower motors, 197 
reactive current, 18, 33 
single-phase motors, 15 
total current, 18 

electromagnetic interference (EMI) 
definition, 427 
FCC regulations, 95 

electronic adjustable-speed drives. See 
adjustable-speed drives (ASDs) 

electronic speed controls for motors, 2-3, 
136-56 

electronically permutated 
permanent-magnet motors (ECPM). 
See permanent-magnet (PM) motors 



Elliott, Neal, 365 
EMI (electromagnetic interference) 

definition, 427 
FCC regulations, 95 

enclosures, 24-26 
distribution of enclosure types, 201 
dust-ignition-proof, 25 
explosion-proof, 25-26, 428 
guarded,25 
open drip-proof, 25, 26 
painting, 124 
permanent-magnet motors, 37 
splash-proof, 25 
totally enclosed fan-cooled, 25, 26 
weather protected, 25 

end-use pricing programs, 302 
end-users for motor markets. See 

customers 
Energy $mart program, 285, 287 
Energy Center of Wisconsin (ECW) 

improvement program, 340 
energy charge (definition), 427 
energy consumption. See electricity use; 

energy savings 
energy efficiency programs. See 

programs 
energy efficiency ratio (EER) (definition), 

428 
energy-efficient motors 

definition, 428 
standards, 53-59 
See also efficient motors; high-efficiency 

motors; premium-efficiency 
motors 

Energy FinAnswer program, 322-23, 324 
Energy Policy Act of 1992. See EPAct 
energy savings 

AC motor improvements, 222-24 
adjustable-speed drives (ASDs), 148 
availability by industrial sector (table), 

250 
compressed-air systems, 177 
controls, 154 
conveyors, 190 
customer priority, 248 
cycling, 109 
DC motor substitutes, 189-90 
efficient motors, 60 
PFCs (power-factor controllers), 156 
power-factor compensation, 106 
pumps, 175-76 
and repair efficiency losses, 66 
SPC programs, 318 
surge suppressors, 95 
See also marketing; paybacks; savings; 

savings potential 
ENERGY STAR program, 288-89, 315, 

INDEX 

317,334 
See also labeling 

energy use. See electricity use; energy 
savings 

engineers 
as motor distributors, 262-63 
professional association contact 

information, 450 
environmental and health issues, 

rewinding, 68 
Environmental Protection Agency. See 

EPA 
EPA (Environmental Protection Agency) 

ENERGY STAR program, 288-89, 315, 
317,334 

recommendations for, 333-34 
EPAct,4,10,58,281-83,332,411-19,428 

certification of compliance, 413-18 
definition, 428 
determining motor efficiency, 413 
efficiencies for motors covered by 

EPAct, 411-12 
enforcement, 418-19 
general purpose motors, 53-54 
historical efficiency of standard and 

energy-efficient motors (graph), 47 
imported motors, 418 
and motor catalog formats, 29 
motors covered, 411-13 
NEMA product coverage (table), 

414-17 
See also EPAct motors 

EPAct motors, 411-19, 428 
availability, 252 
costs and performance of 

premium-efficiency motors, EPAct 
motors, and rewinds (tables), 
379-80 

definition, 428 
efficiencies for motors covered by 

EPAct (table), 412 
efficiency determination, 413 
marketing, 333-35 
new purchases vs. rewinding, 75-78 
premium vs. EPAct motors, 71-75 

EPRI (Electric Power Research Institute) 
contact information, 450 

equipment improvements, 341-42 
Equistar Chemicals air compressor case 

study, 188 
ESCos, 317-19, 374-75 
Esterline Angus Instrument Corp. 

contact information, 449 
Eugene Water & Electric Board 

premium-efficiency motor program 
(table),287 

Europe, efficiency standards, 58-59 
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events in markets, 278-80 
EXP (explosion-proof) enclosures, 25-26, 

428 
explosion-proof (EXP) enclosures, 25-26, 

428 
Express Efficiency Program, 284-85, 287 

F 
failures, 61-62 

winding failure, 61-62 
fans, 159-75 

and adjustable-speed drives (ASDs), 
307-8,403-4 

affinity laws, 161-63 
applications, 159-75, 214 
backward-inclined fan efficiencies 

(graph), 227 
boiler fan case study, 150-51 
calculating savings potential, 403-4 
centrifugal fans, 166, 214, 424 
characteristics, 163-69 
controls, 171-75 
design, 309 
efficiency, 164, 167, 169-76,227 
energy consumption (graph), 174 
flow control techniques, 170-75 
fluid-flow characteristics, 159-63 
improvements, 226-28 
installing, 170 
loss mechanisms, 169 
marketing, 260-61 
operating point, 167-68 
oversizing, 169 
population data, 214 
programs, 307-10 
savings potential, 226-28, 403-4 
software, 168-69 
speeds, 164-67, 172-75 
standards, 310 
system control and optimization, 

169-76 
variable-flow systems, 171-75 
ventilation fan case studies, 151-53 
See also TEFC (totally enclosed 

fan-cooled) enclosures; TEFC 
motors 

farm irrigation system case study, 175-76 
FCC (Federal Communications 

Commission), electromagnetic 
interference standards, 95 

field measurements, 82-84 
financial incentive programs, 11, 339 

dedicated efficiency fund programs, 
325-26 

tax credits, 326 
See also economics; incentives; loan 

programs; rebate programs 
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flat belts, 119 
definition, 423 

flow 
affinity laws, 161 
calculating, 159-63 
flow control teclmiques, 170-75 
minimum pressure requirement 

(graph), 162 
See also fluid-flow in fans and pumps 

flow control techniques, 170-75 
throttling devices, 171-73 
variable-flow systems, 171-75 

fluid-flow in fans and pumps, 159-63 
calculating, 159-63 
operating point, 167-68 
system control and optimization, 

169-76 
system head loss curve (graph), 160 
United States measuring techniques, 

161 
Fluid Power Distributors Association 

contact information, 450 
forced commutation inverters 

(definition), 428 
Ford Dearborn Engine Plant case study, 

150 
Ford Lorain Assembly Plant case study, 

150-51 
Fort Churchill Power Plant case study, 

149-50 
four-pole induction motors, full-load 

revolutions per minute vs. 
horsepower, 17 

fractional-horsepower motors, 196-98,428 
definition, 428 
efficiency, 288 
electricity use, 197, 288 
paybacks, 4, 223 
programs, 288-89 
revenue shares, 219 
sales (table), 195 
standards, 288-89 
See also integral-horsepower motors 

frame type (definition), 429 
frames 

distribution of motors by frame type, 
201 

frame type (definition), 429 
size,28,48-49,428-29 

free rider (definition), 429 
frequency (definition), 429 
frequency and voltage, 90-9J 
friction dry discs, 132, 133 

diagram, 133 
full-load amps (definition), 422 
full-load efficiencies and power factors 

(graph),24 



full-load revolutions per minute vs. 
horsepower (graph), 17 

full-load speed (definition), 429 
full-load torque, (definition), 442 

G 
gate tum-off thyristor (GTO) (definition), 

429 
gear reducers, 114-15 

efficiency (graph), 115 
gearbox efficiency ranges (graph), 114 
gears, 112-15 

definition, 429-30 
gear reducers, 114-15 
gearbox efficiency ranges (graph), 114 
helical gears, 113-15 
worm gears, 113-14 

