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Abstract

This report presents an overview of the current status and efficiency improvement
potential of industrial motor systems in developing countries. Better management of electr_,;

• motor systems is of particular relevance in developing countries, where improved efficiency can
lead to increased productivity and slower growth in electricity demand. Motor systems currently
consume some 65-80% of the industrial electricity in developing countries. Drawing on studies

• from Thailand, India, Brazil, China, Pakistan, and Costa Rica, we describe potential efficiency
gains in various parts of the motor system, from the electricity delivery system through the
motor to the point where useful work is performed. We report evidence of a significant
electricity conservation potential. Most of the efficiency improvement methods we examine are
very cost-effective from a societal viewpoint, but are generally not implemented due to various
barriers that deter their adoption. Drawing on experiences in North America, we discuss a
range of policies to overcome these barriers, including education, training, minimum efficiency
standards, motor efficiency testing protocols, technical assistance programs, and financial
incentives.
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EXECUTIVE SUMMARY

Developing countries are increasingly relying upon motor systems to power the expansion of
their industrial sectors. Motor systems consume some 65-80% of industrial electricity in the

" large developing countries and perhaps an even greater share in the smaller countries. These
motor systems are often less efficient than their counterparts in industrialized countries.
Drawing on studies from Thailand, India, Brazil, China, Pakistan, and Costa Rica, we show that
significant electricity savings are possible in new and existing motor systems. Many of the
efficiency improvement opportunities we identify are cost-effective from a societal perspective,
with the cost of conserved energy far below the long-run marginal cost of electricity.

The efficiency of a motor system is comprised of more than the efficiencies of the individual
pans; design and operating characteristics affecting the interaction between components enter
fundamentally in the calculus. As Figure E. 1 illustrates, there are numerous junctures in the
motor system where improvements can be made. There are two categories of basic
improvements: General (and often synergistic) improvements that enhance the overall efficiency
of the system, and high.-efficiency technologies that target individual components. General
improvements include operation and maintenance procedures, component sizing practices, and
power quality both in the plant and in the supply system. While the potential for cost-effective
electricity savings in developing countries appears to be large, a great deal of uncertainty is
attached to the estimates, and not much empirical analysis has been carried out,

There has been much more analysis of the potential impact of higher-efficiency components in
the motor system. For the six countries reviewed, the technical potential for electricity savings
from high-efficiency motors is estimated at 1.5% to 4.7% of total industrial electricity use.
Replacing a failed standard motor with a high-efficiency motor is cost-effective in all study
countries (Table E. 1). Other components for improving system efficiency include motor speed
drive controls, multi-speed motors, properly rewound motors, fans, pumps, compressors, and
transmission equipment. As an individual strategy, variable-speed drives appear to offer the
greatest potential for electricity savings. The main deterrents to the penetration of high-
efficiency technologies are high initial cost (partly due to import duties) and limited availability.
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Table E.1 Economics of for Replacing Standard with
Energy-Efficient Motors*

i i iiiii iL TII_I:J m ± 11ll|llJlll rr " [ _-_ llJl .....

CCE I (:/kWh 2.6C/kWh 1,4C/kWh -
,,, i l , ,, ,, - ,,,, ,, ,i11 ,11 i ,,,l ,,f,,,

ElectricityCost 3.6to5.2 3.7ddto8,3e° 3.8(:/kWh
SRMC* C/kWh C/kWh

ITi , i l , , , ,I ii,......... i -- ,,,,,, ,,,,, , ,

Electricity Cost 7, 1 to 8.1 6.5 C/kWh - 6,6 to 7.2
LP._4 C b C/kV4h C/kWh

SimplePayback - 1,2y 1.3'-2.9d 0.5to1,8y
_t i i i iiii i t i,l_,ii - i, -

' Short-run rnarginaJcost
I,Long-runnutrginalcost

Energy-efficientmotor
d High voltage customer
' Low voltage customer
* See Table 2,4 on page 2-8 for specific assumptions underlyingthese values.

As anexample, the cost-effective technicalpotentialfor reducingelectricityconsumptionin India
by improving motorsystem efficiency is estimated at 7%of'projectednationalelectricityuse in
2005 (Figure E.2). Variable-speeddrives offer the greatest potential savings, followed by
general improvementsrelatingto operationand niaintenance,phase balancing, rewinding, and
sizing.

Althoughmany efficiency measures are attractiveaccording to cost-effectiveness criteria from
a societal perspective,barrierssuch as informationgaps, a scarcityof skilled personnel, capital
shortages, lack of local production of high-efficiency components and high import duties
dissuadeconsumersfrom implementingthem. Energy efficiency has historicallyrankedlow on
the list of characteristicsplantmanagerslook for when purchasinga motor, with least initialcost
and short paybacktimes insteadthe priorityconditions. Given the difficult constraints facing
industriesin developing countries,an end-user'sdecision not to invest in energy-efficient motor
systems is often a reasonablechoice. Policies to reduce the dissonance between societal and
consumerperspectiveson cost-effectiveness includeeducatingend-userson the multiplebenefits
of efficiency improvements,offering energy audits and other forms of technical assistance,
providingincentives throughrebatesto purchasersand dealers, lowering import dutieson high-
efficiency equipment, and improving the quality of the electricity supply system. Insights
gleanedfrom the North Americanexperienceon overcomingbarrierscan help developing

It fr l,countries leap og over thepitfalls of trial and error approaches,but such strategies mustbe
tailored to the uniquecircumstances of each country.

Some developing countries, particularly smaller ones, lack domestic production capability of
energy-efficient products, and all countries l_ck significant market demand for such products.
The lowering of import duties for components necessary to manufacture high-efficiency
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equipment can reduce costs, but the provision of financing and other incentives is critical to
industrial consumers for whom minimizing first costs is a primary consideration. Experience in
North America indicates that rebates or other incentives that cover a high percentage of the
incremental cost of high-efficiency equipment may be required to stimulate demand.

• Market transformation can be stimulated by the dynamic participation of utility companies.
Substantive interaction between utilities and end-users will be necessary to determine how
customers can best be served through energy-efficient technologies and practices. The

" experience of North American utilities regarding motor efficiency programs highlights the need
to consult end-users regarding motor system preferences and to obtain distributors' support and
participation in the programs.

Energy-efficient motor systems carry multiple benefits that are of particular significance as
developing nations search for strategies to increase productivity and improve their
competitiveness. Policy initiatives must be both vigorous to overcome the barriers to efficiency
improvements andflexible to accommodate individualor country-specific circumstances. There
are a number of fledgling motor efficiency programs in developing countries. For example,
Brazil's national conservation program, PROCEL, is sponsoring a program to identify no- and
low-cost electricity conservation measures for motor systems and other end uses. A utility
program is planned in Thailand that will pay most of the incremental cost of high-efficiency new
motors to the end-user. The best approach would be to develop a comprehensive package of
policies and programs designed to address all aspects of motor system performance. Such an
effort would require the participation of numerous entities, including utilities, government
agencies, lending institutions, trade associations, manufacturers, vendors, _'.,td end-users.
Emerging utility programs should work closely with existing energy conservation organizations
that have developed close contacts with industry. Utilities can also work with industry
associations and Ministries of Industry to encourage domestic production of high-efficiency
technologies. Lastly, governments can use existing industrial development channels to promote
loans for manufacturers to upgrade or build new production.
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Economic Potential for Electricity Savings
From Motor System Improvements in India

(% of Projected2005All-IndiaElectricityUse)
," %

High Eft Motor 0.77 Gen'l Impr* 2.04

Pumps 0,62
m,

Fans 0,49
m

• VSDs 2.22 2 Spd Motor 0.76

%=. .... J

* General Improvementsinclude:ImprovedO&M;phase balancing;and rewindingend sizing practices.
Source:Nmdel,Kotheri,and Gloplnath(1991)

Figure E.2
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1.0 INTRODUCTION

Motor systems are responsible for powering a wide range of industrial operations. In the drive
to industrialize and improve productivity in developing countries, motor systems have played an
increasmgly important role. Recent estimates indicate that motor systems consume 65-80% of

. industrial electricity in large and medium-size LDCs (Table 1.1).

Motor systems in developing countries are often comprised of outmoded components that are
• inefficiently designed and operated, They typically expend much more energy per unit of output

than systems in industrialized countries. As we show in this report, significant efficiency
improvements are possible in electric motors and the systems that they drive, often at a cost
below that of new electricity supply. The use of efficient equipment in well-designed systems
can significantly impact overall energy use. In most developing countries, the majority of
electricity use in 2005 will be used to power equipment purchased between now and then.

Table1,i Share of IndustrialElectridty Comumedby Motor Systems

Brazil China India Thailand Pakistan
.... i ii _ :-: i __ 7- ::------ -- __ ,..........................

% of ind. dec. to motors 49%* 65% 74% 80% 80%

• The motor shareof industrialelectricityuse in Brazil is low becausesurpluselectricityfrom
hydroelectricfacilitiesin the 1981-86period led the governmentto encouragethe substitutionof
electricityforoil in thermalapplications,In 1987,the specialtariffswere discontinuedas surplus
suppliesdwindled,and the share of electricityto motors is risingas a result.

Sources:See footnote1,

Policies that encourage improvements in motor system efficiency can yield benefits to a number
of different actors. For utilities, improvements in motor system efficiency can slow growth in
electricity demand and help to ease the shortages that plague tnany countries. For industries,
lower costs and enhanced productivity can result, For motor system equipment manufacturers,
policies promoting conservation can help build a domestic market for more sophisticated
products that can also be exported. At a national and international level, gains in electricity end-
use efficiency will yield environmental benefits, reduce the need for electricity generation, and
contribute to more productive use of scarce capital.

i,

This report presents information on motor systems in developing countries and the potential to
,. improve their efficiency. It draws primarily on studies of six countries: Thailand, India, Brazil,
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China, Pakistan and Costa Ric_, 1 Two of the authors of this report (Greenberg and Nadel)
participated in the studies of Thailand and India. They also were among the authors of a book
on motor system efficiency, 2 from which the present report also draws,

I.i Conceptual Overview of Motor System Efficiency

The characteristics and configuration of the various components of a motor system determine
its effectiveness. Ideally, a motor system is configured according to the work tlmt needs to be
accomplished and to the quality of the power supply. Energy losses can occur at many different
points in the system, and will vary according to wire sizing, throttle or bypass valves,
transmission type (shaft couplings, gears, belt drives, chains), driven equipment (pumps, fans,
compressors), piping or ductwork, and the motor itself (Figure 1.1 shows losses from a
hypothetical system).

There are basically three types of losses in motor systems: Electrical, magnetic, and mechanical
losses. Each of these losses can be reduced by relatively simple procedures, though each
procedure may involve somewhat higher production costs. 3

JUnless otherwise noted, the sourct._ fi)r country-specific data prc,_ented in this report are as follows:

Brazil: H, Geller. 1991. Efficient E!ectrigity U_e; A Development Strategy for Brllzil. Washington, D.C,:
American Council for an Energy-Efficient Economy.

China: J, Sathaye. 1992. "Economics Of Improving Efficiency of China's Electricity Supply and Use: Are
Efficiency Investments Cost-effective?" Paper presented at the World Bank/Chinese Ministry of Energy Workshop
on Coal Utilization and Energy Efficiency in China, April 22-25, 1992, Beijing, Revised May 25, 1992.

Costa Rlca: RCG/Hagler, Bailly, Inc, and Oak Ridge National Laboratory. 1991, "Costa Rica: Power Sector
Efficiency Assessment." Report prepared for the Office of Energy, U,S, AID.

India: S. Nadel, V, Kothari, and S. Gopinath, 1991, "Opportunities for Improving End-Use Electricity Efficiency

in India," Report prepared for the World Bank. Washington, D,C.: American Council for an Energy-Efficient
Economy,

Pakistan: P. Miller, H, Geller and A.T. de Almeida. 1992, "An E_.ampleof Energy Savings in LDCs:
Improving Electrical Equipmentin Pakistan," Energy 17(10): 969-982.

Thailand: T. Fry, $, Greenberg, L, Peterson,and P, Rumsey. 1992. "Annex A: Industrial SectorPrograms,"
In "Thailand: Promotion of Electricity Energy Efficiency." InternationalInstitute for Energy Conservation.
Reportprepared for the World Bankand the Global Environment Facility. Bangkok, Thailand: IIEC,

aS, Nadel, M, Shepard, S. Greenberg, G. Katz, and A.T, de Almeida. 1991. _[_nergy-l_ffiqient _otor _stems.

Washington, D.C,: American Council for an Energy-Efficient Economy.

This discussion is adapted from Nadei et al,, 1991.
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Electrical losses occur whenever current flows through a conductor and can thus occur at many
points in the motor system. They are a function of the square of the current times the resistance
(I2R losses) and increase rapidly with motor load. Manufacturers and industrial firms can reduce
FR losses by using lower-resistance materials, such as larger diameter copper windings and
larger diameter wires for ;a-plant electrical distribution.

Magnetic losses occur in the motor itself, due to eddy current and hysteresis. Manufacturers
can reduce these losses by using larger cross-sections of iron in the stator and rotor, as well as

" thinner laminations and improved magnetic materials.

Mechanical losses appear as friction in the beatings, transmissions, and driven equipment and
losses in cooling fans. Manufacturers can decrease mechanical losses by using higher quality
bearing assemblies, high efficiency driven equipment, and improved fan designs.

Stray losses, specific to the motor itself, take many forms including leakage flux, non-uniform
current distribution, imperfect air gaps, and irregularities in the mr gap flux density. They can
be reduced by optimizing motor design and improving manufacturing tolerances.

The key to increasing motor system efficiency is to utilize high performance technologies in a

well-designed system, with ongoing attention to proper operation and maintenance techniques, f
Replacing a failed standard-efficiency motor with a high-efficiency motor is an obvious and
effective conservation technique, but it represents only part of the potential for improvement.
Avoiding oversizing in system design is also important, since the efficiency of motors and driven
equipment drops off sharply below about 40% of rated load. Controlling the motor's speed in
appropriate applications with electronic variable-speed drive rather than traditional controls can
yield sizable energy savings, and also extend equipment life by allowing for gentle start.up and
shut-down. Proper selection, installation, and maintenance of transmission hardware (belts,
gears, chains) can greatly enhance system performance and efficiency. Improving the quality
of the electricity that powers the motor can reduce energy use, enhance equipment performance
and process control, and reduce downtime from damaged equipment. 4 Using correctly-sized
wires and improved transformers in the power lines supplying the motor can reduce distribution
losses. Lastly, carefui, ongoing monitoring and maintenance of the entire motor system can save
considerable energy, and contribute to more reliable operation and extended equipment life.

We stress, however, that the motor system is but one element, albeit an important one, in the
production process. This re_rt does not examine options for fundamental changes in process

• design. Process changes tha_ reduce loads can significantly reduce electricity requirements.
Process alternatives require in-depth study of particular applications.

4At the plant level, this may involve monitoring and repair of faulty devices or use of specialized power-
conditioning equipment; actions by electricity supply companies can also improve power quality - this is especially
important in many developing countries.
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1.2 Estimating Electricity Savings through Efficiency Improvements

The potential efficiency gains and associated electricity savings through the penetration of high-
efficiency technologies can be evaluated several ways. The technical potential is an estimate of
the reduction in electricity use that could be achieved if a commercially available technology
were adopted across the entire applicable stock. It thus represents the outer bound of electricity
savings possible. The technical potential can be evaluated through either a static or dynamic
approach. A static approach examines efficiency gains relative to the current stock, whereby
standard equipment is instantaneously replaced. This method is easy to calculate, but does not
account for the market dynamics of the real world. A more realistic approach would consider
the evolution of the equipment stock and the rate of turnover.

