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General

nergy is the basic necessity for the eco-
aomic development of a country.
any functions necessary to present-day
living grind to halt when the supply of energy
stops. Itispractically impossibleto estimatethe
actual magnitude of the part that energy has
played in the building up of present-day
civilisation. The availability of huge amount of
energy in the modern times has resulted in a
shorter working day, higher agricultural and in-
dustria production, ahedlthier and morebalanced
diet and better transportation facilities. As a
matter of fact, there is a close relationship be-
tween the energy used per person and his stan-
dard of living. The greater the per capita con-
sumption of energy in acountry, the higher isthe
standard of living of its people.

Energy existsin different formsin nature but
the most important formisthe electrical energy.
The modern society is so much dependent upon
the use of electrical energy that it has become a
part and parcel of our life. Inthischapter, weshall
focus our attention on the genera aspects of elec-
trical energy.
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1.1 Importance of Electrical Energy

Energy may be needed as heat, aslight, asmotive power etc. The present-day advancement in science
and technology has made it possible to convert electrical energy into any desired form. This has
given electrical energy aplace of pridein the modern world. The survival of industrial undertakings
and our social structures depends primarily upon low cost and uninterrupted supply of electrical
energy. In fact, the advancement of a country is measured in terms of per capita consumption of
electrical energy.

Electrical energy is superior to all other forms of energy due to the following reasons:

(i) Convenient form. Electrical energy isavery convenient form of energy. It can be easily
converted into other forms of energy. For example, if wewant to convert electrical energy into heat,
the only thing to be doneisto pass electrical current through awire of high resistance e.g., a heater.
Similarly, electrical energy can be converted into light (e.g. electric bulb), mechanical energy (e.g.
electric motors) etc.

(if) Easycontrol. Theelectrically operated machineshave simpleand convenient starting, control
and operation. For instance, an electric motor can be started or stopped by turning on or off a switch.
Similarly, with simple arrangements, the speed of electric motors can be easily varied over the desired
range.

(iif) Greater flexibility. Oneimportant reason for preferring electrical energy is the flexibility
that it offers. It can be easily transported from one place to another with the help of conductors.

(iv) Cheapness. Electrical energy ismuch cheaper than other formsof energy. Thusitisoverall
economical to use thisform of energy for domestic, commercia and industrial purposes.

(v) Cleanliness. Electrical energy is not associated with smoke, fumes or poisonous gases.
Therefore, its use ensures cleanliness and healthy conditions.

(vi) High transmisson efficiency. The consumers of electrical energy are generaly situated
quite away from the centres of its production. The electrical energy can be transmitted conveniently
and efficiently from the centres of generation to the consumerswith the help of overhead conductors
known astransmission lines.

1.2 Generation of Electrical Energy

The conversion of energy available in different forms in nature into electrical energy is known as
generation of electrical energy.

Electrical energy is a manufactured commodity like clothing, furniture or tools. Just as the
manufacture of a commodity involves the conversion of raw materials available in nature into the
desired form, similarly electrical energy is produced from the forms of energy available in nature.
However, electrical energy differs in one important respect. Whereas other commaodities may be
produced at will and consumed as needed, the electrical energy must be produced and transmitted to
the point of use at theinstant it isneeded. The entire process takes only afraction of asecond. This
instantaneous production of electrical energy introduces technical and economical considerations
unique to the electrical power industry.

Energy is available in various forms from different | Eneray from ACE
. some source
natural sources such as pressure head of water, chemical
energy of fuels, nuclear energy of radioactive substances I I
etc. All these forms of energy can be converted into .
electrical energy by the useof suitablearrangements. The m:/”eer ;:m: Alternator |
arrangement essentially employs (see Fig. 1.1) an
aternator coupled to a prime mover. The prime mover
is driven by the energy obtaimed from various sources Fig. 1.1
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such as burning of fuel, pressure of water, force of wind etc. For example, chemical energy of afuel
(e.g., coal) can be used to produce steam at high temperature and pressure. The steam isfed to a
prime mover which may be a steam engine or a steam turbine. The turbine converts heat energy of
steam into mechanical energy which is further converted into electrical energy by the aternator.
Similarly, other formsof energy can be converted into el ectrical energy by employing suitable machinery
and equipment.

1.3. Sources of Energy

Sinceelectrical energy isproduced from energy availablein variousformsin nature, it isdesirableto
look into the various sources of energy. These sources of energy are:

(i) TheSun (ii) TheWind (iii) Water (iv) Fuels (v) Nuclear energy.

Out of these sources, the energy due to Sun and wind has not been utilised on large scale due to
anumber of limitations. At present, the other three sourcesviz., water, fuels and nuclear energy are
primarily used for the generation of electrical energy.

(i) TheSun. The Sunisthe primary source of energy. The heat energy radiated by the Sun can
be focussed over a small area by means of reflectors. This heat can be used to raise steam and
electrical energy can be produced with the help of turbine-alternator combination. However, this
method has limited application because :

(a) itrequiresalarge areafor the generation of even asmall amount of electric power

(b) it cannot be used in cloudy days or at night

(c) itisan uneconomical method.

Neverthel ess, there are somelocationsin the world where strong solar radiation isreceived very
regularly and the sources of mineral fuel are scanty or lacking. Such locations offer moreinterest to
the solar plant builders.

(if) TheWind. This method can be used where wind flows for a considerable length of time.
The wind energy is used to run the wind mill which drives a small generator. In order to obtain the
electrical energy from a wind mill continuously, the generator is arranged to charge the batteries.
These batteries supply the energy when the wind stops. This method has the advantages that
maintenance and generation costs are negligible. However, the drawbacks of this method are
(a) variable output, (b) unreliable because of uncertainty about wind pressure and (c) power generated
isquite small.

(iif) Water. When water isstored at asuitable place, it possesses potential energy because of the
head created. This water energy can be converted into mechanical energy with the help of water
turbines. The water turbine drives the alternator which converts mechanical energy into electrical
energy. Thismethod of generation of electrical energy has become very popular because it has low
production and maintenance costs.

(iv) Fuels. Themain sourcesof energy arefuelsviz., solid fuel ascoal, liquid fuel asoil and gas
fuel as natural gas. The heat energy of these fuelsis converted into mechanical energy by suitable
prime movers such as steam engines, steam turbines, internal combustion engines etc. The prime
mover drivesthe alternator which converts mechanical energy into electrical energy. Although fuels
continue to enjoy the place of chief source for the generation of electrical energy, yet their reserves
arediminishing day by day. Therefore, the present trend isto harness water power which ismore or
|ess a permanent source of power.

(V) Nuclear energy. Towardstheend of Second World War, it was discovered that large amount
of heat energy isliberated by the fission of uranium and other fissionable materials. It is estimated
that heat produced by 1 kg of nuclear fuel isequal to that produced by 4500 tonnes of coal. The heat
produced due to nuclear fission can be utilised to raise steam with suitable arrangements. The steam
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canrunthe steam turbinewhich inturn can drivethe aternator to produce electrical energy. However,
thereare somedifficultiesin the use of nuclear energy. The principa onesare (&) high cost of nuclear
plant (b) problem of disposal of radioactive waste and dearth of trained personnel to handlethe plant.

- Coal

Crude oil

Natural gas

Hydro-electric power

EOERB@

Nuclear power

D Renewables

Energy Utilisation

1.4 Comparison of Energy Sources

The chief sources of energy used for the generation of electrical energy are water, fuels and nuclear
energy. Below isgiven their comparison in atabular form:

SNo. | Particular Water -power Fuels Nuclear energy
1. Initial cost High Low Highest
2. Running cost Less High Least
3. Reserves Permanent Exhaustable Inexhaustible
4. Cleanliness Cleanest Dirtiest Clean
5 Smplicity Simplest Complex Most complex
6. Reliability Most reliable Lessreliable Morereliable

1.5 Units of Energy

The capacity of an agent to do work isknown asitsenergy. The most important forms of energy are
mechanical energy, electrical energy and thermal energy. Different unitshave been assigned to various
forms of energy. However, it must be realised that since mechanical, electrical and thermal energies
areinterchangeable, it is possible to assign the same unit to them. This pointisclarifiedin Art 1.6.
(i) Mechanical energy. The unit of mechanical energy isnewton-metre or jouleonthe M.K.S.

or Sl system.

The work done on a body is one newton-metre (or joule) if a force of one newton moves it
through a distance of one metrei.e.,

Mechanical energy injoules = Forcein newton x distance in metres

(if) Electrical energy. Theunit of electrical energy iswatt-sec or joule and isdefined asfollows:

One watt-second (or joule) energy is transferred between two points if a p.d. of 1 volt exists
between them and 1 ampere current passes between them for 1 second i.e.,
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Electrical energy in watt-sec (or joules)
= voltagein volts x current in amperes x time in seconds

Joule or watt-sec isavery small unit of electrical energy for practical purposes. In practice, for
the measurement of electrical energy, bigger unitsviz., watt-hour and kilowatt hour are used.

lwatt-hour = 1wattx 1hr
1 watt x 3600 sec = 3600 watt-sec
1 kilowatt hour (kWh) = 1 kW x 1 hr = 1000 watt x 3600 sec = 36 x 10° watt-Sec.
(iif) Hesat. Heatisaform of energy which produces the sensation of warmth. The unit* of heat
iscaorie, British thermal unit (B.Th.U.) and centigrade heat units (C.H.U.) on the various systems.
Calorie. Itistheamount of heat required to raise the temperature of 1 gm of water through 1°C
i.e,

1 calorie = 1gm of water x 1°C
Sometimesabigger unit namely kilocalorieisused. A kilocaorieistheamount of heat required
to raise the temperature of 1 kg of water through 1°Cii.e.,
1kilocalorie = 1kg % 1°C = 1000 gm x 1°C = 1000 calories
B.Th.U. Itistheamount of heat required to raise the temperature of 1 Ib of water through 1°Fi.e.,
1B.Th.U. = 11lbx 1%
C.H.U. Itistheamount of heat required to raisethe temperature of 1 1b of water through 1°Ci.e.,
1CHU. = 1lbx1°C

1.6 Relationship Among Energy Units

The energy whether possessed by an electrical system or mechanical system or thermal system has
the same thing in commoni.e., it can do some work. Therefore, mechanical, electrical and thermal
energies must have the same unit. Thisis amply established by the fact that there exists a definite
relationship among the units assigned to these energies. 1t will be seen that these units are related to
each other by some constant.

(i) Electrical and Mechanical

1kWh = 1kW x1hr
= 1000 watts x 3600 seconds = 36 x 10° watt-sec. or Joules
0 1kWh = 36 x 10° Joules

Itisclear that electrical energy can be expressed in Joulesinstead of kWh.
(ii) Heat and Mechanical

(a 1caorie = 4-18 Joules (By experiment)
(b) 1CH.U. = 1Ibx 1°C=453-6 gm x 1°C
= 453-6 calories = 453-6 x 4-18 Joules = 1896 Joules
O 1C.H.U. = 1896 Joules
(@) 1B.Th.U. = 11bx 1°F =453.6 gm x 5/9°C
= 252 calories = 252 x 4-18 Joules = 1053 Joules
O 1B.Th.U. = 1053 Joules

It may be seen that heat energy can be expressed in Joulesinstead of thermal units viz. calorie,
B.Th.U. and C.H.U.

*  The Sl or MKS unit of thermal energy being used these days is the joule—exactly as for mechanical and
electrical energies. The thermal unitsviz. calorie, B.Th.U. and C.H.U. are obsolete.



T
(iii) Electrical and Heat

6 7 Principles of Power System

(@ 1kWh = 1000 watts x 3600 seconds = 36 x 10° Joules
5
- 36x10 calories = 860 x 10° calories
478
a 1kWh = 860 x 10° calories or 860 kcal
(b) 1kWh = 36x 10° Joules = 36 x 10%/1896 C.H.U. = 1898 C.H.U.
[~ 1 C.H.U. = 1896 Joules]
0 1kWh = 1898 C.H.U.
5

© 1kWh = 36 x 10° Joules = 361;5%0 B.Th.U. = 3418 B.Th.U.

[-- 1B.Th.U. = 1053 Joules]
0 1kWh = 3418 B.Th.U.

The reader may note that units of electrical energy can be converted into heat and vice-versa.
Thisis expected since electrical and thermal energies are interchangeable.

1.7 Efficiency

r
Energy isavailablein various i
forms from different natural [ £ =
sources such as pressure head - |
of water, chemical energy of H

fuels, nuclear energy of
radioactive substancesetc. All
these forms of energy can be
converted into electrical
energy by the use of suitable
arrangement. In this process
of conversion, someenergy is
lost in the sense that it is
converted to a form different
from electrical energy.
Therefore, the output energy is
lessthantheinput energy. The
output energy divided by the
input energy is called energy

—

efficiency or simply efficiency Measuring efficiency of compressor.
of the system.
N Output ener
Efficiency, n = W

Aspower istherate of energy flow, therefore, efficiency may be expressed equally well as output
power divided by input power i.e.,
Output power
“Input power

Example 1.1. Mechanical energy is supplied to a d.c. generator at the rate of 4200 J/s. The
generator delivers 32:2 Aat 120 V.

(i) What is the percentage efficiency of the generator ?

(it) How much energy islost per minute of operation ?

Efficiency, n =
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Solution.
(i) Input power, P, = 4200 Js=4200 W
Output power, P, = EI =120 x 32.2 = 3864 W
.. _ PR _ 3864 oo
O Efficiency, n = P x100 = 2200 x100 = 2%
(if) Power lost, P, = P -P,=4200-3864 =336 W

00 Energy lost per minute (= 60 s) of operation
= P_xt=336x60=20160J
Note that efficiency isalwayslessthan 1 (or 100 %). In other words, every system islessthan
100 % efficient.

1.8 Calorific Value of Fuels
The amount of heat produced by the complete combustion of a unit weight of fuel is known asits
calorific value.

Calorific valueindicatesthe amount of heat availablefrom afuel. Thegreater thecaorific value
of fuel, thelarger isits ability to produce heat. In case of solid and liquid fuels, the calorific valueis
expressed in cal/gmor kcal/kg. However, in case of gaseousfuels, itisgenerally stated in cal/litre or
kcal/litre. Below is given a table of various types of fuels and their calorific values along with
composition.

S.No. Particular Calorific value Composition
1. Solid fuels
(i) Lignite 5,000 kcal/kg C=67%,H=5%, O=20%,ash=28%
(i) Bituminous coal 7,600 kcal/kg C =83%, H =5:5%, O =5%, ash=6-5%
(iii) Anthrecite coal 8,500 kcal/kg C=90%, H=3%, O=2%, ash=5%
2. Liquid fuels
(i) Heavy ail 11,000 kcal/kg C=86%, H=12%, S=2%
(ii) Diesel il 11,000 kcal/kg C =86-3%, H =12-8%, S=0-9%
(iii) Petrol 11,110 kcal/kg C=86%, H=14%
& Gaseous fuels
(i) Natural gas 520 kcal/m® CH, = 84%, C,H, = 10%
Other hydrocarbons = 5%
(ii) Coal gas 7,600 kcal/m?® CH, = 35%, H = 45%, CO= 8%, N = 6%
CO, = 2%, Other hydrocarbons = 4%

1.9 Advantages of Liquid Fuels over Solid Fuels

The following are the advantages of liquid fuels over the solid fuels:
(i) Thehandling of liquid fuelsis easier and they require less storage space.
(if) The combustion of liquid fuelsis uniform.

(iif) The solid fuels have higher percentage of moisture and consequently they burn with great
difficulty. However, liquid fuels can be burnt with a fair degree of ease and attain high
temperature very quickly compared to solid fuels.

(iv) Thewaste product of solid fuelsisalarge quantity of ash and itsdisposal becomesaproblem.
However, liquid fuels leave no or very little ash after burning.

(v) Thefiring of liquid fuelscan be easily controlled. Thispermitsto meet thevariationin load
demand easily.

1.10 Advantages of Solid Fuels over Liquid Fuels
The following are the advantages of solid fuels over theliquid fuels:
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(i) Incaseof liquid fuels, thereisadanger of explosion.

(if) Liquidsfuelsare costlier as compared to solid fuels.

(iif) Sometimesliquid fuels give unpleasant odours during burning.
(iv) Liquid fuelsrequire specia types of burnersfor burning.

(v) Liquidfuelsposeproblemsin cold climatessincetheoil stored inthetanksisto beheated in

order to avoid the stoppage of oil flow.
SELF-TEST

Fill in the blanks by inserting appropriate words/figures.

(i) Theprimary source of energy isthe .........cccoeeeee.
(if) The most important form of energy isthe ..........ccccovveeee.
(ii1) 1KWh = s kcal
(iv) The caorific value of asolid fuel isexpreessed in .........ccoeveeee.
(v) The three principal sources of energy used for the generation of electrical energy are ..........c.coevenne

and ..o
Pick up the correct wordg/figures from the brackets and fill in the blanks.

(i) Electrical energy is .....ccccovevrenne than other forms of energy. (cheaper, costlier)
(if) The electrical, heat and mechanical energies ............cccocevenee. be expressed in the same units.

(can, cannot)

[(LL) I continue to enjoy the chief source for the generation of electrical energy.

(fuels, radioactive substances, water)

(iv) Thebasic unit of energy is.......cccoveeevrenns (Joule, watt)
(v) An alternator is a machine which converts ...........ccccoeveneee. INEO o

(mechanical energy, electrical energy)

ANSWERS TO SELF-TEST
(i) Sun, (ii) electrical energy, (iii) 860, (iv) cal/gm or kcal/kg, (v) water, fuels and radioactive substances

(i) Cheaper, (ii) can, (iii) fuels, (iv) Joule, (v) mechanical energy, electrical energy.
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CHAPTER REVIEW TOPICS

Why is electrical energy preferred over other forms of energy ?
Write a short note on the generation of electrical energy.
Discuss the different sources of energy available in nature.
Compare the chief sources of energy used for the generation of electrical energy.
Establish the following relations :
(i) 1kWh =36 x 10° Joules (il) 1 kwh =860 kcal
(iii) 1 B.Th.U. = 1053 Joules (iv) 1 C.H.U. = 1896 Joules
What do you mean by efficiency of asystem ?
What are the advantages of liquid fuels over the solid fuels ?
What are the advantages of solid fuels over the liquid fuels ?

ok wDdE

DISCUSSION QUESTIONS

Why do we endeavour to use water power for the generation of electrical energy ?
What is the importance of electrical energy ?

What are the problems in the use of nuclear energy ?

Give one practical example where wind-mill is used.

What is the principal source of generation of electrical energy ?

o FIRST
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Introduction

n this modern world, the dependence on
I electricity is so much that it has become a
part and parcel of our life. The ever increas-
ing use of electric power for domestic, commer-
cial and industrial purposes necessitates to pro-
vide bulk electric power economically. Thisis
achieved with the help of suitable power produc-
ing units, known as Power plants or Electric
power generating stations. Thedesign of apower
plant should incorporate two important aspects.
Firstly, the selection and placing of necessary
power-generating equipment should be such so
that amaximum of return will result fromamini-
mum of expenditure over the working life of the
plant. Secondly, the operation of the plant should
be such so as to provide cheap, reliable and
continuous service. In this chapter, we shall
focus our attention on various types of generat-
ing stationswith special referenceto their advan-
tages and disadvantages.

2.1 Generating Stations

Bulk electric power isproduced by special plants
known as generating stations or power plants.

A generating station essentially employs a
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prime mover coupled to an aternator for the production of electric power. The prime mover (e.g.,
steam turbine, water turbine etc.) converts energy from some other forminto mechanical energy. The
aternator converts mechanical energy of the prime mover into electrical energy. The electrical en-
ergy produced by the generating station istransmitted and distributed with the help of conductorsto
various consumers. It may be emphasised here that apart from prime mover-alternator combination,
amodern generating station employs several auxiliary equipment and instruments to ensure cheap,
reliable and continuous service.

Depending upon the form of energy converted into electrical energy, the generating stations are
classified as under :

(i) Steam power stations (if) Hydroelectric power stations

(iif) Diesel power stations (iv) Nuclear power stations

2.2 Steam Power Station (Thermal Station)
A generating station which converts heat energy of coal combustion into electrical energy is known
as a steam power station.

A steam power station basically works on the Rankine cycle. Steamisproduced in the boiler by
utilising the heat of coa combustion. The steam is then expanded in the prime mover (i.e., steam
turbine) and is condensed in acondenser to be fed into the boiler again. The steam turbine drivesthe
aternator which converts mechanical energy of theturbineinto electrical energy. Thistype of power
station is suitable where coal and water are available in abundance and a large amount of electric
power isto be generated.

Advantages
(i) Thefuel (i.e., coal) used is quite cheap.
(if) Lessinitial cost as compared to other generating stations.

(i) It canbeinstalled at any place irrespective of the existence of coal. The coal can betrans-
ported to the site of the plant by rail or road.

(iv) It requiresless space as compared to the hydroel ectric power station.
(V) Thecost of generation islesser than that of the diesel power station.

Disadvantages

(i) It pollutes the atmosphere due to the production of large amount of smoke and fumes.
(if) Itiscostlier in running cost as compared to hydroelectric plant.

2.3 Schematic Arrangement of Steam Power Station

Although steam power station simply involvesthe conversion of heat of coal combustion into electri-
cal energy, yet it embraces many arrangements for proper working and efficiency. The schematic
arrangement of a modern steam power station is shown in Fig. 2.1. The whole arrangement can be
divided into the following stages for the sake of simplicity :

1. Coal and ash handling arrangement 2. Steam generating plant

3. Steamturbine 4. Alternator

5. Feed water 6. Cooling arrangement

1. Coal and ash handling plant. The coal istransported to the power station by road or rail and

is stored in the coal storage plant. Storage of coal is primarily a matter of protection against coal
strikes, failure of transportation system and general coa shortages. From the coal storage plant, coal
isdelivered to the coal handling plant whereit is pulverised (i.e., crushed into small pieces) in order
to increase its surface exposure, thus promoting rapid combustion without using large quantity of
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Schematic arrangement of Steam Power Station
Fig. 2.1

excessair. The pulverised coal isfed to the boiler by belt conveyors. The coal isburnt in the boiler
and the ash produced after the complete combustion of coal isremoved to the ash handling plant and
then delivered to the ash storage plant for disposal. Theremoval of the ash from the boiler furnaceis
necessary for proper burning of coal.

It is worthwhile to give a passing reference to the amount of coal burnt and ash produced in a
modern thermal power station. A 100 MW station operating at 50% load factor may burn about
20,000 tons of coal per month and ash produced may be to the tune of 10% to 15% of coal firedi.e.,
2,000 to 3,000 tons. In fact, in a thermal station, about 50% to 60% of the total operating cost
consists of fuel purchasing and its handling.
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2. Steam generating plant. The steam generating plant consists of aboiler for the production of
steam and other auxiliary equipment for the utilisation of flue gases.

(i) Boiler. Theheat of combustion of coal intheboiler isutilised to convert water into steam at
high temperature and pressure. The flue gases from the boiler make their journey through super-
heater, economiser, air pre-heater and arefinally exhausted to atmosphere through the chimney.

(if) Superheater. The steam produced in the boiler iswet and is passed through a superheater
where it is dried and superheated (i.e., steam temperature increased above that of boiling point of
water) by the flue gases on their way to chimney. Superheating provides two principa benefits.
Firstly, the overall efficiency isincreased. Secondly, too much condensation in the last stages of
turbine (which would cause blade corrosion) isavoided. The superheated steam from the superheater
isfed to steam turbine through the main valve.

(iif) Economiser. Aneconomiser isessentially afeed water heater and derives heat from theflue
gases for this purpose. The feed water isfed to the economiser before supplying to the boiler. The
economiser extracts a part of heat of flue gases to increase the feed water temperature.

(iv) Air preheater. Anair preheater increases the temperature of the air supplied for coal burn-
ing by deriving heat from flue gases. Air isdrawn from the atmosphere by aforced draught fan and
is passed through air preheater before supplying to the boiler furnace. Theair preheater extracts heat
from flue gases and increases the temperature of air used for coal combustion. The principal benefits
of preheating theair are: increased thermal efficiency and increased steam capacity per square metre
of boiler surface.

3. Steam turbine. The dry and superheated steam from the superheater is fed to the steam
turbine through main valve. The heat energy of steam when passing over the blades of turbine is
converted into mechanical energy. After giving heat energy to the turbine, the steam is exhausted to
the condenser which condenses the exhausted steam by means of cold water circulation.

4. Alternator. The steam turbineis coupled to an alternator. The alternator converts mechanical
energy of turbineinto electrical energy. The electrical output from the alternator is delivered to the
bus bars through transformer, circuit breakers and isolators.

5. Feed water. The condensate from the condenser is used as feed water to the boiler. Some
water may belost in the cycle which is suitably made up from external source. Thefeed water onits
way to the boiler is heated by water heaters and economiser. This helpsin raising the overall effi-
ciency of the plant.

6. Cooling arrangement. In order to improve the efficiency of the plant, the steam exhausted
from the turbine is condensed* by means of a condenser. Water is drawn from a natural source of
supply such as ariver, canal or lake and is circulated through the condenser. The circulating water
takes up the heat of the exhausted steam and itself becomes hot. This hot water coming out from the
condenser is discharged at a suitable location down theriver. In case the availability of water from
the source of supply is not assured throughout the year, cooling towers are used. During the scarcity
of water in the river, hot water from the condenser is passed on to the cooling towers where it is
cooled. The cold water from the cooling tower is reused in the condenser.

2.4 Choice of Site for Steam Power Stations
In order to achieve overall economy, the following points should be considered while selecting asite
for a steam power station :

(i) Supply of fuel. The steam power station should be located near the coal mines so that
transportation cost of fuel isminimum. However, if such aplantisto beinstalled at aplace

*  Efficiency of the plant isincreased by reducing turbine exhaust pressure. Low pressure at the exhaust can
be achieved by condensing the steam at the turbine exhaust.
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where coal is not available, then care should be taken that adequate facilities exist for the
transportation of coal.

(if) Availability of water. Ashuge amount of water isrequired for the condenser, therefore, such
a plant should be located at the bank of a river or near a canal to ensure the continuous
supply of water.

(iii) Transportation facilities. A modern steam power station often requiresthe transportation of
material and machinery. Therefore, adequate transportation facilities must exist i.e., the
plant should be well connected to other parts of the country by rail, road. etc.

(iv) Cost and type of land. The steam power station should be located at a place where land is
cheap and further extension, if necessary, ispossible. Moreover, the bearing capacity of the
ground should be adequate so that heavy equipment could be installed.

(V) Nearness to load centres. In order to reduce the transmission cost, the plant should be
located near the centre of the load. Thisis particularly important if d.c. supply systemis
adopted. However, if a.c. supply system is adopted, this factor becomes relatively less
important. It is because a.c. power can be transmitted at high voltages with consequent
reduced transmission cost. Therefore, it ispossible to install the plant away from the load
centres, provided other conditions are favourable.

(vi) Distance from populated area. As huge amount of coal is burnt in a steam power station,
therefore, smoke and fumes pollute the surrounding area. This necessitates that the plant
should be located at a considerable distance from the populated areas.

Conclusion. It isclear that al the above factors cannot be favourable at one place. However,
keeping in view thefact that now-a-daysthe supply systemisa.c. and moreimportanceisbeing given
to generation than transmission, a site away from the towns may be selected. In particular, asite by
river side where sufficient water is available, no pollution of atmosphere occurs and fuel can be
transported economically, may perhaps be an ideal choice.

2.5 Efficiency of Steam Power Station

The overall efficiency of asteam power station is quite low (about 29%) due mainly to two reasons.
Firstly, ahuge amount of heat islost in the condenser and secondly hesat |osses occur at various stages
of the plant. The heat lost in the condenser cannot be avoided. It is because heat energy cannot be
converted into mechanical energy without temperature difference. The greater the temperature dif-
ference, the greater isthe heat energy converted* into mechanical energy. This necessitatesto keep
the steam in the condenser at the lowest temperature. But we know that greater the temperature
difference, greater isthe amount of heat lost. Thisexplainsfor the low efficiency of such plants.

(i) Thermal efficiency. Theratio of heat equivalent of mechanical energy transmitted to the
turbine shaft to the heat of combustion of coal is known as thermal efficiency of steam power
station.