General Conservation Corporation 
(Gcq Bethlehem Steel ASDs 
installation, 152 

General Electric motors, 253 
general purpose motors, 31, 53-54 

definition, 430 
glossaries 

abbreviations and acronyms, 367-71 
terms, 421--45 

government agencies 
market transformation role, 275-76, 

277 
as motor distributors, 266-67 
research, development, and 

demonstration programs, 327-28 
small customer programs, 339--40 
See also DOE; EPA 

grease life vs. bearing temperature 
(graph), 121 

Greenberg, Steve, 365-66 
GTO (gate tum-off thyristor) (definition), 

429 
guarded enclosures, 25 

H 
harmonics, 91-95, 430 

adjustable-speed drives (ASDs), 146 
and ASDs, 92-94, 95 
definition, 430 
low motor speeds and, 93 
meter errors due to, 93-94 
mitigating, 94-95 
power conditioning equipment, 437 
power-factor controllers (PFCs), 156 
and torque, 92 

header (definition), 430 
health and environmental issues, 

rewinding, 68 
heating systems 

applications, 187 

INDEX 

See also HVAC systems 
heating, ventilation, and air conditioning 

systems. See HVAC systems 
helical gears, 113-14 

three-stage helical gear (illustration), 
113 

helical-screw reciprocating compressors 
(diagram),185 

Hertz (Hz) (definition), 430 
high-efficiency motors, 4-5 

availability, 252 
EPAct standards, 4,10,58,281-83, 

332 
marketing, 256 
paybacks, 4,223 
population in U.s., 198-200,206-9 
sales in U.s., 281 
saturation, 206-9 
savings,S, 6 
use by original equipment 

manufacturers, 258 
See also efficient motors; 

energy-efficient motors; 
premium-efficiency motors 

high-inertia load (definition), 430 
high-performance applications, vector 

con trois, 155 
historical review of motor efficiency, 

47--49 
home systems. See residential sector 
horsepower 

compressor range, 218 
definition, 430 
vs. full-load revolutions per minute 

(graph),17 
hot-water system case study, 176 
hp. See horsepower 
HVAC bonuses, 233-34 
HVAC systems, 430 

Compaq efficiency standards, 259 
controls, 154 
HVAC bonuses, 233-34 
HVAC system controls, 154 
original equipment manufacturers, 259 
savings potential, 233-34 
VAV (variable-air-volume), 444 
See also space cooling systems 

hydraulic couplings, 132-35 
diagram, 134 

hydraulic drives, 132-35 
hysteresis losses. See magnetic losses 
Hz (Hertz), 430 

I 
IEC (International Electroteclmical 

Commission) efficiency standards, 
44--46 
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proposed stray loss default values 
(table),45 

IEEE (Institute of Electrical and 
Electronics Engineers) 

contact information, 451 
efficiency standards, 44-46 
fractional-horsepower motor tests, 

288-89 
IGT (insulated gate transistor) 

(definition),431 
imported motors, EPAct coverage, 418 
improvements 

AC motors, 222-26 
compressed-air systems, 228 
DC motors, 230-31 
drivetrain equipment, 232-33 
ECW improvement program, 340 
electricity supply, 231 
equipment improvements, 341-42 
fan systems, 226-28 
lubrication, 232-33 
pump improvement programs, 306 
pumps, 226-28 
refrigeration systems, 230 
space cooling systems, 229-30 

synchronous motor systems, 
230-31 

Improving Compressed Air system 
Pelformance: A Source Book for 
Indllstry (DOE), 177-78 

incentives, 249, 284-85, 286, 338--40 
air conditioning programs, 310-11 
financial incentive programs, 11, 

325-26,339 
NEEP air conditioner incentives 

(table),314 
performance contracting programs, 

318 
rebate programs, 280-81, 283-85, 311, 

319-22 
tax credits, 326 
Sec also market transformation 

independent distributors, 254-55 
indirect savings potential, 233-34 
inductance (definition), 430 
induction motor slip, 17-18 
induction motors. See AC motors 
Inductor, Inc. contact information, 449 
inductors 

definition, 431 
harmonic mitigation, 95 

Industrial Best Practices program, 296-97 
training, 297, 308 

Industrial Efficiency Improvement and 
Energy Awareness Program, 320-21 

ind ustrial sector, 9 
concentrations of motor use, 211, 213 

478 

differences in motor use and 
purchasing, 249-51 

industrial sector concentrations of 
motor use, 211, 213 

industry-specific programs, 305-8, 
320-22 

motor population data, 198, 199,217 
savings available by sector, 250 

Industrial Systems Optimization (ISOS) 
program, 321-22 

industry-specific programs, 305-8 
inertia 

definition, 431 
Wk' (definition), 445 

information 
limitations on customer motor 

information, 8, 75, 242--43, 247, 
286--89 

See also contact information; data; 
references; software 

Information Clearinghouse, 296-97 
inlet vanes (definition), 431 
installation 

calculating savings, 384-86 
design-build contractors as motor 

distributors, 262--63 
economics, 147--49 
space cooling systems savings 

potential, 229 
See also installing 

installing 
fans, 170 
pumps, 170 

Institute of Electrical and Electronics 
Engineers (IEEE) 

contact information, 451 
efficiency standards, 44-46 
fractional-horsepower motor tests, 

288-89 
insulated gate transistor (lGT) 

(definition),43] 
insulation 

classes, 26-27 
and efficiency, 48 
insulation class (definition), 431 
paint as, 124 
stripping methods, 66--68 

insulation class (definition), 431 
integral-horsepower motors, 196-98,431 

definition, 431 
electricity use (table), 197 
improvement savings potential, 222 
sales in U.s. (table), 195 
voltage unbalance derating factor 

(graph),89 
Sec also fractional-horsepower motors 

integrated chiller retrofits, 312-13 



interactions in motor marketing 
(diagram),240 

International Electrotechnical 
Commission (IEC) efficiency 
standards, 44-46 

proposed stray loss default values 
(table),45 

inverter-based ASDs, 137-39 
current-fed inverters (CSls), 139 
diagram, 137 
efficiency curves (graph), 142 
inverter drives (definition), 431-32 
pulse-width modulation (PWM) 

inverters, 138-39 
voltage pulses (graphs), 138 
voltage-source inverters (VSls), 138-39 

inverter drives (definition), 431-32 
inverter duty motor (definition), 432 
inverters, 431 

AC inverter drive efficiency curves 
(graph), 142 

current-fed inverters (CSls), 139 
current-source inverter (CSD) 

(definition),426 
definition, 431 
forced commutation inverters 

(definition),428 
inverter drives (definition), 431-32 
inverter duty motor (definition), 432 
pulse-width modulation (PWM) 

inverters, 138-39 
voltage-source inverters (VSls), 138-39, 

444 
See also inverter-based ASDs 

irrigation industries as motor customers, 
251 

irrigation systems 
case study, 175-76 
See also pumps 

150-9000 (EASA repair certification), 69 
isolation transformer (definition), 432 
1505 (Industrial Systems Optimization) 

program, 321-22 

J 
Japan, maintenance practices, 246 
Japanese Electrotechnical Commission 

(JEC) efficiency standards, 44, 45, 46 
JEC (Japanese Electrotechnical 

Commission) efficiency standards, 
44,45,46 

K 
Katz, Gail, 366 
kilovolt-ampere (kVA) (definition), 432 
kilowatt (kW) (definition), 432 
kilowatt-hour (kWh) (definition), 432 

INDEX 

Kramer drives, 140 
kVA (kilovolt-ampere) (definition), 432 
kW (kilowatt) (definition),432 
kWh(kilowatt-hour) (definition), 432 

L 
labeling 

certification of EPAct compliance, 
413-18 

efficiency labeling programs, 49-53 
recommendations, 331-33, 339 
See also ENERGY STAR; nameplates 

laminations (definition), 432 
large companies 

dedicated efficiency fund programs, 
325-26 

purchase practices, 254 
Lawrence Berkeley National Laboratory 

(LBNL) motor study, 220 
LBNL (Lawrence Berkeley National 

Laboratory) motor study, 220 
leakage reactance (definition), 432-33 
leaks in compressed-air systems, 178-79, 

180, 188 
source checklist, 179 
tests, 301-3 

Leeson motors, 253 
Lexington Sales and Engineering 

(Lexseco) contact information, 449 
Lexseco (Lexington Sales and 

Engineering) contact information, 
449 

life-cycle cost analysis, 375 
premium-efficiency motors, 74-75 

life of motors, 60-61, 206 
efficiency losses from repairs, 66, 67 
See also life-cycle cost analysis 

limitations 
capital limitations, 8, 247 
customer information limitation, 8, 75, 

242-43,247,256,286-89 
to market transformation, 277-78 
See also market barriers 