The economic potential evaluates electricity savings through widespread adoption of measures
considered cost-effective, usually tom a societal perspective. One measure of cost-effectiveness
from a societal viewpoint is the cost of conserved energy (CCE), the levelized average cost of
a measure per kWh saved. If the CCE is below the long-run marginal cost (LRMC) of
providing electricity, the measure is considered cost-effective. Consumers use very different
criteria, to assess a conservation measure, often relying on the simple payback. The appendix
provides f'irther discussion of cost-effectiveness criteria.

The dissonance between consumer and societal perspectives and other barriers to efficiency
improvements often deter adoption of some technologies, and even with strong policies and
programs the achievable savings will be lower than the economic potential. Estimating the
achievable savings requires assumptions regarding the dynamics of market processes and the
impact of policies and programs on consumer decisions. Estimates must often fill the gaps from
lack of data on end-use patterns, production capability, current and future stock characteristics,
and other variables. There is little examination in the studies cited in this report of achievable
savings; the technical and economic potentials are the main focus.

1.3 Organization of the Report

Several important points stand out in this report: (1) there is large potential for influencing motor
system efficiency; (2) improving the intrinsic efficiency of the equipment itself represents only
part of the potential; (3) the design and installation of a system plays a key role; (4) how the
user manages the operation of the entire system is very important; and (5) measures that improve
energy efficiency often provide other benefits as well.

These concepts are developed further as we explore the technical potential for motor efficiency
improvements and examine policy mechanisms for their promotion. Section 2 analyzes potential
efficiency improvements to the motor itself. Potential efficiency improvements to the general o
system are more difficult to quantify, but as indicated in Section 3, even modest improvements
in operation, maintenance, and design can provide significant energy savings. Section 4 moves
from technical potentials to the realm of policy-making, offering insight into the promotion of
energy efficient development through economic, regulatory, and educational incentives.
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Energy Losses

for a Hypothetical Motor System

Piping
Throttle (32%)

Shaft Pump Valve
Motor Coupling (24%)
(14%) (2%) (28%)

Meter

Figure 1.1
Source: Baldwin, 1989, in Johansson et al., 1989
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2.0 POTENTIAL ENERGY SAVINGS THROUGH MOTOR IMPROVEMENTS

In this section we discuss the potentialfor improvingthe efficiency of motors, as distinctfrom
improvingthe efficiency of the motor system as a whole. The amount of informationon the

, motoritself-- the currentstock, productioncharacteristics,andefficiency improvementpotential
. -- calls for its selective treatment. Nevertheless, we emphasizea systems approachto efficiency

improvementthat examinesboth the componentsof the system and the linkages between them.
We discuss the efficiency savings potential from other system components in Section 3.

Over90% of the inputenergy intoa well-designed 10-hpmotorcanbe converted to shaftpower.
in developing countries, much lower efficiencies are common, and relatively simple
improvementsin motor design and maintenancecan save energy and money. The current
operatingefficiencies of motor stocks in developing countries are shaped by the interplay of
economic, technological, and political variables that to varying extents can be controlled.
Imports, comprised both of new motors and used, often lower efficiency motors, play an
importantrole in shaping stock characteristicsin some countries. Other variablesaffecting the
motorstockincludesubsidizedelectricityraters,powerfluctuationsandoutages, maeroeconomic
variables like inflation and lack of hard currency, and lack of domestic motor production
capability.

2.1 Motor Stocks in Developing Countries

Though the motor stock varies among developing countries, there are some common
characteristics. The vintage of motor stocks is often old. The low cost of labor and the high
initialcost of new motorsencourages motorrewindingover motorreplacement. Access to high-
efficiency motors is limited, and prices often inhibit their purchase. The sophistication of
domestic manufactureof motor systems depends on the size and shape of the industrialsector;
countries with large sectors like India tend to producea wider range of motors than smaller
countries whose industrialsector is less-developed. While large manufacturersoften have the
capabilityto produce motorscomparablein efficiency to the best motors on the world market,
motorsproducedby small manufacturerstend to have low efficiencies.

The distributionof motor electricity use by motor size varies among countries. In India and
Thailand, it is estimated that motorsover 50 horsepower (hp) consume approximately70% of
the electricityused to power motors(Figure2.1). In Thailand, projecteddatafor 1993 indicate

• that motors greater than 500-hp comprise only 0,4 % of the stock, but use nearly 50% of motor
electricity (Table 2.1).
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Table 2.1 Projection of Indmtrial Motors in Use in Thailand
In 1993

........... [ ................ F_,TINIIIIII llllm...... -II LIE III ;LNLI
[

SizeRange(hp) Motors In Use(000) gner&yShare
.......... nJl ............. r II nn IIIIIII I ' ..... ' ........... _.

0-4 566.9 4.4% •
j .............. _ .......... -_ ................ _ _1, I ...... 11111 JIIII ILl j._ IN --

5-19 188,0 8.0%
....... iiiiiiiii i r= = flrlIHIF II II 1 1

20-49 60.9 18.1% "
............... )L _ ...... If ....... i IIr Ill IIII I [11 _j

50-124 15,0 10.4%
............................ _- _ .... _ . 11 IHIIIIIrFIIII ININ . .

125-499 4.3 10.3%
..... miNim IN I II ITIHFIIll I Ill, I _ Z. Ill IN I

500+ 3.6 48.7%

Total 838.7 100.0%
i i iii i i iii i _lra

In Brazil, the data indicate that1- to 40-hp motors consume over 60% of motorelectricity. The
mason for the disparitybetween Brazil and India and Thailandis not clear.

2.2 Motor Efficiency

Motorefficiency is the ratioof mechanicaloutputto electricalinput. The rated efficiency is the
efficiency of a new motor,while the operating efficiency is often lower as time and inadequate
operation _d maintenance lead to performance degradatio11. Different efficiency tests can
producedifferentresults(Table 2.2). Many countries (espec:,allythe smallerones) do not have
standardizedefficiency testing procedures,and the motor m'anufacturersthus have considerable
latitudein ratingmotorefficiency. This is particularlyprobI,emattcwith the small manufacturers
that only market their productslocally. Some countriesde,not currendyhave the capabiliW to
test motor efficiency domestically. Further,there is no i,ternatlonally accepted definition of
"high." and "standard-" efficiency. Sathaye (1992) fou_adthat motors considered "high-
efficiency" in China actuallyhave about the same efficiency _s standardmotors in the U.S.

The accuracy of test methods varies by the specification and the assumptions that lay behind
them. Forexample, the EuropeanInternationalElectrotechnicalCommission(IEC) Standard34-
2, the most common methodused aroundthe worldexcept in North Americaand Japan,assumes
all stray losses are fixed at 0.5% of full load power, while the Japanese Electrotechnical
Commission (JEC) standardignores stray losses altogether (Nadel et al., 1991), The JEC
standardis misleading given that straylosses commonly represent I0-15% of the motor losses
at full load; straylosses will thenaccountfor 1.5-2.25% of the full load power for a motorwith
an efficiency of 85%. The CanadianStandardsAssociation (CSA) standardand the National
ElectricalManufacturers'Association (NEMA) standardsevaluatestray losses and offer tighter
specifications to minimize subjectivity and operatorerrors. Both methods are based on the
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Instituteof Electrical and Electronics Engineers (IEEE) Test Method l I2B, which indirectly
measures stray losses.

.,..-. ,,.,,,i ,L ,'

Table 2,2 Motor Efficlencles

' Aceordin8 to Different Tentin8 Methods

Full loadefficiency (_)
,t

Test _ ] 7.5-hp 20-hp
. i i i I ilili I .........

CSA C390 . 80.3 86,9

NEMA MO-1 80,3 86,9
[Sill _1 I I __ P nil i .........

II:iC-34-2 82,3 89,4
F_I LLI.11 _ IL .Z I [ -- _. IIIIIL_ "_ ......

JEC.37 85,0 90,4
...... _iiif ........................

CSA: CanadianStandardsAssociation
NEMA: National Electrical Manufacturers'Association
IEC: InternationalEleetrotechnicalCommission in Europe
JEC: JapaneseElectrolechnicalCommission

Source: BC Hydro, 1988, in Nadel et al,, 1991

For a given motor design, larger motors tend to be more efficient than smaller motorsand the
average efficiency of motor stocks can be influenced by changing market shares for different-
sized motors. A trend towards larger motors is reflected in new sales data for both India and
Thailand. Combining industrial forecast data for Thailand with survey data on motor size,
usage, and efficiency estimates indicates that motorsover 125-hpwill prove pivotal in the future
economy. In Brazil, estimates are that three-phase induction motors in the l-hp to i 0-hp range
consume the bulk of motorelectricity, but new production in terms of electricity consumed is
dominated by motors over 200-hp.

Operating efficiencies in the field are likely to be lower than the rated efficiencies due to
oversizing of motors, power quality problems, poor rewinding of motors, less than adequate
motor maintenance and other operational factors. In India, a field survey conducted by the Tam

. Energy Research Institutefound that the efficiency of motors in the field (calculated for full
load) ranged from 4-13% lower than the values reported by manufacturers in their catalogs
(Anand and Kothari, 1990). The discrepancy was highest for small motorsand lowest for large

. motors. For a typical mid-size motor(20-hp), the motorin the field consumed7% more power
than its indicated rating.
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:l,3 Production of New Motors

Large countries like India and Brazil have the capability to produce all sizes of motors; small
countries such as Thailand or Pakistan rely more upon imports, particularly for the larger motors,
In all of the study countries, small motors tend to b¢ less efficient than their countcrpatts in the
industrialized world, These motors are often produced by small local manufactur=rs and
marketed regionally; using poor quality materials like mild steel and impure copper, these
manufacturers produce motors with low initial costs to satisfy consumer demands. In Pakistan,
about 25% of the total hp introduced domestically each year is from small manufactu_ _._,whom
motors ate priced 50% to 60% lower than those of the major manufacturers.

When= large motors (above 200 hp) arc produced, they arc usually made either by multinational
companies such as General Electric, Siemens, and Asea Brown Boveri, or by local companies
using designs licensed from a multinational company, These motors arc produced using !
high-quality materials, and their efficiency is on a par with that of motors produced in
industrialized countries.

Ordinary induction motors in the size range of 1-200 hp are usually produced by national
companies, and are often less efficient than comparable motors produced in indusl:rialized
countries, Table 2.3 presents data on the reported test efficiency of motors of up to 200 hp
produced in India, Thailand, and Brazil, with U,S, data presented for comparison. Only the
Indian data are directly comparable with the U.S. data, since the same testing procedures arc used
in both cases (based on IEEE Standard 112.Method B). I Manufacturers in Thailand and Brazil
use either the European or Japanese test procedures, both of which yield higher efficiencies than
the IEEE procedure.

Except for very small (1-2 hp) motors, the Indian standard-efficiency motors appear to be roughly
comparable to U.S. standard motors. 2 Indian high-efficiency motors arc slightly less efficient
(,..0.5%) than comparable U,S. motors due to the use of better-quality steel in the U,S. motors.
The data in Table 2,3 refer only to companies in the organized sector; some of the small-scale
manufacturers who make only small motors produce motors with lower efficiencies than the
manufacturers in the organized sector,

I,

::___ iiiii] i ILILLII I I ' IIIJL] m: :

_ThcIndianefficiencynumbersin Table2.3 aretakenfrommanufacturers'catalogs(Anand,1993), Catalog
informationis mostlikelytobe basedon designratherthantestvalues,whicharegenerallyavailableto customers
onlyuponrequest.Thedifference,however,wo,_ldnotbe verylarge,

)The standardsin Indiaallowedfora +/. toleranceon reportedvaluesof efficiency. Thisappliedto standard
motors(andstillapplies). Manufacturersgenerallyreportvaluest_)theiradvantage,Thishaschangedin thenow
standardswhichapply to energy.efficientmotors:manufacturershave to reportthe minimumguarante,cd value.
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Directcomparisonof theThaiandBrazilianmotorswiththeU.S. andIndianmotorsis difficult
sincethetestproceduresaredifferent. SincethereportedefficienciesarelowerthantheU.S.
valuesfor mostmotorsizes,andtheBrazilianandThaitestproceduresyieldhigherefflciencies
thantheU.S. procedure,it is safeto concludethatthemozorsproducedin thosetwocountries
areof markedlylowerefficiencythanU.S, motorsof comparablesize. The "high-efficiency"
motorsproducedin Brazilareof muchlowerefficiencythanhigh.efficiency[.J.S,motors.

2,3.1 ImportedMotors

Sincethereis little domesticdemandfor large or high-efficiencymotorsin mostdeveloping
countriesanddomesticproductionof suchmotorsis limited,importssupplythebulkof these
devices.In Brazil,all motorsabove200.hpareimported;in Thailand,importsaccountforall
motorsabove125-hp.Efficienctesof'newmotorsimportedfromOECDcountriesaregenerally
comparableto motorssoldin OECD countries.Theefficienciesof'motorsimportedfrom the
FormerEasternBlocor otherdevelopingcountriesmaybe lower, butthereis little dataon
either efftcienctesor numbersof' imports Fromthesecountries. Particularlyfor smaller
countries,importsmaycomprisea largefractionof themotormarket. Pakistanimportsover
25%of itstotalannuaihp fromChina(ontheorderof 8000motorsperyear). Chinesemotors
are low costbut havesimilarcharacteristicsin termsof"powerfactorandefficiencyto the
motorsmadeby thelargedomesticmanufacturersin Pakistan.

J

The incrementalcostsof high-efficiency,notorsare greaterindevelopingcountriesthaninthe i
industrializedcountries,in partdue to importduties. In Thailand,the lessthan5% of new
motorsreportedto be high-efficiencyunitsare all importedandsubjectto a 35% importtax
(bothstandard-andhigh-efficiencymotorsare subjectto thistax). Someindustrialuserssay
thatthe addedcostof the import tax is a primaryobstacleto theirbuyinghigherefficiency
motors.

2.3.2 LocalCapacityforManufacturln&Hl&h.F_fj_clencyMotors

The domesticproductionof high-efficiencymotorsdependson threekey factors: Domestic
demand,technicalexpertiseof themanufacturers,andtheavailabilityof high-qualitymaterials
like siliconsteel. The smaller,lessdevelopedcountriesmaybe limitedby all threefactors,
whilelargercountriesaremorecommonlylimitedby lowdemand.ManufacturersinThailand,
India,Brazil,andPakistanreport thatlow domesticdemandis theprimarylimitingFactor.In
Brazil,thelargestmanufacturerof inductionmotors(WEGMotoresLtda,)hasdevelopedahigh.
efficiencymotorfor exportthatisnotsolddomestically.Indianmanufacturersdoproducehigh-
efficiencymotorsin a varietyof sizesFordomesticsale,but discussionswith manufacturers
indicatethattheyaccountfor lessthan l_ of motorsalesin Indiatoday.

With increaseddemandfor high-efficiencymotors,domesticproduction,at leastin the larger
countries,maylikewiseexpand,However,smaiieror lessindustflally-developedcountriesmay
lack the near-termcapabilityfor producinghigh-efficiencymotors. Further, theremay be
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limitedawJlability of mateflalsrequiredforthe manufactureof high-efficiency equipment, in
India, for example, imported high quality copper is required for the manufactureof high-
efficiency motors, but the governmentrestrictsallowablecopper imports.