Heat equivalent of mech. energy
transmitted to turbine shaft
Heat of coal combustion

The thermal efficiency of a modern steam power station is about 30%. It means that if
100 caloriesof heat is supplied by coal combustion, then mechanical energy equivalent of 30 calories
will be available at the turbine shaft and rest islost. It may be important to note that more than 50%
of total heat of combustionislost in the condenser. The other heat losses occur in flue gases, radia-
tion, ash etc.

(if) Overall efficiency. Theratio of heat equivalent of electrical output to the heat of combus-
tion of coal is known as overall efficiency of steam power stationi.e.

Thermal efficiency, Nyema =

*  Thermodynamic laws.
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Heat equivalent of electrical ouput
Heat of combustion of coal
The overal efficiency of a steam power station is about 29%. It may be seen that overall effi-
ciency islessthan thethermal efficiency. Thisisexpected since somelosses (about 1%) occur inthe
alternator. Thefollowing relation exists among the various efficiencies.

Overdl efficiency = Therma efficiency x Electrical efficiency

Overdll efficiency, Mewzan =

2.6 Equipment of Steam Power Station

A modern steam power station ishighly complex and has numerous equipment and auxiliaries. How-
ever, the most important constituents of a steam power station are:

1. Steam generating equipment 2. Condenser 3. Prime mover

4. Water treatment plant 5. Electrical equipment.

1. Steam generating equipment. Thisis an important part of steam power station. It is con-
cerned with the generation of superheated steam and includes such items as boiler, boiler furnace,
superheater, economiser, air pre-heater and other heat reclaiming devices.

(i) Boiler. A boilerisclosed vessel in which water isconverted into steam by utilising the heat
of coal combustion. Steam boilers are broadly classified into the following two types:

(a) Waeter tube boilers (b) Firetube boilers

In awater tube boiler, water flows through the tubes and the hot gases of combustion flow over
these tubes. On the other hand, in afire tube boiler, the hot products of combustion pass through the
tubes surrounded by water. Water tube boilers have a number of advantages over fire tube boilers
viz., requireless space, smaller size of tubesand drum, high working pressure dueto small drum, less
liableto explosion etc. Therefore, the use of water tube boilers has become universal in large capac-
ity steam power stations.

(if) Boiler furnace. A boiler furnace is a chamber in which fuel is burnt to liberate the heat
energy. In addition, it provides support and enclosure for the combustion equipment i.e., burners.
The boiler furnace walls are made of refractory materials such asfire clay, silica, kaolin etc. These
material s have the property to resist change of shape, weight or physical properties at high tempera-
tures. There arefollowing three types of construction of furnace walls:

(a) Plainrefractory walls

(b) Hollow refractory wallswith an arrangement for air cooling

(c) Waeter walls.

Theplain refractory wallsare suitable for small plantswhere the furnace temperature may not be
high. However, in large plants, the furnace temperature is quite high* and consequently, the refrac-
tory material may get damaged. In such cases, refractory walls are made hollow and air iscirculated
through hollow space to keep the temperature of the furnacewallslow. Therecent developmentisto
use water walls. These consist of plain tubes arranged side by side and on the inner face of the
refractory walls. The tubes are connected to the upper and lower headers of the boiler. The boiler
water ismadeto circulate through thesetubes. The water walls absorb the radiant heat in the furnace
which would otherwise heat up the furnace walls.

(iif) Superheater. A superheater isadevice which superheatsthe steami.e., it raisesthetempera-
ture of steam above boiling point of water. This increases the overall efficiency of the plant. A
superheater consists of agroup of tubes made of special alloy steels such as chromium-molybdenum.
Thesetubes are heated by the heat of flue gases during their journey from the furnace to the chimney.

*  Thesize of furnace hasto be limited due to space, cost and other considerations. This means that furnace
of alarge plant should develop more kilocalories per square metre of furnace which implies high furnace
temperature.
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The steam produced in the boiler isled through the superheater whereit is superheated by the heat of
flue gases. Superheatersare mainly classified into two types according to the system of heat transfer
from flue gasesto steam viz

(a) Radiant superheater (b) Convection superheater

Theradiant superheater is placed in the furnace between the water walls and receives heat from
the burning fuel through radiation process. It has two main disadvantages. Firstly, due to high
furnace temperature, it may get overheated and, therefore, requires a careful design. Secondly, the
temperature of superheater falls with increase in steam output. Due to these limitations, radiant
superheater isnot finding favour these days. On the other hand, aconvection superheater isplaced in
the boiler tube bank and receives heat from flue gases entirely through the convection process. It has
the advantage that temperature of superheater increases with the increase in steam output. For this
reason, thistype of superheater is commonly used these days.

(iv) Economiser. It isadevice which heats the feed water on itsway to boiler by deriving heat
fromthefluegases. Thisresultsinraising boiler efficiency, savinginfuel and reduced stressesin the
boiler dueto higher temperature of feed water. An economiser consists of alarge number of closely
spaced parallel steel tubes connected by headers of drums. The feed water flows through these tubes
and the flue gases flow outside. A part of the heat of flue gases is transferred to feed water, thus
raising the temperature of the latter.

(v) Air Pre-heater. Superheaters and economisers generally cannot fully extract the heat from
flue gases. Therefore, pre-heaters are employed which recover some of the heat in the escaping
gases. The function of an air pre-heater is to extract heat from the flue gases and give it to the air
being supplied to furnace for coal combustion. Thisraisesthe furnace temperature and increasesthe
thermal efficiency of the plant. Depending upon the method of transfer of heat from flue gasesto air,
air pre-heaters are divided into the following two classes:

(a) Recuperativetype (b) Regenerativetype

The recuperative type air-heater consists of a group of steel tubes. The flue gases are passed
through the tubes while the air flows externally to the tubes. Thus heat of flue gasesistransferred to
air. Theregenerative type air pre-heater consists of slowly moving drum made of corrugated metal
plates. The flue gases flow continuously on one side of the drum and air on the other side. This
action permits the transference of heat of flue gases to the air being supplied to the furnace for coal
combustion.

2. Condensers. A condenser isadevice which condenses the steam at the exhaust of turbine. It
servestwo important functions. Firstly, it createsavery low * pressure at the exhaust of turbine, thus
permitting expansion of the steam in the prime mover to avery low pressure. Thishelpsin converting
heat energy of steam into mechanical energy in the prime mover. Secondly, the condensed steam can
be used as feed water to the boiler. There are two types of condensers, namely :

(i) Jet condenser (if) Surface condenser

In ajet condenser, cooling water and exhausted steam are mixed together. Therefore, the tem-
perature of cooling water and condensate isthe samewhen leaving the condenser. Advantages of this
type of condenser are : low initial cost, less floor arearequired, less cooling water required and low
maintenance charges. However, its disadvantages are : condensate is wasted and high power isre-
quired for pumping water.

In asurface condenser, thereisno direct contact between cooling water and exhausted steam. It
consists of abank of horizontal tubes enclosed in acast iron shell. The cooling water flows through
the tubes and exhausted steam over the surface of the tubes. The steam gives up its heat to water and
isitself condensed. Advantages of thistype of condenser are : condensate can be used as feed water,
less pumping power required and creation of better vacuum at the turbine exhaust. However, disad-

* By liquidating steam at the exhaust of turbine, aregion of emptinessis created. Thisresultsin avery low
pressure at the exhaust of turbine.
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vantages of this type of condenser are : high initial cost, requires large floor area and high mainte-
nance charges.

3. Primemovers. The prime mover converts steam energy into mechanical energy. There are
two types of steam prime moversvi z., steam engines and steam turbines. A steam turbine has several
advantages over a steam engine as a prime mover viz., high efficiency, simple construction, higher
speed, less floor area requirement and low maintenance cost. Therefore, all modern steam power
stations empl oy steam turbines as prime movers.

Steam turbines are generally classified into two types according to the action of steam on moving
bladesviz.

(i) Impulseturbines (if) Reactionsturbines

In animpulse turbine, the steam expands compl etely in the stationary nozzles (or fixed blades),
the pressure over the moving bladesremaining constant. 1ndoing so, the steam attainsa high vel ocity
and impinges against the moving blades. This resultsin the impulsive force on the moving blades
which setsthe rotor rotating. In areaction turbine, the steam is partially expanded in the stationary
nozzles, the remaining expansion takes place during its flow over the moving blades. Theresult is
that the momentum of the steam causes areaction force on the moving blades which setstherotor in
motion.

4. Water treatment plant. Boilers require clean and soft water for longer life and better effi-
ciency. However, the source of boiler feed water is generally a river or lake which may contain
suspended and dissolved impurities, dissolved gasesetc. Therefore, itisvery important that water is
first purified and softened by chemical treatment and then delivered to the boiler.

The water from the source of supply is stored in storage tanks. The suspended impurities are
removed through sedimentation, coagul ation and filtration. Dissolved gasesare removed by aeration
and degasification. The water is then ‘softened’ by removing temporary and permanent hardness
through different chemical processes. The pure and soft water thus available isfed to the boiler for
steam generation.

5. Electrical equipment. A modern power station contains numerous electrical equipment.
However, the most important itemsare :

(i) Alternators. Each aternator is coupled to a steam turbine and converts mechanical energy
of the turbine into electrical energy. The alternator may be hydrogen or air cooled. The
necessary excitation is provided by means of main and pilot exciters directly coupled to the
alternator shaft.

(if) Transformers. A generating station has different types of transformers, viz.,

(a) main step-up transformers which step-up the generation voltage for transmission of
power.

(b) station transformers which are used for general service (e.g., lighting) in the power
station.

(c) auxiliary transformerswhich supply to individual unit-auxiliaries.

(i) Switchgear. It houses such equipment which locates the fault on the system and isol ate the
faulty part from the healthy section. It contains circuit breakers, relays, switches and other
control devices.

Example2.1. A steam power station hasan overall efficiency of 20% and 0-6 kg of coal is burnt
per kWh of electrical energy generated. Calculate the calorific value of fuel.



Generating Stations 17

Solution.

Let x kcal/kg be the calorific value of fuel.

Heat produced by 0-6 kg of coal = 0-6 x kcal
Heat equivalent of 1 kWh = 860 kcal

Electrical output in heat units
Heat of combustion

NOW’ n overall =

860
or 02 = OB
O X = % = 716667 kcal/kg
Example 2.2. Athermal station has the following data :
Max. demand = 20,000 kw ; Load factor =  40%
Boiler efficiency = 85% ; Turbine efficiency =  90%
Coal consumption = 09 kg/kwh ; Costof 1tonof coal = Rs. 300
Determine (i) thermal efficiency and (ii) coal bill per annum.
Solution.
(i) Thermal efficiency = Nygier X Niurpine = 0:85 * -9 = 0-765 or 76:5 %

(i) Unitsgenerated/annum = Max. demand x L.F. x Hoursin ayear

20,000 x 0-4 x 8760 = 7008 x 10" kWh
(0r9) (7008 x 10°)
Coa consumption/annum 1000 = 63,072 tons
O Annual coa hill Rs 300 x 63072 = Rs 1,89,21,600

Example2.3. A steam power station spends Rs. 30 lakhs per annumfor coal used in the station.
The coal has a calorific value of 5000 kcal/kg and costs Rs. 300 per ton. If the station has thermal
efficiency of 33% and electrical efficiency of 90%, find the average load on the station.

Solution.
Overall efficiency, 1 ean
Coal used/annum
Heat of combustion

0-33 x 09 = 0-297

30 x 10°/300 = 10" tons = 10" kg

Coal used/annum x Calorific value

10" x 5000 = 5 x 10" keal

Hesat output = 1), % Heat of combustion

(0-297) x (5 x 10™) = 1485 x 10’ keal

1485 x 10/860 kWh

Units generated / annum _ 1485 x 10°
Hoursinayear 860 x 8760

Example 2.4. The relation between water evaporated (W kg), coal consumption (C kg) and
kWh generated per 8-hour shift for a steam generating station is as follows :

W = 13500 + 7:5kWh (i)
C = 5000+ 29 KWh (i)
(i) Towhat limiting value does the water evaporating per kg of coal consumed approach asthe

station output increases ? (ii) How much coal per hour would be required to keep the station run-
ning on no load ?

Solution.
(i) For an 8-hour shift, weight of water evaporated per kg of coal consumed is

Unitsgenerated/annum

O  Averageload on station = = 1971 kW
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W _ 13500+ 75 kWh

C = 5000+ 2@ kWh

Asthe station output (i.e., kWh) increasestowardsinfinity, the limiting value of W/C approaches
7:5/2:.9 = 2.6. Therefore, the weight of water evaporated per kg of coal consumed approaches a
limiting value of 2.6 kg asthe kWh output increases.

(if) Atnoload, the station output iszeroi.e., kWh = 0. Therefore, from expression (ii), we get,
coa consumption at no load

5000 + 2:9 x 0 = 5000 kg
0O Coa consumption/hour = 5000/8 = 625 kg

Example 2.5. A 100 MW steam station uses coal of calorific value 6400 kcal/kg. Thermal
efficiency of the station is 30% and electrical efficiency is 92%. Calculate the coal consumption per
hour when the station is delivering its full rated output.

Solution.
Overall efficiency of the power stationis
Noveral = Minermal X Neteet = 0-30 X 0-92 = 0-276
Unitsgenerated/hour = (100 x 10%) x 1 = 10° kWh

Hest produced/hour, H Electrical output in heat units

novaa]l
_10°x 860 _ 6 . -
= ~om7e = 3116 x10” ked (- 1kWh =860 kcal)
H _ 3116 x10°

O Coal consumption/hour = = 48687 kg

Cdorificvalue 6400

TUTORIAL PROBLEMS

1. A generating station hasan overall efficiency of 15% and 0-75 kg of coal isburnt per kWh by the station.
Determine the calorific value of coal in kilocalories per kilogram. [7644 kcal/kq]
2. A 75 MW steam power station uses coal of calorific value of 6400 kcal/kg. Thermal efficiency of the
station is 30% while electrical efficiency is 80%. Calculate the coal consumption per hour when the
station is delivering its full output. [42 tonsg]
3. A 65,000 kW steam power station uses coal of calorific value 15,000 kcal per kg. If the coal consump-
tion per kWh is 0-5 kg and the load factor of the station is 40%, calculate (i) the overall efficiency (ii)
coal consumption per day. [(i) 28:7% (ii) 312tong
4. A 60 MW steam power station has athermal efficiency of 30%. If the coal burnt hasacalorific value of
6950 kcal/kg, caculate:
(i) the coa consumption per kWh,
(if)the coa consumption per day. [(i) 0-413 kg (ii) 238 tons]
5. A 25MVA turbo-alternator isworking on full load at a power factor of 0-8 and efficiency of 97%. Find
the quantity of cooling air required per minute at full load, assuming that 90% of the total losses are
dissipated by theinternally circulating air. Theinlet air temperatureis 20° C and the temperatureriseis
30° C. Given that specific heat of air is 0-24 and that 1 kg of air occupies0-8m°.  [890 m*/minute]
6. A therma station hasan efficiency of 15% and 1-0 kg of coal burnt for every kWh generated. Determine
the calorific value of coal. [5733 kcal/kq]

2.7 Hydro-electric Power Station

A generating station which utilises the potential energy of water at a high level for the generation of
electrical energy isknown as a hydro-electric power station.



Generating Stations 19

Hydro-electric power stationsare generally located in hilly areas where dams can be built conve-
niently and large water reservoirs can be obtained. In a hydro-electric power station, water head is
created by constructing a dam across ariver or lake. From the dam, water isled to awater turbine.
The water turbine captures the energy in the falling water and changes the hydraulic energy (i.e.,
product of head and flow of water) into mechanical energy at the turbine shaft. Theturbinedrivesthe
alternator which convertsmechanical energy into electrical energy. Hydro-electric power stationsare
becoming very popular because the reserves of fuels (i.e., coa and oil) are depleting day by day.
They have the added importancefor flood control, storage of water for irrigation and water for drink-
iNng purposes.

Advantages

(i) Itrequiresno fuel aswater isused for the generation of electrical energy.
(i) Itisquite neat and clean as no smoke or ash is produced.
(iii) It requiresvery small running charges because water is the source of energy whichisavail-
able free of cost.
(iv) Itiscomparatively simplein construction and requires|ess maintenance.
(v) Itdoesnot requirealong starting time like a steam power station. Infact, such plantscan be
put into service instantly.
(vi) Itisrobust and has alonger life.
(vii) Such plants serve many purposes. In addition to the generation of electrical energy, they
also help inirrigation and controlling floods.
(viii) Although such plantsrequire the attention of highly skilled persons at the time of construc-
tion, yet for operation, afew experienced persons may do the job well.

Disadvantages

(i) Itinvolveshigh capital cost due to construction of dam.

(if) Thereis uncertainty about the availability of huge amount of water due to dependence on
weather conditions.

(iii) Skilled and experienced hands are required to build the plant.

(iv) Itrequireshigh cost of transmission linesastheplant islocated in hilly areaswhich are quite
away from the consumers.

2.8 Schematic Arrangement of Hydro-electric Power Station

Although a hydro-electric power station simply involves the conversion of hydraulic energy into
electrical energy, yet it embraces many arrangements for proper working and efficiency. The sche-
matic arrangement of a modern hydro-electric plant is shown in Fig. 2.2.

The dam is constructed across ariver or lake and water from the catchment area collects at the
back of the dam to form areservoir. A pressure tunnel is taken off from the reservoir and water
brought to the valve house at the start of the penstock. The valve house contains main sluice valves
and automatic isolating valves. Theformer controlsthewater flow to the power houseand thelatter
cuts off supply of water when the penstock bursts. From the valve house, water is taken to water
turbine through a huge steel pipe known as penstock. The water turbine converts hydraulic energy
into mechanical energy. The turbine drives the alternator which converts mechanical energy into
electrical energy.

A surge tank (open from top) isbuilt just before the valve house and protects the penstock from
bursting in case the turbine gates suddenly close* dueto electrical load being thrown off. When the

*  The governor opens or closes the turbine gates in accordance with the changes in electrical load. If the
electrical load increases, the governor opens the turbine gates to allow more water and vice-versa.
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gatesclose, thereisasudden stopping of water at thelower end of the penstock and consequently the
penstock can burst like apaper log. The surgetank absorbsthis pressure swing by increaseinitslevel
of water.

A\ Surge tank

Reservoir Dam

Schematic arrangement of a Hydro-electric plant
Fig. 2.2

2.9 Choice of Site for Hydro-electric Power Stations

Thefollowing points should be taken into account while selecting the site for a hydro-electric power
station :
(i) Availability of water. Sincethe primary requirement of ahydro-electric power stationisthe
availability of huge quantity of water, such plants should be built at a place (e.g., river,
canal) where adequate water is available at a good head.

(if) Sorageof water. Therearewide variationsin water supply fromariver or cana during the
year. This makes it necessary to store water by constructing a dam in order to ensure the
generation of power throughout the year. The storage helpsin equalising the flow of water
so that any excess quantity of water at a certain period of the year can be made available
during times of very low flow intheriver. Thisleadsto the conclusion that site selected for
a hydro-electric plant should provide adequate facilities for erecting a dam and storage of
water.

(iif) Cost and type of land. The land for the construction of the plant should be available at a
reasonable price. Further, the bearing capacity of the ground should be adequate to with-
stand the weight of heavy equipment to beinstalled.

(iv) Transportation facilities. The site selected for a hydro-electric plant should be accessible
by rail and road so that necessary equipment and machinery could be easily transported.

Itisclear from the above mentioned factorsthat ideal choice of sitefor such aplantisnear ariver
in hilly areas where dam can be conveniently built and large reservoirs can be obtained.

2.10 Constituents of Hydro-electric Plant
The constituents of a hydro-electric plant are (1) hydraulic structures (2) water turbines and
(3) electrica equipment. We shall discusstheseitemsin turn.
1. Hydraulic gtructures Hydraulic structuresin a hydro-electric power station include dam,
spillways, headworks, surge tank, penstock and accessory works.
(i) Dam. A dam is a barrier which stores water and creates water head. Dams are built of
concrete or stone masonary, earth or rock fill. The type and arrangement depends upon the
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(i)

(iii)

@iv)

v

topography of the site. A masonary dam may be built in a narrow canyon. An earth dam
may be best suited for awide valley. The type of dam also depends upon the foundation
conditions, local materials and transportation available, occurrence of earthquakes and other
hazards. At most of sites, more than one type of dam may be suitable and the onewhichis
most economical is chosen.

Soillways. Therearetimeswhen theriver flow exceedsthe storage capacity of thereservair.
Such asituation arises during heavy rainfall in the catchment area. In order to dischargethe
surplus water from the storage reservoir into the river on the down-stream side of the dam,
spillwaysare used. Spillwaysare constructed of concrete pierson thetop of thedam. Gates
are provided between these piers and surplus water is discharged over the crest of the dam
by opening these gates.

Headworks. The headworks consists of the diversion structures at the head of an intake.
They generally include boomsand racksfor diverting floating debris, sluicesfor by-passing
debrisand sediments and valvesfor controlling the flow of water to theturbine. Theflow of
water into and through headworks should be as smooth as possible to avoid head loss and
cavitation. For this purpose, it is necessary to avoid sharp corners and abrupt contractions
or enlargements.

Surge tank. Open conduits

leading water to the turbine

require no* protection.
However, when closed con-

duits are used, protection
becomes necessary to limit

the abnormal pressureinthe
conduit. For this reason, From
closed conduits are always neadworks
provided with a surge tank.

A surge tank isasmall res-

Pz Surge tank

Air valve

- Automati
ervoir or tank (open at the butterfly valve
top) in which water level
rises or falls to reduce the To
pressure swings in the con- . . . Penstock
duit. Various penstock protective devices
A surgetank islocated near Fig. 2.3
the beginning of the conduit.

When theturbineisrunning at asteady load, there are no surgesin the flow of water through
the conduit i.e., the quantity of water flowing in the conduit is just sufficient to meet the
turbine requirements. However, when theload on the turbine decreases, the governor closes
the gates of turbine, reducing water supply to theturbine. The excesswater at the lower end
of the conduit rushes back to the surge tank and increasesits water level. Thus the conduit
is prevented from bursting. On the other hand, when load on the turbine increases, addi-
tional water isdrawn from the surge tank to meet the increased load requirement. Hence, a
surge tank overcomes the abnormal pressure in the conduit when load on the turbine falls
and acts as areservoir during increase of load on the turbine.

Penstocks. Penstocks are open or closed conduits which carry water to the turbines. They
are generally made of reinforced concrete or steel. Concrete penstocks are suitable for low

*  Because in case of open conduits, regulating gates control the inflow at the headworks and the spillway
discharges the surplus water.
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heads (< 30 m) as greater pressure causes rapid deterioration of concrete. The steel pen-
stocks can be designed for any head; the thickness of the penstock increaseswith the head or
working pressure.

Various devices such as automatic butterfly valve, air valve and surge tank (See Fig. 2.3) are
provided for the protection of penstocks. Automatic butterfly valve shuts off water flow through the
penstock promptly if it ruptures. Air valve maintains the air pressure inside the penstock equal to
outside atmospheric pressure. When water runs out of a penstock faster than it enters, avacuum is
created which may cause the penstock to collapse. Under such situations, air valve opens and admits
air in the penstock to maintain inside air pressure equal to the outside air pressure.

2. Water turbines. Water turbines are used to convert the energy of falling water into mechani-
cal energy. The principal types of water turbinesare:

(i) Impulseturbines (if) Reactionturbines

(i) I'mpulseturbines. Such turbines are used for high heads. In an impulse turbine, the entire
pressure of water is converted into kinetic energy in a
nozzle and thevelocity of thejet drivesthewheel. The
exampleof thistype of turbineisthe Pelton wheel (See
Fig. 2.4). It consists of awheel fitted with elliptical Operating
bucketsalong its periphery. Theforceof water jet strik- ~ head
ing the buckets on the wheel drives the turbine. The L
quantity of water jet falling on theturbineiscontrolled _g _
by means of a needle or spear (not shown in the fig-
ure) placed in thetip of the nozzle. The movement of Nozzle
the needleis controlled by the governor. If theload on )
the turbine decreases, the governor pushes the needle =
into the nozzle, thereby reducing the quantity of water .
striking the buckets. Reverse action takes placeif the Fig. 2.4 Pelton Wheel
load on the turbine increases.

(if) Reaction turbines. Reaction turbines are used for low and medium heads. In a reaction
turbine, water entersthe runner partly with pressure energy and partly with velocity head. Theimpor-
tant types of reaction turbines are:

(a) Francisturbines (b) Kaplan turbines

A Francisturbineisused for low to medium heads. It consistsof an outer ring of stationary guide
blades fixed to the turbine casing and an inner ring of rotating blades forming the runner. The guide
blades control the flow of water to
the turbine. Water flows radialy
inwardsand changesto adownward
direction while passing through the
runner. As the water passes over
the “rotating blades” of the runner,
both pressure and vel ocity of water
arereduced. Thiscausesareaction
force which drives the turbine.

A Kaplan turbine is used for
low heads and large quantities of
water. It issimilar to Francis tur-
bine except that the runner of
Kaplan turbine receives water axi- e L
aly. Water flows radially inwards Bhakra Dam

" Maximum tail
I{ water level




Generating Stations 23

through regulating gates all around the sides, changing direction in the runner to axia flow. This
causes areaction force which drives the turbine.

3. Electrical equipment. The electrical equipment of a hydro-electric power station includes
alternators, transformers, circuit breakers and other switching and protective devices.

Example 2.6. A hydro-electric generating station is supplied from a reservoir of capacity
5 x 10° cubic metres at a head of 200 metres. Find the total energy available in kWh if the overall
efficiency is 75%.
Solution.
Weight of water availableis
w

Volume of water x density

(5% 10°% x (1000) (- massof 1Im® of water is 1000 kg)
5x10° kg=5x10°x 9-81 N

Electrical energy available= W x Hxn ., = (5x 107 x 9:81) x (200) x (0-75) watt sec

- (5x109x9[81)x(200)x(0g5)k ~
- Wh=2.
3600 x 1000 2.044 x 106 kWh

Example2.7. It has been estimated that a minimum run off of approximately 94 m*/sec will be
available at a hydraulic project with a head of 39 m. Determine (i) firm capacity (ii) yearly gross
output. Assume the efficiency of the plant to be 80%.

Solution.
Weight of water available, W = 94 x 1000 = 94000 kg/sec
Water head, H =39m

Work done/sec =W x H = 94000 x 9-81 x 39 watts
35, 963 x 10°W = 35, 963 kW

Thisisgross plant capacity.
(i) Firm capacity

Plant efficiency x Gross plant capacity

0-80 x 35,963 = 28,770 kW

(i) Yearly gross output = Firm capacity x Hoursin ayear

28,770 x 8760 = 252 x 10° kWh

Example 2.8. Water for a hydro-electric station is obtained from a reservoir with a head of

100 metres. Calculate the electrical energy generated per hour per cubic metre of water if the
hydraulic efficiency be 0-86 and electrical efficiency 0-92.

Solution.

Water head, H = 100m ; discharge, Q=1 m%sec; Noverayy = 0-86 X 0-92=0-79
Wt. of water available/sec, W = Q x 1000 x 9-81 = 9810 N

Power produced = WXHXn, . = 9810 x 100 x 0-79 watts

775 x 10° watts = 775 kKW
O Energy generated/hour = 775 x 1 =775kWh

Example 2.9. Calculate the average power in kW that can be generated in a hydro-electric
project from the following data

Catchment area= 5 x 10° m?; Mean head, H = 30 m

Annual rainfall, F = 1-25 m; Yield factor, K = 80 %

Overall efficiency, N,y = 70 %

If the load factor is 40% , what is the rating of generators installed ?
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Solution.
VVolume of water which can be utilised per annum
= Catchment area x Annual rainfall x *yield factor
= (5% 10”) x (1-25) x (0-8) =5 x 10° m
Weight of water available per annumis
W = 5x 10° x 981 x 1000 = 49.05 x 10° N
Electrical energy available per annum
= W x H X g = (49:05 x 10™) x (30) x (0-7) watt-sec

(49005 x 10'%) x (30) x (0 [7) _ 8
1000 X 3600 kWh = 2186 x 10® kwh

0 Averagepower = 286 x 10%/8760 = 32648 kW
Average demand _ 32648 _
Max. demand = Load factor 0 81620 kW

Therefore, the maximum capacity of the generators should be 81620 kW.