Lincoln motors, 253 
load factor, 204-6 

Brazil, 205-6 
load profile (definition), 433 
load types (defined), 433 
loads, 433 

adjustable-speed loads, 127-28 
constant-horsepower loads 

(definition),433 
constant-torque loads (definition), 433 
and gearbox efficiency ranges, 114-15 
load factor, 204-6 
load management and cycling, 108-12 
motor load determination, 82-83, 98 
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overload, 117, 381, 440 
part-load ratio (definition), 436 
peak cooling load (definition), 436 
sizing considerations, 96-108, 381 
space conditioning loads (definition), 

440 
time rating (definition), 442 
types, 433 
types (graph), 127 
variable-torque loads (definition), 433 
and voltage reduction, 91 
See also efficiency 

loan programs, 322-23 
locked-rotor amps (definition), 422 
loss mechanisms, 42-44 

adjustable-speed drives (ASDs), 
144-45 

belt drives, 117 
core losses, 66-68 
distribution network losses, 102-8 
electrical losses, 42 
fans, 169 
leaks in compressed-air systems, 

178-79,180,188 
lubrication problems, 121-22 
magnetic losses, 42-43 
mechanical losses, 43 
pumps, 169 
reducing in gear drives, 114-15 
repair or rewind effects (table), 66 
stray losses, 43, 45 
system head loss curve (graph), 160 
waste heat, 135-36 
See also loss of efficiency from repairs 

and rewinding 
loss of efficiency from repairs and 

rewinding, 63-70 
core losses (table), 67 
correction savings potential, 223-24, 

230 
effect of changes in segregated losses 

on total losses for repaired motors 
(table), 67 

efficiency loss during motor repair 
(table), 64 

losses affected by repair or rewind 
(table), 66 

rewound motor test results (graph), 65 
See also loss mechanisms 

losses 
distribution network losses, 102-8,233 
gearbox losses, 114-15 
motor losses, 42-44 
stray losses, 43, 45 
See also core losses; loss mechanisms; 

loss of efficiency from repairs and 
rewinding; magnetic losses 
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low speeds 
and harmonics, 93 
and power factors, 144-46 

lubricants, 120-21, 122 
marketing, 266 
pricing, 266 
See also lubrication 

lubrication, 120-22 
grease life vs. bearing temperature 

(graph), 121 
improvements, 232-33 
lubricants, 120-21, 122 
overlubrication, 121-22 
savings potential, 232-33 
underlubrication, 121, 122 
See also lubricants; maintenance 

M 
M-G sets, efficiency, 231 
MagneTek motors, 253 
magnetic energy density in 

permanent-magnet motor materials 
(table), 37 

magnetic field generation, 14 
squirrel-cage motors, 20 

magnetic losses, 42-43 
definition, 433 

maintenance, 5-6, 7-8, 120-24,245-46 
ambient conditions, 123-24, 145 
cleaning, 123-24 
compressed-air systems, 181 
condensation prevention, 123 
DC motors, 129-30 
efficient motors, 60-61 
Japanese practices, 246 
lubrication, 120-22 
motor management programs, 290-97 
periodic checks, 122-23 
programs, 11-12 
reduced time for, 246 
space cooling systems, 229 
transmissions, 120, 123,232 
windings, 123 
See also measuring efficiency 

management for motors. See motor 
management programs 

Manitoba Hydro repair tests program, 
295 

manufacturers 
as distributors, 251-69 
drive manufacturer contact 

information, 447 
test equipment manufacturer contact 

information, 448-49 
transmission manufacturer contact 

information, 447 
See also mechanical equipment 



manufacturer representatives; 
motor manufacturers; original 
equipment manufacturers 

market adoption process acceleration 
(graph), 275 

market barriers 
limitations on customer motor 

information, 8, 75, 242-43, 247, 
286-89 

See also limitations; market 
transformation 

market events, 278-80 
marketsegment~278-80 
market transformation, 272-78, 433-34 

definition, 433-34 
elements of, 276 
example, 275-76 
limitations to market transformation, 

277-78 
need for, 272-73 
PG&E Compressed-Air Market 

Transformation Program (CAMP), 
300 

vs. DSM programs, 273-74 
See also programs 

marketing, 239-69, 333-35 
adjustable-speed drives (ASDs), 

244--45,263-66 
air compressors, 261-62 
attributes of markets (table), 268 
blowers, 260-61 
compressed-air systems, 302 
controls, 263-66 
differences between market sectors, 

249-51 
downtime reduction, 241-42 
end-users, 240-51 
events, 278-80 
fans, 260-61 
high-efficiency motors, 256 
interactions among major players 

(diagram), 240 
large companies, 254 
lubricants, 266 
motor manufacturers, 251-54 
original equipment manufacturers, 

256-60 
pump~250-51,260-61 
recommendations, 333-35 
segments, 278-80 
strategies, 280-317 
See also customers; decision-making; 

distribution of motors to 
customers; market transformation; 
pricing; programs; purchase 
practices; replacement vs. repairs; 
sales; saturation; selecting motors; 

INDEX 

selecting pumps 
Massachusetts Electric Industrial 

Systems Optimization (ISOS) 
program, 321-22 

materials 
permanent-magnet motors, 36, 37 
rewinding, 68 

measuring 
affinity laws, 161-63 
cube law, 162-63 
flow, 159-63 
power factors, 108 
pressure, 159-63 
sizing data, 205 
See also measuring efficiency 

measuring efficiency, 44--46, 49 
electric meter errors, 92-93 
field measurements, 82-84 
motor efficiency determination, 83-84 
motor load determination, 82-83 
See also diagnosing; monitoring 

mechanical controls, 3-4, 132 
adjustable pUlleys, 132, 133 
friction dry discs, 132, 133 

mechanical cooling (definition), 434 
mechanical drives, 132 

improvement potential, 232-33 
mechanical equipment manufacturer 

representatives, 266 
mechanical losses, 43 
Mechanical Power Transmission 

Association contact information, 451 
mechanical speed controls, 3-4 
mechanics 

AC motors, 15-18 
DC motors, 33-34 
motors, 1-6 
permanent-magnet motors, 34-37 
synchronous motors, 32-33 

meters, errors due to harmonics, 93-94 
microelectronic (definition), 434 
minimal efficiency ratings vs. nominal 

values, 49-53 
minimum efficiency (definition), 434 
minimum-efficiency standard or 

specification (definition), 434 
mining industries as motor customers, 

250 
Monarch Instruments contact 

information, 449 
monitoring, 5-6, 7-8 

harmonics, 94-95 
programs, 11-12 
transients, 94-95 
See also diagnosing; measuring 

efficiency 
MOS transistor (definition), 434 

481 



ENERGY-EFFICIENT MOTOR SYSTEMS 

motion product chains, 255, 264 
motor catalog formats, 29 

illustrations, 30 
Motor Challenge program, 296-97 
motor control center voltage balance, 90 
motor efficiency comparisons (tables), 44, 

55 
motor efficiency determination, 82-84, 413 

current-signature predictive 
maintenance testers, 83-84 

slip method of load determination 
used for, 84 

WSU spreadsheet method, 84 
motor-generator sets, 131 
motor history, 70 
motor life, 60--61, 66, 67, 206 

See also life-cycle cost analysis 
motor load determination, 82-83, 98 

slip method, 82-83 
watt method, 83 

motor losses, 42-44 
motor management programs, 290-97, 

335-36 
AE Proven Excellence Verification 

Program, 293-94 
Carolina Power & Light energy audit 

program, 294 
CEE Motor Decisions MatterSM 

campaign, 295, 298 
compressed-air systems, 297-303 
DOE Motor Challenge program, 296-97 
Drive Power Initiative program, 

290-91 
Manitoba Hydro repair tests program, 

295 
motor policies, 292-93, 295 
MotorMaster+ database, 75, 83, 283, 294 
National Grid USA equipment loan 

service, 294 
NEEP Motor Repair Component, 

291-92 
PG&E Compressed-Air Market 

Transformation Program (CAMP), 
300 

SMUD Diagnostic Services program, 
294-95 

motor manufacturers, 251-54, 447 
adjustable-speed drive sales by, 265 
contact information, 447 
large company transactions, 254 
motor efficiency lines, 251-52 
strategies, 252, 253 

motor policies, 292-93, 295 
motor technologies, 13-85 

adjustable-speed drives, 146-47 
controls, 153-56 
magnetic field generation, 14, 20 
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software packages, 168--69 
torque generation, 13 