. 2.4 Economics of tllgh-Efficlency Motors

The economicbenefitof a high-efficiencymotordependson its incrementalcostrelativeto a
• standardmotor,annualusage,electricitycosts,lifetimesof themotors,andthediscountrate

used to evaluate future savings. Energy efficiency has historically ranked low on the list of
characteristics that plant managers look for when purchasinga motor, with least initial cost
insteadthe mostimportantcondition.Listpricesof high.efficiencymotorsin theU.S. are20%
to 25% higherthanthestandard-efficiencymodels,butthemark-upon high-efficiencymotors
indevelopingcountriesisoftengreaterthanthat. In Brazil,forexample,thereisa30% to 60%
differencebetweenthepriceof standard-andhigh-efficiencymotors.

Figure2.2 illustrateshow the paybackperiodfor the replacementof a standardwith a high-
efficiencymotorin theU.S. variesaccordingto thenumberof operatinghoursandthe motor
size. For motorsup to 100-hp,thepaybackfor newhigh-efficiencytotallyenclosed,fan-
cooledCTEFC)motorsversusnewstandardTEFC motorsis twoyearsor lessforoperationof
4000 hoursper year or more. Note how paybackrisessharplyfor motorsabove]_i0-hp,
however. In the U.S., mostindustrialconsumerswill not investin a measureunlessthe
resultingenergysavingswill yield simplepaybackwithintwo or threeyears;in developing
countries,therequiredsimplepaybackis likelyevenshorter.

Paybackis an importantconsiderationfromtheviewpointof theindustrialconsumer,but isnot
a true measure of cost-effectiveness. Life-cycle cost analysis is more appropriate,especially
when considering large investmentsand equipmentthat have long lifetimes. Using this
approach,Figure2.3 illustratesthatforhigh-efficiencymotorsof ]00-hpandbelow,thepresent-
valuesavingsare greaterthanthe marginalcostevenwithvery low operation(e.g., lessthan
250 hoursperyear).The break-evenpointfor the largestmodelconsidered(250-hp)is about
1700hoursper year.

2.4.1 Resullsfrom Country Studies i

Table2.4 providesestimatesof thecostof conservedenergy(CCE) for replacingfailedstandard
. motorsin the8-S0hp sizerangewith high-efficiencymotorsin India,CostaRica, Brazil,and

Pakistan.ThoughtheassumptionsusedforestimatingtheCCEvary,high-efficiencymotorsare
foundto beverycost.effectivefor eachcase. ]n IndiaandBrazil,wheretheanalysesassumed

• annualoperationof 4000hours,the CCE is lessthan$0.G2/kWh.
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MotorSize 20-hp 7,8.hp IO.hp 50.hp
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Annual 4,200hr 2,600hr 4,000hr 4,000hi.
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Incromontal + 30_ + $118 + $174 + 30%
Costor ttEIVI' ($220)
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ReidDls:ount 10% 12% 109t, 8_
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. . II I :_ II -- IIIII __:I11 lJ I!I ! 1111 II I I I !rl !III f I I I I IIII ,Nil ,

Increasein 3,5q, 7,2_ 4.SG 4.0G
Efficiency

iq i i __.

' Short.runmiiqiltnlilcost
b LonE,runmaqllnalcost
' Htih voliilltecustomer

d ' LOWvollaiecustomer
• Hlth.efflcloncymotor

In Thailand, high-efficiency motors were estimtiied to have a CCE less than the avoided cost of
electricity tn all but the smallest size ranie (Table 2,5). The CCE declines as motor size
increases.

t
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i__runent81Cost Savlnfls CCE*

Size Rmtlje(hp).......... (Slays motor) (k_/av8 moto_r)- .... (C/kWh)..........
0-4 51 120 5.6

ii .,_ T-- _.._Miiiiiill i _ ....... . ............ i : -- _ _ fill l ............ i] _--- 11_ _ i ---

S-19 172 499 4.6
.,J_]: --- i_ ............... i _ ---- i i[ i iiii ..... Jl ............. i[i ..........

20-49 469 1,702 3,6
• ....... iiiil -- i ........................... 11 - !i iinii1[_iiii .............. u ..... ? i............. ii .......

50-124 828 5,280 2.1

125.499 203S 9,765 2.7
-- iii f ...... .......... ................... . i ii i .....

SO()+ 7532 54,219 1.8
........... l I I - l ........... 11]I Itllllll - lllllllll It Ill --- J_ Itlllll I ..... l l _ ......

• Assumes8 10_ discountrite, 15year lifetime.
Coatof avoided8enerstJon- 4.9¢/kW'n(uauming14_ T&D loss)

Hiah.effictency motorscan alsobe cost-effectivereplacementsfor opemtin& standardmotors,
particularlybetween5-hp and 100.hp. A StanfordUniversity study(Wilke andIkuenobe, i987)
found that many motorsoperatebelow nominalefficiency ratings due to rewinding damage,
overstzing, and other factors. The paybackperiodassociatedwith downsizing and replacing
standardmotors with high-efficiency motorswas five years. Replacingoperating motors is
particularly economiCfor !aria companiesthat can negotiateprice breakson equipment.

2.$ Potential Sector-Wide Energy Savlnasthrough lllgh-Etrlclency Hotors

The technicalpotential for electricity savingsavailable through widespreadadoptionof high-
efficiency motors is estimated at 1,5 % to 5% of industrial sector electricity use for the study
countries, The variance in the studies is due to alternative assumptions resarding the market
penetration of' high-efficiency motors, the effictencies of' the motor being replaced and the hijh-
efficiency motor, and the growth of"industrial electricity use. The technical potential represents
the outer bound on electricity savings, with cost-effective savings somewhat below this level,
and achievable savings lower still. Section 4 discusses why achievable savings differ from both
technical and cost-effective savings and policy mechanisms to help reduce the dift'erence (_
Section 1.2 for definitionsof technical,economic,andachievablesavings).

e

In Thailand, if all motors in use could be convertedto hiih-efflciency motors in 1993, an
estimated3.3_ of' total industrialelectricity could be saved? For Brazil, a similar analysis

_Theestimatedannualeneraysavinaspermotorduo to hiah-ef'ficiencymotorsis 8.7K for the0-$ hpranBo,
7,7M for6-20 hp,6,2M for21-50hp, and2.4_ forJilllargermotors,
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findsthe totedsavingspotentialto be about3 % of total industrialelectricity use in ]988.4 In
this case, the greatest savingsare achievedthrough the replacementof motorsin the range of
l-]O hp.

In CostaRica, high-efficiencymotorsare estimatedto havethepotentialto achievea reduction
of 4.7% of totedindustrialelectricity usein 2005:

The Pakistanstudyestimatestheenergy savingsfrom the replacementof failed standardmotors
with new high-efficiencymotorsand the installationof high-efficiencyunits in new facilities.
The savings in the year 2005 are estimatedto be 1060 OWh (3% in industrialelectricity
consumption) and 220 _ of base-load generating capacity, a

The India study assumes that high-efficiency motors are not sr,itable for all applications and are
appropriate primarily when anexistingmotor wearsoutandne,,.dsreplacement.The studyfinds
thathigh-efficiencymotorswill be technicallyfeasibleandcost-effectivefor about5:5% of motor
applicationsby 2005. Savingsare estimatedat 2% of motor electricity (or 1.5% of total
industrialelectricity),withan energysavingsof 3,860GWh (lowcase)to6,077OWh (high
case).Estimatedpeakgenerationsavingsrangefrom I.lGW to1.8GW.

2.6 Potential Enerzy Savings Through Multi-Speed Motors i
I

Multi-speed motors generally contain two (or more) sets of windings, which allow the motor to
operate at different discrete speeds. Use of a muiti-spe,e,d motor allows gross changes in motor
speed to take place at the motor, with fine tuning left to traditional control devices such as guide
vanes, dampers, or valves. Multi-s_ motors provide a fairly low-cost approach to motor
speed control. Variable-speed drives, as discussed later in Section 3.3, can also provide speed
control.

Multi-speed motorsare not appropriatefor all motor applications. First, not all applications
needvariable speed. Second,multi-speedmotorsare typically larger than one-speedmotors,

*This study looks only st the savingspotential from three-phaseinduction motors below 200 hp (approximately
80% of electricity use).

_rTzestudy assumespartial rnarket penetrationof "/3% (full implementationis assumedat 80%) can occur by
2005, The study assumesthestandardmotoris 7.8-hp, though the average motorsize in CostaRica is over 20-hp.
Since replacementof smaller motors with energy efficient motorsyields a greater percent savings than would a
larger motor, the Costa Rica study may overstate the potential uvings.

eThit assumesthereis a 4% averageefficiency improvementwhen usingenergyefficient motors, that motors
keeptheir approximate80% shareof industrialelectricity consumption,andthat industrial electricityusecontinues
to grow at the rate of 8,75 % for the next two decades. ]n the high case,existing standardmotorsare replacedby
more efficient modelsover a 12 year period (1988-2000).
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so physical space limitations may apply. _ Third, for some applications, variable speed drives
usedin conjunctionwith a single-s_ motorare thecost-effectivealternative.

In India, motorsaccountingfol 25% of motorenergy use areestimatedto be replaceablewith
multi-s_ motors. Two-s_ (and even three-s_) motors are produced by se,,¢ral

, manufacturers. These motors typically cost 30-80% more than a similar.sized single-s_
motor. Energy savingsvary dependingon theapplicationbut savingsof 8-10% are estimated.
For a typicalapplicationinvolvinga 30-hp motor, the incrementalcostrelative to a single-s_

" motor is approximately$283/hp, and the CCE is I. 1 c/kWhs (while the LRMC of electricity
is7,1 to 8. I c/kWh). Savingspotentialfrom two-spe_ motorsin 2005 is estimatedto beaL.out
thesameas for high-efficiencymotors, or 2% of motorelectricity.

2.7 Rewinding Practices and Improvement Possibilities

When a motor fails it is eithe.rreplaced or rewound. Rewinding consistsof stripping and
replacingold windingswith new wire, In termsof initial cost, rewindingis very economical;
the rebuilt motorsaveson raw materialscostsby usingthesamerotor and statoriron andcase.
Rewindinga motorseveraltimesis not uncommon. While in theoryrewindingcanprovide the
sameefficiency asa new motor, in practiceperformancedegradationiscommon(Montgomery,
1989). Damagemay occurduringthe rewindingprocessor may escapeundetectedfrom a pre-
existingcondition. In somedevelopingcountries,suchas Pakistan,thestatoris typicallyheated
in anoven to softenthewindingsfor removal. If temperaturesare allowed to exceeda certain
threshold, core damage can result due mainly to damage to the insulation between the
laminationsin thecore. Few motorsare testedafterwardsfor core lossor overall efficiency.

Motor rewind practicescan be improvedwith proper training and follow-up analysis. Simple
measuresfor improving rewind practicesin developingcountriesinclude:

Non-damaging windings removal. Windingscan be removed manuallyafter heating
in moderatetemperatureovens(150°-300 ° C), or by other techniques.

Pre-rewind testing. Motorsshouldbecheckedfor mechanicaldamageandcorelosses.
If testingrevealspermanentdamage, the motor shouldbe scrapped,unlessrepair is
feasible.

• Rewinding. Rewinds should use the samenumber or turns as the original motor

s

7 In the U.S. and other industrialized countries, a special type of two-speed motor is produced called a pole-
amplitude-modulation (PAM) motor. PAM motors are approximately the same size as single-speed motors and cost
about the same as conventional two.speed motors.

SThese calculations, which are relative to a 90%-efficient single-sp_..d motor, assume 9 % savings and a $815
incremental cost (55 9t more than a single-speed motor of the same size).
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windings. Copper wire of the same diameter or greater should be used. Insulation
should be of appropriate class.

Post-rewind testing. Motors should be checked for core losses to ensure that no
damage occurred during the repair process. Again, if testing reveals damage, the
motor should be scrapped. Primitive testing for core loss can be conducted at virtually
no cost. Electronic core-loss spot meters start at about $8,000 for 10 kVA models.

J,

The market for motor rewinds in developing countries is large due to the low cost of labor and
the high initial cost of a new motor. A motor may be rewound several times during its lifetime;
a large motor may be rewound 5-6 times before it is replaced. The rewind rate is thus much
higher than in industrialized countries, as Table 2.6 illustrates.

,,,, , , ,,, , , ,,, ,,, , , , , ,, ,

Table 2.6 Industrial Motor Rewinds for 1993 (projected)
in Thailand

, ,H,, , , ,,

Size Range (HIP) Rewind Rate* 1993 Rewinds
H,,,

0-45 20% 113,400

5-19 20% 37,600
, , ,, ,.

20-49 15% 9,150
, ,, , ,, .,,

50-124 15% 2,250
, H ,

125-499 10% 400

500+ 10% 400

Note: Estimates based on interviews with factory managers and rewind shops
* Rewind rate refers to the percent of installed motors that are rewound.

The energy savings from improved rewinding techniques are difficult to estimate. General
Electric conducted a study in the U.S. on rewind losses that found an increase in core losses
ranging from 0-400% (compared to the rating when new), with an average increase of 32%.
The study found losses to be most pronounced in the larger motors. At a typical load of 75 %,
core loses represent about t4 of total losses. Thus, for a motor at 90% efficiency with a load
of 75 %, 2.5 % of input energy is attributed to core losses. A core loss increase of 40% would
reduce that motor's efficiency by 1%. Nadel et al. (1991) estimate that poor rewinds cause a
1% efficiency loss across the entire U.S. motor stock. In developing countries, rewinds
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potentially could cause even higher losses. 9 In India, for example, motors are commonly heated
in high-temperature open fires and core damage is the likely result, No estimates were made
in the studies we reviewed on savings from improved rewind practices._°

2.7.1 Comparing Rewinds with New High-Efficiency Motors

The initial cost of purchasing a high-efficiency motor is at least three to four times greater than
motor rewinding. Thus, the criteria for determining if rewinding is economical are (1) the cost

- difference between rewinding and a high-efficiency motor and (2) the difference in energy costs
between new and rewound motors, which depends on the extent of core damage in the rewound
motor.

The Pakistan study found the rate of return for the purchase of a high-efficiency motor instead
of rewinding to be in the range of 16-115% for a 50-hp motor. For an average 4000 hours of
annual usage, the simple payback is estimated at three years.

The Thailand study conservatively assumes there is no degradation in the core due to rewinding
and that there is a 4 % efficiency difference between the standard, rewound motor and a new,
high-efficiency motor.

As shown in Table 2.7, the CCE of efficiency gains through the application of high-efficiency
motors is only slightly below the cost of avoided generation for motors above 500-hp or between
20-hp and 49-hp. Even though it is cost-effective from a societal perspective to replace the
larger than 500-hp motors with a high-efficiency motor, most industrial users will probably
prefer to keep such a large motor and have it rewound due to the high initial cost of large high-
efficiency motors. In addition, improved rewinding practices, which include the monitoring of
core losses before and after the rewinding process, can improve the cost-effectiveness of
rewinding.

The contrast between the Thailand and Pakistan results shows that assumptions regarding
efficiency losses in rewinding strongly affect the economies of high-efficiency motors relative
to rewinding.

w

_rlowever, if the windings are not heated in an oven but instead manually removed without benefit of loosening
through heating (as is common in Thailand), efficiency losses in developing countries could be lower than int

industrialized countries. The careful removal of windings by hand may prevent incremental core damage.