Example2.10. A hydro-electric power station hasa reservoir of area 2.4 square kilometres and
capacity 5 x 10° m®. The effective head of water is 100 metres. The penstock, turbine and generation
efficiencies are respectively 95%,90% and 85%.

(i) Calculate the total electrical energy that can be generated from the power station.
(if) If aload of 15,000 KW has been supplied for 3 hours, find the fall in reservoir level.
Solution.

(i) Wt. of water available, W

Volume of reservoir x wt. of 1m?> of water
(5 x 10°) x (1000) kg =5 x 10° x 9-81 N
Overal efficiency, Noverat = 0-95 % 0-9 x 0-85 = 0-726
Electrical energy that can be generated
= W xH x4 = (5% 10° x 9:81) x (100) x (0-726) watt-sec.
_ (5x10° x 9[B1) x (100)
1000 x 3600
(if) Letx metresbethefall in reservoir level in 3 hours.

*(0426) | \Wh =9,89,175 kwh

. _ Areaof reservoir x x _ 2[# x10° x x 3
Average discharge/sec = 3% 3600 = 3% 3600 =222[2x m
Wt. of water available/sec, W = 222-2x x 1000 x 9:81 = 21.8x x 10° N
Average power produced = W xHxn_ ..,
(21-8x x 10°) x (100) x (0-726) watts

15-84x x 10" watts = 15-84x x 10" kW

But kW produced = 15,000 (given)

0 15-84x x 10* = 15,000

or = LOOA:O[O)QMm =9.47cm
15084 x10

Therefore, the level of reservoir will fall by 9:47 cm.

*  Thetotal rainfall cannot be utilised as a part of it islost by evaporation or absorption by ground. Yield
factor indicates the percentage of rainfall available for utilisation. Thus 80% yield factor means that only
80% of total rainfall can be utilised.
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Alternative method

Vol. of reservoir _ 5x 1066 —2[083m
Areaof reservoir 2[4 x 10
kWh generated in 3hrs = 15000 x 3 = 45,000 kWh
If kWh generated are 9,89,175 kWh, fall in reservoir level =2-083 m
If kWh generated are 45,000 kWh, fall in reservoir level
_ _2[083
989175
Example2.11. A factory islocated near a water fall where the usable head for power genera-
tionis25 m. The factory requires continuous power of 400 kW throughout the year. Theriver flow
inayear is (a) 10 m¥/sec for 4 months, (b) 6 m*/sec for 2 months and (c) 1-5 m*/sec for 6 months.
(i) Ifthesiteisdeveloped asarun-of-river typeof plant, without storage, determine the standby
capacity to be provided. Assume that overall efficiency of the plant is 80%.
(if) If areservoir isarranged upstream, will any standby unit be necessary ? What will be the
excess power available ?
Solution.
(i) Run of river Plant. In this type of plant, the whole water of stream is allowed to pass

through the turbine for power generation. The plant utilisesthe water asand when available. Conse-
quently, more power can be generated in arainy season than in dry season.

Level of reservoir =

x 45000 =00947 m = 9.47 cm

(@) When discharge = 10m%/sec
Wt. of water available/sec,w = 10 x 1000 kg = 10* x 9-81 N
Power developed = WX H XN = (10* x 9:81) x (25) x (0-8) watts
= 1962 x 10° watts = 1962 kW
(b) When discharge = 6m’/sec
Power developed = 1962 x 6*/10 = 11772 kW
(c) When discharge = 1.5m’/sec
Power developed = 1962 x 1-5/10 = 294 kW

It is clear that when dischargeis 10 m°>/sec or 6 m/sec, power developed by the plant is more
than 400 kW required by the factory. However, when the dischargeis 1-5 m>/sec, power devel oped
falls short and consequently standby unit isrequired during this period.

O Capacity of standby unit = 400 - 294 = 106 kW

(if) With reservoir. When reservoir is arranged upstream, we can store water. This permits
regulated supply of water to the turbine so that power output is constant throughout the year.

Averagedischarge = (10x4) +(2 ;26) +(AB x6) 5008 m*/ sec.
O Power developed = 1962 x 5-08/10 = 996-7 kW
Since power developed is more than required by the factory, no standby unit is needed.
O Excess power available = 996-7 — 400 = 596-7 kW
Example 2.12. A run-of-river hydro-electric plant with pondage has the following data :
Installed capacity = 10 MW ; Water head, H= 20 m

Overall efficiency, g = 80%  ; Load factor = 40%

*  If discharge is 10 m¥sec, power devlioped = 1962 kW
If dischargeis 1 m3/sec, power devioped = 1962/10
If discharge is 6 m*/sec, power devloped = 1962 x 6/10
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(i) Determinethe river discharge in m’/sec required for the plant.

(i) If onaparticular day, the river flow is 20 m*/sec, what load factor can the plant supply ?
Solution.

(i) Consider the duration to be of one week.

Unitsgenerated/week = Max. demand x L.F. x Hoursin aweek

(10 x 10%) x (0-4) x (24 x 7) kKWh

67-2 x 10 kWh . (i)
Let Q m*/sec be the river discharge required.

Wi. of water available/sec, w = Qx9:81 x 1000 = 9810 Q newton

Average power produced =W X H X1ngqq = (9810 Q) x (20) x (0-8) W
= 156960 Q watt = 156-96 Q kW
Units generated/week = (15696 Q) x 168 kWh = 26,369 Q kWh ... (i)

Equating exps. (i) and (ii), we get,
26,369 Q = 67-2x 10"
_ 672 x10°

3
O Q = 26360 = 25.48m"/sec
(i) If theriver discharge on acertain day is 20 m*/sec, then,
Power developed = 156-96 x 20 = 3139-2 kW
Unitsgenerated onthat day = 3139-2 x 24 = 75,341 kWh
L oad factor = 534 100 = 314%
10" x 24
Example 2.13. The weekly discharge of a typical hydroelectric plant is as under :
Day Sun Mon Tues Wed  Thurs Fri Sat
Discharge(m®/sec) 500 520 850 800 875 900 546

The plant has an effective head of 15 mand an overall efficiency of 85%. If the plant operates
on 40% load factor, estimate (i) the average daily discharge (ii) pondage required and (iii) in-
stalled capacity of proposed plant.

850 N 7EH —
i | 800
A A T I I SN S P e
= |
600 546
| 500 920
I

DISCHARGE IN m /sec
IS
o
o
|

o

SUN MON TUE WED THU FRI SAT

DAYS
Fig. 2.5
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Solution.
Fig. 2.5 shows the plot of weekly discharge. In thisgraph, discharge is taken along Y-axis and
daysalong X-axis.

500 + 520 + 850 +800 +875 +900 +546
7

(i) Averagedaily discharge

_ 4991
-7

(i) Itisclear from graph that on three dyas (viz., Sun, Mon. and Sat.), the discharge islessthan
the average discharge.

Volume of water actually available on these three days

= (500 + 520 + 546) x 24 x 3600 m* = 1566 x 24 x 3600 m°

Volume of water required on these three days
3 x 713 x 24 x 3600 m® = 2139 x 24 x 3600 m°
Pondage required (2139 - 1566) x 24 x 3600 m® = 495 x 10° m®
(iii) Wt. of water available/sec,w = 713 x 1000 x 9-81 N

Average power produced = wxH xn_ = (713 x 1000 x 9-81) x (15) x (0-85) watts
89180 x 10° watts = 89180 kW

= 713 m/sec

Installed capacity of the plant
Output power _ 89180
Load factor 0x4

TUTORIAL PROBLEMS

1. A hydro-electric station has an average avail able head of 100 metresand reservoir capacity of 50 million
cubic metres. Calculatethetotal energy in kWh that can be generated, assuming hydraulic efficiency of
85% and electrical efficiency of 90%. [10-423 x 10° kWh]

2. Calculate the continuous power that will be available from hydroelectric plant having an available head
of 300 meters, catchment area of 150 sg. km, annual rainfall 1-25 m and yield factor of 50%. Assume
penstock, turbine and generator efficiencies to be 96%, 86% and 97% respectively. If the load factor is
40% what should be the rating of the generatorsinstalled ? [7065 kW, 17662 kW]

3. A hydroelectric plant hasareservoir of area2 sq. kilometres and of capacity 5 million cubic meters. The
net head of water at the turbineis 50 m. If the efficiencies of turbine and generator are 85% and 95%
respectively, calculate thetotal energy in kWh that can be generated from thisstation. |f aload of 15000
kW has been supplied for 4 hours, find the fall in reservoir. [5:5x 10° kWh ; 27-8 cm]

4. It hasbeen estimated that aminimum run-off of approximately 94 m*/sec will be availableat ahydraulic
project with ahead of 39 m. Determine the firm capacity and yearly gross output.

[3600 kW, 315-36 x 10° kWh]

=223x10% kW = 223 MW

94 x (100)
1000

5. A hydroelectric power station is supplied from areservoir having an areaof 50 km”and a head of 50 m.
If overal efficiency of the plant is 60%, find the rate at which the water level will fall when the station
is generating 30,000 kW. [7-337 mm/hour]

6. A hydro-€electric plant has a catchment are of 120 square km. The available run off is 50% with annual
rainfall of 100 cm. A head of 250 mis available on the average. Efficiency of the power plant is 70%.
Find (i) average power produced (ii) capacity of the power plant. Assume aload factor of 0.6.

[(i) 3266 kW (ii) 5443 kW]

Hint. Wt. of water flowing/sec = kg
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2.11 Diesel Power Station
A generating station in which diesel engineis used asthe prime mover for the generation of electri-
cal energy is known as diesel power station.

In adiesel power station, diesel engine is used as the prime mover. The diesel burnsinside the
engine and the products of thiscombustion act asthe “working fluid” to produce mechanical energy.
The diesel engine drives the aternator which converts mechanical energy into electrical energy. As
the generation cost is considerable dueto high price of diesel, therefore, such power stationsare only
used to produce small power.

Although steam power stations and hydro-electric plants are invariably used to generate bulk
power at cheaper cost, yet diesel power stations are finding favour at places where demand of power
isless, sufficient quantity of coal and water isnot available and the transportation facilities are inad-
equate. Theseplantsare also used as standby setsfor continuity of supply toimportant pointssuch as
hospitals, radio stations, cinema houses and telephone exchanges.

Advantages

(i) Thedesign and layout of the plant are quite simple.
(i) It occupiesless space as the number and size of the auxiliariesis small.
(iif) It can belocated at any place.
(iv) It can be started quickly and can pick up load in a short time.
(V) Thereare no standby losses.
(vi) It requiresless quantity of water for cooling.
(vii) Theoveral cost is much lessthan that of steam power station of the same capacity.
(viii) Thethermal efficiency of the plant is higher than that of a steam power station.
(ix) It requiresless operating steff.

Disadvantages

(i) The plant has high running charges asthe fuel (i.e., diesel) used is costly.

(if) The plant does not work satisfactorily under overload conditions for alonger period.
(i) The plant can only generate small power.

(iv) The cost of lubrication isgenerally high.

(v) Themaintenance charges are generally high.

2.12 Schematic Arrangement of Diesel Power Station

Fig. 2.6 shows the schematic arrangement of atypical diesel power station. Apart from the diesel-
generator set, the plant has the following auxiliaries :

(i) Fuel supply system. It consistsof storagetank, strainers, fuel transfer pump and all day fuel
tank. Thefuel oil issupplied at the plant site by rail or road. Thisoil isstored in the storage
tank. From the storagetank, oil ispumped to smaller al day tank at daily or short intervals.
From this tank, fuel oil is passed through strainers to remove suspended impurities. The
clean oil isinjected into the engine by fuel injection pump.

(if) Air intake system. Thissystem supplies necessary air to the engine for fuel combustion. It
consists of pipesfor the supply of fresh air to the engine manifold. Filters are provided to
remove dust particles from air which may act as abrasive in the engine cylinder.

(iif) Exhaust system. This system leads the engine exhaust gas outside the building and dis-
chargesit into atmosphere. A silencer is usualy incorporated in the system to reduce the
noiselevel.
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(iv) Cooling system. The heat released by the burning of fuel in the engine cylinder is partially

converted into work. The remainder part of the heat passes through the cylinder walls,
piston, rings etc. and may cause damage to the system. In order to keep the temperature of
the engine parts within the safe operating limits, cooling is provided. The cooling system
consists of awater source, pump and cooling towers. The pump circulates water through
cylinder and head jacket. Thewater takesaway heat form the engine and itself becomes hot.
The hot water is cooled by cooling towers and is recircul ated for cooling.

Intake

Air filter Silencer Surge

Day tank tank

PR I |
L~ Diesel Engine T Jacket
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- - o| TN
Starting | 9 ng,i?ﬂon —>
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Y

(vi)

Schematic arrangement of Diesel Power Plant
Fig. 2.6

Lubricating system. This system minimises the wear of rubbing surfaces of the engine. It
comprises of lubricating oil tank, pump, filter and oil cooler. The lubricating oil is drawn
from thelubricating oil tank by the pump and is passed through filtersto remove impurities.
Theclean lubricating oil isdelivered to the pointswhich require lubrication. Theoil coolers
incorporated in the system keep the temperature of the oil low.

Engine starting system. Thisisan arrangement to rotate the engineinitially, while starting,
until firing starts and the unit runs with its own power. Small sets are started manually by
handles but for larger units, compressed air isused for starting. Inthelatter case, air at high
pressureisadmitted to afew of the cylinders, making themto act asreciprocating air motors
to turn over the engine shaft. The fuel isadmitted to the remaining cylinders which makes
the engineto start under its own power.

Example 2.14. A diesel power station has fuel consumption of 0-28 kg per kWh, the calorific
value of fuel being 10,000 kcal/kg. Determine (i) the overall efficiency, and (ii) efficiency of the
engineif alternator efficiency is 95%.

Solution.

Heat produced by 0-28 kg of oil
Heat equivalent of 1 kWh

10,000 x 0-28 = 2800 kcal
860 kcal



30 Principles of Power System

—

(i) Overall efficiency = Ciectrica output in heat units

Heat of combustion
Overdl efficiency _ 3007
Alternator efficiency 005
Example 2.15. A diesel power station has the following data :
Fuel consumption/day = 1000 kg

= 860/2800 = 0-307 = 30-7%

(i) Engineefficiency = =323%

Units generated/day = 4000 kWh
Calorificvalueof fuel = 10,000 kcal/kg
Alternator efficiency = 96%

Engine mech. efficiency = 95%

Estimate (i) specific fuel consumption, (ii) overall efficiency, and (iii) thermal efficiency of en-
gine.
Solution.
(i) Specific fuel consumption = 1000/4000 = 0-25 kg/kWh
(if) Heat produced by fuel per day
= Coa consumption/day x calorific value
= 1000 x 10,000 = 10 keal
Electrical output in heat units per day
= 4000 x 860 = 344 x 10" kcal

1 4
Overal efficiency = % % 100 = 34-4%
(iii) Engineefficiency, Negine = —na“. = 0096 =35.83%
r]engine _ 35[83

Thermal efficiency, Ny, = = 3771%

Mech. n of engine 0095
Example2.16. A diesel engine power plant has one 700 kW and two 500 kW generating units.
Thefuel consumption is0-28 kg per KWh and the calorific value of fuel oil is 10200 kcal/kg. Estimate
(i) the fuel oil required for a month of 30 days and (ii) overall efficiency. Plant capacity factor =
40%.
Solution.
(i) Maximum energy that can be produced in a month
= Plant capacity x Hoursin amonth
(700 + 2 x 500) x (30 x 24) = 1700 x 720 kWh
Actual energy produced
Max. energy that could have been produced
Actual energy produced
1700 x 720
0 Actual energy produced in amonth
= 0-4 x 1700 x 720 = 489600 kWh
Fuel oil consumption in amonth

Plant capacity factor

or 04 =

489600 x 0-28 = 137088 kg
489600 kWh = 489600 x 860 kcal
137088 x 10200 kcal

(i) Output
Input
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Output _ 489600 x 860

= = 03 or 30%
Input 137088 x10200 - O O

O Overdl efficiency =

2.13 Nuclear Power Station

A generating station inwhich nuclear energy isconvertedinto electrical energy isknown asanudear
power station.

In nuclear power station, heavy elements such as Uranium (U?*) or Thorium (Th®*?) are sub-
jected to nuclear fission* in aspecial apparatus known asareactor. The heat energy thusreleased is
utilised in raising steam at high temperature and pressure. The steam runs the steam turbine which
converts steam energy into mechanical energy. The turbine drives the aternator which converts
mechanical energy into electrical energy.

The most important feature of a nuclear power station is that huge amount of electrical energy
can be produced from arelatively small amount of nuclear fuel as compared to other conventional
types of power stations. It has been found that complete fission of 1 kg of Uranium (U?*®) can
produce as much energy as can be produced by the burning of 4,500 tons of high grade coal. Al-
though therecovery of principal nuclear fuels(i.e., Uranium and Thorium) is difficult and expensive,
yet thetotal energy content of the estimated world reserves of thesefuelsare considerably higher than
those of conventional fuels, viz, coa, oil and gas. At present, energy crisis is gripping us and,
therefore, nuclear energy can be successfully employed for producing low cost electrical energy ona
large scal e to meet the growing commercial and industrial demands.

Advantages
(i) Theamount of fuel required isquite small. Therefore, thereisaconsiderable saving in the
cost of fuel transportation.
(if) A nuclear power plant requires less space as compared to any other type of the same size.
(iii) It has low running charges as a small amount of fuel is used for producing bulk electrical
energy.
(iv) Thistype of plant isvery economical for producing bulk electric power.

(v) It can belocated near the load centres because it does not require large quantities of water
and need not be near coal mines. Therefore, the cost of primary distribution is reduced.

(vi) Therearelargedepositsof nuclear fuelsavailableall over theworld. Therefore, such plants
can ensure continued supply of electrical energy for thousands of years.

(vii) It ensuresreliability of operation.
Disadvantages
(i) Thefuel used isexpensive and is difficult to recover.
(if) The capital cost on anuclear plant is very high as compared to other types of plants.
(iif) Theerection and commissioning of the plant requires greater technical know-how.

(iv) The fission by-products are generally radioactive and may cause a dangerous amount of
radioactive pollution.

*  Fission. Thebreaking up of nuclei of heavy atomsinto two nearly equal partswith release of huge amount
of energy isknown as nuclear fission. The release of huge amount of energy during fission is due to mass
defect i.e. the mass of the final product comes out to be less than the initial product. This mass defect is
converted into heat energy according to Einstein's relation, E = mc?.
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(v) Maintenance charges are high due to lack of standardisation. Moreover, high saaries of
specially trained personnel employed to handle the plant further raise the cost.
(vi) Nuclear power plantsare not well suited for varying loads asthe reactor does not respond to
theload fluctuations efficiently.
(vii) Thedisposal of the by-products, which are radioactive, isabig problem. They have either
to be disposed off in a deep trench or in a sea away from sea-shore.

2.14 Schematic Arrangement of Nuclear Power Station

The schematic arrangement of anuclear power station isshown in Fig. 2.7. The whole arrangement
can be divided into the following main stages :

(i) Nuclear reactor (if) Heat exchanger (iii) Steamturbine (iv) Alternator.
54— R
Bus-bars Y
B
Isolators
CB
Isolators
Heat Transformer Ay,
H | exchanger M
ot metal .
Lo » Turbine Exciter
Steam
Nuclear - _‘;D:© I:l
reactor ”
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Filter Exhaust
Steam
Pump
- M)
Cold h Condenser
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Feed water
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water pump r
Cooling
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I
I
|
|
e e

Schematic arrangement of Nuclear Power Station
Fig. 2.7



Generating Stations 33

(i) Nuclear reactor. It is an apparatus in which nuclear fuel (U*) is subjected to nuclear
fission. It controls the chain reaction* that starts once the fission is done. If the chain
reaction is not controlled, the result will be an explosion due to the fast increase in the
energy released.

A nuclear reactor is a cylindrical stout pressure vessel and houses fuel rods of Uranium,
moderator and control rods (See Fig. 2.8). The fuel rods constitute the fission material and
release huge amount of energy when bombarded with slow moving neutrons. The modera-
tor consists of graphite rods which enclose the fuel rods. The moderator slows down the
neutrons before they bombard the fuel rods. The control rods are of cadmium and are
inserted into the reactor. Cadmium is strong neutron absorber and thus regulates the supply
of neutronsfor fission. When the control rods are pushed in deep enough, they absorb most
of fission neutrons and hence few are available for chain reaction which, therefore, stops.
However, asthey are being withdrawn, more and more of these fission neutrons cause fis-
sion and hencetheintensity of chain reaction (or heat produced) isincreased. Therefore, by
pulling out the control rods, power of the nuclear reactor isincreased, whereas by pushing
themin, it isreduced. In actua practice, the lowering or raising of control rods is accom-
plished automatically according to the requirement of load. The heat produced in the reac-
tor isremoved by the coolant, generally asodium metal. The coolant carriesthe heat to the

heat exchanger.
Control rod
’
—» Steam
Coolant
—_—
Water
— Uranium
—/
Coolant
circulating pump
Moderator (Graphite) |~— Pressure
\ J vessel

\— Reactor

Nuclear Reactor
Fig. 2.8

(if) Heat exchanger. The coolant gives up heat to the heat exchanger whichisutilisedinraising
the steam. After giving up heat, the coolant is again fed to the reactor.

*  Chainreaction. Nuclear fission is done by bombarding Uranium nuclei with slow moving neutrons. This
splits the Uranium nuclei with the release of huge amount of energy and emission of neutrons (called
fission neutrons). These fission neutrons cause further fission. If this process continues, then in a very
short time huge amount of energy will be released which may cause explosion. Thisisknown asexplosive
chain reaction. But in a reactor, controlled chain reaction is alowed. This is done by systematically
removing the fission neutrons from the reactor. The greater the number of fission neutrons removed, the
lesser isthe intensity (i.e., fission rate) of energy released.
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Steamturbine. The steam produced in the heat exchanger isled to the steam turbine through
avalve. After doing auseful work in the turbine, the steam is exhausted to condenser. The
condenser condensesthe steam which isfed to the heat exchanger through feed water pump.

(iv) Alternator. The steam turbine drives the alternator which converts mechanical energy into

electrical energy. The output from the alternator is delivered to the bus-bars through trans-

former, circuit breakers and isolators.

2.15 Selection of Site for Nuclear Power Station
The following points should be kept in view while selecting the site for anuclear power station :

U]

(i)

(iii)

@iv)

Availability of water. As sufficient water is required for cooling purposes, therefore, the
plant site should belocated where ampl e quantity of water isavailable, e.g., acrossariver or
by sea-side.

Disposal of waste. The waste produced by fission in a nuclear power station is generally
radioactive which must be disposed off properly to avoid health hazards. The waste should
either be buried in a deep trench or disposed off in sea quite away from the sea shore.
Therefore, the site selected for such a plant should have adequate arrangement for the dis-
posal of radioactive waste.

Distance from populated areas. The site selected for a nuclear power station should be
quite away from the populated areas as there is adanger of presence of radioactivity in the
atmosphere near the plant. However, asaprecautionary measure, adomeisused in the plant
which does not allow the radioactivity to spread by wind or underground waterways.
Transportation facilities. Thesite selected for anuclear power station should have adequate
facilitiesin order to transport the heavy equipment during erection and to facilitate the move-
ment of the workers employed in the plant.

From the above mentioned factors it becomes apparent that ideal choice for a nuclear power
station would be near sea or river and away from thickly populated areas.

Nuclear Power Station

Example2.17. An atomic power reactor can deliver 300 MW. If due to fission of each atom of
92U235 , the energy released is 200 MeV, cal culate the mass of uranium fissioned per hour.
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Solution.
Energy received from the reactor

300 MW =3 x 10°W (or s
Energy received/hour = (3 x 10%) x 3600 = 108 x 10™° J
Energy released/fission = 200 MeV =200 x 10° x 1.6 x 10 J= 32 x 10™J

Number of atoms fissioned per hour

108x10" _
32 x10 ™
Now 1 gram-atom (i.e., 235g) has 6:023 x 10 atoms.
0 Massof Uranium fissioned per hour

= 25 x3375x 107 = 1317
6023 x 10
Example2.18. What is the power ouput of a 92U235 reactor if it takes 30 days to use up 2 kg of
fuel? Given that energy released per fission is 200 MeV and Avogadro’s number = 6:023 x 10° per
kilomole.

Solution.

33.75 x 10%

Number of atomsin 2 kg fuel = % x 6:023 x 10%° = 5.12 x 10*

These atomsfission in 30 days. Therefore, the fission rate (i.e., number of fissions per second)
5012 x 10*

_ . 18
= 30x24x60x60 192 *10

Energy released per fission = 200 MeV = (200 x 10%) x 1.6 x 109 =32 x 104
00 Energy released per second i.e., power output Pis
P = (32x10™) x (1.975 x 10" W
= 632x 10°W = 632 MW

2.16 Gas Turbine Power Plant

A generating station which employs gas turbine as the prime mover for the generation of electrical
energy is known as a gas turbine power plant

In a gas turbine power plant, air is used as the working fluid. The air is compressed by the
compressor and isled to the combustion chamber where heat is added to air, thusraising itstempera-
ture. Heat isadded to the compressed air either by burning fuel in the chamber or by the use of air
heaters. The hot and high pressure air from the combustion chamber isthen passed to the gasturbine
whereit expands and doesthe mechanical work. The gasturbinedrivesthe alternator which converts
mechanical energy into electrical energy.

It may be mentioned here that compressor, gas turbine and the alternator are mounted on the
same shaft so that a part of mechanical power of the turbine can be utilised for the operation of the
compressor. Gasturbine power plants are being used as standby plantsfor hydro-electric stations, as
astarting plant for driving auxiliariesin power plants etc.

Advantages

(i) Itissimplein design ascompared to steam power station since no boilers and their auxilia-
riesarerequired.

(i) Itismuch smaller in size as compared to steam power station of the same capacity. Thisis
expected since gas turbine power plant does not require boiler, feed water arrangement etc.
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(iif) Theinitial and operating costs are much lower than that of equivalent steam power station.
(iv) It requires comparatively lesswater as no condenser is used.
(v) The maintenance charges are quite small.
(vi) Gasturbines are much simpler in construction and operation than steam turbines.
(vii) It can be started quickly form cold conditions.
(viii) Thereareno standby losses. However, in asteam power station, theselosses occur because
boiler is kept in operation even when the steam turbine is supplying no load.

Disadvantages
(i) Thereisaproblem for starting the unit. It is because before starting the turbine, the com-

pressor has to be operated for which power is required from some external source. How-
ever, once the unit starts, the external power is not needed as the turbine itself suppliesthe
necessary power to the compressor.

(if) Sinceagreater part of power developed by theturbineisused in driving the compressor, the
net output islow.

(iif) Theoverall efficiency of such plantsislow (about 20%) because the exhaust gasesfrom the
turbine contain sufficient hesat.

(iv) Thetemperature of combustion chamber is quite high (3000°F) so that its life is compara-
tively reduced.

2.17 Schematic Arrangement of Gas Turbine Power Plant
The schematic arrangement of agas turbine power plant isshown in Fig. 2.9. The main components
of the plant are :

(i) Compressor (if) Regenerator
(iif) Combustion chamber (iv) Gasturbine
(v) Alternator (vi) Starting motor

(i) Compresor. The compressor used in the plant is generally of rotatory type. The air at
atmospheric pressureisdrawn by the compressor via thefilter which removesthe dust from
air. Therotatory blades of the compressor push the air between stationary bladesto raiseits
pressure. Thusair at high pressureis available at the output of the compressor.

(if) Regenerator. A regenerator is adevice which recovers heat from the exhaust gases of the
turbine. The exhaust is passed through the regenerator before wasting to atmosphere. A
regenerator consists of a nest of tubes contained in a shell. The compressed air from the
compressor passes through the tubes on its way to the combustion chamber. In this way,
compressed air is heated by the hot exhaust gases.

(iif) Combustion chamber. Theair at high pressure from the compressor isled to the combus-
tion chamber via the regenerator. In the combustion chamber, heat* is added to the air by
burning oil. The oil is injected through the burner into the chamber at high pressure to
ensure atomisation of oil and its thorough mixing with air. The result is that the chamber
attains avery high temperature (about 3000°F). The combustion gases are suitably cooled
to 1300°F to 1500°F and then delivered to the gas turbine.