MotorMaster+ database, 75, 83, 283, 294 
motors 

compact motors, 48-49 
controls, 2-3 
definite purpose motors, 31 
definition, 434 
and electricity supply, 2 
electricity use, 1, 9, 14 
general purpose motors, 31, 53-54, 430 
inverter duty motor (definition), 432 
lost opportunity resources, 6 
manufacturer contact information, 447 
mechanics, 1-6 
monitoring, 5-6, 7-8 
motor life, 60--61, 66, 67, 206 
multispeed motors, 128-29 
optimized drivetrains, 5, 11 
permanent-magnet motors, 34-37 
pony motors, 129 
population profile, 193-220 
purchase practices, 7 
reluctance motors, 38-39, 41 
repairing, 7 
retrofits vs. new equipment, 6, 7 
sales in U.s., 194-96 
servomotor (definition), 440 
shaded-pole motors, 20-21, 440 
shafts, 5 
size class of u.s. motors, 196, 198-99, 

202-4,216 
size of motor frames, 28, 48-49, 428 
sizing, 4-5, 381 
special purpose motors, 31 
synchronous motors, 32-33, 38-39, 

230-31, 441 
tune-ups, 2 
types, 14 
use profile, 193-220 
written-pole motors, 39-40 

motors, 1-12, 14,434 
See also AC motors; DC motors; 

efficient motors; motor 
technologies; motor parts by name 

multi-master (network) controls, 184 
multispeed motors, 128-29 

N 
Nadel, Steven, 366 
nameplates, 21 

deSign, 22, 23, 426 
efficiency levels (table), 52 
efficiency values (graph), 51 
EPAct labeling standards, 418 
See also labeling 

Nasshinbo California case study, 153 



national electric code (definition), 435 
National Electrical Manufacturers 

Association. See NEMA 
National Fluid Power Association contact 

information, 451 
National Grid USA 

ASD program, 309 
Comprehensive Design Approach, 312 
equipment loan service, 294 

National Industrial Belting Association 
contact information, 451 

National Lubricating Grease Institute 
contact information, 451 

national savings potential. See savings 
potential 

natural commutation (definition), 435 
NEEA (Northwest Energy Efficiency 

Alliance) 
Drive Power Initiative program, 

290-91 
Premium-Efficiency Motors program, 

285-86 
NEEP (Northeast Energy Efficiency 

Partnerships) 
air conditioner incentives (table), 314 
air conditioner program, 314-15 
Motor Repair Component, 291-92 
Northeast Premium Efficiency Motors 

Initiative, 283-84, 285, 287, 291-92 
NEMA (National Electrical 

Manufacturers Association) 
standards, 54, 332, 435 

allowable starts and minimum time 
between starts (table), 111 

CEE standards compared to, 54-58, 71 
contact information, 447, 451 
design categories, 22, 23, 426 
diameters for three-phase motors 

(graph),48 
dry-type distribution transformer 

efficiency levels (table), 103 
efficiency standards, 56 
EPAct coverage of NEMA products 

(table),414-17 
insulation classes, 26-27 
labeling program, 49-53 
NEMA MG 1,435 
NEMA Premium™ motors, 54-58, 435 
NEMA TP-l, 435 
purpose standards, 31 
squirrel-cage designs, 22, 23, 31 
temperature ratings, 26-27 

NEMA MG 1 (definition), 435 
NEMA Premium™ motors, 54-58, 435 
NEMA TP-l, 435 
NEPSCo motor survey, 200 
network (multi-master) controls, 184 

INDEX 

new construction programs, 323-25 
New Plant Design program, 324-25 
New York State Energy Research & 

Development Authority. See 
NYSERDA 

NLB contact information, 449 
nominal efficiency 

definition, 435 
nominal values vs. minimum 

efficiency ratings, 49-53 
nominal values vs. minimum efficiency 

ratings, 49-53 
Northeast Energy Efficiency 

Partnerships. See NEEP 
Northeast Premium Efficiency Motors 

Initiative, 283-84, 285, 287 
Northeast Utilities refrigeration system 

program, 317 
Northern California American Water 

Works Association (AWWA) pump 
workshops, 305-6 

Northwest Energy Efficiency Alliance 
(NEEA) 

Drive Power Initiative program, 290-91 
Premium-Efficiency Motors program, 

285-86 
NW Alliance Sav-Air program, 300-301 
NYSERDA (New York State Energy 

Research & Development Authority) 
compressed-air system program, 300 
Energy $mart program, 285, 287 
FlexTech program, 321 
loan program, 322 

o 
ODP (open drip-proof) enclosures, 25, 26, 

436 
See also enclosures; ODP motors 

ODPmotors 
efficiency comparisons (table), 55 
premium-efficiency vs. EPAct motor 

paybacks (graph), 73 
replacement of operating motors with 

EPAct motors, 78-82 
replacements vs. repairs, 76-77 

OEMS. See original equipment 
manufacturers 

old motors. See replacement vs. repairs; 
standard motors 

open drip-proof enclosure motors. See 
ODPmotors 

open drip-proof enclosures (ODP), 25, 26, 
436 

See also ODP motors 
operating hours of motors 

table, 202 
See also duty factor 
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operating point, 167-68 
optimization, 336-38 
optimized drivetrains,S, 11 
original equipment manufacturers, 256-60 

high-efficiency motor use, 258 
HV AC systems, 259 
percentage of motor sales by, 257 
reliability concerns, 258 
restrictions on replacement motors, 

258-60 
standard motor use, 257-58 

oscilloscopes for monitoring voltage, 94 
overload 

overload protection, 117, 381 
service factor (definition), 440 

overload protection, 117,381 
overlubrication, 121-22 
oversizing, 95-102, 205-6 

p 

benefits, 205-6 
diagnostics, 100 
extent, 101 
fans, 169 
pumps, 169 
retrofits, 381 
wiring, 405-7 

Pacific Gas & Electric. See PG&E 
PacifiCorp Energy FinAnswer program, 

322-23,324 
painting motor enclosures, 124, 232 
PAM (pole-amplitude-modulation) 

motors, 128-29 
paradigms for energy-saving programs, 

271-72 
part-load ratio (definition), 436 
participation rate (definition), 436 
payback gap, 8-9 
paybacks 

AC motor improvements, 223 
adjustable-speed drive improvement 

paybacks, 225-26 
cable sizing, 103-5 
calculating, 374 
CEE motors, 223 
cogged V-belts, 117 
control improvements, 225-26 
fractional-horsepower motors, 223 
high-efficiency motors, 4, 223 
operating motors replaced with 

efficient motors, 78-82, 98 
payback gap, 8-9, 248 
premium-efficiency motors, 223 
premium vs. EPAct motors, 71-75 
replacements vs. repairs, 75-78 
single-phase motors, 223 
See also energy savings; savings 
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peak cooling load (definition), 436 
PEMs. See premium-efficiency motors 
penetration rate (definition), 436 
performance contracting programs, 

317-18 
standard performance contracting 

programs, 318 
See also ESCos 

performance data in motor catalogs 
(illustration), 30 

Performance Optimization Service (PaS), 
303-5 

permanent-magnet (PM) motors, 34-37, 
436 

definition, 436 
electronically commutate 

permanent-magnet motors, 34-37 
enclosures, 37 
induction motors compared to, 35, 37 
magnetic energy density in 

permanent-magnet motor 
materials (table), 37 

materials, 36-37 
schematic diagram, 35 

PFCs (power-factor controllers), 155-56 
energy savings, 156 

PG&E (Pacific Gas & Electric) 
Compressed-Air Market 

Transformation Program (CAMP), 
300 

CoolToolsTM program, 311-12 
Express Efficiency Program, 284-85, 

287 
pump improvement programs, 306 
ventilation project, 153 

phase (definition), 436 
phase-controlled rectifier. See thyristor 
PM motors. See permanent-magnet (PM) 

motors 
pole-amplitude-modulation (PAM) 

motors, 128-29 
poles (definition), 436-37 
policies 

motor policies, 292-93, 295 
recommendations, 331-44 
See also standards 

pony motors, 129 
population data, 194-98 

adjustable-speed drives, 209-11 
applications, 214-19 
by design and type, 200 
by enclosure type (table), 201 
by frame types, 201 
by size class, 196, 198-99,202-4,216 
by speed, 201 
commercial sector, 198, 199,211,213, 