"In India, duo to problems with rewinding, sizing, maintenance, and phase balance, an energy loss of 7% is
estimated. However, the amount attributable to rewinding is not broken out. The study estimates that correction

of these problems can lead to a peak generation savings of 2.9 to 4.7 GW in 2004/5, which equals to 1.5% of
projected generating capacity.
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Table 2.7 Cost.Effectivenessof New, High.Efflciencyvs. Rewound
Motorsin Thailand

+'"' II I I .................. I' ,m_ .........

SizeRange IncrementalCost Savings CCE
(hp) ($1avgmotor) (kWh/avg (C/kWh)*

motor)
............... I I I I I

0..4 180 219 10,8
........................................... ,,,, ,,, i .....

5-19 635 988 8.4
.... , • ...... ,. .............,. .... i :,11 ..........

20-49 1760 5107 4.5
ii ....................

50-124 4305 8580 6.6
L Jr_ _ ,i. ii i1,1 ,.i f, -._

125-499 I0,175 19,531 6.8
i ,ll i i ii ,u ::urn _ i i , mmH,i ,,,q ....

500+ 37,660 108,438 4.6
.........

* Assumesa 10%discountrate, 15yearlifetime.
Costof avoidedgeneration= 4.9C/kWh(assuming14%T&D loss)

2.8 Conclusion

The studies indicate that replacing a failed standard-efficiency with a high-efficiency motor is
likely to be cost-effective for all but the smallest motor sizes. The technical potential for
electricity savings is estimated at 1.5 % to 4.7% of total industrial electricity use. In India,
estimated savings from two-speed motors and high-efficiency motors are equal, or 2 % of motor
electricity use. The savings from improved rewinding of motors are uncertain, but probably
significant in many cases. Since multiple rewinding is much more common in developing
countries than in the industrialized countries, efforts to improve rewinding practices are
important.
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Figure 2.1 ElectricityUse by Various Sized Industrial
Motors In Three DevelopingCountries
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Figure 2.2. Simple paybacktimes for new hlgh-efliolenw totally enoloeed,fan.o_oled
(TEFO) motorl vs, new standardTEFC motorl as 8 functionof motorsizeand annual
operating hours. The effiolendeo used are an average of eight manufaoturors'
effiolencleefor 1,e00-rpmmotors.

Source: Nodal et al,, 1991
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Figure 2.3. Present-value savings from hlgh-ofllclenoy motors compared to the
marginal cost of hlgh-offloioncy motors relative to 8tandard.ofliolencymotors as a
furK_tionof motorsize and annual operatinghouri. Auumptlon8: 1,eOO.rpmTEFC
motors;75% load;15-year lifeand7% realdiscountrate;energy andpowersavingsare
valued at $0.06/kWll and $70 per kW year;demand coinoldenoefactor of 0.75. Hlgh-
efflolencymotors are cost-effectivefrom 8 IJfe-cy(_lecoat perlpectJve whenever the
present.value savings exoeed the marginal silt of 8 hlgh-effJolenoymotor (i.e.,
whenever present.value savingsexceed the 100% line in the groph). Note that the
8truotureof the demand (:hargemakes for 8 favorablepresent valueoven for motors
with lowoperat!nghours.

i

Souroe: Nodal et al., 1901
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3,0 POTENTIAL ENERGY SAVINGS TItROUGH OTHER SYSTEM
IMPROVEMENTS

A motor is just onecomponentof a motorsystem,andmostof theenergylossesoccuroutside
the motor itself. By designing a motor system specific to the work that needs to be

. accomplished, energy losses are minimized. For example, motor-driven fan and pump systems
that are designed for maximum efficiency can often reduce energy use by 50% or more front
traditional designs, it is critically important to overall efficiency that the system be configured

• to optimize interactionsbetweenthe individualcomponents.For example, systemsthat operate
on variable load cou]d perform more efficiently if controlswere installedto modulatemotor
speed. Commonproblemswhich reduceperformanceinclude: Oversizingof motorsandmotor
components,poor power factor, and inefficiently designedpumps, piping systems,fans, air
compressors,andgearboxcomponents.

Existinginefficientsystemscanbe improvedto achievesubstantialenergy savings,althoughthe
lack of field data in bothindustrializedanddevelopingcountriesmakesquantifyingthepotential
savings difficult. A field survey conducted in India by Tata Energy Research Institute found that
the efficiency of motors in the field was4-13% lowerthan manufacturerratingsfor new motors
due to problemswith sizing, maintenance,phasebalance,and rewinding (Anandand Kothari,
1990). The costof rernediatingtheseproblems,relative to standardpractices,is usuallyvery
low. The India studyestimatesthe CCE is only 1 e/kWh _ and that thesemeasuresmay be
applicableto 80% of the Indian motor stock. Another analysisfor india estimatespotential
electricity savingsof 12% to 13% for a combinationof measuresincluding improved motor
sizing, power factor correction, correcting core damage from improper rewinds, phase
balancing,and maintenancemeasures(Dutt, 1991).

To date, mostdrivepowerefficiencyprogramshavefocusedon thepromotionof highefficiency
motors, ignoring othersystemcomponentsfor efficiencygains. In developingcountries,where
limited capital andhard currency make the purchaseof high efficiency motorsmore difficult,
othersystemimprovementscan savemore energythanenergy efficient motors, oftenat lower
cost. Most of the informationavailableon systemssavingspotential in developingcountries
appliesto India andCostaRica, althoughexperiencein the U.S. and limited data from Brazil,
P_stan, andThailandindicatethat relativelysimplesystemimprovementswill yield substantial
energy _vings in mostcountries

. 3.1 Reducing Oversizlng in System Design

Oversizing of motor systemequipmentis a common design practice in both developing and
• industrializedcountries for it accommodatesproductionexpansionandprovidesa safetymargin

'This assumesimprovedsizingandoperationandmaintenancemeasureshavea simplepaybackof one year;
thattheaveragelife of thesemeasuresis five years;andthatthetypicalloadis 60% with4,200 part-loadhours.
Theincrementalcostof themeasuresis equalto thevalueof one yearof kWhsavingsat 3,9 cents/kWh.
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for the heaviest loads. Oversizing is even more prevalent in developing countries due to
problems with power fluctuations,phase imbalance,and low voltages. Given these constraints,
oversizing is often a reasonabledesign strategy. Because electricitycosts are a relativelysmall
fractionof total costsin mostindustries,designengineershave little incentiveto change
traditionalpractices.

a

Oversizingcanleadto energylossesfrompart-loadoperation,poorpowerfactor,andexcessive
throttling. Figure3.1 illustrateshowtheefficiencyof a _uirrel-cageinductionmotorvaries
withtheload. Theefficiencyof mostmotorsis thegreatestat75% load,witha rapiddrop-off
in efficiencybelow25_ to 40%, dependingon motorsize. (High-efficiencymotorsbetter
maintaintheirefflcienciesacrossa rangeof loading.) if a motoris oversizedrelativeto its
typicaluse,it will frequentlyoperateat low loadandhencelow efficiency.Withimprovements
in electricitysupply,a motorshouldbe sizedto operateat leastat 50_ of its ratedloadmost
of thetime;a modestsizingmargincanthenoffertheflexibilityplantmanagersmaywantwhile
maintainingenergyefficiency.

3.2 improving Power I,'aetor_

When the load on a motoris below the full load ratingof the machine, then power factoraim
falls below its full value. A three-phasemotor typicallyoperates at a power factor of 70-95
at full load, but canbe as low as 10% at no load. Low power factorscompromisethe efficient
operationof an electricalsupply system by causing increasedlosses in conductors,a reduction
in system capacity, and higher voltage drops along conductors. There is a linear drop-off in
system capacity with decreases in the power factor; for example, a 1000 kVA transformer
supplying electricity to a system with 70% power factorwill only supply 700 kW.

If the power factor is corrected, less current flows in the electrical conductors for a given
' rdelivery of power, causing an mc ease in the available capacity of the conductors. Another

2Powerfactor is an importantcharacteristicthatdetermines the efficiency of electricity use by a motor, It is
definedas the ratio of real power (in kilowattsor kW) to apparentpower (in kiloVolt-Amperesor kVA) drawnby
the motor. Apparentpower (kVA) is the vector sum of two components, the real (active) power (kW) and the
reactivepower (kVAr). The activecomponentis responsiblefor the torqueand work performedby the motor;the
active part of the currentis small at no load and rises as the load grows. The reactive componentcreates the
rotating magnetic field; this component is almost constant from no load to full load, a_ is the magnetic field.
Although the reactive component does not performuseful work, it is requiredto excite the motor and must be
suppliedby the power network. Inductionmotors are inductiveloadsand so operatewith a power factorless than
one; the currentis delayedin time with respect to the voltage, so motorsoperate with a "lalllling' power factor.
Since power factoris a measureof the relativedemandsof active andreactivepower of the motor, it increaseswith
motor loading. The power factor usociated with motorsand other linearloads, where the currentis displacedin
time relativeto the voltage, is known as the displacementpowe: factor. In the case of non-linearloads (suchas
electronic VSDs, electronic balluts, and computers),harmoniccurrentsareproducedthat add to the total current
(and kVA) withoutaddingto the real power, so the overall power factor is reducedeven thoughthe displacement
power factor of such loads is usually very high. Thus, both displacementand overall power factors must be
evaluated to determinepropercorrectiveaction.
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benefitfrompowerfactorcorrectionisa reductionincableandtransformerlossesfromresistive
heating.Reducin8theselossesresultsin lowervoltagedropsandimprovedpowerquality;this
reducestheneedfor a highmarginof safetythroughoversizingmotorsthatwouldotherwisebe
necessaryto protectagainstbadpowerquality.

• In developingcountries,manyindustrialcustomersdonotcorr-_t theirlow powerfactors. In
Pakistan,the averagepower factorof industryis only 0.'75. in Nicaragua,30% of large
industrialelectricityconsumersoperatewith a power factorbelow0.85 (Lewis, 1992), For

" seven hundred industrial facilities audited by the Energy ConservationCenter of Thailand,
average power factors were found to be between 0,7 and 0.9 (IIEC, 1993). Nationalelectricity
companies must supply the reactive power that these low power factor loads require, which
contributesgreatlyto transmissionanddistributionlosses.

Thedisplacementpowerfactorcanbeimprovedby installingcapacitorsor by operatinga large
synchronousmotor in leadingpower factormode in order to supplythe reactivepower
consumedby inductionmotors. The capacitorscanbe installedin a distributedmannerwith
capacitorsoneachmotor,thuscorrectingpowerfactoratthesource,or ina centralizedmanner
with capacitorbanksinstalledat locationsin theindustrialplant. Thegreatestlossreductionis
achievedfor capacitorinstallationsthatare closestto the sourceof the low power factor
(distributedinstallations).In theU.S,, installeddispersedcapacitorscost$20-30/kVAr, while
centralcapacitorbankscost$50-75/kVAr (Nadel et al., 199l). In developingcountries,
capacitorcostsare similar,thoughimporttariffsandothercountry-specificfactorsmayaffect
prices, Forexample,powerfactorcorrectioninPakistancostsonly$9-i8/kVAr, muchlessthan
thecostof importeddistributedcapacitorsin Nicaraguaof around$3i/kVAr. For lowpower
factorscausedby harmonics,inductiveor inductive/capacitivefilterscanbe usedto reduce
harmoniccurrentlevels.

Whenconsumersimprovetheirpowerfactor,reductionsare realizedbothin theirenergybill
and in the finesassessedfor operationwitha low powerfactor.3 Themonetarysavingsfrom
avoidingthepenaltiesare typicallymorevaluablethantheenergysavingsfrom powerfactor
correction.In theU.S,, typicalpaybacksfordispersedcapacitorpowerfactorcorrectionareless
thana year for powerfactorpenaltyavoidance,five yearsfor reducedresistiveloss_:s,and9
monthsfromcombinedsavings(Nadeleta/., 199l). In Nicaragua,paybackssolelyfor fine
eliminationare asshortas4 months(Lewis,1992). In Pakistan,powerfactorcorrectionhas
a combinedpaybackof lessthana year. ThePakistanreportalsoestimatesthatif theaverage
industrialpowerfactoris improvedfrom75% to 95%, then3.4% of theelectricitysuppliedto

. industrywouldbesaved. An increasein powerfactortojust 85% in 2005 wouldaddupto a
projectedsavingof 1440GWhand230 MW of avoidedbase]oadgeneratingcapacity,In sum,
power factorcorrectionis a simplemeasurewith a fastpayback,with the combinedsavings

• from energy and fine elimination typically less than a year.

ZElectricitycompaniesin manydevelopingcountriespenalizeconsumerswhosepowerfactorsarebelowa
thresholdlevel,typicallyintheranseof 80-90%.Thefineisusually0.5-1%extraontheelectricitybillforevery
percentagepointbelowthethresholdlevel.
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3.3 Motor Drive Speed Controls

In the U.S., s_ controls are estimated to offer the greatestpotential for energy savings in
motor systems (Nadel el at., l_l). The limited evidence from developing countries indicates
that thesituation may be similar, in Pakistan,potentialenergy savings _ estimatedat 12,6'_
of motorenergyuse,nearlyfour timesthe savingsprojectedthroughhighefficiencymotors.
Whatmaylimit theiruse,however,ishighinitialcost;somespeedcontrolsare morecostlythan
the motor itself,

Motor efficiency is generallyhighestatmound75_ load,buttheactualloadcommonlyvaries
withseason,temperature,andp_ss demands.Forexample,a motorin acommercialcooling
systemmayoperateat full-levi duringthehottestdaysof theyear,butatothertimestheload
placedon the motormay be significantlylower, varyingwith the outdoortemperatureand
humidity,Forall applications(suchasfansandpumps)loadtheoreticallyvarieswiththecube
(V3)of theair or waterflow. Whentheflow in suchsystemsis reducedby 20_, theloadon
themotoris reducedby nearly50_,

To meet load changes, the output of motor-drivenequipmenthas traditionallybeen adjustedby
employing dampers, throttlingvalves and by-pass systems, which do not reduce the energy
drawnby themotor. Thesemethodsare akinto drivinga car withtheacceleratorflooredand
controllingspeedwiththebrake. Otheralternativesareavailablefor motorsystemcontrolto
supplythe requiredpowerwithoutthelossof"somuchenergy. As discussedin Section2.6,
multi-s_ motorscanbeusedwheretwo,three,or fourspe_sarerequired Formotordrives
withtwodistinctoperatingconditions,ponymotorscanbeapplied. Beyondthemotoritselfare
a varietyof motorspeedcontroltechnologies.Thesimplestwaysto performspeedcontrolare
mechanicalandelectro-mechanicalmeanssuchasgearsandpulleys,multi-speedmotors,eddy-
currentdrivesandfluidcouplings.More modernspeedcontrolsthatallowefficientoperation
over a wide speedrange are basedon solid-stateelectronicssuchas voltagecontrol,
cyc]oconverter,voltage sourceinverter,pulsewidthmodulationand sup powerrecovery
techniques. Table 3.1 presentsthesecontrol methodsand lists their advantagesand
disadvantages.