(iv) Gasturbine. The products of combustion consisting of amixture of gases at high tempera-
ture and pressure are passed to the gas turbine. These gases in passing over the turbine
blades expand and thus do the mechanical work. Thetemperature of the exhaust gasesfrom
the turbine is about 900°F.

*  Only hot pressurised air makes it possible to convert heat into mechanical work. Heating air at atmo-
spheric pressure generally does not make it permissible to convert heat into mehanical work.
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Schematic arrangement of gas turbine power plant.
Fig. 2.9

(v) Alternator. The gasturbineis coupled to the alternator. The alternator converts mechani-
cal energy of theturbineinto electrical energy. The output from the alternator isgiventothe
bus-bars through transformer, circuit breakers and isolators.

(vi) Startingmotor. Before starting the turbine, compressor hasto be started. For this purpose,
an electric motor ismounted on the same shaft asthat of theturbine. The motor isenergised
by the batteries. Once the unit starts, a part of mechanical power of the turbine drives the
compressor and thereis no need of motor now.

SELF-TEST

1. Fill in the blanks by inserting appropriate words/figures :
(i) Themajor heat loss in a steam power station occursin ........
(if) Thethermal efficiency of a steam power station isabout ........
(iif) Cooling towers are used where ........
(iv) Therunning cost of medium power stationsis about ........ paise per unit.
(v) Inahydro-electric plant, spillways are used ........
(vi) Therunning cost of a hydro-electric plant is about ........ paise per unit.
(vii) For high head hydro-electric plants, the turbine used is.........
(viii) Francis and Kaplan turbines are used for ........ heads.
(ix) Surgetank is provided for the protection of ........
(x) Of dl the plants, minimum quantity of fuel isrequiredin ........ plant.
2. Pick up the correct words from the brackets and fill in the blanks :
(i) Thecost of fuel transportation is minimumiin ........ plant.

(i) The cheapest plant in operation and maintenance is......... plant.
(diesel power, hydro-electric, steam power)
(ilf) Economisers are used to hest ........ (air, feed water, steam)
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(iv) Therunning cost of anuclear power plant is abot ........ paise per unit. (20, 48, 64)

(v) Diesel power plantsareused as......... plants. (base load, standby)
(vi) India’sfirst nuclear power plant was built at ........ (Tarapur, Rana Partap Sagar, Kalpakkam)
(vii) Themost simple and clean plant is......... plant (steam power, hydro-electric, nuclear power)
(viii) Thefirst nuclear power plant in the world was commissioned in ........ (U.SA,,U.SSR, England)
(ix) Gasturbine power plantis........ efficient than steam power plant, (more, less)
(x) Drafttubeisusedin ........ turbines. (impulse, reaction)

2.

ANSWERS TO SELF-TEST

(i) Condenser, about 53% (ii) 28% (iii) water is not available in sufficient quantity (iv) 15 (v) to
discharge surpluswater on the downstream side of dam (vi) 5 (vii) pelton wheel (viii) medium and
low (ix) penstock (x) nuclear power.

(i) Hydro-électric (ii) hydro-electric (iii) feed water (iv) 20 (v) standby (vi) Tarapur (vii) hydro-€electric

(viii) U.S.S.R.in 1954 (ix) more (x) reaction.

No o~ wDd R

© ®

10.
1.
12.
13.
14.
15.
16.

CHAPTER REVIEW TOPICS

What is a power generating station ?
What is a steam power station ? Discuss its advantages and disadvantages.
Draw the schematic diagram of amodern steam power station and explain its operation.
Explain the important components of a steam power station.
What factors are taken into account while selecting the site for a steam power station ?
Discuss the merits and demerits of a hydro-electric plant.
Draw a neat schematic diagram of a hydro-electric plant and explain the functions of various compo-
nents.
Explain the essential factors which influence the choice of site for a hydro-electric plant.
Explain the functions of the following :
(i) dam (ii) spillways (iii) surgetank (iv) headworks (v) draft tube.
Draw the flow diagram of adiesel power station and discuss its operation.
Discuss the advantages and disadvantages of adiesel power station.
Draw the schematic diagram of anuclear power station and discuss its operation.
Explain with aneat sketch the various parts of a nuclear reactor.
Discuss the factors for the choice of site for a nuclear power plant.
Explain the working of a gas turbine power plant with a schematic diagram.
Give the comparison of steam power plant, hydro-electric power plant, diesel power plant and nuclear
power plant on the basis of operating cost, initia cost, efficiency, maintenance cost and availability of
source of power.

ok~ wdPE

N

DISCUSSION QUESTIONS

Why isthe overal efficiency of asteam power station very low ?

Why is a condenser used in a steam power station ?

Why hydro-electric stations have high transmission and distribution costs ?

Why are nuclear power stations becoming very popular ?

Why hot gas at high pressure and not hot gas at atmospheric pressure is used in gas turbine power
plants?

How do the various devices protect the penstock ?

Why cannot diesel power stations be employed to generate bulk power ?

Why is regenerator used in gas turbine power plant ?

To FIRST
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Introduction

he function of a power station is to de-
I liver power to alarge number of consum
ers. However, the power demands of dif-
ferent consumers vary in accordance with their
activities. Theresult of thisvariation in demand
isthat load on a power station is hever constant,
rather it varies from time to time. Most of the
complexities of modern power plant operation
arisefromtheinherent variability of theload de-
manded by the users. Unfortunately, electrical
power cannot be stored and, therefore, the power
station must produce power as and when de-
manded to meet the requirements of the consum-
ers. On one hand, the power engineer would like
that the alternators in the power station should
run at their rated capacity for maximum efficiency
and on the other hand, the demands of the con-
sumers have wide variations. This makes the
design of apower station highly complex. Inthis
chapter, we shall focus our attention on the prob-
lems of variable load on power stations.

3.1 Structure of Electric Power
System

The function of an electric power system is to
connect the power station to the consumers' loads
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Introduction

he function of a power station is to de-
I liver power to alarge number of consum
ers. However, the power demands of dif-
ferent consumers vary in accordance with their
activities. Theresult of thisvariation in demand
isthat load on a power station is hever constant,
rather it varies from time to time. Most of the
complexities of modern power plant operation
arisefromtheinherent variability of theload de-
manded by the users. Unfortunately, electrical
power cannot be stored and, therefore, the power
station must produce power as and when de-
manded to meet the requirements of the consum-
ers. On one hand, the power engineer would like
that the alternators in the power station should
run at their rated capacity for maximum efficiency
and on the other hand, the demands of the con-
sumers have wide variations. This makes the
design of apower station highly complex. Inthis
chapter, we shall focus our attention on the prob-
lems of variable load on power stations.

3.1 Structure of Electric Power
System

The function of an electric power system is to
connect the power stationto the consumers' loads
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A (e —— =
(iv) Thepower demanded by the

consumers is supplied by the power I

station through the transmission and /

distribution networks. Asthe consum- id v, o

ers’ load demand changes, the power / ’ P

supply by the power station changes
accordingly.

3.2 Variable Load on
Power Station

The load on a power station varies
from time to time due to uncertain
demands of the consumers and is
known as variable load on the sta-
tion.

A power station is designed to
meet theload requirements of the con-
sumers. Anideal load on the station,
from stand point of equipment needed
and operating routine, would be one
of constant magnitude and steady du-
ration. However, such a steady load
on the station is never realised in ac-
tual practice. The consumersreguire
their small or large block of power in
accordance with the demands of their
activities. Thustheload demand of one consumer at any time may be different from that of the other
consumer. Theresult isthat load on the power station varies from time to time.

Effectsof variableload. The variable load on a power station introduces many perplexitiesin

its operation. Some of the important effects of variable load on a power station are :

(i) Need of additional equipment. The variable load on a power station necessitates to have
additional equipment. By way of illustration, consider asteam power station. Air, coal and
water are the raw materialsfor thisplant. In order to produce variable power, the supply of
these materials will be required to be varied correspondingly. For instance, if the power
demand on the plant increases, it must be followed by the increased flow of coal, air and
water to the boiler in order to meet theincreased demand. Therefore, additional equipment
hasto beinstalled to accomplish thisjob. Asamatter of fact, in amodern power plant, there
is much equipment devoted entirely to adjust the rates of supply of raw materials in accor-
dance with the power demand made on the plant.

(if) Increasein production cost. The variable load on the plant increases the cost of the pro-
duction of electrical energy. An aternator operates at maximum efficiency near its rated
capacity. If asingle alternator is used, it will have poor efficiency during periods of light
loads on the plant. Therefore, in actual practice, anumber of alternators of different capaci-
tiesareinstalled so that most of the alternators can be operated at nearly full load capacity.
However, the use of a number of generating units increases the initial cost per kW of the
plant capacity aswell asfloor arearequired. Thisleadsto theincreasein production cost of
energy.

Transmission line
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3.3
The curve showing the variation of load on the power station with respect to (w.r.t) timeisknown as
a load curve.

Theload on apower station is never constant; it variesfromtimeto time. Theseload variations
during the whole day (i.e., 24 hours) are recorded half-hourly or hourly and are plotted against time
onthegraph. The curvethusobtained isknown asdaily load curve asit showsthe variations of load
w.r.t. time during the day. Fig. 3.2. showsatypical daily load curve of apower station. Itisclear that
load on the power station isvarying, being maximum at 6 PM. in thiscase. It may be seen that load
curveindicates at aglance the general character of theload that is being imposed on the plant. Such
a clear representation cannot be obtained from tabulated figures.

The monthly load curve can be obtained from the daily load curves of that month. For this
purpose, average* values of power over amonth at different times of the day are calculated and then
plotted on the graph. The monthly load curveisgenerally used to fix therates of energy. Theyearly
load curveisobtained by considering the monthly load curves of that particular year. Theyearly load
curveisgeneraly used to determine the annual load factor.
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Fig. 3.2

Importance. The daily load curves have attained a great importance in generation as they sup-
ply the following information readily :
(i) Thedaily load curve showsthe variations of load on the power station during different hours
of the day.
(if) Theareaunder the daily load curve gives the number of units generated in the day.
Units generated/day = Area (in kWh) under daily load curve.
(iif) Thehighest point on the daily load curve represents the maximum demand on the station on
that day.
(iv) Theareaunder the daily load curve divided by the total number of hours gives the average
load on the station in the day.
Area (in kwWh) under daily load curve
24 hours
The ratio of the area under the load curve to the total area of rectangle in which it is con-
tained gives the load factor.

Averageload =
v)

Averageload _ Averageload x 24

Max.demand = Max. demand x 24

_ Area (in kWh) under daily load curve

~ Total area of rectangle in which the load curve is contained

Load factor =

*  Forinstance, if we consider theload on power station at mid-night during the various days of the month, it
may vary slightly. Then the average will give the load at mid-night on the monthly curve.
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(vi) Theload curve helpsin selecting* the size and number of generating units.
(vii) Theload curve helpsin preparing the operation schedule** of the station.

3.4 Important Terms and Factors

Thevariableload problem hasintroduced the following termsand factorsin power plant engineering:
(i) Connected load. It is the sum of continuous ratings of all the equipments connected to
supply system.

A power station supplies|oad to thousands of consumers. Each consumer has certain equipment
installed in his premises. The sum of the continuous ratings of all the equipmentsin the consumer’s
premisesisthe” connected load” of the consumer. For instance, if aconsumer has connections of five
100-watt lamps and a power point of 500 watts, then connected |oad of the consumer is5 x 100 + 500
= 1000 watts. The sum of the connected loads of all the consumersisthe connected |oad to the power
station.

(if) Maximum demand : It is the greatest
demand of load on the power station during a
given period.

Theload on the power station variesfromtime
to time. The maximum of all the demands that
have occurred during agiven period (say aday) is
the maximum demand. Thusreferring back to the
load curve of Fig. 3.2, the maximum demand on
the power station during the day is6 MW and it
occurs at 6 PM. Maximum demand is generally
less than the connected load because al the con-
sumers do not switch on their connected load to
the system at atime. The knowledge of maxi-
mum demand is very important asit helpsin de-
termining theinstalled capacity of the station. The
station must be capable of meeting the maximum demand.

(iif) Demandfactor. Itistheratio of maximumdemand
on the power station to its connected load i.e.,

M aximum demand

Connected load

The value of demand factor isusually lessthan 1. Itis
expected because maximum demand on the power stationis
generally lessthan the connected load. If the maximum de-
mand on the power station is80 MW and the connected |oad
is100 MW, then demand factor = 80/100 = 0-8. The know!-
edge of demand factor isvital in determining the capacity of
the plant equipment.

(iv) Averageload. The average of loads occurring on
the power station in a given period (day or month or year) is
known as average load or average demand.

Maximum demand meter

Demand factor =

Energy meter

*  Itwill beshownin Art. 3.9 that number and size of the gener-
ating units are selected to fit the load curve. Thishelpsin operating the generating unitsat or near the point
of maximum efficiency.

** |t isthe sequence and time for which the various generating units (i.e., alternators) in the plant will be put
in operation.
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No. of units (kWh) generated in aday
24 hours

No. of units (kWh) generated in a month
Number of hoursinamonth

Daily averageload =

Monthly average load

No. of units(kWh) generated in a year
8760 hours

(v) Load factor. Theratio of average load to the maximum demand during a given period is
known as load factor i.e.,

Yearly averageload =

L oad f _ Average load
oad factor = 1oy demand
If the plant isin operation for T hours,
Load factor = Average load x T

Max. demand x T
_ Unitsgenerated in T hours
~ Max. demand x T hours
The load factor may be daily load factor, monthly load factor or annual load factor if the time
period considered isaday or month or year. Load factor is alwayslessthan 1 because average load
issmaller than the maximum demand. Theload factor playskey role in determining the overall cost
per unit generated. Higher the load factor of the power station, lesser* will be the cost per unit
generated.
(vi) Divergty factor. The ratio of the sum of individual maximum demands to the maximum
demand on power station is known as diversty factor i.e.,

Diversity factor = Sum of individua max. demands
Max. demand on power station

A power station supplies|oad to varioustypes of consumerswhose maximum demands generally
do not occur at the sametime. Therefore, the maximum demand on the power station is alwaysless
than the sum of individual maximum demands of the consumers. Obviously, diversityt factor will
aways be greater than 1. The greater the diversity factor, the lessert is the cost of generation of
power.

(vii) Plant capacity factor. It isthe ratio of actual energy produced to the maximum possible
energy that could have been produced during a given period i.e.,
Actua energy produced
Max. energy that could have been produced

Plant capacity factor

Average demand x T**
Plant capacity x T
_ Average demand
Plant capacity

*  Itisbecause higher load factor factor means lesser maximum demand. The station capacity is so selected
that it must meet the maximum demand. Now, lower maximum demand means|ower capacity of the plant
which, therefore, reduces the cost of the plant.

T Thereisdiversification in the individual maximum demandsi.e., the maximum demand of some consum-
ers may occur at one time while that of others at some other time. Hence, the name diversity factor

T  Greater diversity factor means lesser maximum demand. Thisin turn means that lesser plant capcity is
required. Thus, the capital investment on the plant is reduced.

**  Suppose the period is T hours.
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Thusif the considered period is one year,
Annual kWh output

Plant capacity x 8760

The plant capacity factor isan indication of the reserve capacity of the plant. A power stationis
so designed that it has some reserve capacity for meeting theincreased load demand infuture. Therefore,
theinstalled capacity of the plant isaways somewhat greater than the maximum demand on the plant.

Reserve capacity = Plant capacity — Max. demand

Itisinteresting to note that difference between load factor and plant capacity factor isanindica-
tion of reserve capacity. If the maximum demand on the plant isequal to the plant capacity, then load
factor and plant capacity factor will have the same value. In such a case, the plant will have no
reserve capacity.

(viii) Plant use factor. Itisratio of kwh generated to the product of plant capacity and the
number of hours for which the plant was in operation i.e.

Station output in kWh
Plant capacity x Hours of use

Suppose aplant having installed capacity of 20 MW produces annual output of 7-35 x 10°kWh
and remainsin operation for 2190 hoursin ayear. Then,

Annual plant capacity factor =

Plant use factor =

6
Plantusefactor = —=22*10°  _167=167%

(20 x 103) x 2190

3.5 Units Generated per Annum

It is often required to find the kWh generated per annum from maximum demand and load factor.
The procedureisasfollows:

_ Average load
Load factor = Max. demand
O Averageload = Max. demand x L.F.

Unitsgenerated/annum = Averageload (in kW) x Hoursin ayear

Max. demand (in kW) x L.F. x 8760

3.6 Load Duration Curve

When the load elements of a load curve are arranged in the order of descending magnitudes, the
curve thus obtained is called a load duration curve.
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arranged in the order of descending magnitudes. In other words, the maximum load is represented to
the left and decreasing loads are represented to the right in the descending order. Hence the area
under theload duration curve and the areaunder theload curveareequal. Fig. 3.3 (i) showsthedaily
load curve. Thedaily load duration curve can be readily obtained fromit. Itisclear from daily load
curve [See Fig. 3.3. (i)], that load elements in order of descending magnitude are : 20 MW for 8
hours; 15 MW for 4 hours and 5 MW for 12 hours. Plotting these loads in order of descending
magnitude, we get the daily load duration curve as shown in Fig. 3.3 (ii).

Thefollowing points may be noted about load duration curve:

(i) Theload duration curve givesthe datain amore presentableform. In other words, it readily
shows the number of hours during which the given load has prevailed.

(if) The area under the load duration curve is equal to that of the corresponding load curve.
Obviously, area under daily load duration curve (in KWh) will give the units generated on
that day.

(iif) Theload duration curve can be extended to include any period of time. By laying out the
abscissafrom 0 hour to 8760 hours, the variation and distribution of demand for an entire
year can be summarised in one curve. The curve thus obtained is called the annual load
duration curve.

3.7 Types of Loads

A device which taps electrical energy from the electric power systemis called aload on the system.
Theload may beresistive (e.g., electric lamp), inductive (e.g., induction motor), capacitive or some
combination of them. The various types of loads on the power system are :

(i) Domestic load. Domestic load consists of lights, fans, refrigerators, heaters, television,
small motorsfor pumping water etc. Most of the residential load occurs only for some hours during
theday (i.e., 24 hours) e.g., lighting load occurs during night time and domestic appliance load occurs
for only afew hours. For thisreason, the load factor islow (10% to 12%).

(if) Commercial load. Commercial load consists of lighting for shops, fans and electric appli-
ancesused in restaurants etc. Thisclassof load occursfor more hours during the day as compared to
the domestic load. The commercial load has seasonal variations due to the extensive use of air-
conditioners and space heaters.

(iif) Indudtrial load. Industrial load consists of load demand by industries. The magnitude of
industrial load depends upon the type of industry. Thus small scale industry requires load upto
25 kW, medium scale industry between 25kW and 100 kW and large-scale industry requires load
above 500 kW. Industrial loads are generally not weather dependent.

(iv) Municipal load. Municipal load consists of street lighting, power required for water sup-
ply and drainage purposes. Street lighting load is practically constant throughout the hours of the
night. For water supply, water is pumped to overhead tanks by pumps driven by electric motors.
Pumping is carried out during the off-peak period, usually occurring during the night. Thishelpsto
improve the load factor of the power system.

(v) Irrigationload. Thistype of load isthe electric power needed for pumps driven by motors
to supply water to fields. Generally thistype of load is supplied for 12 hours during night.

(vi) Tractionload. Thistype of load includes tram cars, trolley buses, railways etc. This class
of load haswidevariation. During the morning hour, it reaches peak val ue because people haveto go
to their work place. After morning hours, the load starts decreasing and again rises during evening
since the people start coming to their homes.

3.8 Typical Demand and Diversity Factors
The demand factor and diversity factor depend on the type of load and its magnitude.
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TYPICAL DEMAND FACTORS
Type of consumer Demand factor
Residence lighting 2w 1.00
2 kw 0-60
{ Over 1 kW 0-50
Commercial lighting Restaurants 0:70
Theatres 0-60
Hotels 0-50
Schools 0-55
Small industry 0-60
Store 0-70
General power service 0-10H.P. 0-75
1020 H.P 0-65
20-100 H.P. 055
Over 100 H.P. 0-50
TYPICAL DIVERSITY FACTORS
Residential Commercial General
lighting lighting power supply
Between consumers 3-4 15 15
Between transformers 1.3 1.3 1.3
Between feeders 12 12 12
Between substations 11 11 11

[llustration. Load and demand factors are always less than 1 while diversity factors are more
than unity. High load and diversity factors are the desirable qualities of the power system. Indeed,

these factors are used to predict the load. Fig. 3.4 shows a
small part of electric power system where a distribution trans-
former is supplying power to the consumers. For simplicity,
only three consumers a, b, and c are shown in thefigure. The
maximum demand of consumer aisthe product of itsconnected
load and the appropriate demand factor. Same is the case for
consumersb and c. The maximum demand on the transformer
isthe sum of a, b and ¢'s maximum demands divided by the
diversity factors between the consumers. Similarly, the maxi-
mum demand on the feeder is the sum of maximum demands
on the distribution transformers connected to it divided by the

<4+— Feeder

8 | 4

««— Distribution
Transformer

diversity factor between transformers. Likewise diversifica-
tion between feeders is recognised when obtaining substation
maximum demands and substation diversification when pre-
dicting maximum load on the power station. Note that diver-
sity factor is the sum of the individual maximum demands of
the subdivisions of asystem taken asthey may occur during the
daily cycle divided by the maximum simultaneous demand of

[b]

Consumers

Fig. 3.4

the system. The “system” may be a group of consumers served by a certain transformer, a group of
transformers served by afeeder etc. Sinceindividual variations have diminishing effect as one goes
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farther from the ultimate consumer in making measurements, one should expect decreasing numeri-
cal values of diversity factor as the power plant end of the system is approached. Thisisclear from
the above table showing diversity factors between different elements of the power system.
Example 3.1. The maximum demand on a power station is 100 MW, If the annual load factor
is40% , calculate the total energy generated in a year.
Solution.

Energy generated/year

Max. demand x L.F. x Hoursin ayear
(100 x 10°) x (0-4) x (24 x 365) kWh
= 3504 x 10° kWh
Example 3.2. A generating station has a connected load of 43MW and a maximum demand of

20 MW the units generated being 61-5 x 10° per annum. Calculate (i) the demand factor and
(i) load factor.

Solution.
; Max. demand _ 20
D dfactor = — - —"— = =(0.465
M eman o Connected load 43
: 6
(ii) Averagedemand = Units genergted/annum _6105x10" _ 7000 kW
Hoursin ayear 8760
O Load factor = Averagedemand _ _ 7020 _ 0-351 or 35:1%

Max. demand 20 x 10°

Example 3.3. A 100 MW power station delivers 100 MW for 2 hours, 50 MW for 6 hoursand is
shut down for the rest of each day. It is also shut down for maintenance for 45 days each year.
Calculate its annual load factor.

Solution.

Energy supplied for each working day
(100 x 2) + (50 x 6) = 500 MWh
365 - 45 = 320 daysin ayear
500 x 320 = 160,000 MWh

MWh supplied per annum x 100
Max. demand in MW x Working hours
160,000
= (200 x (320 x 24) < 100=208%

Example 3.4. A generating station has a maximum demand of 25MW, a |load factor of 60%, a
plant capacity factor of 50% and a plant use factor of 72%. Find (i) thereserve capacity of the plant
(ii) the daily energy produced and (iii) maximum energy that could be produced daily if the plant
while running as per schedule, were fully loaded.

Station operates for
O Energy supplied/year

Annual load factor =

Solution.
: _ Average demand
@) Load factor = Maximum demand
or 060 = Averag; 5demand
O Averagedemand = 25 x 0-60 = 15 MW
. Average demand
Plant ty factor = ———————
ant capacity factor Plant capacity

O Plant capacity = Averagedemand _ 15 _ 30 MW

Plant capacity factor 0%
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0 Reservecapacity of plant = Plant capacity — maximum demand
30-25=5MW
Average demand x 24
= 15 x 24 = 360 MWh
(iif) Maximum energy that could be produced
Actual energy produced in a day
Plant use factor

= 360 = 500 MWhiday
0072

Example 3.5. A diesel station supplies the following loads to various consumers :
Industrial consumer = 1500 kW ; Commercial establishment = 750 kW
Domestic power = 100 kW; Domestic light = 450 kw/

If the maximum demand on the station is 2500 kW and the number of kWh generated per year is
45 x 10°, determine (i) the diversity factor and (ii) annual load factor.

(i) Daily energy produced

Solution.
. S _ 1500 + 750 +100 + 450 _
0] Diversity factor = 2500 =112
(ii) Averagedemand = KWhaenerated/annum _ o, 15/g760 = 513.7 kw
Hoursin ayear
0 Load factor = Averageload _ 51307 _ 505 o0

Max. demand ~ 2500
Example3.6. A power station has a maximum demand of 15000 kW. The annual load factor is
50% and plant capacity factor is 40%. Determine the reserve capacity of the plant.
Solution.

Energy generated/annum

Max. demand x L.F. x Hoursin ayear
(15000) x (0-5) x (8760) kWh
657 x 10° kWh

Units generated / annum
Plant capacity x Hoursin a year
6507 x 10°
04 x 8760
Reserve capacity = Plant capacity — Max. demand
18,750 — 15000 = 3750 kW
Example 3.7. A power supply is having the following loads :

Plant capacity factor =

O Plant capacity = 18,750 kW

Type of load Max. demand (k W) Diversity of group Demand factor
Domestic 1500 1.2 0-8
Commercial 2000 1.1 09
Industrial 10,000 1.25 1

If the overall system diversity factor is 1-35, determine (i) the maximum demand and (ii) con-
nected load of each type.

Solution.

(i) Thesum of maximum demands of three types of loadsis = 1500 + 2000 + 10,000 = 13,500
kW. Asthe system diversity factor is 1-35,

0 Max. demand on supply system = 13,500/1-35 = 10,000 kW
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(if) Eachtype of load hasits own diversity factor among its consumers.
Sum of max. demands of different domestic consumers

= Max. domestic demand x diversity factor
1500 x 1-2 = 1800 kW
1800,70-8 = 2250 kW

0 Connected domestic load
Connected commercia load 2000 x 1-1,70-9 = 2444 kW
Connected industrial load 10,000 x 1-25,/1= 12,500 kW

Example 3.8. At the end of a power distribution system, a certain feeder supplies three distri-
bution transformers, each one supplying a group of customers whose connected loads are as under:

Transformer Load Demand factor Diversity of groups
Transformer No. 1 10 kW 0:65 1.5
Transformer No. 2 12 kW 06 35
Transformer No. 3 15 kw 07 15

If the diversity factor among the transformersis 1-3, find the maximum load on the feeder.
Solution. Fig. 3.5 shows afeeder supplying three distribution transformers.
Sum of max. demands of customers on Transformer 1
= connected load x demand factor = 10 x 0-65 = 6:5 kW

—>
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Fig. 3.5

Asthe diversity factor among consumers connected to transformer No. 1is1-5,
00 Maximum demand on Transformer 1 = 6:5/1-5=4-33 kW
Maximum demand on Transformer 2 = 12 x 0-6,/3-5 = 2.057 kW
Maximum demand on Transformer 3 = 15x 0-7,/1.5=7 kW
Asthediversity factor among transformersis1-3,

0 Maximum demand on feeder = =22 +12EE3057 7 o 103kW

Example3.9. It hasbeen desired to install a diesel power station to supply power in a suburban
area having the following particulars :

(i) 1000 houseswith average connected load of 1-5 kW in each house. The demand factor and
diversity factor being 0-4 and 2:5 respectively.
(if) 10 factories having overall maximum demand of 90 kW.
(iii) 7 tubewells of 7 kW each and operating together in the morning.

Thediversity factor among above three types of consumersis1-2. What should be the minimum
capacity of power station ?
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Solution.
Sum of max. demands of houses = (1.5 x 0-4) x 1000 = 600 kW
Max. demand for domestic load = 600,/2-5 = 240 kW

Max. demand for factories = 90 kW

Max. demand for tubewells = 7* x 7 =49 kW

The sum of maximum demands of three types of loads is = 240 + 90 + 49 = 379 kW. Asthe
diversity factor among the three types of loadsis 1-2,

0  Max.demand on station = 379,12 = 316 kW

O Minimum capacity of station requried = 316 kW

Example 3.10. A generating station has the following daily load cycle :

Time(Hours) 0—6 6—10 10—12 12—16 16—20 20—24

Load(M'W) 40 50 60 50 70 40

Draw the load curve and find (i) maximum demand (ii) units generated per day (iii) average
load and (iv) load factor.