217 



compressed-air systems, 218 
compressors, 218 
duty factor, 202-4 
electricity use, 211-20 
energy use (table), 197 
high-efficiency motors, 198-200, 206-9 
industrial sector concentrations, 211, 

213 
life of motors, 206 
load factor, 204~ 
references, 193-94 
residential sector, 197-98, 217 
sales (table), 195 
sizing,20~ 
small motors, 220 

POS (Performance Optimization Service), 
303-5 

positive displacement (definition), 437 
positive displacement compressors, 184, 

185 
power conditioning equipment 

(definition),437 
power electronic devices (definition), 437 
power-factor compensation, 105-8 

capacitor correction, 106-7 
diagnosing, 108 
loss reduction (graph), 106 

power-factor controllers (PFCs), 155-56 
cost, 156 
harmonics, 156 

power factors, 437 
AC motors, 24 
adjustable-speed drives (ASDs), 

145-46 
calculating, 108 
definition, 437 
power-factor compensation, 105-8 
power-factor controllers, 155-56 

power requirements, flow requirements, 
161-63 

power supply. See electricity supply 
Power Transmissions Distributors 

Association contact information, 451 
premium-efficiency motors 

availability, 252 
costs, 72, 74-75, 379-80 
costs and performance of 

premium-efficiency motors, EPAct 
motors, and rewinds (tables), 
379-80 

definition, 424 
life-cycle cost analysis, 74-75 
market share, 208-9 
marketing, 333-35 
paybacks, 223 
premium vs. EPAct motors, 71-75 
programs, 283-90 

INDEX 

savings, 72-75 
standards, 54-58 
types, 252 
See also high-efficiency motors 

pressure calculations, 159-63 
pressure levels in compressed-air 

systems, 180-84 
impact of controls (graph), 183 

pricing 
lubricants, 266 
mechanical equipment, 266 
motor manufacturer strategies (table), 

253 
motors,254,255-56 
See also marketing; sales 

process controls, 143-44, 154-55 
process industries as motor customers, 

249-50 
professional associations 

contact information, 450-51 
as motor distributors, 266-67 

programs, 10-12,271-329 
adjustable-speed drives (ASDs), 307, 

308-9,337 
Advanced Energy fan program, 307 
AE Proven Excellence Verification 

Program, 293-94 
air conditioning, 310-16 
assessing, 340 
B.C Hydro compressed-air system 

program, 301-3 
B.C Hydro fan programs, 307 
B.C Hydro New Plant Design 

program, 324-25 
bidding programs, 318-19 
BPA Energy Savings Plan program, 

324-25 
branding programs, 10 
C&I Customer Credit Program, 326 
Carolina Power & Light energy audit 

program, 294 
CEE Motor Decisions Matter5M 

campaign,295,298 
chilled water systems, 311-12 
Compressed Air Challenge program, 299 
compressed-air system programs, 

297-303,337-38 
cross-cutting program approaches, 

317-29 
customer emphasis, 249, 271-72 
dedicated efficiency fund programs, 

325-26 
design programs, 323-25 
DOE Motor Challenge program, 296-97 
Drive Power Initiative program, 

290-91 
drivepower efficiency, 11 
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DSM programs vs. market 
transformation programs, 273-74 

end-use pricing programs, 302 
Energy $mart program, 285, 287 
Energy Center of Wisconsin 

improvement program, 340 
ENERGY STAR program, 288-89, 315, 

317,334 
equipment loan services, 294 
Express Efficiency Program, 284-85, 287 
fans, 307-10 
financial incentive programs, 11 
fractional-horsepower motors, 288-89 
Industrial Best Practices program, 

296-97 
industry-specific programs, 305-8 
loan programs, 322-23 
maintenance and monitoring, 11-12 
Manitoba Hydro repair tests program, 

295 
market events, 278-80 
market transformation, 272-78 
marketing strategies, 280-317 
Massachusetts Electric Industrial 

Systems Optimization (1505) 
program, 321-22 

Motor Challenge program, 296-97 
motor management, 290-97 
National Grid US Comprehensive 

Design Approach, 312 
National Grid USA ASD program, 309 
National Grid USA equipment loan 

service, 294 
NEEP air conditioner program, 314-15 
NEEP Premium Efficiency Motors 

lnitiative,283-84,285,280 291-92 
new construction programs, 323-25 
Northeast Utilities refrigeration system 

program, 317 
NW Alliance Sav-Air program, 

300-301 
NYSERDA FlexTech program, 321 
NYSERDA loan program, 322 
PacifiCorp Energy FinAnswer 

program, 322-23,324 
paradigms, 271-72 
participation rate (definition), 436 
performance contracting, 317-18 
Performance Optimization Service 

(POS), 303-5 
PG&E Compressed-Air Market 

Transformation Program (CAMP), 
300 

premium-efficiency motors, 283-92 
PSI Energy Industrial Efficiency 

Improvement and Energy 
Awareness Program, 320-21 
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pump~303-7,308-10 

and purchase practices, 9 
rebate programs, 280-81, 283-85, 311, 

319-22,338 
recommendations, 331-44 
refrigeration systems, 308, 316-17 
repair certification, 69, 293-94, 295-97 
repair practice, 11,63,69,290-97 
replacement program studies, 81 
research, development, and 

demonstration programs, 327-28 
resource acquisition programs, 272 
small customer programs, 339-40 
SMUD Diagnostic Services program, 

294-95 
Southern California Edison pump 

improvement program, 306-7 
SPC programs, 318 
targets for, 339-40 
United Illuminating Energy Blueprint 

program, 324-25 
Wisconsin Electric Power Company 

compressed-air program, 302 
XENERGY compressed-air system 

program, 300 
See also educational programs; 

financial incentive programs; 
incentives; motor management 
programs; training programs 

promoting energy-efficient motors. See 
marketing 

Proven Excellence Verification Program, 
293-94 

PSAT (Pump System Assessment Tool), 
308 

PSCo (Public Service of Colorado) 
bidding program, 319 

PSI Energy Industrial Efficiency 
Improvement and Energy 
Awareness Program, 320-21 

public benefit fund (definition), 438 
Public Service of Colorado (PSCo) 

bidding program, 319 
pull-out torque (definition), 443 
pull-up torque (definition), 443 
pulleys, adjustable pulleys, 132, 133 
pulse-width modulation (PWM) 

inverters, 138-39 
voltage pulses (graphs), 138 

pump efficiency programs, 303 
Pump System Assessment Tool (PSAT), 

308 
pumps, 159-76 

and adjustable-speed drives (ASDs), 
394-403 

affinity laws, 161-63 
applications, 214 



calculating energy savings, 394-403 
case studies, 175-76 
characteristics, 163---D9 
controls, 171-75 
design, 309, 337 
efficiency, 164, 165, 167, 169-76 
energy savings, 175-76 
flow control techniques, 170-75 
fluid-flow characteristics, 159-63 
improvements, 226-28, 306-7 
installing, 170 
loss mechanisms, 169 
marketing, 260---D1 
markets, 250-51 
operating point, 167-68 
oversizing, 169 
population data, 214-19 
programs,303-7,308-10 
research and development, 327-28 
savings potential, 226-28, 394-403 
selecting, 168 
software, 168-69 
speeds,164-67,172-75 
standards, 310 
system control and optimization, 

169-76 
variable-flow systems, 171-75 

purchase practices, 7,241-43 
adjustable-speed drives (ASDs), 241 
capital limitations, 8 
decision-makers, 241 
information limitations, 8, 75, 242-43, 