Shaft-appliedspeedcontrols,whichincludemechanical,hydraulic,andeddy-currentdrives,are
installedbetweentheconstant-speedmotorshaftandthedrivenequipment.Theyarelower in
efficiencythanelectronicvariablespeeddrives(VSDs),bulky,andrequireregularmaintenance.
However, theyare easierto understandand repairthanVSDs and may thushavegreater
applicationin developingcountrieswherelaborcostsarelow andtechnicalexpertisemaybe
limited. Because their efficiency is low relativeto VSDs, analysts have not reviewed potential
savings from increasedpenetrationof mechanicalcontrolmethods,

Electronic VSDs placedbetween the powersupply and the motor can vary the speed of a motor
from 100_ or moredown to very low speeds, thus saving electricity duringpart-loadoperation
of the motor. ElectronicVSDs employing a frequency inverter are the most sophisticatedand
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populartypeor motor.s_ controlin industrializedcountries A studyof New York rote
estimatedavera£eelectricitysavingsin appropriateapplicationsto be 22.5_ (Miller tt al.,
1989), anduwlngs of' :S0_ or moremay _ achieved, In additionto the directelectricity
ravings,electronicVSDsprovideindict benefitsthroughimprovedequipmentlifetimes(due
to the lot't-startcapabilitytnco_rated intomostVSDsandreducedweardueto lowers_

, operation),betterprocesscontrolandp_uct quality,isolationof motorsfrom thepowerline
(providinglimitedprotectionfrompowerfailureandline voltageproblems),andoperationat
higherspeedsthanstandardlinefrequenciesotherwiseallow(Baldwin,1989).

ElectronicVSDs areavailablein mostdevelopingcountries,thoughdomesticrnanut'acturtnll,
whereit exists,commonlyreliesonimportsfor thenecesmryelectroniccomponents,Pricesof'
electronicVSDsare thussensitiveto customsdutyandexchangerotes, ElectronicVSDsare
manufacturedin IndiaandBrazilby nationalcompaniesaswellas by multinationals.Someof
the companiesproducerelativelymodernmotordrivessuchas pulse-widthmodulationtype
equipmentcontainingimportedpowertransistorsandotheradvancedcomponents.

Costsforinverter-basedelectronicVSDshavebeendecreasingsteadilyin thepastfewyearsand
areanticipatedto continueto fall, buttheyare presentlystillquiteexpensive.Thepriceperhp
of VSDsdecreasesas thesizeof themotorincreases,andVSDsare thusmostappropriatefor
largermotors, Basedonpd_s quotedby theprincipalm,nufacturersin Brazilin mid-I_,
sophisticatedelectronicVSDscostaround$900/hpat 10-hp,$400/hpat S0-hp,and$250/hpat
300.hp(Captz_, 1990), Thesepricesareovertwicethecostof similarelectronicVSD models
sold in the U,S, (Nadel et al., 1991) The high cost is attributedto dutieson imported
components,salestaxes,andthelimitedmarket. Nonetheless,approximately1700electronic
VSDsweremid in Brazil in 1989andthe marketwasincreasingby about3096per year. In
Pakistan,dutiesrangefrom20% to 30_ of thetotalcostof electronicVSDs. Indiarepresents
anexceptionwithcostsforelectronicVSDsnearlyequalto costsin theU.$,

The combinationof high initialcosts and low electricityprices discourages the use of advanced
motor-speedcontrols solely for the purposeof'conservingelectricity, In Pakistan, for example,
small electronic VSD drives are not economical in applications with low horsepoweror low
annualoperation. However, electronicVSDs can save substantialenergy for the largermotors.
The studies estimatethatelectronic VSDs could be suitable for applicationsaccounting for55
of motorelectricity use in India, and 60_ in Costa Rica,
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Table 3.I
Speedcontrolalternativesfor AC Inductionmotors

VSDTyp,
(Power, epeedm_o) Advantalli _dv|ntItlt

O

ELE_RO-_C_CAL CONTROL IdlCTHODS

Vlrblbb Pulley_vm _ com. _ po_-ermvlnto;hllh '
O_ Low _oat, maint_ _,
_tm Low cot,
Pdction Drlvm Low co_,

Multl4peed motors Operationit 2 to 4 fixed npeed,, Stepped_ ©(mtrol;lower
eft' thsn ninllle-epeedmotonl.

Eddy-e_t drtvl Simple;relativelylowcmt; atepleM NeedsDC ox©itatlon(from
> 0 kW, I0:i _ control, kC power);loweft. below

SO_rind.peed.

Fluid couplhql d,'tvm Simple;relativelylowcont_ºtepleu _ oftiolencybelowSOS
> 0 kW, 1:1 _ control, riftedspe_.

SOLID-STATE ELECTRONIC CONTROL METIIODS

VolUillecontrol Simple:lowcmt_ Hll_icll: lowtorq_; low
< 25 kW, 20-I00_ eft; limitedaped rinie,

C3rdoeoneerter Canoperatedownto zeroJpeed, Complexcircuitdliiln;
> 75 kW, < 30-$0K Hiih torquecapability, poorpowerlictor it low
of supplyfrequemcy .peed..

Voltaicmurce Inverter Good efficiency;aimplecircuit No rrelenbrakinl; problema
< 750 kW, 100:I duilln, it low speed (< 10S),

Current sourceinverter Relleneriillvebmkin|; limplecircuit Poorpowerfltctor;poor
> 25kW, I0-150_ deliln, perfo_e It low _.

Pulsewidth modulmtlon Goodpower fsctor_low distortion, No reienemttvebnkln8;
< 750 kW, 100:1 sliihtly Immeft thsnVSI,

It

Slip power recovery VSD power mini le. thin motor Can uM only with wound-
> $00kW retin& rotor inductionmotorl,
$0-100_
I0-150_

............ |1 i .... i _ ill ] illli I ...... ...... ! UlJlj_ -- ii [ •.... . .... ii _ iiiiii --

Source:CBBS, 1992,
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I_pendinllontheintt.d costof theelectronicVSD, operatingassumptions,andenersysavtn/ts
estimated,verydifferentcostsof conservedeneriw(CCE) canbederived. In India, theCCE
isestimatedat 2.4 C/kWhfor a 250..hpelectronicVSD4; usinjldifferentassumptions,theCCE
forelectronicVSDs inCostaRiceisestimatedat 18.?c/kWh', in 2005, totalsavingspotential
of electronicVSDs in CostaRice isestimatedat only0.04_ of'projectedsales,while saviniis

, forthesameyearin India_ anticipatedto be2.22_. Larlierpotential_vinlts wereestimated
for Brazil,withelectronicVSDsestimatedto potentiallyreducemotorelectricityuseby 8.4
of total 1988electricitysales',

Althoui|helectronicVSDshave8real potentialforelectricitysavtnis,theirpenetrationintothe
marketin developtniicountrieswill likely be a slow process. Their hilih initial costBd
sophlstt_tedapplicationare deterrentsto rapidadoption,particularlywhereelectricityprices
arelow.

3.4 ImprovedOpentlon and Maintenance

Theefficiencyof a motorsystemwilldeclinewithoutproperoperationandmaintenance(O&M)
techniques,which includesimplecleaningand lubrication, equipmentmaintenance(e.ii.,
checldnltwlndiniisresistanceandadjustingbell tension),andleneral inspection(i.e., assurinl
thatthemotorsystemcomponentsareappropriateto thetask). A recentstudyof'thousandsof,
industrialmotorsin Brazil foundthat inadequateoperationalpractices,suchasbad coolinli
conditions,vibration,and incorrectmaintenanceprocedures,werecommon(Source,1993).
Suchpracticesresultin energywasteandreducedservicelife.

ImprovedO&M proceduresandtechniquesincludethefollowing:

* Turnoff equipmentwhennotinuse(subJecttoavoidingexcessivestoppingandstarting).
* Usemotorsonlywhenefficientlyloaded(processpermitting),
* Use fansandblowersinsteadof'compressedair for processandspacecooling.
' Repair damaged and/or misslnB insulation on hot and cold piping systems,
" Repair leaksandinstall air intakesin coolestlocationsfor compressedair systems.

'This es.-umeaIhala hiBhefficiency(95K) motor operatea5,000 hourseachyear; theVSD costis $262/hp;
Ihe peakcoincidencefactoriJ,60%; the capitalco.! is $900/hpsaved;thelifeof theVSD is tenyearn(commonfor

. electronicsof thistype);andtheaverlIieLiivinBsi, 22,5'_,

_Thlafigureis anaverailefor all m_)tor,over5-hp in size,reiitlrdles,el llpplictltionandoperatinllconditions.
ThemotorpopulationneedstobediMiIiilreBatedinorderto findcost-effectiveapplications,TheCostaRtcmstud),
muses anaveraBemotorsizeof 22.6-hp,a loadfactorof ?5_, andanaveralieuvinl,, of Sfl of themotorcharily
draw. The estimatedsavinlpis low, nearly1/3 theuvlnli, expectedin indiaandBrebl, The everslieVSD cost
for motes over$ hp i,, estimatedu! $4,100.

*Thisusumeathatspeedcontrolsareapplicablelo one.thirdof totalelectriciiyutmbymotors inthe industrial
sectorandthatsavinllseverale2_q_per application.The¢_mumptionaaremushllUNm.

3-'/



" Keepmotorsandotherequipmentcleanandcool.
• UR high-qualitylubricants.

OneO&M measurethatcanreapsignificantsavingsis theuseof premiumlubricants,whichcan
increaseeff'iclenciesby 3_ to20% ingearreducers,compres_rs,andmotors.In CostaRip,a,
it isestimatedthatsyntheticlubricantscansaveanaverageof 2% to 59Eof electricityu_ and
lastfourtimeslongerthanmineraloils, Althoughtheselubflcantscostfourtimesmore,the
CCE isnegativedueto reducedO&M costs:-2,i c/kWh. Thestudyestimateslubricantscould
save3% of totalenergyu_ on20% of themotorpopulation,

_timatesofelectflcitysavingsfromimprovedO&M arefew, In theU,S., onestudyFoundthat
properO&M canimproveefficiencies10%to 15% (lbanez,1978);someenergyengineersplace
this numberas high as 30%. The evidenceis mostlyanecdotalandtypicalmaintenance
practicesarenotwelldocumented,particularlyin developingcountries,Simpletechniqueslike
turningoff unu_ equipment,repairingdamagedinsulation,keepingequipmentcoolandclean,
and usingmotorsonly when efficientlyloadedoffer inexpensiveand effectivemeansof'
improvingtheefficiencyandextendingthelifetimeof themotorsystem,Furtheranalysisof'the
savingspotentialFromimprovedO&M is warranted.

3,5 ImprovedMechanicalPowerTransmission

Motor poweris deliveredto drivenequipmentby a mechanicallinkage. Sometimesthemotor
shaftisdirectlycoupledto thedrivendevice,but typicallypowertransmissionequipmentis
utilized, In developingcountries,themostcommonwayfor motorpowerto bedeliveredto a
load is by the use of standardV-belts; today thereare many other optionsfor power
transmission.The CostaRicastudyprovidesestimatesonelectricitysavingsin thisarea.

CoggedV-beltsallowgreaterflexibilityandbetterheatdissipationthanstandardV-belts?. They
areapplicableto motorsbelow10-hpin single-beltsystems,andfor multi-beltsystems,motors
upto several1000hpcanusethem, CoggedV-beltsdonotrequiresheavechangesandO&M
is thuslowerthanfor V-belts, ThoughtheelectricitysavingsestimatedforCostaRicaarelow,
at 0.35% of projectedGWh salesin 200:5,theCCE is negative,at -I.7 C/kWh. The life and
COStof cogged V-beltsare estimated to be twice thoseof standard V-belts,

For motorsabove7.5-hp,synchronousbelts(alsocalledtimingbeltsor high-torquedrivebelts)
cantransmitdrive power4% to 10_ moreefficientlythanstandardV.belts, Theyare flatwith Ii

roundedteethandcanbe runat highvelocities,Synchronousbeltsrequirethatthesheavesbe
replacedwiththebeltandthuscannotbeinstalledwhenevera V-beltbreaks,Synchronousbelts
lastfour timeslongerthanV-belts, ]n CostaRica, the CCE is estimatedat 5,5 c/kWh and
associatedelectricitysavingsare0.2.'5% of projectedGWh salesin200:5. A primarydrawback

'Unlmmotherwisenoted,theinformationoncoggedV-I_ltsandsynchronousI'_ltsisfromtheCostaRicsreport,
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is thatmanufacturersareaccustomedto standardV-beltsandmaynotbe receptiveto change.

3,6 Efficiencyof Driven Equipment

, Pumps,fans,andcompressorsuseoverhalfthedrivepowerenergyof motorsystemsin theU.S.
(Nadel et ai., 199I). Thedataavailableon potentialsavings frompumps, fans, andcompressors
is for India, and possible savings in other countries must be inferred.

In India, an estimated 20% to 40% of industrialmotor energy use is used by pump systems.
Thereare a numberof opportunitiesto improve the eff'/ciencyof pump systems, including use
of high efficiency pumps, minimizing friction losses in piping networks, derating/replacing
oversized pumps, and applyingelectronic VSD controls to vary fan and pump sp,,.._s. The
National ProductivityCouncil(NPC, 1991)foundthatnewpumpefficienciesin India have
increasedby :5-10_ inrecentyears. High-efficiencypumpsoftencostthesame&sles, efficient
pumps;wherethereis a costpremium,it is modest(ontheorderof 5-10%).

Much larger savingsare availableby minimizingpiping-frictionlosses. NPC estimatesa
potentialaveragesavingsin motorsystemswithpumpsof 15-20%,andprovidesanexampleof
a typicalapplicationwith a simplepaybackof lessthanthreeyears. A commonreasonfor
wastedenergyin pumpandfansystemsisoversizingof thedrivenequipment.NPC estimates
potentialsavingsof 5-10%areavailablethroughthederatingor replacementof oversizedpumps
in India. Selectingtheequipmentproperlyis time-consuminganddifficult,andonceit hasbeen
performed,it is seldomperformedagain. The appropriatenessof theinstalledpumpsor fans
is rarelyre-evaluatedwhena systemis modified.

Combininga packageof measuresfor India,it isconservativelyestimatedthat70% of industrial
pumpsystemscanbenefitfromcost-effectiveefficiencyimprovementsandthataveragesavings
in thesesystemswill total1:5%, withanaveragesimplepaybackof threeyearsa. Givena pump
lifeof 20 years,thisyieldsa CCE of 1.:5C/kWh,

In India, fansandblowersaccountfor over 10% of industrialmotoruse. Opportunitiesto
improvetheefficiencyof fansystemsinclude:The useof high-efficiencyfans,replacementof
oversizedimpellersandfans,andreductionof frictionlosses.Often,just reducingfan speed
will yield substantialsavings. NPC indicatesthatevengreaterefficiencyimprovementsare
possiblein fansystemsthaninpumpsystems;in additiontosavingsfromreducedfrictionlosses

. andderating/replacementof oversizedfans,substantialefficiencyimprovementsare possible
from highefficiencybackward-curvedfan systems(10% savingsare typicalwhen replacing
radialfans,20% savingswhenreplacingforward-curvedfans). The Indiastudyestimatesthe
CCE for thesemeasuresisonly1.6 c/kWh. In China,replacinga lessefficientcentrifugalfan

'Thisanalysiaisfora 20-hppumpoperatingatanaverageof 60_ of full-loadfor4,200hours/year.Aim,this
assumesa 60_ peakcoincidencefactoranda 70_ hasec_pumpefficiency(which incorporatesthemotor
efficiencyimprovementsdiscussedabove),
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with a higher efficiency axial flow fan is estimated to reduce overall motor consumption by 1%
to 2%.

Many factories have compressed air systems that provide air for cleaning and industrial process
applications. Compressors are typically located at central locations and supply lines distribute
the compressed air throughout the plant. Compressed air systems are notorious for air leakage
and associated energy waste. Many systems operate at higher pressures than needed, and
maintenance of compressor systems is often less than adequate (for example, air filters are not
cleaned). Furthermore, compressors are often oversized or inefficient. NPC found that energy
savings of 20-40% are possible at low cost. The India study assumes a 30% energy savings,
an average measure life of five years, and the basic operating assumptions made previously for
pumps and fans. It estimates the cost per hp is $215 and the CCE is 1 C/kWh. Additional
savings are possible from improved compressor controls and from the use of multiple
compressors 9.