Solution. Daily curveisdrawn by taking theload along Y -axis and time along X-axis. For the
given load cycle, theload curveis shownin Fig. 3.6.

(i) Itisclear from the load curve that maximum demand on the power station is 70 MW and
occurs during the period 16— 20 hours.

0 Maximum demand = 70 MW

90

80
70

60

50

40

30

Load in MW ———

20

10

0
0 2 4 6 8 10 12 14 16 18 20 22 24

Time in hours ——p
Fig. 3.6

(i) Unitsgenerated/day = Area(in kWh) under the load curve
= 10°[40x 6+ 50 x 4+ 60 x 2 + 50 x 4 + 70 X 4 + 40 x 4]
= 10°[240 + 200 + 120 + 200 + 280 + 160] kWh

= 12 x 10° kWh
_ Unitsgenerated/ day _ 12x10° _
A load = = = 50,000 kW
(i) verageTo 24 hours 24
(iv) Load factor = Averageload _ 50000 _ 714 = 71.49

Max. demand = 70 x 10°
*  Sincethe tubewells operate together, the diversity factor is 1.
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_

Group A : 200 kW between 8 A.M. and 6 P.M.

Group B : 100 kW between 6 A.M. and 10 A.M.

Group C : 50 kW between 6 A.M. and 10 A.M.

Group D : 100 kW between 10 A.M. and 6 P.M. and then between 6 P.M. and 6 A.M.

Plot the daily load curve and determine (i) diversity factor (ii) units generated per day (iii) load
factor.

Solution. The given load cycle can be tabulated as under :

Time (Hours) 0—6 6—8 8—10 10—18 18—24
Group A — — 200 kw 200 kw —
Group B — 100 kW 100 kW — —
Group C — 50 kW 50 kW — —
Group D 100 kW — — 100 kW 100 kW
Total load on

power station 100 kW 150 kW 350 kwW 300 kw 100 kW

From thistable, it is clear that total load on power stationis100  350l-——
kW for 0— 6 hours, 150 kW for 6—8 hours, 350 kW for 8—10hours, 4 34|
300 kW for 10— 18 hours and 100 kW for 18— 24 hours. Plotting
the load on power station versus time, we get the daily load curve as
showninFig. 3.7. Itisclear from the curve that maximum demand on

2501
= 200
~

the station is 350 kW and occursfrom 8 A.M.to 10 A. M. i.e, %:32 !
Maximumdemand = 350 kW 3 504 | i |
Sum of individual maximum demands of groups 0 4: é 12 1'6:2'0 24
= 200+ 100 + 50 + 100 Time in hours—p
= 450 KW Fig. 3.7
(i) Diversity factor = SUmof individua mex. demands - 450,350 = 1.286
Max. demand on station
(i) Unitsgenerated/day = Area(in kwWh) under load curve
= 100x 6+ 150 x 2 + 350 x 2 + 300 x 8 + 100 x 6
= 4600 kWh
(iii) Averageload = 4600/24 = 191-7 kW
0 Load factor = % x 100 = 54.8%
Example 3.12. The daily demands of three consumers are given below :
Time Consumer 1 Consumer 2 Consumer 3
12 midnight to 8 A.M. No load 200 W No load
8AM.t02P.M. 600 W No load 200 W
2PM.to4 P.M. 200 W 1000 W 1200 W
4PM.to 10 P.M. 800 W No load No load

10 P.M. to midnight No load 200W 200W
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Plot the load curve and find (i) maximum demand of individual consumer (ii) load factor of
individual consumer (iii) diversity factor and (iv) load factor of the station.

Solution. Fig. 3.8 shows the load curve.

2400 W
2400 f———— === ——
2000 +
[ 1600 —+
£ 1200
g
'zE; B 800 W 800 W
(o] | |
S 400 Lot 400 W
| |
200 W 1 ¢ I
I I !
0 I I —— —
12 4 8 12 2 4 8 12
(Midnight) (Noon) (Midnight)
e
Time in hours
Fig. 3.8
(i) Max. demand of consumer 1 =800 W
Max. demand of consumer 2 = 1000 W
Max. demand of consumer 3 = 1200 W
. _ Energy consumed / day
(i) L.F. of consumer 1 = Max. demand x Hours in a day x 100
_ 600%x6+200x2+800 %6 _
= 800 x 24 x 100 = 45-8%
_ 200x8+1000 x 2+ 200 x2 1A
L.F. of consumer 2 = 1000 X 24 x 100 = 16 7%
_ 200x6+1200 x2+ 200 x 2 _
L.F. of consumer 3 = 1200 X 24 x 100 = 13-8%

(iif) The simultaneous maximum demand on the station is 200 + 1000 + 1200 = 2400 W and
occurs from 2 PM. to 4 PM.
S _ 800 +1000 +1200 _
O Diversity factor = 2400 =125
Totd energy consumed / day x 100

. H | f =

@iv) Station load factor Simultaneous max. demand x 24
_ 8800 + 4000 + 4000 oo
= 5200 x 24 x 100 = 29:1%

Example 3.13. A daily load curve which exhibited a 15-minute peak of 3000 kW is drawn to
scale of 1 cm= 2 hoursand 1 cm = 1000 kW. The total area under the load curve is measured by
planimeter and is found to be 12 cm’. Calculate the load factor based on 15-min. peak.

Solution.

1 cm? of load curve represents 1000 x 2 = 2000 kWh
2000 x Areaof load curve

Hoursin aday

Averagedemand = = 2000 % % = 1000 KW
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_ 1000 _
a Load factor = 3000 x 100 = 333%

Example 3.14. A power station has a daily load cycle as under :
260 MW for 6 hours; 200 MW for 8 hours: 160 MW for 4 hours, 100 MW for 6 hours.
If the power station is equipped with 4 sets of 75 MW each, calculate (i) daily load factor (ii)

plant capacity factor and (iii) daily requirement if the calorific value of oil used were 10,000 kcal/kg
and the average heat rate of station were 2860 kcal/kWh.

Solution. Max. demand on the station is 260 x 10° kW.
Units supplied/day 10° [260 x 6 + 200 x 8 + 160 x 4 + 100 x 6]
4400 x 10° kWh

3
0 Daily load factor = 220X 10" 450 = 70504
260 x 10° x 24

4400 x 10%24 = 1,83,333 kW

(i) Average demand/day

Station capacity = (75 x 10°) x 4 = 300 x 10° kW
0 Plant capacity factor = &3333 x 100 =611 %
300 x 10
(i) Heat required/day = Plant heat rate x units per day
= (2860) x (4400 x 10%) kcal
3
Fuel required/day = 28804400 x10° _ 1558 4 « 10% kg = 12584 tons

10000

Example 3.15. A power station has the following daily load cycle :

TimeinHours 6—38 8—12 12—16 16—20 20—24 24—6

Loadin MW 20 40 60 20 50 20

Plot the load curve and load duratoin curve. Also calculate the energy generated per day.

Solution. Fig. 3.9 (i) shows the daily load curve, whereas Fig. 3.9 (ii) shows the daily load
duraton curve. It can bereadily seen that area under the two load curvesisthe same. Note that 1oad
duration curveisdrawn by arranging the loadsin the order of descending magnitudes.

60T ———-—-~- 60
A 507 -——--—-- 50~
40+ ———— 40+-d--
I I I
% 30t : so+ 1|
&= I : I
o | 20 ——l—i— 20+ —q-—+-
o [ Lo
=1 107 T LS T
L4 4 00 R
0 4 8 1216 20 24 0 4 8 1216 20 24
Time of day Hours duration
Load Curve Load Duration Curve
@ Fig. 3.9 (i)
Unitsgenerated/day = Area(in kwWh) under daily load curve

10°[20 x 8+ 40 x 4 + 60 x 4 + 20 x 4 + 50 x 4]
840 x 10° kWh
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Alternatively :
Unitsgenerated/day

Area (in kwh) under daily load duration curve
10%[60 x 4 + 50 x 4 + 40 x 4 + 20 x 12]
840 x 10° kWh

which isthe same as above.

Example 3.16. The annual load duration curve of a certain power station can be considered as
astraight linefrom20 MWto 4 MW. To meet thisload, three turbine-generator units, two rated at 10
MW each and onerated at 5 MW areinstalled. Determine (i) installed capacity (ii) plant factor (iii)
units generated per annum (iv) load factor and (v) utilisation factor.

Solution. Fig. 3.10 shows the annual load duration curve of the power station.

0] Installed capacity = 10+ 10+5=25MW

(if) Referring to the load duration curve,

Averagedemand = % [20 + 4] =12 MW

0 Plant factor = AverLdemandzg =048 = 48%

Plant capacity 25

20,000

J
8760

Hours of the year'

Fig. 3.10

(iff)  Unitsgenerated/annum = Area (in KWh) under load duration curve

% [4000 + 20,000] x 8760 kWh = 105-12 x 10° kWh

iv Load factor = 2000 5 100 = a0
(iv)
20,000
\% Utilisation factor = Max.demand _ 20,000 =0-8 = 80%.
v)

Plant capacity 25000
Example 3.17. At the end of a power distribution system, a certain feeder suppliesthree distri-

bution transformers, each one supplying a group of customers whose connected load are listed as
follows:

Transformer 1 Transformer 2 Transformer 3
General power Residencelighting Sore lighting and power
service and lighting
a: 10H.P, 5kwW e: 5kw j: 10KkW,5H.P.
b: 75H.P., 4kW f: 4KW k: 8kW25H.P.
c: 15H.P g: 8kw [: 4Kkw
d: 5H.P,2kwW h: 15kw
i: 20kw

Usethefactorsgivenin Art. 3.8 and predict the maximum demand on the feeder. The H.P. load
is motor load and assume an efficiency of 72%.
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Solution. The individual maximum demands of the group of consumers connected to trans-
former lare obtained with factors from the table on page 49.

a: (10 x 00%426) x 065+ 5 x 060* = 974 kKW
i 0[746 _ a
b- (7[5x 0D72)X0-75+4><0-60 = 823 KW
] 0[T46 .
c: (15><—0D72)><065 = 1010 kW
i 0[746 _
d: (SX OD,2)><0-75+2><0-60 = 5.09 kW
Total = 33:16 kW
Thediversity factor between consumers of thistype of serviceis 1-5 (From thetable of article 3.8).
0 Maximum demand on transformer 1 = % =22-10 kW
In asimilar manner, the other transformer loads are determined to be
Total Smultaneous
Transformer 2 26 kwW 7-43 KW
Transformer 3 29-13 kW 19-40 kW

The diversity factor between transformersis 1-3.

2210+ 743 +19140 _ 4893

0 Maximum load onfeeder = = =37-64 kW

103 103

TUTORIAL PROBLEMS

A generating station has a connected load of 40 MW and a maximum demand of 20 MW : the units
generated being 60 x 10°. Calculate (i) the demand factor (ii) the load factor.  [(i) 05 (ii) 34-25%]
A 100 MW powers stations delivers 100 MW for 2 hours, 50 MW for 8 hours and is shut down for the
rest of each day. It isalso shut down for maintenance for 60 days each year. Calculateits annual load
factor. [21%]
A power station isto supply four regions of loads whose peak values are 10,000 kW, 5000 kW, 8000 kW
and 7000 kW. The diversity factor of the load at the station is 1.5 and the average annual load factor is
60%. Calculate the maximum demand on the station and annual energy supplied from the station.
[20,000 kW ; 105-12 x 10° kWh]
A generating station supplies the following loads : 15000 kW, 12000 kW, 8500 kW, 6000 kW and 450
kW. The station has a maximum demand of 22000 kW. The annual load factor of the station is 48%.
Calculate (i) the number of units supplied annually (ii) the diversity factor and (iii) the demand factor.
[(i) 925 x 10° kWh (ii) 52-4% (iii) 1-9]
A generating station has a maximum demand of 20 MW, aload factor of 60%, a plant capacity factor of
48% and a plant use factor of 80% . Find:
(i) thedaily energy produced
(i) thereserve capacity of the plant

*  Sincedemand factor for a particular load magnitudein not given in thetable, it isreasonableto assumethe
averagevaluei.e.

0+00B 12
Demand Factor = #=7=0-6
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(iii) the maximum energy that could be produced daily if the plant was running al the time

(iv) the maximum energy that could be produced daily if the plant was running fully loaded and oper-
ating as per schedule. [(i) 288 x 10° kWh (ii) O (iii) 4-80 x 10> kWh (iv) 600 x 10° kWHh]

A generating station has the following daily load cycle:

Time (hours) 0—6 6—10 10—12 12—16 16—20 20—24

Load (MW) 20 25 30 25 35 20

Draw the load curve and find

(i) maximum demand,

(if) units generated per day,

(iif) averageload,

(iv) load factor, [()) 35 MW (i) 560 x 10% kWh (iii) 23333 kW (iV) 66-67%]

A power station has to meet the following load demand :

Load A 50 kW between 10 A.M. and 6 PM.

Load B 30 kW between 6 PM. and 10 PM.

Load C 20 kW between 4 PM. and 10 A.M.

Plot the daily load curve and determine (i) diversity factor (ii) units generated per day (iii) load factor.

[(i) 1-43 (ii) 880 kWh (iii) 52-38%]

A substation supplies power by four feeders to its consumers. Feeder no. 1 supplies six consumers

whose individual daily maximum demands are 70 kW, 90 kW, 20 kW, 50 kW, 10 kW and 20 kW while

the maximum demand on the feeder is 200 kW. Feeder no. 2 supplies four consumers whose daily

maximum demands are 60 kW, 40 kW, 70 kW and 30 kW, while the maximum demand on the feeder is

160 kW. Feeder nos. 3 and 4 have adaily maximum demand of 150 kW and 200 kW respectively while

the maximum demand on the station is 600 kW.

Determine the diversity factors for feeder no. 1. feeder no. 2 and for the four feeders.  [1-3, 125, 1-183]

A central station is supplying energy to a community through two substations. Each substation feeds
four feeders. The maximum daily recorded demands are :

POWER STATION........ 12,000 KW
Substation A ...... 6000 kW Sub-station B ... 9000 kW
Feeder 1............ 1700 kW Feeder 1............ 2820 kW
Feeder 2 ............ 1800 kW Feeder 2 ............ 1500 kw
Feeder 3 ............ 2800 kW Feeder 3 ............ 4000 kW
Feeder 4 ............ 600 kW Feeder 4 ............ 2900 kW
Calculatethe diversity factor between (i) substations (ii) feeders on substation A and (iii) feeders on sub-
station B. [(i) 2-25 (ii) 1-15 (iii) 1-24]
The yearly load duration curve of a certain power station can be approximated as a straight line ; the
maximum and minimum loads being 80 MW and 40 MW respectively. To meet thisload, three turbine-
generator units, two rated at 20 MW each and one at 10 MW are installed. Determine (i) installed
capacity (ii) plant factor (iii) kWh output per year (iv) load factor.

[(i) 5OMW (ii) 48% (iii) 210 x 10° (iv) 60%]

3.9

Load Curves and Selection of Generating Units

The load on a power station is seldom constant; it varies from time to time. Obviously, a single
generating unit (i.e., aternator) will not be an economical proposition to meet thisvaryingload. Itis
because a single unit will have very poor* efficiency during the periods of light loads on the power
station. Therefore, in actual practice, anumber of generating unitsof different sizesareinstalledin a
power station. The selection of the number and sizes of the units is decided from the annual 1oad
curve of the station. The number and size of the units are selected in such a way that they correctly

*

The efficiency of amachine (alternator in this case) is maximum at nearly 75% of its rated capacity.
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the generating units at or near the point of maximum efficiency.

Illugtration. The principle of selection of number and sizes of generating units with the help of
load curveisillustrated in Fig. 3.11. InFig. 3.11 (i), the annual load curve of the station is shown. It
is clear form the curve that load on the station has wide variations ; the minimum load being some-
what near 50 kW and maximum load reaching the value of 500 kW. It hardly needs any mention that
use of asingle unit to meet thisvarying load will be highly uneconomical.

500 500
f* J
400 400 ©5 i
< 300 / 300
< Nl |/ y MY [ \
= 2
3 200 ,l \ 200 ,l@ I\,
. f i
100 100
AN/ A/ P
12 4 8 12 4 8 12 12 4 8 12 4 8 12
Mid- Noon
night —— Time in hours ——»
(@) (i0)
Fig. 3.11

Asdiscussed earlier, the total plant capacity is divided into several generating units of different
sizesto fit theload curve. Thisisillustrated in Fig. 3.11(ii) where the plant capacity is divided into
three* units numbered as 1, 2 and 3. The cyan colour outline shows the units capacity being used.
The three units employed have different capacities and are used according to the demand on the
station. In this case, the operating schedule can be as under :

Time Units in operation

From 12 midnight to 7 A.M. Only unit no.1 is put in operation.

From 7 A.M. to 12.00 noon Unit no. 2isalso started so that both units1 and 2 are
in operation.

From 12.00 noon to 2 PM. Unit no. 2 is stopped and only unit loperates.

From 2 PM. to 5 PM. Unit no. 2 isagain started. Now units1 and 2 arein
operation.

From 5 PM. to 10.30 PM. Units 1, 2 and 3 are put in operation.

From 10. 30 PM. to 12.00 midnight Units 1 and 2 are put in operation.

Thus by selecting the proper number and sizes of units, the generating units can be made to
operate near maximum efficiency. Thisresultsin the overall reduction in the cost of production of
electrical energy.

3.10 Important Points in the Selection of Units
While making the selection of number and sizes of the generating units, the following points should
bekeptinview :
(i) The number and sizes of the units should be so selected that they approximately fit the
annual load curve of the station.

It may be seen that the generating units can fit theload curve more closely if more units of smaller sizesare
employed. However, using greater number of units increases the investment cost per kW of the capacity.

*
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(if) The units should be preferably of different capacities to meet the load requirements. Al-
though use of identical units(i.e., having same capacity) ensures saving* in cost, they often
do not meet the load requirement.

(iif) The capacity of the plant should be made 15% to 20% more than the maximum demand to
meet the future load requirements.

(iv) There should be aspare generating unit so that repairs and overhauling of the working units
can be carried out.

(v) Thetendency to select alarge number of units of smaller capacity in order to fit the load
curvevery accurately should be avoided. It isbecausetheinvestment cost per kW of capac-
ity increases as the size of the units decreases.

Example 3.18. A proposed station has the following daily load cycle :

Timein hours 6—8 8—11 1116 16—19 19—22 2224 246

Loadin MW 20 40 50 35 70 40 20
Draw the load curve and select suitable generator units from the 10,000, 20,000, 25,000,

30,000 kVA. Preparethe operation schedule for the machines selected and determine the load factor

fromthe curve

Solution. Theload curve of the power station can be drawn to some suitable scale as shown in
Fig. 3.12.

Units generated per day = Area(in kWh) under the load curve

= 10°[20x8+40x 3+50x 5+ 35x 3+ 70 x 3 + 40 x 2]
= 10°[160 + 120 + 250 + 105 + 210 + 80] kWh
= 925 x 10°kWh

3
Averageload = % = 38541.7 KW
Load factor = 38541[5 x 100 = 55:06%
70x10 o I
Selection of number and sizes of units: Assuming power
factor of the machines to be 0-8, the output of the generating 60T
units available will be 8, 16, 20 and 24 MW. There can be Y] ——
several possibilities. However, while selecting the sizeand num-
ber of units, it hasto be bornein mind that (i) one set of highest T 40 ---- | |
capacity should be kept as standby unit (ii) the units should = 30/} ! : !
meet the maximum demand (70 MW in this case) on the station % P |
(iii) there should be overall economy. 5 29 S |
Keepinginview theabovefacts, 4 setsof 24 MWeachmay S 10+ | : [ :
be chosen. Three sets will meet the maximum demand of T
70 MW and one unit will serve as a standby unit. 0774 8 12 16 20 24
Operational schedule. Referring to the load curve shown Time in hours———
in Fig. 3.12, the operational schedule will be as under : Fig. 3.12

(i) Set No. L will runfor 24 hours.
(if) Set No. 2 will run from 8.00 hours to midnight.

(i) Set No. 3 will run from 11.00 hoursto 16 hours and again from 19 hours to 22 hours.

Example 3.19. A generating station is to supply four regions of load whose peak loads are

10 MW, 5 MW, 8 MW and 7 MW. The diversity factor at the station is 1-5 and the average annual
load factor is 60%. Calculate :

*

Due to duplication of sizes and dimensions of pipes, foundations etc.
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(if) annual energy supplied by the station.
(iif) Suggest the installed capacity and the number of units.
Solution.
Sum of max. demands of the regions
Diversity factor
(10 +5+ 8+ 7)/1.5=20MW
(i)  Unitsgenerated/annum = Max. demand x L.F. x Hoursin ayear
(20 x 10%) x (0-6) x (8760) KWh
105-12 x 10° kWh
(iif) Theinstalled capacity of the station should be 15% to 20% more than the maximum demand
in order to meet the future growth of load. Taking installed capacity to be 20% more than
the maximum demand,
Installed capacity = 1.2 x Max. demand = 1.2 x 20 = 24 MW
Suitable unit sizes are 4, each of 6 MW capacity.

(i) Max. demand on station

3.11 Base Load and Peak Load on Power Station

The changing load on the power station makesitsload curve of variable nature. Fig. 3.13. showsthe
typical load curve of apower station. Itisclear that load onthe
power station variesfrom timeto time. However, acloselook

Peak load

at the load curve reveals that load on the power station can be so1
considered in two parts, namely; T 40+
(i) Baseload S 30
(ii) Pesk load T a0
(i) Baseload. The unvarying load which occurs almost § // ///—//%—
the whole day on the station is known as base |oad. = 107 Base load //
Referring to the load curve of Fig. 3.13, it is clear that 0 i / / L %
20 MW of load hasto be supplied by the station at al times of 4_8Tim;?n ;guéo_f“
day and night i.e. throughout 24 hours. Therefore, 20 MW is
the base load of the station. As base load on the station is Fig. 3.13

amost of constant nature, therefore, it can be suitably supplied (as discussed in the next Article)
without facing the problems of variable load.

(if) Peak load. The various peak demands of load over and above the base load of the station
is known as peak load.

Referring to theload curve of Fig. 3.13, it isclear that there are peak demands of 1oad excluding
baseload. These peak demands of the station generally form a small part of the total load and may
occur throughout the day.

3.12 Method of Meeting the Load

The total load on a power station consists of two parts viz., base load and peak load. In order to
achieve overall economy, the best method to meet load is to interconnect two different power sta-
tions. The more efficient plant is used to supply the base load and is known as base |oad power
station. The less efficient plant is used to supply the peak loads and is known as peak load power
station. Thereis no hard and fast rule for selection of base load and peak load stations as it would
depend upon the particular situation. For example, both hydro-electric and steam power stations are
quite efficient and can be used as base load as well as peak load station to meet a particular 1oad
requirement.
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[llustration. The interconnection of steam and hydro plantsis a beautiful illustration to meet
theload. When water is available in sufficient quantity asin summer and rainy season, the hydro-
electric plant is used to carry the base load and the steam plant supplies the peak load as shown in
Fig 3.14 (i).

50T
401

30+

S ESHEHFEESR

20

Load in MW——»

10+

4 8 1216 20 24
Hours ——»

12 16 20 24

Load division on Hydro-steam system.

(i) High Flow day (if) Low Flow day
Fig. 3.14

However, when the water is not available in sufficient quantity as in winter, the steam plant
carriesthe baseload, whereas the hydro-el ectric plant carriesthe peak load as shownin Fig. 3.14 (ii).

3.13 Interconnected Grid System

The connection of several generating stations in parallel is known as interconnected grid system.
The various problems facing the power engineers are considerably reduced by interconnecting
different power stations in parallel. Although interconnection of station involves extra cost, yet
considering the benefits derived from such an arrrangement, it is gaining much favour these days.
Some of the advantages of interconnected system are listed below :
(i) Exchangeof peakloads: Animportant advantage of interconnected system isthat the peak
load of the power station can be exchanged. If the load curve of a power station shows a
peak demand that is greater than the rated capacity of the plant, then the excessload can be
shared by other stations interconnected with it.

(if) Useof older plants: The interconnected system makesit possible to use the older and less
efficient plantsto carry peak loads of short durations. Although such plants may be inad-
equate when used alone, yet they have sufficient capacity to carry short peaks of loadswhen
interconnected with other modern plants. Therefore, interconnected system gives a direct
key to the use of obsolete plants.

(iif) Ensures economical operation : The interconnected system makes the operation of con-
cerned power stations quite economical. It isbecause sharing of load among the stationsis
arranged in such away that more efficient stationswork continuously throughouts the year
at ahigh load factor and the less efficient plants work for peak load hours only.

(iv) Increasesdiversity factor : Theload curves of different interconnected stations are gener-
aly different. The result isthat the maximum demand on the system is much reduced as
compared to the sum of individual maximum demands on different stations. In other words,
the diversity factor of the system isimproved, thereby increasing the effective capacity of
the system.

(v) Reducesplant reserve capacity : Every power station isrequired to have a standby unit for
emergencies. However, when several power stations are connected in parallel, the reserve
capacity of the system ismuch reduced. Thisincreasesthe efficiency of the system.
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ply. If amajor breakdown occursin one station, continuity of supply can be maintained by
other healthy stations.
Example 3.20. A baseload station having a capacity of 18 MW and a standby station having a
capacity of 20 MW share a common load. Find the annual load factors and plant capacity factors of
two power stations from the following data :

Annual standby station output = 7-35x 10° kWh
Annual base load station output = 101-35 x 10° kWh
Peak load on standby station =12 MW

Hours of use by standby station/year = 2190 hours
Solution.

Installed capacity of standby unit
= 20 MW =20 x 10° kW
Installed capacity of base load plant
= 18 MW = 18 x 10° kW
Standby station
kWh generated / annum x 1
Max. demand x Annua working hours

6
= 510 100 =2m%
(12x107%) x 2190
kWh output / annum

Installed capacity x Hoursin a year
_ 735x10°
~ (20 x10%) x 8760
Baseload station. Itisreasonable to assume that the maximum demand on the base |oad station

is equal to the installed capacity (i.e., 18 MW). It operates throughout the year i.e., for
8760 hours.

Annual |oad factor

Annual plant capacity factor

x 100

x 100 = 4-2%

6
0 Annual load factor = m
(18x10%) x 8760
As the base load station has no reserves above pesk load and it is in continuous operation,
therefore, its capacity factor is also 64.2%.

Example 3.21. The load duration curve for atypical heavy load being served by a combined
hydro-steam system may be approximated by a straight line; maximum and minimum loads being
60,000 kW and 20,000 kW respectively. The hydro power available at the time of minimumregulated
flow is just sufficient to take a peak load of 50,000 kWh per day. It is observed that it will be
economical to pump water fromtail race to the reservoir by utilising the steam power plant during
the off-peak periods and thus running the station at 100% load factor. Determine the maximum
capacity of each type of plant. Assume the efficiency of steam conversion to be 60%.

Solution. OCBA represents the load duration curve for the combined system as shown in
Fig. 3.15. Thetotal maximum demand (i.e., 60,000 kW) isrepresented by OC, whereasthe minimum
demand (i.e., 20,000 kW) is represented by OD.