247, 256, 285-89 
large companies, 254 
low priority of energy matters, 9 
payback gap, 8-9 
program emphases, 9 
repairs vs. replacement, 7, 75-78 
transaction costs, 9 
See also customers; decision-making; 

pricing; selecting motors; selecting 
pumps 

purpose of motors, NEMA standards, 
31 

PWM (pulse-width modulation) 
inverters, 138-39 

Q 
quality strategies for motor 

manufacturers (table), 253 

R 
rates. See slip rate; utility rates 
reactance, leakage reactance (definition), 

432-33 
reactive current, 18 

and synchronous motors, 33 

INDEX 

rebate programs, 280-81, 283-85, 311, 
319-22,338 

reciprocating air compressors, 185, 187 
reciprocating compressor (definition), 

438 
recommendations for programs and 

policies, 331-44 
rectifier (definition), 438 
references 

fan software packages, 168-69 
Improving Compressed Air system 

Pelformance (DOE), 177-78 
Information Clearinghouse, 296-97 
MotorMaster+ database, 75, 83, 283, 294 
population data references, 193-94 
pump software packages, 168-69 
See also data; software 

refrigeration systems 
programs, 308, 316-17 
savings potential, 230 

regeneration capability (definition), 438 
regenerative braking (definition), 438 
reliability concerns for original 

equipment manufacturers, 258 
Reliance motors, 253 
reluctance motors, 38-39 

classification and characteristics 
(table),41 

switched-reluctance motors, 38-39 
repair shops, 7, 256 

certification programs, 69, 293-94, 
295-97,336 

evaluation, 69-70 
selection, 244 
training programs, 335-36 
turnaround times, 70 

repairs, 7, 52-70, 335-36, 434-35 
adjustable-speed drives (ASDs), 245 
certification, 69, 293-94, 295-97 
checklists and guidelines, 68-70 
costs, 382 
definition, 434-35 
efficiency loss from, 63-68 
equipment manufacturer contact 

information, 448-49 
insulation stripping methods, 66-68 
Manitoba Hydro repair tests program, 

295 
Motor Decisiolls MatterSM campaign, 

295,298 
motor history, 70 
motor policies, 292-93, 295 
percentage of motors repaired by 

horsepower category (table), 243 
repair practice programs, 11, 63, 69, 

290-97 
shop evaluation, 69-70 
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training programs, 335-36 
See also loss of efficiency from repairs 

and rewinding; repair shops; 
replacement vs. repairs; rewinding 

replacement 
AC-for-DC motor replacement savings, 

404-5 
calculating savings, 385, 388, 404-5 
costs, 381 
replacement program studies, 81 
See also replacement vs. repairs 

replacement vs. repairs, 7, 243-44, 
268-69,279,335-36 

ASDs, 245 
attributes of markets (table), 268 
decision-making process, 243-44 
downtime, 241-42 
efficient motors vs. operating standard 

motors, 78-82, 98 
efficient motors vs. rewinding, 75-78 
and maintenance practices, 245-46 
percentage of motors repaired by 

horsepower category (table), 243 
Southwire rewind policy, 244 
See also marketing; retrofits; rewinding 

research, development, and 
demonstration programs, 327-28 

recommendations, 341-44 
See also standards; tests 

residential sector 
cooling systems, 229, 315-16 
motor population data, 197-98,217 

resistance (definition), 438 
resistor (definition), 438 
resources. See references 
restrictions on replacement motors for 

original equipment manufacturers, 
258-59 

table, 260 
retrofits, 279, 438 

air conditioning systems, 312-13 
barriers to, 6-7 
calculating savings, 386-88 
definition, 438 
integrated chiller retrofits, 312-13 
oversized motors, 381 
replacement of operating motors with 

efficient motors, 78-82, 98 
retrocommissioning, 313 
vs. new motors, 6 
See also repairs; replacement vs. repairs 

return on investment (ROI), 374-75 
revenue shares for different motor types, 

219 
rewind damage 

definition, 438 
See also rewinding 
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rewinding, 62-68,435 
core losses, 66-68 
costs and performance of 

premium-efficiency motors, EPAct 
motors, and rewinds (tables), 
379-80 

definition, 435 
and efficiency, 63, 64-66 
health and environmental issues, 68 
materials, 68 
newly purchased efficient motors 

compared to, 75-78, 223-24 
rewind damage, 438 
savings, 62-63 
Southwire rewind policy, 244 
techniques, 66-68 
windings, 123,444-45 
See also loss of efficiency from repairs 

and rewinding; repairs 
rewound motor test results (graph), 65 
Riverside Public Utilities 

premium-efficiency motor program 
(table),287 

RMS (root mean square) (definition), 439 
ROI (return on investment), 374-75 
rolling piston compressors (definition), 439 
root mean square (RMS) (definition), 439 
rotary air compressors, 187 
rotary compressor (definition), 439 
rotor (definition), 439 
Rubber Manufacturers Association 

contact information, 451 

S 
Sacramento Utility District (SMUD) 

Diagnostic Services program, 294-95 
premium-efficiency motor program 

(table),287 
sales, 194-96 

adjustable-speed drives (table), 264 
motor sales by sales channel (graph), 

257 
penetration rate (definition), 436 
revenue shares for different motor 

types, 219 
sales data, 195,344 
U.S. high-efficiency motors, 281 
See also customers; marketing; pricing; 

purchase practices; saturation 
San Diego G&E premium-efficiency 

motor program (table), 287 
saturation 

adjustable-speed drives, 209-11 
high-efficiency motors, 206-9 
premium-efficiency motors, 208-9 

Sav-Air program, 300-301 
savings 



adjustable-speed drives (ASDs), 149-53 
barriers, 6-7 
evaluation methods, 373-75 
high-efficiency motors, 5, 6 
maintenance, 5-6 
premium-efficiency motors, 72-75 
rewinding, 62-63 
synchronous belts, 118 
U.S. motor efficiency standards (table), 

282 
utility costs and savings, 376-78 
See also cost; energy savings; paybacks; 

savings potential 
savings potential, 221-37, 379--80, 382 

adjustable-speed drives (ASDs), 
224-26,245,393-405 

calculating, 384--89, 393-405 
compressed-air systems, 228 
control improvements, 224-26 
DC motors, 230-31 
distribution (graph), 236 
distribution losses, 102--8,233 
downsizing calculations, 383--89 
drivetrain equipment, 232-33 
drivetrains,407-9 
electrical tune-ups, 231 
fans, 226-28,403-4 
graphs, 236 
HVAC systems, 233-34 
indirect savings, 233-34 
induction motor improvements, 

222-26 
lubrication, 232-33 
pumps, 226-28,394-403 
refrigeration systems, 230 
sizing improvements, 224 
space cooling systems, 229-30, 233 
study estimates, 234-37 
synchronous belts, 407-9 
synchronous motors, 230-31 
table, 235 
transmissions, 232-33, 407-9 

school hot-water system case study, 176 
SCR (silicon-controlled rectifier) See 

thyristor 
screw compressors, 185--87 

definition, 439 
seasonal energy efficiency ratio (SEER) 

ratings, 315-16, 439 
SEER (seasonal energy efficiency ratio) 

ratings, 315-16, 439 
segments in markets, 278-80 
Seherbius drives, 140 
selecting motors, 21--85 

adjustable-speed drives, 141-43 
classification of common motor types 

(table),41 
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DC motors, 33-37, 41 
enclosures, 24-26 
frame size, 28, 48-49, 428-29 
insulation classes, 26-27 
motor catalog formats, 29, 30 
NEMA designs, 22, 23 
permanent-magnet motors, 34-37 
reluctance motors, 38-39, 41 
service factor, 27 
speeds, 23-24 
supply voltage, 28-31 
synchronous motors, 32-33, 38-39 
synchronous vs. induction motors, 

32-33 
temperature ratings, 26-27 
written-pole motors, 39-40 
See also selecting pumps 

selecting pumps, 168 
self-commutation (definition), 439-40 
sequencing (single-master) controls, 184 
service factor, 27 

definition, 440 
service-factor amps (definition), 422 
service voltage balance, 89-90 
servomotor (definition), 440 
Seton, Johnson, and Odell motor survey, 