3.7 Summary of Savings from Other System Improvements

The energy savings potentials from system improvements are difficult to quantify, but available
I

evidence indicates they are substantial. Relatively simple O&M procedures generally offer an
inex_nsive means for prolonging the life and improving the performance characteristics of
motor systems, yet there have been few studies exploring this area for energy savings. Much
more evidence is available for electronic VSDs. As an individual strategy, VSDs appear to offer
the greatest potential for energy savings, but their high initial cost and sophisticated application
are substantial obstacles to their adoption. For general system improvements (which include
improved rewinding techniques), the India study estimates a 2 % savings of projected GWh sales
in 2005.

The results of 1,200 industrial audits in Brazil suggest that a bundle of nine no- or low-cost
industrial electricity con,_rvation measures _°would save 7 % to 18% of electricity use in many
industries. These measures apply to the industrial complex as a whole and are thus broader than
the motor system alone, but many of the measures apply to motors. The Brazilian subsidiary
of Goodyear implemented these measures and reduced electricity consumption per ton of output
by 20% at its main tire factory in Sao Paulo.

9With multiple compressors, when air requirements are low, a small compressor is used; when requirements
increase, a medium-sized compressor is used; and when requirements are large, both compressors are used together.
Such a system allows better matching of compressor power to the load, thereby avoiding part-load operation of
compressors (as discussed previously, part-load operation can result in considerable energy waste).

IoThe nine measures are the following: Replacing oversized motors, replacing overloaded lines, adjusting or
replacing overloaded transformers, correcting low power factor, correcting unequal current among different phases,
reducing excessive peak loads, providing adequate protection, improving transmission systems between motors and
subsequent equipment, and using more efficient lamps or light fixtures.
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As indicated in Table 3.2, the CCE of system improvements is often quite low, with many

measures below 3 C/kWh. It is important to be cautious, however, in comparing the CCE for
different countries. Different assumptions are used for deriving CCE and for estimating savings

potentials. Thus, the India study finds the CCE of electronic VSDs to be only 2.4 C/kWh, while
the Costa Rica study calculates the CCE at 18.7 C/kWh.
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Table 3.2 CCE and Savi_s Potentials for System Improvements 0Excluding High-Effldency Motors)
in India and Costa Rica
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Measure CCE* Savings as 9t of Savingsas % of
ProjectedGWh Sales in ProjectedGenerating

2005 Capacityin 2005
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INDIA
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VSDs 2,4 C/kWh 2,22% 1.41%
: ,, , , , , ,,, ,,,, ,,,,. , , ,,, ,,, , , ,,, , i. .......

Two-Speed Motors 1,1 C/kWh 0.76 % 0,57 %
, , ,, i , ,,,, , , ,,,, ,,,, ,, ,u , , ,,, ,, ,, , , i,l,,,,i i ,,

Pump Systems 1.5 e/kWh 0,62 % 0.47 %
,,,, , ,,,, , ,,, ,i ,,i, , ,,, , ,, , , ,,,. ......... , ,, , , ,, ,,,. ,,i,i

Fans 1.6 e/kWh 0,49% 0,37%
, ,,., , , , , ,,, , ,, , , ,. ,, -

Compressors 1 C/kWh 0,34 % 0,27 %
,., , , ,, , ,,,,, i , , ,, ,

Generalsystem (sizing, 1 C/kWh 2.04% 1.54%
rewinding, etc,)

, _ , J ,' ,,i'l,l , .' ,,I u "" , ' ,L, ,,,,,,I" , ,,, ,, ,: :_ ,,', ,,, f _ :",,,';L ' .... : , _ _ _,_,_,.,

l COSTA RICAii i iiiiiiiiii ii" i i i i Ii ' !' ' 'H| ' 'I i i' ii ' ii' i i ['|_ IlL ' ii i 'i,Ii i i ' i i" In {I"i'iii'

Cogged V-belt -1.7 C/kWh 0.35 % 0.25 %,, ,, , , , ,, ,,, , , ,, ,, , ,, , ,,,,,, ,,

Synthetic lubricants -2.1 C/kWh 0.13 % 0,09%
,,, , , , . ,,,, , ,,. ,, , , ,, , , ,,,

Sync. belt 5,5 C/kWh 0,25% 0.18%
, ,,, , , ,, ,, ., ,, ,. , ,, rl ,

VSDs 18.7 C/kWh 0.04% -
" ' ,,,,,,, , , ' , , , I' , ' - I, '' ' ' ' , ,,, ' "

* The discount rate is 10% for India and 12% for Costa Rica.

. By optimizing system design, plant managers can capitalize on system synergies and high

performance technologies. However, simple O&M improvements may prove the least cost

means of enhancing motor life and efficiency. The energy losses attributed to factors other than
the operation of the motor itself can often be easily reduced through a variety of low- and no-
cost measures. Modifications to motor systems can undoubtedly offer considerable electricity

savings in the developing world.
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4.0 POLICIES TO PROMOTE ENERGY EFFICIENT MOTOR SYSTEMS

There arc numerous measures that can improve the energy efficiency of motor systems in
, developing countries. Most of the available measures offer paybacks that are attractive from a

societal perspective, but an array of barriers deter industries from undertaking them. Various
types of policies and programs can help to overcome the barriers and thereby contribute to higher
motor system efficiency. These policies can reduce the need for costly generating capacity
additions, lower the probability of electricity shortages, help industries thrive in increasingly
competitive markets, and reduce the environmental and social costs of electricity generation. The
challenge facing governments is to foster communication between the actors that have a stake
in promoting efficient motor systems and to create a climate for investment where end-users have
both the incentive and the means to implement efficiency improvements. Given that many
developing countries have only modest programs in energy efficiency and limited resources to
expand them, such programs should promote improvements offering the most benefits (energy
and other) at the least cost.

4.1 Determining Priorities

To evaluate and prioritize efficiency strategies, policy-makers need to consider indicators such
as cost of conserved energy, electricity generation savings, and avoided new generating capacity.
Each country will require individual analysis that reflects the shape of its industrial sector, pdcing
and taxation policies, capability to produce high-efficiency motor system equipment, the avoided
cost of electricity generation, and other country-specific features,

To evaluate least-cost electricity savings, one must look not only at the motor itself but at the
larger system for potential efficiency gains. As emphasized in the previous sections, the
efficiency of a motor system is comprised of more than the efficiencies of the individual parts;
design and operating characteristics affecting the interaction between components enter
fundamentally in the calculus. As Figure 4.1 illustrates, there are numerous junctures where
improvements can be made. Some general improvements can benefit both the motor and the
system it drives:

(1) Improving the quality of power both in the plant (through power factor correction,
. wire sizing, and load balancing) and in the supply system (through improved

voltage regulation) reduces the need for the oversizing of components;

(2) Using proper operation and maintenance techniques can enhance performance and
lengthen the lifetime of the components.

Though it is difficult to assess the potential electricity savings from measures to enhance general
system performance, the estimates made thus far indicate large savings are available at costs well
below the long-run marginal cost of electricity, and such measures often have benefits in addition
to energy savings (e.g., longer equipment lifetimes). In India, general improvements relating to
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operation and maintenance, phase balancing, rewinding, and sizing have the potential to save an
estimated 2% of projected motorelectricity use in 2005, and represent the second largest area
of electricity savings (see Figure 4.2).

The potential electricitysavings from the increasedpenetration of higher=dficiency technologies
for motorsand other components also quite large. Despite their favorable life-cycle economics,
high-efficiency technologies have yet to make significant inroads into the market in developing
countries_. High-efficiency motors and properly rewound standard motors am obvious measures
to target, though various otherefficiency technologies are available, some at lowercost and with
greaterelectricity conservation potential. As Figure 4.2 illustrates, high-efficiency technologies
in India have the technical potential to reduce projected motor electricity use in 2005 by about
5%. Variable-speeddrives offer the greatest savings, followed by high-efficiency motors, two-
speed motors, pumps, and fans.

The savings estimates presented thus far represent technical potential, in which all measures
considered technologically feasible and cost-effective froma societal viewpoint are implemented,
A variety of factors, however, dissuade consumers from making cost-effective investments in
motor system efficiency, and actual savings will thus be lower than the technical potential.
Policy-makers will need to address barriers to efficiency improvement to diminish the gap
between technical potentials and actual savings.

4.2 Barriers to Efficiency Improvement

While barriersalso exist in industrializedcountries, they are exacerbated in the developing world
by lack of information, a scarcity of skilled personnel, capital shortages, high importduties, and
subsidized electricity rates. Given the difficult constraints facing industries in developing
countries, an end-user's decision not to invest in energy-efficient motor systems often makes
economic sense.

As in industrialized countries, electricity costs are usually a small share of the total operating
costs of an industrial facility. In U.S. manufacturing, the average electricity costs are only 2.8%
of the value-added (Ross, 1986). Since industrial electricity prices have traditionally been
subsidized in many developing countries in order to promote industrial development, reducing
electricity costs may be an even lower priority than for U.S. managers,

At the plant level, engineers may not know how to diagnose where efficiency opportunities lie
or how to implement them. Some measures, like electronic VSDs, are relatively new and
potential users may lack information about their performance or cost-effectiveness. This may
raise concerns that installing new technologies could result in down-time or impede production
processes. Compounding the information problem, there is often no standard method for

i i i i iii ii j i ii

2High-efficiencymotorscompriselessthan5%ofnewmotorspurchasedinThailand.Thiscanbe compared
to theU.S.marketwherehigh-efficiencymotorsalesarearound20%of themarketformotorsabove20-hp.
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evaluatingmotorefficiency; motormanufacturersmay use differenttestmethods,and industrial
consumers cannot then determine the relative efficiency of motors made by different
manufacturers.

Even where end-users are aware of cost-effective measures, sensitivity to the first costs of
. equipment combined with a shortage of capital may prevent investment. Firms in the U,S.

generally only invest in energy conservation measures that yield simple payback in two to three
years. In developing countries, the required payback time is usually even shorterdue to high
interest rates, high and/or uncertain inflation rates, and lack of experience with these kinds of
investments? In addition, the cost differential may be higher in developing countries for energy-
efficient equipment, which is commonly imported and subject to high dudes. A negative
feedback can result where the limited availability of energy-efficient equipment leads to high
cost, which in turn leads to low demand. Even in countries like India wherethe largerdomestic
manufacturersproduce high-efficiency motors,the duties on importedcomponents lead to higher
motor prices. Small-scale manufacturers that commonly produce cheaper and lower efficiency
equipment often have a competitive edge over the moreefficient and expensive motorsproduced
by the larger firms,

There is a divergence between the criteria that industrial consumers use to evaluate efficiency
investments and those applied by utilities to evaluate comparable investments in electricity
supply. Forexample, the simple payback of tile investment on a package of measuresto improve
the efficiency of a 20.hp pumping system in India is three years (see Section 3.6). This would
be seen by indust;ies as a relatively long payback period and it is unlikely that a firm would
make the investment. Using a public sectordiscount rate of 10%, however, the CCE for a pump
life of 20 years is 1.5 cents/kWh, well below the long-run marginal cost of electricity supply.
The investment from a societal perspective is therefore cost-effective and would promote an
efficient use of resources.

Although the barriers to higher motor system efficiency are formidable, a wide range of
approaches involving various actors are available to help overcome them. In our discussion of
these policy alternatives, we summarize the experience in North America and highlight those
areas of most significance for developing countries. First, however, we discuss some key
changes that are re-shaping the general environment in which industries in developing countries
make investment decisions.

....... : -- _

a A studyof investmentin energyconservationby industriesin anumberof developingcountriesconducted
forU.S.AIDconcludedthat"thesimplepaybackrequirementsof mostcompaniesappearto be veryshortandin
allcountries,manyprojectswithpaybacksof lessthan1yearandverysmallinvestmentrequirementshavebeen
rejected(RCG/l-lagler,Bailly,Inc,,1989).Inaddition,themajorityofenergyconservationmeasuresidentifiedand
implementedhavepaybacksof i yearor tess."
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4.3 General Policies Affecting Industrial Investment Decisions

In many developing countries,government policies regardingthe price of electricity, tradeand
investment, and domestic competition have dampened progress in industrialenergy efficiency
in general. Competitive processes have been inhibited by such factors as the regulationof
profits, restrictionson licensing for new companies, and maintenanceof monopolies by state-
owned enterprises. Pricecontrolsrestrictthe amountof profit that an industryreceives,
inhibitingcapitalformationfor modernization.Entry into the markethasbeenlimited by
restrictivelicensingrequirementsandimportbarriersthatresultin reducedcompetition.State-
run enterprisesin developingcountrieshave commonlybeen inefficientlyoperatedand
imperviousto competitiveinfluences.

All of thesefactorshavetendedto lessenmanagementinterestin improvingproductivityand
constrainedinvestmentthatmightleadto higherenergyefficiency. In recentyears,however,
moreandmorecountrieshaveembraced"free market"policiesthatgiveindustrybetteraccess
to capitaland improvedtechnology.While thisevolutionwill not, in itself, removeall the
barrierstoconservation,it doesprovidemoreincentivefor companiesto increasetheefficiency
of theirproductionprocesses.

4.3.1 Energy Pricing

In recent years,electricitypricingpolicieshaveundergoneconsiderablechangein many
countriesin responseto fiscalpressuresandtheurgingof internationallendinginstitutionslike
theInternationalMonetaryFundandtheWorld Bank. Manydevelopingcountrygovernments
havereducedor, in somecases,eliminatedindustrialelectricitysubsidiesasa resultof these
pressures.Tociteoneimportantexample,in January1993,theChinesegovernmentannounced
planstograduallyremovethesubsidizedelectricityquotafor state-ownedfactories(ChinaDaily,
1993). Historically,China'sstateenterpriseshavereceivedsubstantialsubsidieson purchases
of electricity;someindustriespayonlyabouthalftheaveragecostof generation.The removal
of' electrici.ypricesubsidieswill stimulateinterestin the moreefficient and careful useof
electricity,but factorssuchascapitalshortagemaystillpreventaction.

4.3.2TradeandInvestmentPolicy

Importdutiesindevelopingcountrieshavehistoricallybeenhighin ordertobothraiserevenue
andprotectdomesticindustries.Sincemanycountriesrely uponimportsfor supplyingmotor
systemcomponents(particularlyfor thehigh-efficiencyequipment),dutiescan raisetheprice
of importedenergy-efficientequipmentconsiderably.Whenbothstandard-andhigh-efficiency
equipmentare imported,theduty raisesthe pricedifferentialbetweenthe two. In contrast,
importedequipmentspecificto electricitysupplyis typicallyfree of duty. From a national
economicperspective,import duties on energy-efficientequipment thus contribute to
underinvestmentin energyefficiencyrelativeto energysupply.

Thegeneraltrendin manydevelopingcountriestowardlowerimport dutiesfor all goodswill
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reducethe priceof energy-efficient_uipment for motorsystems(especiallyif globaltrade
negotiationsare successfullyconcluded).In somecountries,theresultinghigherdemandmay
thenencouragedomesticmanufacturersto beginproductionof higherefficiencyequipment.
Wherethedomesticindustryisjust beginningto producesuchequipment,the situationmay
warrantmaintainingimportdutiesfor a time. Selectivereductionof dutiesfor energy-efficient
equipmentisalsoa policyoptionthatsomecountrieshaveimplemented.