=642%

Let OE = Capacity of steam plant
EC = Capacity of hydro plant
AreaCHI = Theenergy availablefrom hydro plant inthelow flow period.
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AreaFGB = The off-peak* period energy available from steam plant

Obviously, the energy of hydro plant represented by areaHEFI and available from reservoir has
been supplied by steam power plant represented by area FGB. As steam electric conversion is 60%,

a AreaHEFI = 0.6 x AreaFGB ()]
But AreaHEFI = AreaCFE — AreaCHI
= % %/ ~500001

Now AreaFGB % x FG x GB :% (24 - x) (40,000 -y)

Putting the various valuesin exp. (i), we get,

% xy -50000 = OB [% (24 - x) (40,000 - y)]

60 oooC ——————————————— ‘
\I f

P y

> m

- E F G

= ——x————»

:

8 B

< 20,000 [5TTTTTTTTTTTT T

s

0 Hours > A
Fig. 3.15
or 0-2xy+12000x+7-2y-3,38,000=0 .. (i)
Also from similar triangles CEF and CDB, we get,
y - X
40,000 24
_ 40,000 x
O y = >4 .. (iii)
Putting y = 40,000 x /24 from exp. (iii) into exp. (ii), we get,
333’ + 24000 x - 3,38,000 = 0
or X +72x-1015 = 0
0 « = —721,/5184+4060_—72196_12
2 24
O Capacity of the hydro plant is
y(=EC) = 912 = 20000 kw
Capacity of steam plant = 60,000 — 20,000 = 40,000 kW

Example 3.22. The annual load duration curve for a typical heavy load being served by a
steam station, a run-of-river station and a reservoir hydro-electric station is as shown in Fig. 3.16.
The ratio of number of units supplied by these stationsis as follows :

*

Itis clear from load duration curve that the capacity of steam plant represented by area FGB is not being
utilised efficiently. This steam energy can be used to pump water in tail race back to the reservair.
T Because during minimum regulated flow, hydro energy supplied is 50,000 kWh.
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Seam : Run-of-river : Reservoir :: 7: 4:1

Therun-of-river station is capable of generating power continuously and works as a base load
station. Thereservoir station works as a peak load station. Determine (i) the maximum demand of
each station and (ii) load factor of each station.

Solution. ODCA isthe annual load duration curve for the system as shown in Fig. 3.16. The
energy supplied by thereservoir plant isrepresented by area DFG ; steam station by area FGCBE and
run-of-river by area OEBA. The maximum and minimum loads on the system are 320 MW and
160 MW respectively.

D Reservoir
‘T_ = Hydro-station
y Steam station
3 €
= F \
= X 160
= C
®©
o
=
E / B
/ — Run-of-river Station
o) A

J« 8760 Hours »

Fig. 3.16
Area (in kwWh) under annual load duration curve

Unitsgenerated/annum

10° [% (320 + 160) x 8760] kWh = 2102 x10° kWh

As the steam plant, run-of-river plant and hydro plant generate units in theratioof 7: 4 : 1,
therefore, units generated by each plant are given by :

Steamplant = 21024 x 10° x 7/12 = 12264 x 10° kWh
Run-of-river plant = 2102-4 x 10° x 4/12 = 700-8 x 10° kWh
Reservoir plant = 2102-4 x 10° x 1/12 = 175-2 x 10° kWh
(i) Maximum demand on run-of-river plant

_ AreaOEBA _ 7008 x 10°
OA 8760
Suppose the maximum demand of reservoir plant isy MW and it operates for x hours (See
Fig. 3.16).

= 80,000 kW

Y X =
Then, 160 8760 O X7 160

Units generated per annum by reservoir plant
Area (in kwh) DFG

3(1 _03(1 8760y
10 (2"3’) 10 (2’( 160 y)

y2
£ % 8,76,000

But the units generated by reservoir plant are 175-2 x 10° kwh.
2
0 % x 876000 = 1752 x 10°
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y* = 6400 or y=./6400 =80 MW

O Maximum demand on reservoir station is

FD = 80 MW

Maximum demand on steam station is

(i)

L.F. of run of river plant

EF = 320-80-80=160 MW
100* %

Units generated / annum
Maximum demand x 8760

6
_ _1/512x10 %100 = 2%

(80 x 10°) x 8760

12262 x 10°
(160 x 10%) x 8760

L.F. of reservoir plant = x 100

L.F. of steam plant x 100 = 87.5%

SELF - TEST

1. Fill in the blanks by inserting appropriate words/figures :

0)
(ii)
(iii)
(iv)
V)
(vi)
(vii)
(viii)
(ix)
)

The area under the daily load curve gives................

The connected load is generally ............. than the maximum demand.

The value of demand factor is.............. than 1.

The higher the load factor of apower station, the ............. isthe cost per unit generated.

The value of diversity factor is............. than 1.

The lesser the diversity factor, the ............. isthe cost of generation of power.

A generating unit operates with maximum efficiency at about ............. % of itsrated capacity.
According to Indian Electricity Supply Act (1948), the capacity of the spare set should be..............
Inan annual load curve, ............. istaken adlong Y-axisand ............. along X-axis.

Base load occurs on the power station for ............. hours in a day.

2. Pick up the correct words/figures from the brackets and fill in the blanks :

0]
(i)
(iii)
(iv)
v)
(vi)

(vii)
(viii)

Areaunder the daily load curve divided by 24 gives ............. .
(average load, maximum demand, units generated)
The knowledge of diversity factor helpsin determining .............
(average load, units generated, plant capacity)
More efficient plantsareused as.............. (base load stations, peak load stations)
A diesel power plant isgenerally used asa............. (base load station, peak load station)
In a hydro-steam system, steam power station carries the base load during .............
(high flow day, low flow day)
In an interconnected grid system, the diversity factor of the whole system .............
(increases, decreases, remains constant)
Installed capacity of a power station is ............. then the maximum demand. (less, more)
Annual load factor is determined from ............. load curve. (daily, monthly, annual)

1. ()
2. ()

ANSWERS TO SELF-TEST
units generated in the day (ii) more (iii) less (iv) lesser (v) more (vi) greater (vii) 75% (viii) highest
of all sets (ix) load, hours (x) 24.

average load (ii) plant capacity (iii) base load stations (iv) peak load station (v) low flow day (vi)
increases (vii) more (viii) annual.

*  Sinceit operates continuously at rated capacity (i.e. it is a base load station).
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10.

Why isthe load on apower station variable ? What are the effects of variableload on the operation of the
power station ?

What do you understand by the load curve ? What informations are conveyed by aload curve ?
Define and explain the importance of the following termsin generation :
(i) connected load (ii) maximum demand (iii) demand factor (iv) average load.
Explain the termsload factor and divesity factor. How do these factorsinfluence the cost of generation?
Explain how load curves help in the selection of size and number of generating units.
Discuss the important points to be taken into consideration while selecting the size and number of units.
What do you understand by (i) base load and (ii) peak load of a power station ?
Discuss the method of meeting the peak |oad of an electrified area.
Discuss the advantages of interconnected grid system.
Write short notes on the following :
(i) load curves,
(i) load division on hydro-steam system,
(iii) load factor,
(iv) plant capacity factor,

ok~ wdPE

DISCUSSION QUESTIONS

Why are load curves drawn ?

How will you improve the diversity factor of a power station ?

What is the importance of load factor ?

What is the importance of diversity factor ?

The values of demand factor and load factor are always lessthan 1. Why ?

To FIRST
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Introduction

power station is required to deliver
power to alarge number of consumers
to meet their requirements. While de-
signing and building a power station, efforts
should be made to achieve overal economy so
that the per unit cost of production is as low as
possible. This will enable the electric supply
company to sell electrical energy at a profit and
ensure reliable service. The problem of deter-
mining the cost of production of electrical en-
ergy is highly complex and poses a challengeto
power engineers. Thereareseveral factorswhich
influence the production cost such as cost of land
and equipment, depreciation of equipment, inter-
est on capital investment etc. Therefore, acare-
ful study hasto be made to calculate the cost of
production. In this chapter, we shall focus our
attention on the various aspects of economics of
power generation.

4.1 Economics of Power Generation

Theart of determining the per unit (i.e., one kWh)
cost of production of electrical energy is known
as economics of power generation.

The economics of power generation has as-
sumed agreat importancein thisfast developing
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power plant engineering. A consumer will use electric power only if itissupplied at reasonablerate.
Therefore, power engineers have to find convenient methods to produce electric power as cheap as
possible so that consumers are tempted to use electrical methods. Before passing on to the subject
further, it isdesirable that the readers get themsel ves acquainted with the following terms much used
in the economics of power generation :

(i) Interest. The cost of use of money is known as interest.

A power station is constructed by investing a huge capital. This money is generally borrowed
from banks or other financial institutions and the supply company has to pay the annual interest on
thisamount. Evenif company has spent out of itsreservefunds, theinterest must be till allowed for,
since thisamount could have earned interest if deposited in abank. Therefore, while calculating the
cost of production of electrical energy, the interest payable on the capital investment must be in-
cluded. Therate of interest depends upon market position and other factors, and may vary from 4%
to 8% per annum.

(if) Depreciation. The decrease in the value of the power plant equipment and building due to
constant use is known as depreciation.

If the power station equipment wereto last for ever, then interest on the capital investment would
have been the only charge to be made. However, in actual practice, every power station has a useful
life ranging from fifty to sixty years. From the time the power station is installed, its equipment
steadily deteriorates due to wear and tear so that thereisagradual reduction in the value of the plant.
Thisreductionin thevalue of plant every year isknown as annual depreciation. Due to depreciation,
the plant hasto be replaced by the new one after itsuseful life. Therefore, suitable amount must be set
aside every year so that by the time the plant retires, the collected amount by way of depreciation
equals the cost of replacement. It becomes obvious that while determining the cost of production,
annual depreciation charges must be included. There are several methods of finding the annual
depreciation charges and are discussed in Art. 4.4.

4.2 Cost of Electrical Energy

Thetotal cost of electrical energy generated can be divided into three parts, namely ;
(i) Fixedcost; (if) Semi-fixed cost ; (iif) Running or operating cost.
(i) Fixed cost. Itisthe cost which isindependent of maximum demand and units generated.

The fixed cost is due to the annual cost of central organisation, interest on capital cost of land
and salariesof high officials. Theannual expenditure on the central organisation and salaries of high
officials is fixed since it has to be met whether the plant has high or low maximum demand or it
generateslessor more units. Further, the capital investment on theland isfixed and hence the amount
of interest isalso fixed.

(if) Semi-fixed cost. Itisthe cost which depends upon maximum demand but isindependent of
units generated.

The semi-fixed cost isdirectly proportional to the maximum demand on power station and ison
account of annual interest and depreciation on capital investment of building and equipment, taxes,
salaries of management and clerical staff. The maximum demand on the power station determines
itssize and cost of installation. The greater the maximum demand on a power station, the greater is
itssizeand cost of installation. Further, the taxesand clerical staff depend upon the size of the plant
and hence upon maximum demand.

(iff) Running cogt. It isthe cost which depends only upon the number of units generated.

The running cost is on account of annual cost of fuel, lubricating oil, maintenance, repairs and
salaries of operating staff. Since these charges depend upon the energy output, the running cost is
directly proportional to the number of units generated by the station. In other words, if the power
station generates more units, it will have higher running cost and vice-versa.
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4.3 Expressions for Cost of Electrical Energy
The overall annual cost of electrical energy generated by a power station can be expressed in two
formsviz three part form and two part form.
(i) Threepart form. In this method, the overall annual cost of electrical energy generated is
divided into three parts viz fixed cost, semi-fixed cost and running cost i.e.
Total annual cost of energy = Fixed cost + Semi-fixed cost + Running cost
= Constant + Proportional to max. demand + Proportional to
kWh generated.
= Rs(a+ b kW +c kwh)
where a = annua fixed cost independent of maximum demand and en-
ergy output. Itison account of the costs mentioned in Art. 4.2.
b = constant which when multiplied by maximum kW demand on
the station givesthe annual semi-fixed cost.
¢ = aconstant which when multiplied by kWh output per annum
givesthe annual running cost.

(if) Two part form. It is sometimes convenient to give the annual cost of energy in two part
form. Inthis case, the annual cost of energy is divided into two parts viz., afixed sum per
kW of maximum demand plus arunning charge per unit of energy. The expression for the
annual cost of energy then becomes :

Total annual cost of energy = Rs. (A KW + B kWh)

where A = aconstant which when multiplied by maximum kW demand
on the station gives the annual cost of the first part.
B = aconstant which when multiplied by the annual kWh gener-

ated givesthe annual running cost.
It is interesting to see here that two-part form is a simplification of three-part form. A little
reflection shows that constant “a’ of the three part form has been merged in fixed sum per kW
maximum demand (i.e. constant A) in the two-part form.

4.4 Methods of Determining Depreciation

There is reduction in the value of the equipment and other property of the plant every year due to
depreciation. Therefore, a suitable amount (known as depreciation charge) must be set aside annu-
aly so that by the time the life span of the plant is over, the collected amount equals the cost of
replacement of the plant.

Thefollowing are the commonly used methods for determining the annual depreciation charge:

(i) Straight line method ;

(if) Diminishing value method ;
(iif) Sinking fund method.

(i) Straight linemethod. Inthis method, a constant depreciation charge is made every year on
the basis of total depreciation and the useful life of the property. Obviously, annual depreciation
charge will be equal to the total depreciation divided by the useful life of the property. Thus, if the
initial cost of equipment isRs1,00,000 and itsscrap valueis Rs 10,000 after auseful life of 20 years,
then,

- _ Totd depreciation _ 1,00,000 — 10,000 _
Annual depreciation charge = Useful life 20 =Rs 4,500

In general, the annual depreciation charge on the straight line method may be expressed as :

©
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Annual depreciation charge = P

n
where P = Initial cost of equipment
n = Useful life of equipment in years
S = Scrap or salvage value after the useful life of the plant.
The straight line method is extremely simple and is P
easy to apply as the annual depreciation charge can be =
readily calculated from the total depreciation and useful = %
life of theequipment. Fig. 4.1 showsthegraphical repre- s
sentation of the method. Itisclear that initial value P of T §
the equipment reduces uniformly, through depreciation, g A
to the scrap value Sin the useful life of the equipment. < )y
The depreciation curve (PA) follows a straight line path, | &
indicating constant annual depreciation charge. However, ! &5
thismethod suffersfrom two defects. Firstly, the assump- ! ) §
tion of constant depreciation charge every yearisnotcor- I _L
rect. Secondly, it does not account for the interest which |<— Useful
may be drawn during accumulation. lie () Ago —»
(if) Diminishing value method. In this method, Fig. 4.1

depreciation charge is made every year at afixed rate on
the diminished value of the equipment. In other words, depreciation charge is first applied to the
initial cost of equipment and then to its diminished value. Asan example, supposetheinitial cost of
equipment isRs 10,000 and itsscrap value after the useful lifeiszero. If theannual rate of depreciation
is10%, then depreciation charge for the first year will be 0-1 x 10,000 = Rs1,000. The value of the
equipment is diminished by Rs 1,000 and becomes Rs 9,000. For the second year, the depreciation
charge will be made on the diminished value (i.e. Rs 9,000) and becomes 0-1 x 9,000 = Rs900. The
value of the equipment now becomes 9000 — 900 = Rs 8100. For the third year, the depreciation
charge will be 0-1 x 8100 = Rs 810 and so on.

Mathematical treatment

Let P = Capital cost of equipment
n = Useful life of equipment inyears
S = Scrap value after useful life

Supposethe annual unit* depreciationisx. Itisdesiredto find thevalue of x intermsof P, nand

Value of equipment after one year
= P-Px=P(1-x)
Value of equipment after 2 years

Diminished value — Annual depreciation
[P—=Px] = [(P-Px)x]
P - Px—Px+Px
P(x2 -2x+1)
= P(1-%)°
0 Value of equipment after n years
= P(1-x)"

*  If annual depreciation is 10%, then we can say that annual unit depreciation is 0-1.
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But the value of equipment after n years (i.e., useful life) is
O S = P1-x)"
or a1-x)" = 9P
or 1-x = (IP"
or x = 1-(P)""

From exp. (i), the annual depreciation can be easily found.
first yearisgiven by :

Depreciation for thefirst year = xP

P[1 - (s/P)™]

Similarly, annual depreciation charge for the subsequent
years can be calculated.

Thismethod ismorerational than the straight line method.
Fig. 4.2 shows the graphical representation of diminishing
value method. Theinitial value P of the equipment reduces,
through depreciation, to the scrap value S over the useful life
of the equipment. The depreciation curve follows the path
PA. It is clear from the curve that depreciation charges are
heavy intheearly yearsbut decreaseto alow valuein thelater
years. This method has two drawbacks. Firstly, low depre-
ciation charges are made in the late years when the mainte-
nance and repair charges are quite heavy. Secondly, the de-
preciation charge isindependent of the rate of interest which
it may draw during accumulation. Such interest moneys, if
earned, are to be treated asincome.

Value —»

..(i)
Thus depreciation to be made for the

Total
\ depreciation

~YA

Scrap (S)
value

[ v [ |

< Useful
life
Age —»
Fig. 4.2

(iif) Sinking fund method. In this method, a fixed depreciation charge is made every year and
interest compounded on it annually. The constant depreciation charge is such that total of annual
instalments plus the interest accumulations equal to the cost of replacement of equipment after its

useful life.
Let

P
n
S
r

P-S

Cost of replacement

Initial value of equipment

Useful life of equipment inyears

Scrap value after useful life

Annual rate of interest expressed as adecimal

Let us suppose that an amount of q is set aside as depreciation charge every year and interest
compounded onit so that an amount of P— Sisavailable after nyears. Anamount g at annual interest

rate of r will become *q(1 + r)" at the end of n years.

Now, the amount g deposited at the end of first year will earn compound interest for n — 1 years

and shall becomeq(1+1)" " ti.e,
Amount g deposited at the end of first year becomes
=q@+n""

*  Thiscan be easily proved.
At the end of first year, amount is

q+rg=q(l+r)

At the end of second year, amountis = (q+rqg) +r(q+rq)=q+rq+rq+ r2q

Similarly, at the end of n years, amount is qL+n"
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Amount g deposited at the end of 2nd year becomes
=q(1+n"?
Amount g deposited at the end of 3rd year becomes
=q(L+n"’
Similarly amount q deposited at the end of n — 1 year becomes
=q@+n" "0
q(l+r)
0  Tota fundafternyears = q(1+1)" +q@+1)" "%+ ... +q(Ll+r)
qlA+0)" " T+ @+ T+ L+ (L)
ThisisaG.P. seriesand itssum isgiven by :

Tota fund = M
r

Thistotal fund must be equal to the cost of replacement of equipmenti.e, P-S.
0 P_S:q(1+r)”—1
r
or Sinkingfund, g = (P-9|———— (
g q = ( S){(“r)n_l} 0]

The value of g givesthe uniform annual depreciation charge. The paraenthetical termin eqg. (i)
isfrequently referred to as the “ sinking fund factor”.

S
@$+n"-1

Though thismethod does not find very frequent application in practical depreciation accounting,
it isthe fundamental method in making economy studies.

Example 4.1. A transformer costing Rs 90,000 has a useful life of 20 years. Determine the
annual depreciation charge using straight line method. Assume the salvage value of the equipment
to be Rs 10,000.

O Sinking fund factor =

Solution :

Initial cost of transformer, P = Rs 90,000
Useful life, n = 20years
Salvagevalue, S = Rs 10,000

Using straight line method,

Annual depreciation charge

P; S_ Rs 90,0002—0 10,000 _ RS 4000

Example4.2. Adistribution transformer costs Rs 2,00,000 and has a useful life of 20 years. |If
the salvage value is Rs 10,000 and rate of annual compound interest is 8%, calculate the amount to
be saved annually for replacement of the transformer after the end of 20 years by sinking fund
method.

Solution :

Initial cost of transformer, P = Rs2,00,000
Salvage value of transformer, S = Rs 10,000
Useful life, n = 20years
Annual interest rate, r = 8% =008

Annual payment for sinking fund,
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q :(P—ﬂ—fn ]
@a+n" -1

(2,00,000 - 10,000) | 9108
1+0m8)%® -1

1,90,000 |- 008 | - Rs4153
4766 -1
Example 4.3. The equipment in a power station costs Rs 15,60,000 and has a salvage val ue of

Rs 60,000 at the end of 25 years. Determine the depreciated value of the equipment at the end of 20
years on the following methods :

(i) Straight line method ;
(if) Diminishing value method ;
(iif) Sinking fund method at 5% compound interest annually.
Solution :
Initial cost of equipment, P = Rs15,60,000
Salvage value of equipment,S = Rs 60,000
Useful life, n = 25years
(i) Sraight line method

P-S_ 1560000 - 60,000
=Rs
n 25

Value of equipment after 20 years
P — Annual depreciation x 20
15,60,000 - 60,000 x 20 = Rs 3,60,000

Annual depreciation = Rs 60,000

(if) Diminishing value method
Annual unit depreciation, x

1-(gp)¥"
=1- (—501000 )1/25 =1-0878=0122
15,60,000
Value of equipment after 20 years
= P(1-x)%®
15,60,000 (1 — 0-122)®° = Rs 1,15,615

(iif) Sinking fund method
Rate of interest, r = 5%=0-05
Annual depositinthesinking fundis

— (p_ r
a=F-9 [(1+ r" —1}

= (15,60,000 - 60,000) | — 005
1+0m5% -1
= Rs31,433
O Sinking fund at the end of 20 years
_ @+n® -1 (1+om)5)2°—1:R 1 5
Q== =31433 = == =Rs10,39,36
Rs (15,60,000 — 10,39,362) = Rs 5,20,638

Value of plant after 20 years
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4.5 Importance of High Load Factor
The load factor plays avita role in determining the cost of energy. Some important advantages of
high load factor are listed below :

(i) Reduces cost per unit generated : A high load factor reduces the overall cost per unit
generated. The higher the load factor, the lower isthe generation cost. It is because higher
|oad factor meansthat for agiven maximum demand, the number of unitsgenerated ismore.
This reduces the cost of generation.

(if) Reducesvariableload problems: A high load factor reducesthe variableload problems on
the power station. A higher load factor means comparatively less variations in the load
demands at various times. This avoids the frequent use of regulating devices installed to
meet the variable load on the station.

Example4.4. A generating station has a maximum demand of 50,000 kW. Calculate the cost

per unit generated from the following data :

Capital cost = Rs 95 x 10°; Annual load factor = 40%

Annual cost of fuel and oil = Rs9 x10°; Taxes, wages and salaries etc. = Rs 75 x 10°

Interest and depreciation = 12%

Solution :

Unitsgenerated/annum

Max. demand x L.F. x Hoursin ayear

= (50,000) x (0-4) x (8760) kWh = 1752 x 10" kWh
Annual fixed charges
Annual interest and depreciation

12% of capital cost
Rs0-12 x 95 x 10° = Rs 114 x 10°

Annual Running Charges
Total annua running charges = Annual cost of fuel and oil + Taxes, wages etc.
= Rs(9 x 10° + 7-5 x 10%) = Rs 165 x 10°
Rs (11-4 x 10° + 165 x 10°) = Rs 27-9 x 10°

Total annual charges

Rs M = Re 0-16 = 16 paise
17®2 % 10
Example4.5. A generating station has an installed capacity of 50,000 kW and delivers 220 x
10° units per annum. I the annual fixed charges are Rs 160 per kW installed capacity and running
charges are 4 paise per kWh, determine the cost per unit generated.
Solution :

Annual fixed charges

O Cost per unit

160 x Plant capacity

Rs 160 x 50,000 = Rs 80 x 10°

Rs0-04 x 220 x 10° = Rs 88 x 10°

Rs (80 x 10° + 88 x 10°) = Rs 168 x 10°

Annual running charges
Total annual charges

5
Rs 18X10 - Re 00764 = 764 paise
220 x 10

Example 4.6. A generating plant has a maximum capacity of 100 kW and costs Rs 1,60,000.
The annual fixed charges are 12% consisting of 5% intererst, 5% depreciation and 2% taxes. Find
the fixed charges per kWh if the load factor is (i) 100% and (ii) 50%.

Solution :
Maximum demand
Annual fixed charges

Cost per unit

100 kW
Rs 0-12 x 1,60,000 = Rs 19,200




B~~~ —=

Economics of Power Generation

77

(i) When load factor is 100%
Unitsgenerated/annum

Fixed chargeskWh =

(if) When load factor is 50%
Unitsgenerated/annum

Fixed chargeskWh =

Max. demand x L.F. x Hoursin ayear
100 x 1 x 8760 = 8,76,000 kwWh

19200 _ _ —. :
Rs 876000 Rs 0-0219 = 2-19 paise

100 x 0-5 x 8760 = 4,38,000 kWh

19200 _ _ -4 :
Rs 433000 = Re 0-0438 = 4-38 paise

It isinteresting to note that by decreasing the load factor from 100% to 50%, the fixed charges/
kWh haveincreased two-fold. Incidentaly, thisillustrates the utility of high load factor.

Example4.7. Estimate the generating cost per kWh delivered from a generating station from

the following data :

Plant capacity = 50 MW ; Annual load factor = 40%

Capital cost = 1-2 crores ; annual cost of wages, taxation etc. = Rs 4 lakhs ; cost of fuel,
Iubrication, maintenance etc. = 1-0 paise/kWh generated. Interest 5% per annum, depreciation 6%

per annum of initial value.

Solution : The maximum demand on the station may be assumed equal to the plant capacity i.e.,

50 MW.
Annual fixed charges
Interest and depreciation
Wages and taxation
Total annual fixed charges
Annual running charges
Unitsgenerated/annum

Cost of fudl, lubrication etc.
Total annual charges

O Cost per kWh

Rs 120 x 10° x (5 + 6)/100 = Rs 13-2 x 10°
Rs4 x 10°
Rs(13-2 x 10° + 4 x 10°) = Rs 17-2 x 10°

Max. demand x L.F. x Hoursin ayear

(50 x 10°) x (0-4) x (8760) kWh

1752 x 10° kWh

Rs 1752 x 10° x 0-01 = Rs 1752 x 10°

Rs (17-2 x 10° + 1752 x 10°) = Rs 34-72 x 10°
5

R 347210

1752 X 10° =Re0:02 =2 paise

Example 4.8. A generating station has the following data :
Installed capacity = 300 MW ; Capacity factor = 50% ; Annual load factor = 60%

Annual cost of fuel, oil etc. = Rs9 x 10’ ; capital cost = Rs 10%; annual interest and deprecia-
tion = 10%. Calculate (i) the minimum reserve capacity of the station and (ii) the cost per kwh

generated.
Solution :

0]
Load factor, L.F.

Dividing (i) by (ii), we get,

C
L

Capacity factor, C.F. =

F. _
F.

Average demand Q)

Installed capacity

Average demand (ii)
Max. demand
Max. demand

Installed capacity
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or Max. demand = Installed capacity x EE =300 x % = 250 MW

O Reserve capacity = 300 — 250 = 50 MW
(if)  Unitsgenerated/annum = Max. demand x L.F. x Hoursin ayear
= (250 x 10%) x (0-6) x 8760 kWh = 1314 x 10° kWh
Annual fixed charges = Annual interest and depreciation
= Rs01x 10°=Rs 10°
Annual running charges = Rs9 x 10’
O Total annual charges = Rs(10° + 9 x 10) = Rs 19 x 10’

o 19x10°
1314 x 10°
Example4.9. The capital cost of a hydro-power station of 50 MW capacity is Rs 1,000 per kW.
The annual depreciation charges are 10% of the capital cost. Aroyalty of Re 1 per KW per year and
Re 0-01 per kWh generated is to be paid for using the river water for generation of power. The
maximum demand on the power station is 40 MW and annual load factor is 60%. Annual cost of
salaries, maintenance charges etc. is Rs 7,00,000. |f 20% of this expense is also chargeable as fixed
charges, calculate the generation cost in two part form.
Solution :
Unitsgenerated/annum
Capital cost of plant
Annual fixed charges
Depreciation
Salaries, maintenance etc.
Total annual fixed charges
Cost per kW

O Cost per kWh

= Re0:14 = 14 paise

(40 x 10%) x (0-6) x 8760 = 210-24 x 10° kWh
Rs 50 x 10° x 1000 = Rs 50 x 10°

Rs0-1 x 50 x 10° = Rs 5 x 10°

Rs0-2 x 7,00,000 = Rs 1-4 x 10°

Rs (5 x 10° + 1.4 x 10°) = Rs 514 x 10°
Cost per kW due to fixed charges + Royalty

5
= Rs 214 X107, po 1 = Rs1285+ Re1=Rs 1295
40x 10
Annual running charges

Salaries, maintenance €etc.
Cost per kWh

Rs 0-8 x 7,00,000 = Rs 5:6 x 10°
Cost/kWh due to running charges + Royalty

5
= Rs 2210, peom1
210024 x 10

Re 0-0027 + Re 0-01 = Re 0-0127

[0 Total generation cost in two part formisgiven by ;

Rs (129- 5 x kW + 0-0127 x kWh)

Example4.10. The annual working cost of a power station is represented by the formula Rs (a
+ b kW + ¢ kWh) where the various terms have their usual meaning. Determine the values of a, b
and c for a 60 MW station operating at annual load factor of 50% from the following data :

(i) capital cost of building and equipment is Rs 5 x 10°

(if) theannual cost of fuel, oil, taxation and wages of operating staff is Rs 9,00,000
(iii) theinterest and depreciation on building and equipment are 10% per annum
(iv) annual cost of organisation and interest on cost of site etc. is Rs 5,00,000.
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Solution :
Unitsgenerated/annum = Max. demand x L.F. x Hoursin ayear
= (60 x 10°%) x (0:5) x (8760) kWh = 262-8 x 10° kWh
Annual operatingcost = Rs(a+ b x kW + ¢ x kWh)
where a = annual fixed cost
b x kW = annual semi-fixed cost
¢ x kWh = annual running cost

Annual fixed cost. Theannual fixed cost isdue to the annual cost of organisation and interest on
the cost of site.
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O a = Rs5,00,000
Annual semi-fixed cost. Thisison account of annual interest and depreciation on building and
equipment.