200 
shaded-pole motors, 20-21, 440 
shaft-applied drives, 131-32 
shaft couplings, 112 
shafts, 5 
sheaves (definition), 440 
Shepard, Michael, 366 
Siemens motors, 253 
silicon-controlled rectifier (SCR). See 

thyristor 
single-acting reciprocating compressors 

(diagram),185 
single-master (sequencing) controls, 184 
single-phase motors, 14-17 

applications, 219 
availability of efficient types, 60 
electricity use, 15 
improvement savings potential, 222-23 
paybacks,223 
recommendations, 332-33 
revenue share data, 219 
schematic,16 
sinusoidal voltage (graph), 15 
starting systems, 16-17 
written-pole motors, 39-40 

size 
full-load efficiency vs. size and costs 

vs. size (graph), 71 
motor frames, 28,48-49,428-29 
population and energy use of motors by 

size class, 196, 198-99,202-4,216 
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small motor population data, 220 
Sec also sizing 

size of motor frames, 28, 48-49, 428-29 
sizing, 4-5, 204-6 

AC motor sizing improvements, 224 
cable sizing, 103-5 
and distribution network losses, 102-8, 

233 
downsizing, 98-100 
frame size, 28, 48-49, 428-29 
measuring data, 205 
oversizing, 95-102,169,205-6,381 
savings potential for proper sizing, 224 
wiring, 2, 405-7 

slip (definition), 440 
slip method of motor load determination, 

82-83 
and motor efficiency determination, 84 

slip rate 
efficient motors, 61 
slip (definition), 440 
and voltage, 90-91 

slip rings (definition), 440 
small motors 

population data, 220 
recommendations, 332-33 
standards, 332-33 
See also single-phase motors 

SMUD (Sacramento Utility District) 
Diagnostic Services program, 294-95 
premium-efficiency motor program 

(table),287 
Society of Tribologists and Lubrication 

Engineers contact information, 451 
soft starts, 111-12 
software 

fans and pumps, 168-69 
MotorMaster+ database, 75, 83, 283, 294 

Southern California Edison 
premium-efficiency motor program 

(table),287 
pump improvement program, 306-7 

Southern California Edison pump 
improvement program, 306-7 

Southwire Company 
cable sizing policy, 105 
rewind policy, 244 

space conditioning loads (definition), 440 
space cooling systems 

centrifugal chillers, 230 
Compaq efficiency standards, 259 
controls, 189 
EER (energy efficiency ratio) 

(definition),428 
improvements, 229-30 
industrial, 230 
installation, 229 
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maintenance, 229 
mechanical cooling (definition), 434 
peak cooling load (definition), 436 
residential, 229, 315-16 
savings potential, 229-30, 233 
See also air conditioning; HVAC 

systems 
SPC (standard performance contracting) 

programs, 318 
special purpose motors, 31 
specifications. See standards 
speed controls. See controls 
speeds 

adjustable-speed drives (AS Os), 
144-46 

distribution of motors by, 201 
and efficiency, 167 
efficient motors vs. standard motors, 

61 
fans, 164-67 
full-load efficiencies and power 

factors, 23-24 
full-load speed (definition), 429 
induction motor slip, 17-18 
low speeds and harmonics, 93 
low speeds and power factors, 144-46 
multispeed motors, 128-29 
pony motors, 129 
pUlnps, 164-67, 172-75 
speed vs. displacement power for 

ASDs (table), 145 
synchronous speed (definition), 441 
torque vs. speed for induction motors 

(graph),23 
See also controls 

splash-proof enclosures, 25 
squirrel-cage induction motors, 19-20,22, 

440-41 
classification and characteristics 

(table),41 
definition, 440-41 
design categories (NEMA), 22, 23 
pole-amplitude-modulation (PAM) 

motors, 128-29 
sizing and efficiency (graphs), 96-97 
torque vs. speed curves, 23 

SR (switched-reluctance) motors, 38-39 
classification and characteristics 

(table),41 
standard motors 

efficient motors compared to, 47, 61 
use by OEMs, 257-58 

standard performance contracting (SPC) 
programs, 318 

standards, 44-59, 331-33 
air conditioning, 313-14, 315-16 
ASHRAE 90 (definition), 422-23 



CEE (Consortium for Energy 
Efficiency) standards, 54-58, 71, 
3]3-14,333-34,425 

CEMEP, 58-59 
Europe, 58-59 
fans, 310 
FCC electromagnetic interference 

standards, 95 
fractional-horsepower motors, 288-89 
minimum-efficiency standard or 

specification (definition), 434 
NEMA TP -1, 435 
nominal values vs. minimum 

efficiency ratings, 49-53 
premium-efficiency motors, 54-58 
pumps, 310 
recommendations, 331-33 
SEER ratings, 315-16, 439 
small motors, 332-33 
See also EPAct; NEMA (National 

Electrical Manufacturers 
Association) standards; policies 

Stanford University replacement 
program studies, 81 

starting controls, 110-12 
soft starts, 111-12 

starting motors 
controls, 110-12 
cycling problems, 109-10 
NEMA standards for allowable starts 

(table),I11 
soft starts, 111-12 
stresses, 109-10 

starting systems, single-phase motors, 
16-]7 

starting torque (definition), 443 
starting torque rates 

efficient vs. standard motors, 61 
and voltage, 91 

stator (definition), 441 
storage in compressed-air systems, 184 
strategies for marketing 

motor manufacturers, 252, 253 
programs, 280-317 

stray losses, 43 
TEC proposed default values (table), 45 

supply voltage, 28-31 
surge suppressors 

energy savings, 95 
transient mitigation, 95 

switched-reluctance (SR) motors, 38-39 
classification and characteristics 

(table),41 
synchronous belts, 116-19 

calculating savings potential, 407-9 
definition, 423 
drawbacks, 1]8-19 

savings, 118 
savings potential, 407-9 
V-belts compared to, 117-18 
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synchronous motors, 32-33, 44] 
cost, 148 
definition, 441 
improvements, 230-31 
reluctance motors, 38-39, 41 
rewind damage correction savings, 230 
savings potential, 230-31 

synchronous speed (definition), 441 
system considerations, 87-124 

distribution network losses, 102-8 
load management and cycling, 108-12 
maintenance, 120-24 
oversizing, 95-102 
power supply quality, 87-95 
transmissions, 112-20 

systems optimization, 336-38 

T 
tax credits, 326 
technologies. See motor technologies 
TEFC (totally enclosed fan-cooled) 

enclosures, 25, 26 
definition, 441 
temperature increase ratings (table), 27 
See also TEFC motors 

TEFC motors 
efficiency comparisons (table), 55 
premium-efficiency motor vs. EPAct 

motor paybacks, 73 
replacements of operating motors with 

EPAct motors, 78-82 
replacements vs. repairs, 76-77 

temperature. See air temperature; 
temperature ratings 

temperature, ambient (definition), 441 
temperature ratings, 26-27 

table, 27 
test equipment manufacturer contact 

information, 448-49 
tests 

efficiency determination, 413 
recommendations, 331-33, 343 
test equipment manufacturer contact 

information, 448-49 
thermal overload elements, 381 
three-phase motors, 15, 19-20 

availability of efficient types, 59-60 
diameters (graph), 48 
EPAct coverage (table), 414-17 
sinusoidal voltage (graph), 15 
sizing considerations (graphs), 96-97 
starting controls, 110-12 

three-stage helical gear (illustration), 113 
throttle (definition), 441 
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throttling devices, 171-73 
thyristor (SCR) (definition), 441-42 
time rating (definition), 442 
torque, 442-43 

constant-torque loads, 127 
definition, 442 
efficiency vs. torque for V-belts and 

synchronous belts (graph), 118 
full-load torque, (definition), 442 
and harmonics, 92 
peak-load torque (definition), 442-43 
pull-out torque (definition), 443 
pull-up torque (definition), 443 
starting torque (definition), 443 
torque and horsepower in DC motors 