Jointventuresbetweenlocalandmultinationalcompaniesare primevehiclesfor thetransferof
newdesignsandproductiontechniques,as well as sourcesof capitalfor new production
facilities, in thepast,thediscouragementin manydevelopingcountries(eitherexplicitlyor by
dauntingbureaucraticprocedures)of joint ventureshas limited the introductionof new
technology,Jointventuresare nowbeingencouragedandmayproveimportantin increasing
investmentto produceenergy-efficientequipment. In China, for example,muchof the more
efficientfans,pumps,andothermotor-drivenequipmentis producedbyjointventuresbetween
Chineseand foreigncompaniesthatwere establishedto producefor domesticand export
markets. Althoughtheproductsfromjointventuresareoftentargetedfor Westernmarkets(to

_ earnhardcurrency),salesin thedomesticmarketmaygrowwithtime.

Whileenergypricingandothereconomicreformswill contributetogreaterinterestinefficiency
improvement,they will not by themselvesovercomeall the barriers to cost-effective
conservation.Suchreformswill not, for instance,addressthegapsin informationon energy-
efficiencytechnologiesthatareparticularlyprevalentin thedevelopingworld.

4.4 Education Programs

Educationprogramsto increaseawarenessof thevalueof motorsystemefficiencyanddevelop
expertiseto implementmeasurescan take the form of seminarsandcourses,publications,
databasesonefficiencytechnologies,andwell-publicizeddemonstrationprojects. In theOECD
countries,thefocusof educationprogramshasbeenontechnologieslikehigh-efficiencymotors,
VSDs,andpowerfactorcorrection.Whilesuchtopicsarealsorelevantin developingcountries,
educationprogramsshouldalsoencompasslesscapital-intensiveimprovements,emphasizing
basicinformationon motorsystemdesign,O&M, motorsizing,rewindingpractices,anduse
of multi-speed motors as a low-cost alternativeto VSDs.

Information dissemination in the form of publications, brochures, posters, and other
. communicationtools can enhance awareness of energy efficiency options. While governments

in developing countries have conducted information dissemination campaigns on energy
efficiency throughadvertisements in newspapers, magazines, radioand television, it is not clear

• to what extent motor efficiency has been promoted, in North America, many government
agencies, utilities, trade associations, and manufacturershave conducted information campaigns
on motorefficiency. For example, BC Hydro has distributed a series of publications on motor
efficiency, from small brochures on specific topics such as compressed air systems to more
detailed booklets on such topics as "High-Efficiency Motors" or "Adjustable-Speed Drives."
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Recently, a collaborationbetween India's NationalProductivityCouncil (NPC) and the Center
for Energy and Environment Studies (CE_) of Princeton University (U,S,) produced a
"technology menu" for motor drive systems (NPC and CE_S, 1993). Intendedas an aid for
designing and implementing industrialenergy efficiency improvement programs and projects,
the set of materialsin the "me.u" is a concise, user-friendly,"first-stop"_urce of reliabledata
and analyses relating to the performance and costs of energy-using technologies, with an
emphasison options for improvingefficiency, The "menu"containsentries on both components
(motors, pumps, fans, etc.) and systems,

Seminars and tndning courses can build upon informationdisseminationcampaignsand help
upgradeprofessionzl skills, In the U.S., the North CarolinaAlternativeEnergy Corporation (a
non-profitorganizationaffiliated with government agencies and private electrlc utilities) has
offered a uniqueprogram to trainenergy managersand to guarantee their_aries, If the energy
manager fails to recover in energy savings at least the amountof' his/her salary, NCAEC will
pay the difference, Thus, organizationscan hireenergy managers at no financialrisk, After
the first two years, NCAEC foundthatthe average energy managersaved twice his/her salary,
and the NCAEC hadto payless than:3% of the total salaries guaranteedby the program(Nadel,
et oi., 1991), In additionto professionaleducation, there is a need to place greateremphasis
on motor system efficiency in the engineering curriculaof universities and technical institutes.
Particularemphasis should be placed on proper system design and other aspects of process
optimization.

Less extensive trainingcould be given to key personnelat all points in the distributionchain -
from distributorto dealerto salesperson.A studyin theU.S. (FryerandStone,1993) found
that distributorsare the marketparticipantsbest positionedto promotemotorefficiency,
particularlysincethereplacementof a failedmotoroftenrequiresfastturn-around.

WhileimportJ.nt,educationprogramsbythemselvesarenotlikelyto bringaboutmuchefficiency
improvement. Rather,they providea necessaryfoundationupon which a broader,more
comprehensiveprogrammaybeconstructed.Overcomingthemanybarrierstoconservationwill
requirea multi-facetedresponse,wherebythe industrialsectoris providedthe information,
means,andinstitutionalsupportto implementefficiencymeasures.

4,5 Motor EfficiencyInformation

Standardizedratingof motorefficiencyisa prerequisiteto theevaluationof alternativeproducts,
establishmentof efficiencyrequirements,promotionof high-efficiencyequipmentthrough
incentiveprograms,andassessmentof programperformance.

A varietyof testproceduresfor motorsare usedin differentpartsof theworld. In anygiven
country,establishinga testingregimewill requirestandardizedtestingprotocols,independent
testingfacilities,anda monitoringsystemto ensuremanufacturercompliance.The testing
protocolshouldevaluateboththeaverageandminimumefficiencyof a particularmodel.
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In NorthAmerica,a motorlabelingstandard,mandatoryfor membersof theNationalElectrical
Manufacturers'Association (NEMA), is widely observed by manufacturers for motors in the
1-125 hp size range, In contrast to appliances, however, new motors are rarely _n by
customers prior to purchase, so motor labels have limited value in the buying decision, Labels

. may be somewhat useful in the used motor market by telling purchasersthe motor's nameplate
efficiency when the motor was new.

Unlike labeling, efficiencyinformationin oata]op is criticallyimportantin the new motor
market, However,evenin theU.8, thisinformationmaynotbeeasilyaccessible.A review
of catalogsfrom six major motormanufacturersfoundonly one manufacturerthat listed
efficienclesfor all its motors;three listedefficienclesin an appendixor supplement;one
providedefficienciesfor only its high-efficiencymotors;and the lastprovidednoefficiency
informationwhatever (Nadelet al., 1991).

4.6 Motor Errlclency Standards

Standardscan be an effectivemeansof movingthe marketfor new motorstowardhigher
efficiency.Standardscantaketheformof voluntaryagreementsbetweenmanufacturersandthe
governmentor mandatorylawsthatmanufacturersmustmeet.Volun_ standardsaretypically
in the form of guidelinesestablishedby manufacturers'associations,For example,NEMA
publisheda standardin 1989thatlistedthenominalandminimumefficiencya motormustmeet
or exceedin ordertobedesignatedas"high-efficiency,"TheNEMA standard(knownasTable
12.gB)wasmetbynearlyallhigh-efficiencyproductlinesandevenby somestandard-efficiency
motors.Voluntaryagreementsonsomeproductswerenegotiatedin JapanandGermanyinthe
19808,and were in the processof being negotiatedi_i Brazil in 1991, where the major
manufacturerof small-andmedium-sizemotorsendorsedthephasingoutof standard-efficiency
motors.

TheU.S, recentlybecamethefirst industrializedcountryto adoptstrongmandatoryminimum
efficiencystandardsfor newmotors,TheEnergyPolicyAct of 1992setsminimumefficiency
levelsfor majortypesof motorsin therangeof !-200 hp. Thestandards,whicharebasedon
minimumefficiencyvaluesdevelopedwithinthe motorindustry,varywith motorsize,s_,
and enclosuretype (Geller and Nadel, 1992), As an indicationof the stringencyof the
standards,the minimumefficiencylevelsmeetandgenerallyexceedthelevelsthatNEMA had

. specifiedin 1989in orderfor motorsto bedesignatedas"high-efficiency."Theywill eliminate
80% of thecurrentlysoldmotorsfrom themarket,but manufacturerswill havefiveto seven
yearsfromthedateof enactmentbeforethestandardstakeeffect, The legislationaim requires

. theU.S. Departmentof Energytoconsideradoptingefficiencystandardsonmotorsunder1 hp
in size,

Chinahasavoluntarystandardfor motorsandotherequipment.TheMinistryof Machineryand
Electronicsregularlypublisheslistsof efficientandinefficientequipmentto encourageremoval
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of the latter from the market, in some cases, these inefficient models have in fact _n
eliminated,butin others,manufacturershavecontinuedto producetheolderequipmenttrusted
byusers,

Theimpactof standardsobviouslydependsonhowstrinltenttheyarerelativeto themarketend
howwell _ey aveenforced.At a minimum,standardsremovethe leastefficientmodelsfrom
the market, At a maximum,sumdardsmay pushmanufacture,to int_u_ new destlns,
perhapsrequtrtntretooltnl in factoriesandsomecapitalinvestment,

+

In thedeveloptnlcountrycontext,strinlent mandatorystandardsmayfaceseveralp_lems.
Onetsconoemabouttheabilityof smallmanufacturersto _t thestan_, Thesecompanies
typ|_ly havelessaccessto capttaJfor uplradtnl productionthan lariat firmi that maybe
connectedto foretln complies. Thereisalsothet.ue of enforcementof standardsin situations
wherethereare manysmallmanufacturers,Oneoptionwouldbe to introduces_dards only
onthe larler motorsthatare notmadeby smallmanufacturers,A Ileneralconcernis thatby
removtnlrelativelychuper motorsfrom themarket,standardswill makeit moredifficult for
someconsumersto purchasea newmotor,andencouralerewtndtnl instead, This problem
couldbe lessenedthrouihutilityincentiveprosrams.

4.2 TeehnlcalAss_ance Prollrmms

Since lechnlcal expertise in industrial Arms in developlnll countries is often in short supply (or
over-burdenedwith manqlinllnormaloperations),proltramsthatprovidetechnicalassistancecan
be extremelyvaluablein identtfyinllandevaluattnlopportunitiesfor tmprovinl motorsystem
efficiencytn bothexisttnllandnewapplications,industrializedcountriescouldsupportthis
effortthroulihtrainingof enerByauditorsandasststtn8in thedevelopmentof on-siteevaluation
tools, Assistancecanbeprovidedto consu!ttnlenlllneersandmotormlespeopleaswellas to
theend.users.

The timerequiredtoassessthecostsandbenefitsof efficiencymeasurescanbelreatly reduced
throulhcalculattonal_ds, In Canada,OntarioHydrodistributesa freespreadsheetprolramto
motordistributorsendcustomersthatcalculatestheenersysavants,demandsavings,returnon
investmentandsimplepaybeckof high-efficiencyversusstandardmotors.In theU.S,, a similar
softwaretoolcalledMotorMastercanbepurchasedfor$50/ycar,whichincludesannualupdates,
Computerprogramsare availablefroma varietyof sourcesin theU,S, andCanadaonVSDs,
pumps, fansandothercomponents.In developingcountries,softwaretoolsmayproveuseful Q

to large industrialusers,butsmalluserswill requiresimplertools,

On-site_ssments and follow-upassistanceentaila muchhtliherdegreeof interactionand
expense,buthavetheadvantageof betnlisite-specific.Freeenerltyauditshavebeenoffered
for manyyears by a varietyof entities(utilities,ltovemmententities,manufacturers,trade
associations,internationalassistanceprosmms)inbothindustrializedanddeveloptnlcountries,
Whereappropriate,prollramsshouldincludedetailedengineeringdesignstudiestodeterminethe
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feasibilityof promtsinllefficiencyprojectsidentifiedin theaudit. This would_ anappropriate
entry point for financial assistance(e.ll, rebates or loans) to implement the audit
recommendations,P_. deslllnstudiesmayzl_ beofferedto firmsthatam butldinlla new
factoryor expandin8 an existin8factory, _is typeof proirzm quires theabilityto move
quicklyin orderto fit thecustomers'_h_ules,

Brazil'snationalconw_ationprogram,PROCEL,hassponmr.,,.da pro|ram to identifyno.and
Iow.co_telectricity_nmrvatton musuresfor motorsystemsandotherenduses, A uvinlts of
8-13• of electricityusewasidentifiedby theaudits,thouihmeasures|c¢ountinllforonly3091
of theidentifiedsevtnltspotentialwereusuallyimplemented(Lattore,Not)m,andBuqtoa,1_),

Theexperiencewithenerllyauditsin theU,S, aswellzs in severaldeveloptn8countriesshows
that implementationratesaxemuchhiltherfor recommendationswith rapidpzybacksthanfor
measureswith moderateor htllhcosts. For example,anevaluationin theU,S, foroneproltram
foundthat a measurewith a one year simplepaybackwas ten times more likely to be
implementedthin a measurewitha two yearsimplepayback(GustafmnandPeters,198"7).To
encourz4ea hilher rate of"implementationof cost.effectivemeasures,it is necem_ to link
technicalassistanceprogramswith finpncinior otherincentives.

4.8 IncentiveProsnmu

Thepurposeof incentiveproj_ms is to lowerthecosttoend.usersof makinginvestmentsthat
improveenerayefficiency, Incentivesincluderebates,low.interestloans,and_ incentives,
The justificationfor incentivesfrom a utility or _ietal perspectiveis that it is often less
expensiveto paycustomersto improveefficiencythan to providethe equivalentelectricity
supplyover the lifetimeof the equipment, In North America,manyutilitieshaveoffered
incentivesfor motorsystemefficiencyas part of their industrialdemand-sidemanagement
prolirams.

4.&.l RebalePro/ram_

Rebatesfor hillh-efflciencymotorsare themostpopularincentivefor drtvepowerefficiency
improvementin North America, As of 1993, over 100 utilitiesoffered rebatesfor hash-
efficiencymotors. Rebatesaretypicallyabout$10 per horsepower.Prollrameligibilitylevels
andrebateformulasvarywithmotorhorsepowerandsometimeswithmotors_ andenclosure

• t_,

Most programstuber new applicationsor situationswherea newmotorwill replacea failed
, motor, A $10/hprebatecoversmuchof thepricedifferencebetwecnnewstandard-andhlllh-

efficiencymotorsand, in sizesup to about30 hp,thedifferencebetweenrewindinllanda new

_AdaptedfromNadel,_tal, (l.l)_
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high-efficiencymotor. Sucha rebatecoversonlya smallportionof the costincrementfor
replacinginsteadof rewindingin largemotors(greaterthan30hp),andanevensmallerportion
of'thepricepremiuminvolvedinreplacinga workingmotor. The si_ of therebateis cfltical
to participation;theNewEnglandElectricSystemfoundthattheparticipationratefor its rebate
proiimmquadrupledwhenincentiveswereincrea_.

Mostmotorrebateprogramshavereceivedlimitedmarketingandhavehada modestimpacton
salesof high-efficiencymotors. On thepositiveside,mostproiiramshaveyieldedinexpensive
savtnlis:$._l-.003/kWh and$'/9-822/kWrived. Whiletheaveragemotorrebateproitramhas
hadonlylimitedparticipation,a fewprogramshavereachedawideraudience.NiagaraMohawk
rana pilotprogramduring1986in which33%of targetedcustomersparticipated.Theprogram
focusedon largeindustrieswith longoperatinghours,providedextensivepersonalattention,
offereda freecomputerassessmentof costsandsavings,andprovidedhigh($23thp)rebates-
sufficientto Payoverhalf thecostof a newreplacementmotorin manyapplications.