Annual semi-fixedcost = Rs0-1x 5 x 10° = Rs5,00,000
But annual semi-fixed cost isequal to b x kW where bisthe cost per kW of maximum demand.

0 bx 60 x 10° = Rs5,00,000
or b = Rs 2200 _ pogas
60 x 10
Annual running cost. Thisis due to the annual cost of fuel, oil, taxation, salaries of operating
staff.
O ¢ x kWh generated = Rs9,00,000
or cx262:8x 10° = Rs9,00,000
0 ¢ = Rs 200000 ze0.0034
26238 x10

Example 4.11. A hydro-electric plant costs Rs 3000 per kW of installed capacity. The total
annual charges consist of 5% asinterest ; depreciation at 2%, operation and maintenance at 2% and
insurance, rent etc. 1.5%. Determine a suitable two-part tariff if the losses in transmission and
distribution are 12:5% and diversity of load is1-25. Assume that maximum demand on the stationis
80% of the capacity and annual load factor is40%. What isthe overall cost of generation per kWh?

Solution : Let theinstalled capacity of the station be 100 kW.
Maximumdemand = 100 x 0-8 = 80 kW
Averagedemand = 80 x 0-4 = 32 kW
Capital cost of plant = Rs 100 x 3000 = Rs 3 x 10°
Annual fixed charges. The annual fixed charges are due to interest (5%) and depreciation
(2%).
O Annual fixed charges = Rs3x 10° x (5 + 2),7100 = Rs 21000
Aggregate of max. demand = 80 x 1-25 = 100 kW
O Annual fixed charges = Rs 21000100 = Rs 210 per kW of max. demand
Annual running charges. The annual running charges are due to operation and maintenance
(2%) and insurance, rent (1-5%) etc.
Annual running charges
Unitsgenerated/annum

Rs 3 x 10° x (2 + 1:5),/100 = Rs 10,500
Average demand x Hoursin ayear

32 x 8760 = 2,80,320 kWh

2,80,320 x 0-875 = 2,45,280 kWh

10500 _ .
5 45250 ~ Re 0043 per kwh

Units reaching the consumer

O Annual running charge = Rs
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The generation cost in two-part formis
Rs (210 x kW + 0:043 x kWh)
Total annual charges = Rs (21,000 + 10,500) = Rs 31,500
Cost per KWh = Rs 2%5220 = Re 0128 = 128 paise

Example 4.12. Compare the annual cost of supplying a factory load having a maximum de-
mand of 1 MW and a load factor of 50% by energy obtained from (i) a private oil engine generating
plant and (ii) public supply.

(i) Private oil engine generating unit :

Capital cost = Rs 12 x 10°; Cost of repair and maintenance = Rs 0-005 per kWh generated

Cost of fuel = Rs 1600 per 1000 kg ; Interest and depreciation = 10% per annum

Fuel consumption = 0-3 kg/lkwWh generated ;  Wages = Rs 50,000 per annum

(if) Public supply company :

Rs 150 per kW of maximum demand plus 15 paise per kWh

Solution :

Unitsgenerated/annum = (1000) x (0-5) x 8760 = 438 x 10* kwh
(i) Private il engine generating plant
Annual fuel consumption = 0-3 x 438 x 10% = 13.14 x 10° kg
Annual cost of fuel = Rs13-14 x 10° x 160071000 = Rs 21,02,400
Annual cost of repair and maintenance = Rs0-005 x 438 x 10* = Rs 21,900
Annual wages = Rs 50,000
Annual interest and depreciation = Rs0-1 x 12 x 10° = Rs 1,20,000
O Total annual charges = Rs (21,02,400 + 21,900 + 50,000 + 1,20,000)
= Rs 22,94,300

(if) Public supply
Annual fixed charges = Rs 150 x 1000 = Rs 1,50,000
Annual running charges = Rs0-15 x 438 x 10* = Rs 6,57,000
Total annual charges = Rs(1,50,000 + 6,57,000) = Rs 8,07,000
Example 4.13. A power station having a maximum demand of 100 MW has a load factor of
30% and isto be supplied by one of the following schemes :

(i) asteam station in conjunction with a hydro-electric station, the latter supplying 100 x 10°
kWh per annumwith a maximum output of 40 MW.

(ii) a steam station capable of supplying the whole load.
(iif) a hydro-station capable of supplying the whole load.
Compare the overall cost per kWh generated, assuming the following data :

Seam Hydro
(a) Capital cost kW installed Rs 1250 Rs 2500
(b) Interest and depreciation on capital investment 12% 10%
(c) Operating cost, kWh 5 paise 1.5 paise
(d) Transmission costkWh negligible  0-2 paise

Solution :

Unitsgenerated/annum = Max. demand x L.F. x Hoursin ayear

(100 x 10% x (0-3) x (8760) = 262:8 x 10° kWh

©
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(i) Steam dation in conjunction with hydro station

Units supplied by hydro-station = 100 x 10° kWh
0 Units supplied by steam station = (262-8 — 100) x 10° = 162-8 x 10° kWh
Since the maximum output of hydro station is 40 MW, the balance 100 — 40 = 60 MW shall be
supplied by steam station.
(@) Steam Sation

Capital Cost = Rs60 x 10° x 1250 = Rs 75 x 10°

Annual interest and depreciation

Operating Cost

Transmission cost

O Total annual cost
(b) Hydro station

Capital Cost

Annual interest and depreciation =

Operating cost
Transmission cost
Total annual cost

Rs0-12 x 75 x 10° = Rs 9 x 10°
Rs 0-05 x 1628 x 10° = Rs 8-14 x 10°

= negligible

Rs (9 + 8-14) x 10° = Rs 17-14 x 10°

= Rs 2500 x 40 x 10° = Rs 100 x 10°

Rs0-1 x 100 x 10° = Rs 10 x 10°

Rs 0015 x 100 x 10° = Rs 1.5 x 10°
Rs0-002 x 100 x 10° = Rs 0-2 x 10°

= Rs(10+ 15+ 0-2) x 10° = Rs 11.7 x 10°

Total annual chargesfor both steam and hydro stations

a Overadl cost/kWh =

(if) Steam dtation

Capital cost =
Annual interest and depreciation =

Fixed charges/kWh

Operating cost/kWh

Transmission cost, kWh

O Overall cost,/kWh
(iii) Hydro station

Capital cost =
Annual interest and depreciation =

= Rs(17-14 + 11 7) x 10° = Rs 2884 x 10°
< 28B4 x10°
® 262Bx10°

Rs 1250 x 100 x 10° = Rs 125 x 10°
Rs0-12 x 125 x 10° = Rs 15 x 10°
15 x 10°
2628 x 10°
5 paise
negligible
571+ 5=1071 paise

= Re0:0571 = 5:71 paise

Rs 2500 x 100 x 10° = Rs 250 x 10°
Rs0-1 x 250 x 10° = Rs 25 x 10°

= Re 0-1097 = 10-97 paise

25 x 10°
262(8 x 10°
Adding the operating cost,/ unit and transmission cost per unit, we get,
Overall cost/kWh = 951+ 1.5+ 0-2=11-21 paise
Example4.14. Aload having a maximum value of 150 MW can be supplied either by a hydro-
electric station or steam power plant. The costs are as follows :

O Fixed charges/’kWh = Rs = Re 0:0951 = 9:51 paise

Plant Capital cost per kW installed Operating cost per kwh Interest
Steam Plant Rs 1600 Re 0-06 7%

Hydro Plant Rs 3000 Re 0-03 7%
Calculate the minimum load factor above which the hydro-electric plant will be more economi-

cal.

©
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Solution :
Maximum demand = 150 MW = 150 x 10° kW
L et the total number of units generated per annum be x.

Steam plant
Capital cost = Rs 1600 x 150 x 10° = Rs 240 x 10°
Annual interest = Rs0:07 x 240 x 10° = Rs 16-8 x 10°
6
Fixed cost/unit = Rs M
Running cost,/unit = Re 0-06 (given)
6
O Total cost/unit = Rs (M +0 E(D6j (i)
Hydro plant
Capital cost = Rs3000 x 150 x 10° = Rs 450 x 10°
Annual interest = 0-07 x 450 x 10° = Rs 315 x 10°
6
Fixed cost/unit = Re M
Running cost,/unit = Re 0-03 (given)
6
0 Total cost/unit = Rs (M +0 [03) (i)
The overall cost per unit of steam plant will be equal to hydro plant if exp. (i) = exp (ii) i.e,
6 6
16[@ x 10 4006 = 31[5XX1O + 003
or 16-8 x 10° + 0-06 X = 31.5 x 10° + 0-03 X
1417 x 10° 6
0 = 22X Y~ 490 x 10° kWh
X 003

It follows, therefore, that if the units generated per annum are more than 490 x 10° the hydro
plant will be more economical.

6
0 Loadfactor = —20%10 150 37.30
(150 x 10%) x 8760
Therefore, the minimum load factor above which the hydro plant will be economical is 37-3%.
Example4.15. A particular area can be supplied either by hydro station or steam station. The
following data is available :

Hydro Steam
Capital cost kKW Rs 2100 Rs 1200
Running costkWh 32 paise 5 paise
Interest and depreciation 7-5% 9%
Reserve capacity 33% 25%

(i) Atwhat load factor would the overall cost be the same in both cases ?
(i) What would be the cost of generating 40 x 10° units at this load factor ?
Solution : Let x kW bethemaximum demand. Lety betheannual load factor at which cost,/unit
of steam and hydro stationsis the same.
00  Unitsgenerated//annum = x xy x 8760 = 8760 xy kWh
(i) Theingtalled capacity of steam station will be 1-25x kW (keeping 25% as reserve capacity),
whereastheinstalled capacity of hydro station would be 1-33x kW (keeping 33% as reserve capecity).



Econom

ics of Power Generation

s

Steam station
Capital cost
Interest and depreciation
Running cost,”annum

a Overall cost,/kWh

Hydro station
Capital cost
Interest and depreciation
Running cost,/kWh

Rs 1200 x 1-25x = Rs 1500x
Rs 0-09 x 1500x = Rs 135x
Rs0-05 x 8760xy = Rs 438xy
Re (135x + 438xy)

8760 xy

Rs 2100 x 1-33x = Rs 2793x

Rs0-075 x 2793x = Rs 210x
Rs0-032 x 8760xy = Rs 280xy
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(i)

Re (210x + 280xy) D)
8760 xy

Astheoverall cost per unit isthe samein each case, therefore, equating exps. (i) and (ii), we get,
(135x +438xy) _ (210x + 280 xy)

a Overadl cost/kWh =

8760 xy 8760 xy
or 75x = 158xy
O Load factor,y = 75x,/158 x = 0-4746 = 47-46%
(if)  Unitsgenerated/annum = 8760 xy
or 40 x 10° = 8760 x x x 0-4746

40 x 10° 3

O Max. demand, x = 760 x OLATA6 9:62 x 10° kW
O Cost of generation = Rs(135x + 438 xy)

= Rs (135 x 962 x 10° + 438 x 962 x 10° x 0-4746)
= Rs(1298-7 x 10° + 2000 x 10°) = Rs 32987 x 10°
Example 4.16. The load duration curve of a system for the whole year of 8760 hours is as
showninFig. 4.3. Thesystemissupplied by two stations A and B having the following annual costs:
Station A= Rs (75,000 + 80 x kW + 0-02 x kWh)
Station B = Rs (50,000 + 50 x kW + 0-03 x kWh)
Determine the installed capacity required for each station and for how many hours per year
peak load station should be operated to give the minimum cost per unit generated.

Solution : Fig. 4.3 shows the annual load duration curve of the system. As station A has the
lower operating cost, it should be used as the base |oad station. On the other hand, station B should
be used as the peak load station.

5 0000 R
f

X

Station L

—y —»
Station A

Load in kW

0

le——— 8760 Hours —————»|
Fig. 4.3
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Let x = Installed capacity of station B in kW
y = Hoursof operation of station B
O Installed capacity of station A = (50,000 — x) kW
. . _1.,.,_.1 8760* X _ 2
Unitsgenerated /annum by stationB = 5 Xy 5 X X ><—50’000 =0-0876 x

Unit generated /annum by station A

% x 50,000 x 8760 — 0-0876 X

219 x 10° - 0-0876 X
Rs (50,000 + 50 X + 0-03 x 0-0876 X?)
Rs (50,000 + 50 X + 0-00262 x°)
Rs (75,000 + 80 (50,000 — x) + 0-02 (219 x 10° — 0-0876 x?)
Rs (8-455 x 10° - 80 x — 0-00175 x°)
[0 Total annual operating cost of stations A and B
C = C,+Cy
Rs (50,000 + 50 X + 0-00262 x°) + (8-455 x 10° - 80 x — 000175 x?)
Rs (85,05,000 — 30 x + 0-00087 x?) :
dc

Annual cost of station B, Cg

Annual cost of station A, C,

For minimum annual operating cost, i 0
O % = 0-30+ 2 x0-00087 x
or 0 = -30+0:00174 x
or x = —39__ 17241 kW
000174

O Capacity of stationB = 17,241 kW

Capacity of station A = 50,000 — 17,241

= 32,758 kW

No. of hours of operation of station B is

_ 8760 _ 8760 x 17,241
Y = 50,000 50,000

= 3020 hours

Steam Power Station

TUTORIAL PROBLEMS

1. A distribution transformer costing Rs 50,000 has a useful life of 15 years. Determine the
annual depreciation charge using straight line method. Assumethe salvage value of the equip-

ment to be Rs 5,000.
[Rs 3,000]
o Y X 0 y=8760x
8760 50,000 50,000
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2. The power generation equipment of apower station cost Rs 15,75,000 and has auseful life of
25 years. If the salvage value of the equipment is Rs 75,000 and annual interest rate is 5%,
determine annual amount to be saved by sinking fund method. [Rs 31,400]

3. A 500 kVA distribution transformer costs Rs 50,000 and has a useful life of 20 years. If the
salvage valueis Rs 5,000 and annual compound interest rateis 8%, determine the value of the

transformer at the end of 10 years using sinking fund method. [Rs 35,700]

4. A generating station has amaximum demand of 10 MW. Calculate the cost per unit generated
from the following data :

Annual load factor = 35%
Capital cost = Rs12,50,000
Annual cost of fuel and oil = Rs 8,00,000

Taxes, wages and salaries = Rs 7,00,000
Interest and depreciation = 10%
5. From the following data, estimate the cost per kWh for the generating station :

Plant capacity = 50 MW
Annual load factor = 40%
Capital cost = Rs12x10°

Annual cost of wages, taxes etc = Rs 4,00,000 ; cost of fuel, lubrication, maintenance = Rs
17,52,000 ; Annual interest and depreciation = 10% of initial value. [1:913 paise per kWh]

6. Inaparticular area both steam and hydro stations are equally possible. It has been estimated
that capital costs and running costs of these two types will be as under :

Plant Capital cost kW Running cost. kWh Interest

Hydro Rs 3000 3 paise 5%

Steam Rs 2000 10 paise 5%

If the expected average load factor is 40%, which is economical to operate, steam or hydro ?

[Hydro]

7. The energy cost of a 100 MW steam station working at 40% load factor comes out to be 12

paise/kWh of energy generated. What will bethe cost of energy generated if the load factor is

improved to 60% ? Thefuel cost of the power station dueto increased generation increase the

annual generation cost by 5%.

[84 pais]

8. A load having a peak value of 50 MW and 45% load factor isto be supplied by a steam power

station in conjunction with a hydro-power station, the latter supplying 60 million units of en-
ergy per annum with a maximum output of 20 MW.

(i) Capital cost Steam : Rs 2000 per kW installed
Hydro : Rs 3000 per kW installed
(ii) Cost of fuel Coa Rs 150 per metric ton ; consumption being 0-5
kg per unit generated
(iii) Maintenance charges Steam : 0-7 paise per unit
Hydro : 0-5 paise per unit
(iv) Interest and depreciation Steam : 10% per annum

Hydro : 9% per annum
Calculate the average cost of energy. [11-6 paise]
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SEIF-TEST

1. Fill in the blanks by inserting appropriate words/figures.

@)
(i)
(iii)
(iv)
v)
(vi)
(vii)

Depreciationisthe............ invalue of equipment dueto ...........

The cost of electrical energy can be divided into three partsviz,, ............ and ...........
The number of units generated will be more if the load factor is.............

Semi-fixed cost is directly proportiond to .............. on power station.

The running cost is directly proportional to ................

In the diminishing value method, depreciation chargesare heavy in ............. years.
Theannual depositis.............. in sinking fund method as compared to strai ght line method.

2. Pick up the correct words/figures from the brackets and fill in the blanks.

U]
(i)

(iii)
(iv)

Fixed cost of electrical energy ............. maximum demand. (depends upon, does not de-

pend upon)

For the same maximum demand, if load factor is decreased, the cost of energy is.............
(increased, decreased, not affected)

Averageload is............... if the load factor increases. (increased, decreased)

Theannud, ............... cost isdue to the annual cost of fuel, oil, taxation, wages and sala-
riesto the operating staff. (running, fixed)

0]

V)
0]

ANSWERS TO SELF-TEST

decrease, wear and tear, (ii) fixed, semi-fixed, running cost, (iii) more, (iv) maximum
demand

units generated, (vi) early, (vii) smaller.

does not depend upon, (ii) increased, (iii) increased, (iv) running.

w N

o v &

CHAPTER REVIEW TOPICS

Explain the terms interest and depreciation as applied to economics of power generation.
Discussthe different classifications of costs of electrical energy.

Givethebasisfor expressing the cost of electrical energy asa+ b kW + ckWh and explain the
factors on which a b and ¢ depend.

Discuss the various methods of determining the depreciation of the equipment.

Enlist the effects of high load factor on the operation of power plants.

Write short notes on the following :

(i)
(i)
(iii)

Advantages of high load factor.
Sinking fund method of depreciation.
Three-part form of cost of electrical energy.

A wDn

DISCUSSION QUESTIONS

What is the importance of interest on capital investment in calculating the cost of electrical
energy ?

What is the significance of depreciation in the economics of power generation ?

Why isfixed cost independent of maximum demand and units generated ?

How does high load factor reduce the variable load problems on the power station ?

Q To FIRST
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Introduction

he electrical energy produced by a power
station is delivered to alarge number of

consumers. The consumers can be per-
suaded to use electrical energy if it issold at rea-
sonable rates. The tariff i.e., the rate at which
electrica energy issold naturally becomes atten-
tion inviting for electric supply company. The
supply company has to ensure that the tariff is
such that it not only recovers the total cost of
producing electrical energy but also earns profit
on the capital investment. However, the profit
must be marginal particularly for a country like
Indiawhere el ectric supply companies come un-
der public sector and are always subject to criti-
cism. Inthischapter, we shall deal with various
types of tariff with special referencesto their ad-
vantages and disadvantages.

5.1 Tariff

The rate at which electrical energy is supplied
to a consumer is known as tariff.

Although tariff should include the total cost
of producing and supplying electrical energy plus
the profit, yet it cannot be the same for all types
of consumers. It is because the cost of produc-
ing electrical energy depends to a considerable



88 Principles of Power System

extent upon the magnitude of electrical energy consumed by the user and hisload conditions. There-
fore, inall fairness, due consideration hasto be given to different types of consumers(e.g., industrial,
domestic and commercial) whilefixing thetariff. Thismakesthe problem of suitablerate making highly
complicated.

Objectivesof tariff. Likeother commaodities, electrical energy isalso sold at such arate so that it
not only returns the cost but also earns reasonable profit. Therefore, a tariff should include the
followingitems:

(i) Recovery of cost of producing electrical energy at the power station.

(i) Recovery of cost on the capital investment in transmission and distribution systems.

(iif) Recovery of cost of operation and maintenance of supply of electrical energy e.g., metering
equipment, billing etc.

(iv) A suitable profit on the capital investment.

5.2 Desirable Characteristics of a Tariff

A tariff must have the following desirable characteristics:

(i) Proper return : The tariff should be such that it ensures the proper return from each
consumer. In other words, thetotal receiptsfrom the consumers must be equal to the cost of
producing and supplying electrical energy plus reasonable profit. This will enable the
electric supply company to ensure continuous and reliable service to the consumers.

(i) Fairness: Thetariff must befair so that different types of consumers are satisfied with the
rate of charge of electrical energy. Thus abig consumer should be charged at alower rate
than asmall consumer. It isbecauseincreased energy consumption spreadsthefixed charges
over agreater number of units, thusreducing the overall cost of producing electrical energy.
Similarly, aconsumer whose load conditions do not deviate much from theideal (i.e., non-
variable) should be charged at a lower* rate than the one whose load conditions change
appreciably fromtheideal.

(iif) Simplicity: Thetariff should be simple so that an ordinary consumer can easily understand
it. A complicated tariff may cause an opposition from the public whichisgenerally distrust-
ful of supply companies.

(iv) Reasonableprofit: Theprofit element inthetariff should bereasonable. Anelectric supply
company isapublic utility company and generally enjoysthe benefits of monopoly. There-
fore, theinvestment isrelatively safe dueto non-competition in the market. Thiscallsfor the
profit to be restricted to 8% or so per annum.

(v) Attractive: Thetariff should be attractive so that alarge number of consumers are encour-
aged to use electrical energy. Efforts should be madeto fix the tariff in such away so that
consumers can pay easily.

5.3 Types of Tariff

There are several types of tariff. However, the following are the commonly used types of tariff :

1. Simple tariff. When thereisa fixed rate per unit of energy consumed, itiscalled a smple
tariff or uniform rate tariff.

In thistype of tariff, the price charged per unit is constant i.e., it does not vary with increase or
decrease in number of units consumed. The consumption of electrical energy at the consumer’s
terminasis recorded by means of an energy meter. Thisisthe simplest of al tariffsand is readily
understood by the consumers.

*  The cost of producing electrical energy is not same for al consumers but increases with the increasing
departure of consumer’s load conditions from theideal (i.e., constant load).
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Disadvantages
(i) Thereisno discrimination between different types of consumers since every consumer has
to pay equitably for the fixed* charges.
(i) The cost per unit delivered is high.
(iii) It does not encourage the use of electricity.
2. Flat rate tariff. When different types of consumersare charged at different uniform per unit
rates, it is called a flat rate tariff.

In thistype of tariff, the consumers are grouped into different classes and each class of consum-
ersischarged at adifferent uniformrate. For instance, theflat rate per kWh for lighting load may be
60 paise, whereasit may bedlightly lesst (say 55 paise per kWh) for power load. Thedifferent classes
of consumers are made taking into account their diversity and load factors. The advantage of such a
tariff isthat it ismorefair to different types of consumersand is quite simplein calculations.
Disadvantages

(i) Sincetheflat rate tariff varies according to the way the supply is used, separate meters are
required for lighting load, power load etc. Thismakesthe application of such atariff expen-
sive and complicated.

(i) A particular class of consumersis charged at the same rate irrespective of the magnitude of
energy consumed. However, abig consumer should be charged at alower rate asin his case
the fixed charges per unit are reduced.

3. Block rate tariff. When a given block of energy is charged at a specified rate and the

succeeding blocks of energy are charged at progressively reduced rates, it is called a block rate
tariff.

Inblock ratetariff, the energy consumptionisdivided into blocksand the price per unitisfixedin
each block. Theprice per unitinthefirst block isthe highest** anditisprogressively reduced for the
succeeding blocks of energy. For example, thefirst 30 units may be charged at the rate of 60 pai se per
unit ; the next 25 units at therate of 55 paise per unit and the remaining additional units may be charged
at the rate of 30 paise per unit.

The advantage of such atariff isthat the consumer gets an incentive to consume more el ectrical
energy. This increases the load factor of the system and hence the cost of generation is reduced.
However, itsprincipal defect isthat it lacksameasure of the consumer’sdemand. Thistypeof tariff is
being used for majority of residential and small commercial consumers.

4. Two-part tariff. When the rate of electrical energy is charged on the basis of maximum
demand of the consumer and the units consumed, it is called a two-part tariff.

Intwo-part tariff, thetotal charge to be made from the consumer issplit into two componentsviz,
fixed charges and running charges. The fixed charges depend upon the maximum demand of the
consumer while the running charges depend upon the number of units consumed by the consumer.
Thus, the consumer is charged at a certain amount per kW of maximumtt demand plus a certain
amount per kWh of energy consumed i.e.,

*  Thetotal cost of electrical energy consists of fixed chargesand running charges. The greater the number of
units consumed, the lesser thefixed chargesper unit. Therefore, aconsumer who consumes more units must
pay less fixed charges per unit.

T Theflatratefor power load isalwayslessthanlighting load. Itisbecause power load ismuch morethanthe
lighting load and, therefore, improves the load factor of the system to a great extent.

**  Generaly, fixed chargesare merged into the running chargesfor the first and second blocks of energy so that
price per unit for these blocks is high.

Tt Themaximum demand of consumer isgenerally assessed on the basis of rateable value of the premisesor on
the number of rooms or on the connected load.
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Total charges = Rs(bx kW + Ccx kWh)
where, b = chargeper kW of maximum demand
¢ = charge per kWh of energy consumed

Thistype of tariff ismostly applicableto industrial consumers who have appreciable maximum
demand.
Advantages

(i) Itiseasily understood by the consumers.

(i) It recoversthefixed chargeswhich depend upon the maximum demand of the consumer but

are independent of the units consumed.
Disadvantages

(i) Theconsumer hasto pay thefixed chargesirrespective of thefact whether he has consumed
or not consumed the electrical energy.

(i) Thereisawayserror in assessing the maximum demand of the consumer.

5. Maximum demand tariff. Itissimilar to two-part tariff with the only difference that the
maximum demand is actually measured by installing maximum demand meter in the premises of the
consumer. This removes the objection of two-part tariff where the maximum demand is assessed
merely on the basis of the rateable value. This type of tariff is mostly applied to big consumers.
However, it is not suitable for asmall consumer (e.g., residential consumer) as a separate maximum
demand meter isrequired.

6. Power factor tariff. Thetariff in which power factor of the consumer’sload is taken into
consideration is known as power factor tariff.

Inanac. system, power factor playsanimportant role. A low* power factor increasestherating
of station equipment and linelosses. Therefore, aconsumer having low power factor must be penalised.
Thefollowing aretheimportant types of power factor tariff :

(i) kVA maximumdemand tariff : Itisamodified form of two-part tariff. Inthiscase, thefixed
charges are made on the basis of maximum demand in kVA and not in KW. AskVA is
inversely proportional to power factor, therefore, aconsumer having low power factor hasto
contribute more towards the fixed charges. This type of tariff has the advantage that it
encourages the consumers to operate their appliances and machinery at improved power
factor.

(i) Sidingscaletariff: Thisisalsoknow asaverage power factor tariff. Inthiscase, anaverage
power factor, say 0-8 lagging, istaken asthereference. If the power factor of the consumer
fallsbelow thisfactor, suitable additional chargesare made. On the other hand, if the power
factor is above the reference, a discount is allowed to the consumer.

(iff) kW and kVAR tariff : In this type, both active power (kW) and reactive power (KVAR)
supplied are charged separately. A consumer having low power factor will draw more reac-
tive power and hence shall have to pay more charges.

7. Threepart tariff. When the total charge to be made from the consumer is split into three
partsviz., fixed charge, semi-fixed charge and running charge, it isknown asa three-part tariff. i.e.,
Total charge = Rs(a+ b x kW + ¢ x kWh)
where a = fixed charge made during each hilling period. It includes
interest and depreciation on the cost of secondary distribu-
tion and labour cost of collecting revenues,

b = chargeper kW of maximum demand,
¢ = charge per kWh of energy consumed.