(diagram),130 
torque-speed curve (graph), 442 
torque-to-speed characteristics (graph), 

128 
variable-torque loads, 127 
and voltage level, 91 

torque and horsepower in DC motors 
(diagram),130 

torque generation, 13 
efficient motors, 61 

torque-speed curve (graph), 442 
torque-to-speed characteristics (graph), 

128 
torque vs. speed for induction motors 

(graph),23 
Toshiba motors, 253 
total current, 18 
totally enclosed fan-cooled (TEFe) 

enclosures, 25, 26 
definition, 441 
motors, efficiency comparisons (table), 

55 
temperature increase ratings (table), 27 

trade associations, contact information, 
450-51 

trade associations. as motor distributors, 
266-67 

training programs 
CAGI programs, 299 
California Energy Commission pump 

workshops, 305-6 
data, 342-44 
DOE Pumping Optimization 

Workshops, 308 
Industrial Best Practices programs, 

297,308 
NEEP air conditioner program, 315 
Northern California American Water 

Works Association pump 
workshops, 305-6 

repairs, 335-36 
tools, 342 
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See also educational programs 
transaction costs, 9, 248 
transformers, 102-3, 443 

definition, 443 
dry-type distribution transformer 

efficiency levels (table), 103 
isolation transformer (definition), 432 

transients, 94-95 
mitigating, 95 

transistors 
bipolar transistor (definition), 424 
insulated gate transistor (IGT) 

(definition),431 
MOS transistor (definition), 434 

transmissions, 4, 5, 112-20 
belt drives, 115-19, 123, 407-9, 423 
calculating savings potential, 407-9 
chain transmissions, 120 
eddy-current drives, 135-36 
gears, 112-15 
hydraulic drives, 132-35 
inverter drives (definition), 431-32 
Kramer drives, 140 
maintenance, 120, 123,232 
manufacturer contact information, 447 
mechanical drives, 132, 232-33 
optimized drivetrains, 5, 11 
savings barriers, 6-8 
savings potential, 232-33, 407-9 
Seherbius drives, 140 
shaft-applied drives, 131-32 
shaft couplings, 112 
variable-frequency drive (VFD) 

(definition),444 
See also adjustable-speed drives; 

drivetrains 
turnaround times for motor repairs, 70 

U 
UI (United Illuminating) Energy 

Blueprint program, 324-25 
unbalanced voltage, 87-90 
underloaded motors, voltage reduction 

fOl~ 91 
underlubrication, ]21, 122 
unitary packages, 313 
United Illuminating (UI) Energy 

Blueprint program, 324-25 
lmiversal motors, 33 
universities 

and educational programs, 341 
as motor distributors, 266-67 

U.s. motor efficiency standard savings 
(table),282 

use profile, 193-220 
data sources, 193-94 
See also applications 



USEM motors, 253 
utilities 

adjustable-speed drive programs, 307, 
308--9 

B.C Hydro compressed-air system 
program, 301-3 

B.C Hydro fan programs, 307 
B.C Hydro New Plant Design 

program, 324-25 
bidding programs, 318-19 
BPA Energy Savings Plan program, 

324--25 
BPA rewind practice research, 65--66 
Carolina Power & Light energy audit 

program, 294 
compressed-air system programs, 

299-301 
dedicated efficiency fund programs, 

325-26 
DSM programs, 273-74, 390-91, 426 
economic perspective, 376-78, 390-91 
ECW improvement program, 340 
end-use pricing programs, 302 
equipment loan service, 294--95 
fan programs, 307, 308--9 
loan programs, 322-23 
Manitoba Hydro repair tests program, 

295 
Massachusetts Electric Industrial 

Systems Optimization (ISOS) 
program, 321-22 

as motor distributors, 266--67, 302 
National Grid US Comprehensive 

Design Approach, 312 
National Grid USA ASD program, 309 
National Grid USA equipment loan 

service, 294 
NEEP air conditioner program, 314-15 
NEEP premium-efficiency motors 

program, 291-92 
new construction programs, 324 
Northeast Utilities refrigeration system 

program, 317 
PacifiCorp Energy FinAnswer 

progranl,322-23,324 
PG&E Compressed-Air Market 

Transformation Program (CAMP), 
300 

PG&E CoolToolsThf program, 311-12 
PG&E Express Efficiency Program, 

284--85,287 
PG&E pump improvement programs, 

306 
PG&E ventilation project, 153 
premium-efficiency motor programs, 

283-90 
PSCo bidding program, 319 
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pump efficiency programs, 303-5, 
306-7 

pump programs, 308-9 
rates, 375-76,426,427 
rebate programs, 319-22 
refrigeration system programs, 317 
research, development, and 

demonstration programs, 327-28 
small customer programs, 339--40 
SMUD Diagnostic Services program, 

294-95 
SMUD premium-efficiency motor 

program (table), 287 
United Illuminating Energy Blueprint 

program, 324--25 
Wisconsin Electric Power Company 

compressed-air program, 302 
utility rates, 375-76 

V 

demand charge (definition), 426 
energy charge (definition), 427 

V-belts, 116-19 
cogged V-belts, 116, 117 
definition, 423-24 
illustration, 116 
synchronous belts compared to, 

117-18,407-9 
vanes, inlet vanes (definition), 43] 
variable-air-volume (VA V) (definition), 

444 
variable-flow systems, 171-75 
variable-frequency drive (VFD) 

(definition), 444 
variable-speed drives. See 

adjustable-speed drives 
variable-torque loads, 127 

definition, 433 
variations in effiCiency, 49 
VAV (variable-air-volume) (definition), 

444 
ventilation (definition), 444 
ventilation fan case studies, 151-53 
ventilation systems. See fans; HVAC 

systems 
venturi (definition), 444 
VFD ( variable-frequency drive) 

(definition),444 
voltage, 444 

and frequency, 90-91 
monitoring, 94-95 
reducing for underloaded motors, 91 
and slip rate, 90-91 
and starting torque, 91 
supply voltage, 28-31 
voltage pulses in inverter-based ASDs 

(graphs), 138 
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voltage unbalance, 87-90 
voltage pulses in inverter-based ASDs 

(graphs),138 
voltage-source inverters (VSIs), 138-39, 

444 
voltage unbalance, 87-90 

calcula ting, 88 
derating factor for integral-horsepower 

motors (graph), 89 
effect on motor currents (graph), 89 
motor control center balance, 90 
service balance, 89-90 

voltmeters for monitoring harmonics, 
94-95 

VSIs (voltage-source inverters), 138-39, 
444 

W 
waste heat loss mechanisms, 135-36 
watt (definition), 444 
watt method of motor load 

determination, 83 
waveforms in electricity supply, 91-95 

distorted waves, 91-93 
weather protected enclosures, 25 
WEPCo (Wisconsin Electric Power 

Company) 
compressed-air program, 302 
End-Use Pricing Company, 302 

Wilke and Ikuenobe motor survey, 200 
windage (definition), 444 
winding. See rewinding 
winding failure, 61-62 
windings, 444--45 

maintenance, 123 
wiring 

oversized wiring savings, 405-7 
sizing, 2 

Wisconsin Electric Power Company 
(WEPCo) 

compressed-air program, 302 
End-Use Pricing Company, 302 

Wk2 (definition), 445 
WOMA contact information, 449 
worksheets for calculations, 384-89 
worm gears, 113-14 

illustration, 113 
wound-rotor DC motors, classification 

and characteristics (table), 41 
wound-rotor induction motors, 21, 445 

classification and characteristics 
(table),41 

wound-rotor slip recovery ASDs, 139-40 
Kramer drives, 140 
Seherbius drives, 140 

WP (written-pole) motors, 39-40 
written-pole (WP) motors, 39-40 
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WSU spreadsheet method of motor 
efficiency determination, 84 

X 
XENERGY 

y 

compressed-air system program, 300 
field study, 193-94, 200, 202-4, 224-25, 

234,246,296-97 

Yokogawa Corp. con~act information, 449 

Z 
Zeller, rewind practice research, 66-67 
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