PacificOaaandElectric(PO&E) achieveda I."/9t participationrate in lessthanoneyearwith
its Energy-EfficientMotorprogramtargetedat mediumandlargecustomers.Manyadditional
customerswerereachedinsubeequenty_s througha programthatprovidedrebatesforvarious
measuresincludingmotors. This programwas promotedthroughmailingsand extensive
personalcontactswith eligiblecustomersand motor dealers. The program al_ included
proceduresto qualifyapplicationsoverthephone,so that whena motorfailed, thecustomer
couldquicklypurchasea newhigh-efficiencymotorandstill qualify for a rebate(Calhoun,
1984).

An tdternattveapproach for dealing with failed motors has been used by SouthernCalifornia
Edison, That utility allows customers to receive rebates for a reasonablenumber of motors
purchased for inventory stock, When an old motor fails, the new high-efficiency motor is
alr_y in the warehouseand can be quickly installed(Mayo, 1989). Several otherutilities have
adoptedthispolicy.

The experienceof BC Hydro(Canada)indicatesthe importanceof rebatesand incentivesfor
vendors(NelsonandTerries,1993). After someeight yearsof educationandpromotional
efforts, the marketshareof'high-efficiencymotorsin BritishColumbiain 1988wasonly 3.5_
(in part due to relativelylow electricitypflces). Mostvendorsdid not carryhigh-efficiency
motorsin stock,and the requiredlead time for supplywas often beyondthe purchaser's
time-frame. After threeyearsof incentiveprograms(customerrebatesandvendorincentives
to encouragestockingandsalesof high.efficiencymotors),the high-efficiencymotormarket II

sharehadBrowntoover00%, Thereisspeculationthatapermanentmarkettransformationhas
occurred,and that the rebateprogrammay no longerby requiredto sustainsalesof high.
efficiencymotors.Thissuggestsa dynamicrole forutilities,wherebyinterventioninthemarket
mayonlybe requiredfor limitedperiodsin orderto affectpermanentmarkettransformation.
Althouih the rebatescoveredmuchof the incrementalcostof high-efficiencymotors,the
incentiveprogramsweredeliveredat a levelizedcostot'only 1,2 cent,.,'kWh. To encourage
purchaseof the mostefficienthigh-efficiencymotors,therebatesare basedon kW craved(in
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contrastto payingthesameamountperhpfor all unitsabovea high-efficiencyqualifyingline).
Theutilityaim developedaneducationalbookletfor customers,computersoftwarefordealers
andlargecustomersto u_ to estimateenergysavings,anda listof _1 dealersin theprovince
supplyingefficientmotors, Programmarketingemphasizespersona]contactsbetweenfield
repre_ntatives_d largecustomers,consultingengineers,andmotorsuppliers.Many motor

. suppliershaveactivelypromotedtheprogram(Henriques,1989). OntarioHydrobeganasimilar
programfor highefficiencymotors_vera] yearslaterthathasachieveda 40% penetration,

. In thedevelopingcountries,rebatesfor motors(or othermotorsystemequipment)_ asyet
untfledto our knowledge. A programofferingrebatesis plannedin Thailandthatwill pay
100%of'theincrementalcostof high-effici,_cynewmotorsto thecustomer.Customerswho
replace(ratherthanrewind)old motorsandwhodelivertheirold motorto be scrappedwill
receivea financialreward.Motordistributorsandvendorswill receivea nominalcashincentive
for eachhigh-efficiencymotorsale to encouragetheiractive participationin the program
marketingeffort.

Incentivesfor VSDsandotherefficiency-enhancingmotorsystemequipmentare lesscommon
thanfor motors,buttheirusein utilityprogramsisgrowing.TheNewEnglandElectricSystem
and NiagaraMohawkhaveachievedmoresavingsin 1992from their incentiveprogramsfor
VSDs thanfor highefficiencymotors.BC Hydrohasalsodevelopedincentivesforcompressor,
pump,andfansystemimprovements.

4.8,2 "Packa&#"Inc¢ntlv¢Programs

Manyutilitiesin theU,S, offer so-called"package"or customizedincentiveprogramsin which
industrial(and often commercialas well) customersreceivean incentivefor a set of'
energy-savingmeasuresthat theyselect(oftenwith assistance)andsubmitto the utility for
approval.Motorsystemefficiencyimprovementhasfeaturedprominentlyin a numberof these
programs.Incentivesincludepaymentsbasedonenergysavedor loadreducedin thefirstyear
(i.e., S/kWhor kW saved),rebatesbasedona percentageof measurecost,paymentsthatreduce
thesimplepaybackperiodtoa certainlevel,cashfortheincrementalcostof efficientequipment,
andlow-to-nointerestloans, ]n somecases,utilitiescombinegenericincentiveswithextensive
technicalassistance;suchanapproachis likelyto be necessaryin developingcountries.U,S,
utilityexperienceindicatesthat themostsuccessfuleffortscombinedpre-definedandcustom
incentiv::s,

4,8.3Loansand6rants

Whileloanswithzeroorbelow-marketinterestrateshaveprovento bemuchlesspopularin the
, U,S. thanrebates,theyare usefulfor customerswholackinvestmentcapita],as is commonin

developingcountries.In fact, many developingcountrieshaveconductedloanprogramsfor
industrialenergyconservationprojects,Indiasponsorsthreeprogramsthatoffer a combination
of energyauditsandconcessiona]rateloansthroughits threenationaldevelopmentbanks, The
largestof theprogramshadfinanced122energyauditsandcommitted$13 millionin loansfor
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energy saving equipment as of March, 1990 (Nadel, Geller, and Ledbetter, 1991). The World
Bank and other regional development banks have also loaned funds for industrial energy
conservation in a variety of countries.

4.8.4 Tax Incentives

Governments in many OECD countries have offered tax credits and accelerated depreciation
allowances to promote energy-saving investments by industry. From 1978 to 1982, U.S.
businesses could take a tax credit equal to 10% of the capital cost of energy-saving investments.
The effectiveness of these policies is questionable, however. However, a study by the Alliance
to Save Energy (1983) found that such credits had little impact on energy investments.

In developing countries, taxes can contribute substantially to the cost of a good. For example,
the sales tax in Brazil is about 40%. 4 A few developing countries have implemented
preferential tax policies for energy-efficient equipment. The government of Barbados removed
sales tax on various energy conservation devices (Thompson, 1985). India also exempts certain
energy-saving products from sales tax, but the products were selected with oil consumption, not
electricity, in mind (Nadel, Geller, and Ledbetter, 1991). A similar policy lowering or waiving
duties on imported energy-efficient motor system equipment where there is not domestic
production could also be implemented, although it may be complicated and difficult to
administer. For motors, another approach is to base duties or taxes on the input kW of the
motor rather than the price (Anand and Kothari, 1990). This will also provide an added
incentive for downsizing, whenever possible.

4.9 Research, Development and Demonstration (RD&D) Programs

RD&D can play a key role in supporting and advancing the domestic manufacturing of efficient
motor system technologies. The Chinese government, for example, supports the development
of new designs for industrial end-use equipment at various institutes. RD&D may also be
necessary to adapt technologies transferred from industrialized countries to meet local needs and
production prcesses. Further, consumers may be skeptical of product performance and require
demonstration of effectiveness prior to purchase. In Brazil, PROCEL spearheaded RD&D for
motor speed controls and other conservation technologies (mostly unrelated to industrial motors).
In some cases, PROCEL studied how to produce energy-efficient goods domestically that would
otherwise be available only through imports, or how technologies could be adapted to meet local

needs. PROCEL then worked with private manufacturers to market the new product. Key
lessons from the PROCEL experience are to plan early to accommodate a long RD&D process
and to link private and public ventures such that RD&D in the public sector helps shape
production patterns in the private sector.

*I'here are exemptions to this tax, however, for equipment purchased by electric utilities, suppliers of petroleum
products, and other public authorities. The same status could be extended to the incremental cost of higher-

efficiency equipment and justified on the basis of avoided investments in new power supply.
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4.10 Improving Power Quality

Reducing large voltage fluctuations and standardizing voltage levels will contribute to higher
motor system efficiency since end-users will have less reason to oversize to compensate for large

. power fluctuations. There are two nodes for improving power quality, though the techniques
used to address each are similar: At the supply level, through improvements in the operation
of the transmission and distribution system (correcting power factor, improving conductor sizing,
controlling voltage levels); and at the plant level, through power factor correction, wire sizing,
transformer efficiency gains, and load balancing. In many countries, there is a lack of resources
to evaluate overloading and other problems in the transmission and distribution system.
Assisting this process should be a high priority, Projects have been initiated to improve the
quality of electricity supply in a number of developing countries. Brazil, for example, is setting
its nominal voltage levels at 127 and 220 volts, and is also replacing some transformers; the
standardization process is expected to last five to ten years. Though policies to correct the
power factor in industrial facilities are few, recognition of their importance is growing. A
number of countries currently impose penalties on users with poor power factor, and Pakistan
is planning a program to help industries correct poor power factor.

4.11 Issues and Priorities for Developing Countries

A strong implementing institution is fundamental to the development of a vigorous motor system
efficiency program. The policy measures described above will be most successful if
implemented as part of a comprehensive package of policies and programs designed to address
all aspects of motor system performance. Such a comprehensive plan would require the
participation of numerous entities, including utilities, government agencies, lending institutions,
trade associations, manufacturers, vendors, and end-users. Building institutional capacity is a
vital first step. While the specific design of a motor system efficiency program will be shaped
by the unique conditions in each country, all programs will require the empowerment of energy
management institutions.

Utilities can play instrumental roles in developing, coordinating, and implementing conservation
strategies. Lessons gleaned from the North American experience can help shape similar
programs in developing countries and highlight the important role that marketing plays in
affecting customer participation rates and overall program success. Developing countries can

. benefit from the North American experience by selectively applying policies that have proven
successful in North America and are appropriate to the unique circumstances of each country.

, In a few developing countries, utilities are recognizing that demand-side management can yield
important benefits. Overcoming the barriers to conservation will require substantive interaction
and the cultivation of working relationships between utilities, distributors, and end-users.
Emerging utility programs should work closely with existing energy conservation organizations
that have developed close contacts with industry. In many developing countries, such
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organizations have conducted energy audit programs, training courses, technical seminars, and
other outreach programs. Since utilities in developing countries generally lack the personnel and
experience to conduct energy audits and follow-up assistance, such activities would (at least
initially) best be performed by other organizations.

One of the important first steps to promoting motor efficiency is the development of efficiency
protocols that provide consistent and accurate results. The testing standards of the U.S. National
Electrical Manufacturers' Association and the Canadian Standards Association could serve as
models; both provide tight specifications to minimize subjectivity and operator errors.
Developing domestic capability to conduct efficiency tests will give local agencies more control
over the type and quality of tests used.

Though difficult to assess with the available data, considerable and inexpensive energy savings
are expected in developing countries through improved rewinding and O&M practices. Even
in the U.S., O&M is considered one of the cheapest means of saving electricity in motor "
systems. Providing guidance on proper O&M and motor rewinding techniques (including core
testing before and after rewinding) should be a high priority. Information and training programs
promoting the effective use, maintenance, and repair of motor systems can increase system
lifetimes as well as save energy.

Some developing countries may lack the capability to produce devices like high-efficiency motors
or VSDs. The larger, more industrially-developed countries may have the capability but not the
demand required to sustain domestic production. Utilities can work with industry associations
and Ministries of Industry to encourage domestic production of such technologies and can
coordinate such efforts with rebate programs or other incentives to increase domestic demand.
Developing countries can use existing industrial development channels to promote loans for
manufacturers to upgrade or build new production. China, for example, offers low-interest loans
and preferential tax treatment to encourage manufacturers to produce new, more-efficient
designs. Easing the access of manufacturers to the necessary raw materials is also important.

The provision of financing and other incentives for conservation investments is critical to
industrial customers for whom minimizing first costs is a primary consideration. In conjunction
with audits and related technical assistance, access to low interest loans and other incentives can
reduce the initial cost of conservation investments. Experience in the U.S. indicates that rebates
may need to cover a high percentage of the incremental cost of high-efficiency equipment to
attract high program participation, and that the most effective programs also involve
manufacturers and distributors of high-efficiency equipment.
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Economic Potential for Electricity Savings
From Motor System Improvements in India

(%of Projected2005All-IndiaElectricity Use)
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Source: Nadel, Kothari, and Goplnath (lggl).
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APPENDIX: ECONOMICS OF ELECTRICITY CONSERVATION INVF__

Thereare manyways to assess an energy conservationinvestment. They all evaluate thecapital
cost of a conservationmeasureand the futureenergy savings thatit will bring. The resultswill
vary with the perspective taken (societal or consumer) and the methodology applied. In this

. report, thevalue of conservationinvestmentsfrom a societalperspective areexpressedprimarily
in terms of the cost of conserved energy (CCE). The reportalso evaluates the attractivenessof
conservationmeasures by use of the simple paybackexpression:

Is

Simple Payback (years) = A / B

where,
A = IncrementalCost of the ConservationMeasure ($).
B _= Value of the Expected Annual Energy Saving (S/year).

For example, if a high-efficiency motorcosts $200 more thana standardmotor and saves $100
of electricity each year, thenthe simple paybackis 2 years.

The simple paybackconcept is a common method used by firms to evaluatethe worthiness of
a conservationinvestment, but it has certain limitations. The simple paybackassumes constant
electricity rates. Moreover, it does not factor in the lifetime of a conservation measure and
therefore ignores the value of part of the future savings.

The criteria used by a consumer to assess a conservation measure are very different from those
usedby an electricity utilityto assess long-terminvestments in power system infrastructure. The
CCE allows one to compare the life-cycle cost of a conservation measure to either electricity
prices or the costs of supply-side options. It facilitates the development of policies that seek to
optimize use of capital from the perspective of society as a whole. The CCE is defined as the
discounted annualized cost of implementing an efficiency measure divided by the annual energy
saving it provides:

CCE (S/kWh) = A / B

where,
A - Incremental Conservation Measure Cost ($) * Capital Recovery Factor.
B -- Annual Energy Saved (kWh).

The incrementalconservation measure cost is the differencebetween the net presentvalue (NPV)
cost of the measure and the NPV cost of the alternative. This incremental cost should include

the NPV of O&Mcosts as well as administrative costs if the investment is made as part of an
energy efficiency program.

The capital recovery factor (CRF) equals d/(1-(1 +d)"), where d is the real discount rate (net
of inflation) and n is the lifetime of the conservation measure. The CRF can be seen as the
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fraction paid annuallyof a loan that is used to financean efficiency measure,assumingan
interestrate equal to the discountrate and a loan term equal to the life of the conservation
measure.

The CCE canbe comparedagainstthe long-pjn marginalcost(LRMC) of electricity to rate the
cost-effectivenessof efficiency measures.A measurewith a CCE lessthantheLRMC wouldbe
cost-effectiveto implement, All else equal, the CCE will be lower (and the investmentmore
attractive)if the annualusageor the lifetime of theequipmentincreases,

#

Different discountrotes can be usedto simulatedifferent costsof capita] when evaluatinga
conservationmeasure, For example, to evaluatethe attractivenessof a conservationmeasure
from the pointof view of a small industrialelectricityconsumerwho has a very limited access
to capital,a high discountrate can be usedin CCE calculations, This techniqueallows one to
usethe CCE method,with its longer-termanalysis, in placeof the simplepaybackto evaluate
a conservationmeasurefrom theconsumer'sperspective. This report, however, usesonly the
societalperspectivein calculatingCCEs. The discountrate usedby thestudiesforBrazil, India,
andThailand was 10%, while the CostaRica studyuseda slightlyhigherrate of ]2%.
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