*  See chapter on power factor improvement.



Tariff 91

I-t may be seen tﬂat by adding fixed charge or consumer’s charge (i.e., @) to two-part tariff, it
becomesthree-part tariff. The principal objection of thistype of tariff isthat the chargesare split into
three components. Thistype of tariff isgenerally applied to big consumers.

Power Factor Improvement

Example5.1. A consumer has a maximum demand of 200 KW at 40% |oad factor. If thetariff is
Rs. 100 per kW of maximum demand plus 10 paise per kWh, find the overall cost per kWh.

Solution.
Units consumed/year

Max. demand x L.F. x Hoursin ayear
= (200) % (0-4) x 8760="7,00,800kWh
Annual M.D. charges + Annual energy charges
Rs(100 x 200+ 0-1 % 7,00,800)
Rs90,080
90,080
7,00,800
Example 5.2. The maximum demand of a consumer is 20 A at 220 V and his total energy
consumption is 8760 kWh. |f the energy is charged at the rate of 20 paise per unit for 500 hours use
of the maximum demand per annum plus 10 paise per unit for additional units, calculate : (i)
annual bill (ii) equivalent flat rate.
Solution.
Assume the load factor and power factor to be unity.

O Maximumdemand = M=4EKW

1000
(i) Unitsconsumed in 500 hrs= 4-4 x500=2200kWh
Chargesfor 2200 kWh Rs 0-2 x 2200 = Rs440
Remaining units

8760 —2200=6560kWh

Annual charges

O Overall cost/kWh = =Re0-1285=12-85paise
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Chargesfor 6560 kWh = Rs0-1x 6560 = Rs656
O Total annual bill = Rs(440+ 656) = Rs. 1096
(ii) Equivalentflatrate = Rs% = Re0M125 = 125 paise

Example5.3. Thefollowing two tariffsare offered:

(@) Rs 100 plus 15 paise per unit ;

(b) Aflat rate of 30 paise per unit ;

At what consumption isfirst tariff economical ?

Solution.

Let x be the number of units at which charges due to both tariffs become equal. Then,
100+0:15x = 0-3x

or 015« = 100

O X 100/0-15 = 666-67 units

Therefore, tariff (a) iseconomical if consumptionismorethan 666-67 units.

Example5.4. A supply isoffered on the basis of fixed charges of Rs 30 per annum plus 3 pai se per
unit or alternatively, at the rate of 6 paise per unit for the first 400 units per annum and 5 paise per
unit for all the additional units. Find the number of units taken per annum for which the cost under
the two tariffs becomes the same.

Solution. Let x (>400) be the number of unitstaken per annum for which the annual chargesdue
to both tariffs become equal.
Annual charges dueto first tariff = Rs(30+0-03x)
Annual charges due to second tariff = Rs[(0-06 x 400) + (x —400) x 0-05]

= Rs(4+0:05x)
As the charges in both cases are equal,
O 30+0:03x = 4+005x
_ 30-4 _
or X = 0M5-0m3 1300 kWh

Example 5.5. An electric supply company having a maximum load of 50 MW generates
18 x 10 units per annum and the supply consumers have an aggregate demand of 75 MW. The
annual expenses including capital charges are :

For fuel = Rs90 lakhs

Fixed charges concerning generation Rs 28 lakhs

Fixed charges concerning transmission= Rs 32 lakhs
and distribution

Assuming 90% of the fuel cost is essential to running charges and the loss in transmission and
distribution as 15% of kWh generated, deduce a two part tariff to find the actual cost of supply to the
Consumers.

Solution.
Annual fixed charges
For generation
For transmission and distribution
For fuel (10% only)
Total annual fixed charge

Rs28x 10°

Rs32x 10°

Rs0-1x 90 x 10° = Rs9 x 10°
Rs(28+32+9) x 10° = Rs69 x 10°
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This cost has to be spread over the aggregate maximum demand of all the consumers i.e.,
75MW.

R 69 x10° _

S 3 =Rs. 92
75x%10

O Cost per kW of maximum demand

Annual running charges.
Cost of fuel (90%) = Rs0-9x90x 10°=Rs81x 10°
Units delivered to consumers = 85% of units generated
= 0-85x18x 10’ =15:3x 10'kWh
This cost is to be spread over the units delivered to the consumers.
5
O Cost/kWh = R581x—107 = Re0[053 = 5.3 paise
1503 x10

O Tariff isRs92 per kW of maximum demand plus5-3 paise per kWh.

Example5.6. A generating station has a maximum demand of 75 MW and a yearly load factor
of 40%. Generating costs inclusive of station capital costs are Rs. 60 per annum per kW demand
plus 4 paise per KWh transmitted. The annual capital charges for transmission system are Rs
20,00,000 and for distribution system Rs 15,00,000 ; the respective diversity factors being 1-2 and
1-25. The efficiency of transmission systemis 90% and that of the distribution system inclusive of
substation losses is 85%. Find the yearly cost per kW demand and cost per kWh supplied :

(i) at the substation (i) at the consumers premises.

Solution.

Maximum demand 75 MW =75,000 kW
Annual load factor 40%=0-4

(i) Codt at substation. Thecost per kW of maximum demand isto be determined from the total
annual fixed charges associated with the supply of energy at the substation. The cost per kwh shall
be determined from the running charges.

(@ Annual fixed charges
Generation cost = Rs60x 75x 10°=Rs4.5x 10°
Transmission cost = Rs2x 10°

Total annual fixed charges at the substation
= Rs(45+2)x10°=Rs6:5x 10°

Aggregate of all maximum demands by the various substations
= Max. demand on generating station x Diversity factor
= (75%10%) x 1.2=90 x 10° kW

The total annual fixed charges have to be spread over the aggregate maximum demands by

various substationsi.e., 90 x 10% kW.
Annual cost per kW of maximum demand

6
= rs22X10 s 722
90 x 10
(b) Running Charges. Itisgiventhat cost of 1 kWh transmitted to substation is4 paise. Asthe
transmission efficiency is 90%, therefore, for every kWh transmitted, 0-9 kWh reaches the sub-
station.

0O  Cost/kWh at substation = 4/0-9=4-45paise
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Hence at sub-station, the cost isRs 72-22 per annum per kW maximum demand plus 4-45 paise
per kWh.

(if) Cost at consumer’s premises. Thetotal annual fixed chargesat consumer’s premisesisthe
sum of annua fixed charges at substation (i.e. Rs6-5 x 106) and annual fixed charge for distribution
(i.e,Rs15x10%.
0 Total annual fixed charges at consumer’s premises
= Rs(6-5+15) x10°=Rs8x 10°

Aggregate of maximum demandsof all consumers
= Max. demand on Substation x Diversity factor
= (90x10% x 1-25=112:5x 10°kKW

O Annual cost per kW of maximum demand

6
= R0 _ps7im
112[5x 10

Asthe distribution efficiency is 85%, therefore, for each kWh delivered from substation, only
0-85 kWh reachesthe consumer’s premises.

O Cost per kWh at consumer’s premises

_ Cost per kWh at substation _ 445
0085 0085

Hence at consumer’s premises, the cost is Rs. 71-11 per annum per KW maximum demand plus
5-23 paise per kWh.

Example5.7. Determinetheload factor at which the cost of supplying a unit of electricity from
aDiesel and froma steam station isthe same if the annual fixed and running chargesare asfollows:

= 5.23 paise

Station Fixed charges Running charges
Diesel Rs 300 per kW 25 paise/kWh
Steam Rs 1200 per kW 6:25 paise/kWh

Solution. Supposeenergy suppliedinoneyear is100 unitsi.e., 100kWh. Let L betheload factor
at which the cost of supplying aunit of electricity isthe same for diesel and steam station.

Diesel Station.
_ 100kwh _ ~
Average power = 760 hrs 00114 kW
Maximumdemand = 0 le14 kW
Fixed charges = Rs300 x 2 lel"' =Rs 3%‘2
Running charges = Rs100x 0-25=Rs25
O Fixedand running chargesfor 100 kWh
= Rs(3%2 4 25) ()
Steam station.
Fixed charges = Rs1200 x OE‘DL“"' =Rs 13568

Running charges = Rs100 x 0-0625=Rs6-25
O Fixedand running chargesfor 100 kWh

_ Rs(13£68 ¥ 6[25) . (i)
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Asthetwo charges are same, therefore, equating exps. (i) and (ii), we get,
342 | o5 = 13068 , 625
L L
or 1020 = 187
O L = 10-26/18-75=0-5472="5472%

TUTORIAL PROBLEMS

1. A consumer has a maximum demand of 100 MW at 60% load factor. If the tariff is Rs 20 per kW of
maximum demand plus 1 paise per KWh, find the overall cost per kWh. [1-38 paise]
2. Themaximum demand of aconsumer is25A at 220V and histotal energy consumptionis9750 kWh. If
energy ischarged at therate of 20 paise per kWh for 500 hours use of maximum demand plus5 paise per
unit for all additional units, estimate hisannual bill and the equivalent flat rate.  [Rs 900 ; 9-2 paise]
3. A consumer has an annual consumption of 2 x 10° units. Thetariff isRs50 per kW of maximum demand
plus 10 paise per kWh.
(i) Find the annual bill and the overall cost per kWh if the load factor is 35%.
(i) What isthe overal cost per kWh if the consumption were reduced by 25% with the same load factor ?
(iii) What isthe overall cost per kWh if the load factor were 25% with the same consumption asin (i) ?
[()) Rs 23,400 ; 11.7 paise (ii) 117 paise (iii) 12-28 paise]
4. Dailyload of anindustry is 200 kW for first one hour, 150 kW for next seven hours, 50 kW for next eight
hoursand 1 kW for remaining time. If tariff in forceisRs. 100 per kW of maximum demand per annum
plus 5 paise per kWh, find the annua hill. [Rs50,258-5]
5. A consumer requires one million units per year and his annual load factor is50%. Thetariff inforceis
Rs. 120 per kW per annum plus 5 paise per unit consumed. Estimate the saving in hisenergy costsif he
improves the load factor to 100%. [Rs13,692]
6. Anindustrial undertaking has a connected load of 100 kW. The maximum demand is 80 kW. On an
average, each machine works for 60 per cent time. Find the yearly expenditure on the electricity if the
tariff is
Rs 10,000 + Rs 1000 per kW of maximum demand per year + Re 1 per KWh. [Rs 615600]

Example5.8. Calculateannual bill of a consumer whose maximumdemand is 100 kW, p. f. = 0-8
lagging and load factor = 60%. Thetariff used is Rs 75 per kVA of maximum demand plus 15 paise

per kWh consumed.
Solution.
Units consumed/year = Max. demand x L.F. x Hoursinayear
= (100) x (0:6) x (8760) kWh
= 5:256x 10°kWh

Max. demandin kVA
Annual bill

100/p.f.=100/0-8=125
Max. demand charges + Energy charges
Rs75x 125+ Rs0-15 x 5:256 x 10°
Rs 9375 + Rs 78,840 = Rs 88,215

Example 5.9. A factory has a maximum load of 240 kW at 0-8 p.f. lagging with an annual
consumption of 50,000 units. Thetariff is Rs50 per k\VA of maximum demand plus 10 paise per unit.
Calculate the flat rate of energy consumption. What will be annual saving if p. f. israised to unity?

Solution.

Maximum demand inkVA at ap.f. of 0-8
= 240/0-8=300
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O Annual bill = Demand charges + Energy charges
= Rs50x 300+ Rs0-1 % 50,000
= Rs15,000+ Rs5000=Rs20,000
0 Flat ratefunit = Rs 28:888 = RsOM0 = 40 paise
When p.f. israised to unity, the maximum demand in kVA
= 240/1=240
Annua bill = Rs50x 240+ Rs0-1 x 50,000

Rs 12,000 + Rs5,000=Rs 17,000
Annual saving = Rs(20,000-17,000) = Rs3000
Example5.10. The monthly readings of a consumer’s meter are asfollows:
Maximumdemand = 50 kW
Energy consumed = 36,000 kWh
Reactive energy = 23,400 kVAR

If thetariff isRs 80 per kW of maximum demand plus 8 paise per unit plus 0-5 paise per unit for
each 1% of power factor below 86%, calculate the monthly bill of the consumer.

Solution.

36,000
A load = : =50 kW
verage lo 24 % 30 50
. _ 23400 _
Average reactive power = A% 30 32B kVAR

Suppose @is the power factor angle.

kVAR 320
O tangp = = =
¢ Activepower 50 0185
tan* (0-65) = 33-02°
€0s33-02°=0-8384

Rs(80 % 50+ 0-08 x 36,000 + 388-8)
Rs (4000 + 2880 + 388-8) = Rs7268:8

Example5.11. Thetariff in force is Rs 150 per kVA of maximum demand and 8 paise per unit
consumed. If theload factor is 30%, find the overall cost per unit at (i) unity p. f. and (ii) 0-7 p. f.

Solution. Suppose the maximum demandis1 kVA.
(i) Whenp.f.isunity

or [0}
0 Power factor, cos @

Power factor surcharge = Rs
Monthly bill

. 150 x 100 .
Max.d d charge/unit = ————_ =5.7paise
ax. demand charge/uni 5760 0030 p
8 paise
5.7+8=137paise

Energy charge/unit
Overall cost/unit
(i) Whenp.f.is0-7

; 150 x 100 )
Max. h = =81
ax. demand charge/unit 5760 x 030 X007 8-15paise
Energy charge/unit = 8paise

Overadl cost/unit

8:15+8=16:15paise
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Example5.12. Two systems of tariff are available for a factory working 8 hours a day for 300
working days in a year.
(i) High-voltage supply at 5 paise per unit plus Rs 4-50 per month per kKVA of maximum
demand.
(i) Low-voltage supply at Rs5 per month per kVA of maximum demand plus 5-5 paise per unit.

Thefactory has an average load of 200 kW at 0-8 p.f. and a maximum demand of 250 kW at the
same p.f. The high voltage equipment costs Rs 50 per kVA and the losses can be taken as 4%.
Interest and depreciation charges are 12%. Calculate the difference in the annual costs between
the two systems.

Solution.
(i) Highvoltagesupply
Max.demandinkVA = 250/0-8=3125
Asthelossesin h.v. equipment are 4%, therefore, capacity of h.v. equipment
= 312:5/0:96=3255kVA
Capital investment on h.v. equipment
= Rs50x 325:5=Rs16,275
Annual interest and depreciation = Rs16,275%0-12=Rs1953
Annual charge dueto maximum kVA demand
Rs3255x4.5x 12=Rs 17,577
200 x 8 x 300
0096

Units consumed/year = =5x 10°kWh

Annual charge due to kWh consumption
= Rs0.05x5x 10°=Rs 25,000
Total annual cost = Rs(1953+ 17,577 + 25,000) = Rs44,530
(if) Low voltagesupply. Thereisno loss of energy as no equipment is used.
Max.demandinkVA = 250/0-8=3125
Annual charge dueto maximum kVA demand
= Rs3125x5x12=Rs18,750
Units consumed/year = 200 x 8x 300=48x 10*kWh
Annual charge due to kWh consumption
= Rs0.055 x 48 x 10" = R$ 26,400
Total annual cost = Rs(18,750+ 26,400) = Rs45,150
Difference in the annual costs of two systems
= Rs(45,150-44,530) = Rs620
Hence, high-voltage supply is cheaper than low-voltage supply by Rs 620.
Example 5.13. A generating station has two 1000 kW diesel-generator sets. The load is

estimated to reach a maximum demand of 2500 kW after two yearswith anincrease of 5.5 x10° units
over the present value. To meet this demand, the following two alternatives are available :

(i) Purchasing one more set of 1000 kW at Rs 400 per kW. The annual interest and deprecia-
tion of the new set are 10% of the capital investment. The cost of generation for the station
isRs 75 per kW maximum demand plus 5 paise per kWh.

(i) Purchasing bulk power fromagrid supply at Rs 120 per KW maximum demand plus 3 paise
per KWh.

Find which alternative in cheaper and by how much ?
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Solution.
In order to determine the cheaper alternative, we shall find the annual cost in each case.
(i) Purchasing diesel set
Capital cost of set = Rs400x 1000=Rs4,00,000
Annual interest and depreciation on capital investment
= Rs4,00,000 x 0-1=Rs40,000
The present capacity of the station is 2000 kW and the expected maximum demand after two years
is2500 kW. Therefore, extrapower to be generatedis
= 2500-2000=500kW
Annual charge dueto extrak\W max. demand
= Rs500x 75=Rs37,500
Annual charge due to extrakWh consumption
= Rs0.05x55 x 10° = Rs2,75,000
Total annual cost = Rs(40,000+ 37,500+ 2,75,000)
Rs3,52,500

(if) Purchasng from grid supply
Annual charge dueto extrakW max. demand
= Rs500 x 120=Rs60,000
Annual charge due to extrakWh consumption
Rs0-03x 55 x 10° = Rs1,65,000
Total annual cost = Rs(60,000+ 1,65,000) = Rs2,25,000
Hencealternative (ii) is cheaper by 3,52,500 - 2,25,000 = Rs1,27,500 per annum
Example5.14. A supply company offers the following alternate tariffs for supply to a factory :
(i) H.V.supply at Rs 70 per kVA per annum plus 3 paise per kWh.

(i) L.V.supply at Rs65 per KVA per annum plus 4 paise per kWh.

The cost of transformers and switchgearsfor H.V. supply is Rs 50 per kVA and full transforma-
tionlossesare 2%. Theannual fixed chargeson the capital cost of H.V. plant are 15%. If the factory
runsfor 6 hoursaday, find the number of days above which the factory should be run so that the H.V.
supply is cheaper.

Solution.

Let X

y

Factory load in kW
No. of working daysabovewhich H.V.
supply is cheaper
(i) H.V. Supply. Assumethe power factor of theload to be unity. Asthe transformation losses
are 2%,
0 Rating of transformer and switchgear = x/0-98kVA
Energy consumed per annum = (x/0-98) xy x 6=6-12XxykWh
Annual fixed charges of H. V. supply dueto kVA demand
= Rs70xx/0-98=Rs. 71-42x
Cost of transformer and switchgear = Rs50 x x/0-98 = Rs51x
Annual fixed charges of transformer and switchgear
= 15% cost of transformer and switchgear
0:15x51x=Rs7-65x
Rs(71-42x + 7-65X) = Rs79-07 x
Rs6-12xy x 0-03=Rs0-1836 xy

Total annual fixed chargesof H. V. supply
Total annual running charges of H. V. supply
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Total annual chargesof H.V. supply = Rs(79:07x +0-1836 xy) .. (i)
(if) L.V. Supply

Energy consumed per annum
Annual fixed chargesof L. V. supply Rs65x
Annual running chargesof L. V. supply Rs0-04 x 6 xy=Rs0-24 xy
Total annual chargesof L. V. supply = Rs(65x+0-24xy) . (i)
Thetwo tariffswill give equal annua cost if thefactory isrunfor y days. Therefore, equating exp.

XXy x6=6XykWh

(i) and exp. (ii), we get,

79-07x+0-1836xy = 65x+0-24xy
or 1407x = 0057xy
_ 14007 _
or y = 057 247 days

i.e., if thefactory isrun for morethan 247 days, then H. V. supply will be cheaper.

TUTORIAL PROBLEMS

Anindustrial consumer has amaximum demand of 120 kW and maintainsaload factor of 80%. Thetariff
inforceis Rs. 60 per kVA of maximum demand plus 8 paise per unit. If the average p.f. is 0-8 lagging,
calculate the total energy consumed per annum and the annual bill. [8,40,960 kWh ; Rs 76,276-8]
A customer is offered power at Rs 50 per annum per kVA of maximum demand plus 5 paise per unit. He
proposes to install a motor to carry his estimated maximum demand of 300 b.h.p. (metric). The motor
available hasa power factor of 0-83 at full load. How many unitswill be required at 30% |load factor and
what will be the annual bill ? The motor efficiency is 90%. [6,44,307 ; Rs 46,985-35]
A factory hasamaximum load of 300 kW at 0-72 p.f. lagging with an annual consumption of 40,000 units.
Thetariff inforceisRs 4-5 per kVA of maximum demand plus 2 paise per unit. Calculatetheflat rate of
energy consumption. What will be the annual saving if p.f. israised tounity ?  [4-69 paise ; Rs 525]
The monthly readings of aconsumer’s meter are under ;
Maximumdemand = 60 kW

Energy consumed = 24,000 kWh
Reactiveenergy = 15,600 kVAR
If thetariff is Rs 20 per kW of maximum demand plus 3 paise per unit plus 0-1 paise per unit for each 1%
power factor below 85%, calculate the monthly bill of the consumer. [Rs 1960-4]

Compare the annual cost of power supply to afactory having a maximum demand of 500 kW and aload
factor of 40% by having the supply from :

(i) thefactory’'sown diesel generating plant.

(i) apublic supply.
With regardsto (i), the capital cost of factory’sown generating plant isRs 8 lakhs, cost of fuel oil isRs 200
per ton, fuel consumption 0-65 Ibs per kWh. Capital charges, cost of repairs and maintenance, interest and
depreciation 15% of thetotal capital cost. Salariesand wages of the operating staff are Rs 15,000 per year.

With regardsto (ii), the tariff is Rs 150 per KW per annum of maximum demand plus 2.5 paise per kWh.
Which of the two alternatives is favourable for the operation of the factory ?
[(i) 135 paise/unit (ii) 6-8 paise/unit]
Anindustrial load can be supplied from the following alternative tariffs:
(i) High voltage supply at Rs 65 per kW per annum plus 3 paise per KWh.
(i) Low voltage supply at Rs 65 per kW per annum plus 3-3 paise per kWh.
The high voltage equipment costs Rs 50 per kW and the losses can be taken as 3%. Interest and

depreciation chargesare 15% per annum. |f there are 40 working weeksin ayear, find working hours per
week above which high voltage supply is cheaper. [55-42 hour s/week]
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7. A supply company offers the following alternative tariffs :
(i) Standing charges of Rs 75 per annum plus 3 paise/kWh.
(ii) first 300 kWh at 20 paise/lkWh ; and additional energy at 5 paise/lkWh.
If the annual consumption is 1800 kWh, which tariff is more economical and by how much ?
[Tariff (i) is economical by Rs 6 per annum]
8. A factory has a maximum demand of 500 kW, the load factor being 60% during working hours. The
following two tariffsareavailable:
(i) Rs8 per kW of maximum demand plus 3 paise per kWh.
(i) aflat rate of Re 0-/kWh.
Determine the working hours per week above which tariff (i) will be cheaper. [44 hour s/week]

SELF-TEST

1. Fill in the blanks by inserting appropriate words/figures :
(i) Theflat rate for power load isgenerdly .... than the lighting load.

(i1) Inblock ratetariff, therate of energy infirst oneor two blocksis...... because....... chargesaremerged
into...... charges.

(i) The block rate tariff is mostly applicableto ....... consumers.
(iv) A big consumer ischarged at alower rate than asmall consumer because.......
(v) Maximum demand tariff is not applied to domestic consumers because ......
2. Pick up the correct wordsfigures from brackets and fill in the blanks :
(i) A consumer whose load conditions do not deviate from ideal one should be charged at ..... rate than

the one whose load conditions change appreciably. (lower, higher)
(i) A consumer who consumes more electrical energy should pay ...... fixed charges per unit.
(less, more)
(i) Theidea tariff for any type of consumer is....... tariff. (two-part, three-part)
(iv) The maximum kVA demand of the consumer is........ proportional to power factor.
(inversely, directly)
ANSWERS TO SELF-TEST
1. (i) lower (ii) high, fixed, running (iii) domestic (iv) it improves the load factor (v) their maximum
demandissmall.
2. (i) lower (ii) less (iii) three-part (iv) inversely.
CHAPTER REVIEW TOPICS
1. What do you understand by tariff ? Discuss the objectives of tariff.
2. Describethe desirable characteristics of atariff.
3. Describe some of the important types of tariff commonly used.
4. Write short notes on the following :
(i) Two-part tariff.
(i) Power factor tariff.
(iii) Three-part tariff.
DISCUSSION QUESTIONS
1. Why istariff for power load less than the lighting load ?
2. What isthe effect of power factor on the cost of generation ?
3. Cantheload factor of the system be 100% ?
4. What is the importance of power factor tariff ?
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Introduction

T heelectrical energy isalmost exclusively
generated, transmitted and distributed in
theform of aternating current. Therefore,
the question of power factor immediately comes
into picture. Most of the loads (e.g. induction
motors, arc lamps) are inductive in nature and
hence have low lagging power factor. The low
power factor ishighly undesirable asit causesan
increasein current, resulting in additional losses
of active power in al the elements of power sys-
tem from power station generator down to the
utilisation devices. In order to ensure most
favourable conditions for a supply system from
engineering and economical standpoint, itisim-
portant to have power factor as close to unity as
possible. In this chapter, we shall discuss the
various methods of power factor improvement.

6.1 Power Factor

The cosine of angl e between voltage and current
inan a.c. circuit is known as power factor.

In an a.c. circuit, there is generally a phase
difference ¢ between voltage and current. The
term cos @ is called the power factor of the cir-
cuit. If the circuit isinductive, the current lags
behind the voltage and the power factor isreferred
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102 Principles of Power System

to aslagging. However, in acapacitive circuit, current leads the volt-
age and power factor is said to be leading.

Consider aninductive circuit taking alagging current | from sup- o
ply voltage V; the angle of lag being ¢. The phasor diagram of the
circuitisshownin Fig. 6.1. Thecircuit current | can be resolved into
two perpendicular components, namely ;

(a) I cos@inphasewithV

(b) 1sin@90° out of phase with V

The component | cos @isknown as active or wattful component, Fig. 6.1
whereas component | sin @iscalled the reactive or wattless component. Thereactive componentisa
measure of the power factor. If the reactive component issmall, the phase angle @issmall and hence
power factor cos @will be high. Therefore, acircuit having small reactive current (i.e., | sin @) will
have high power factor and vice-versa. It may be noted that value of power factor can never be more
than unity.

(i) Itisausual practice to attach the word ‘lagging’ or ‘leading’ with the numerical value of
power factor to signify whether the current lags or leadsthe voltage. Thusif the circuit has
ap.f. of 0-5 and the current lags the voltage, we generally write p.f. as 0-5 lagging.

(if) Sometimes power factor is expressed as a percentage. Thus 0-8 lagging power factor may

be expressed as 80% lagging.

Icosd a

P >\

Isin ¢

b

6.2 Power Triangle

Theanalysisof power factor can also be madein termsof power drawn by thea.c. circuit. If eachside
of the current triangle oab of Fig. 6.1 ismultiplied by voltage V, then we get the power triangle OAB

showninFig. 6.2 where
VI cos ¢

OA = VI cos @ and represents the active power inwattsor kW o > A
AB = VIsin@andrepresentsthereactive power in VAR or kVAR ¢
OB = VI and represents the apparent power in VA or kVA

The following points may be noted form the power triangle : VIsin ¢

(i) Theapparent power inan a.c. circuit hastwo componentsviz., VI

active and reactive power at right angles to each other.
OB’ = OA®+ AB
or  (apparent power)2 = (active power)2 + (reactive power)2 Fig.62 B

or (kVA)? = (kW)?+ (kVAR)?

OA _ activepower _ kW

OB~ apparent power ~ kVA
Thus the power factor of a circuit may also be defined as the ratio of active power to the
apparent power. Thisisaperfectly general definition and can be applied to al cases, what-
ever be the waveform.

(iff) The lagging* reactive power is responsible for the low power factor. It is clear from the
power triangle that smaller the reactive power component, the higher isthe power factor of
thecircuit.

(if)  Power factor, cos @

KVAR = kVA sing= W gng
cos@
0 KVAR = KW tan @

*  If the current lags behind the voltage, the reactive power drawn isknown aslagging reactive power. How-
ever, if the circuit current leads the voltage, the reactive power is known as leading reactive power.
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(iv) For leading currents, the power triangle becomesreversed. Thisfact provides akey to the
power factor improvement. |If a device taking leading reactive power (e.g. capacitor) is
connected in parallel with the load, then the lagging reactive power of theload will be partly
neutralised, thus improving the power factor of the load.

(V) The power factor of acircuit can be defined in one of the following three ways :

(a) Power factor = cos @= cosine of angle between V and |
R _ Resistance
b Power factor = — = —>=——
®) Z Impedance

VI cos@ _ Active power
VI Apparent Power
(vi) Thereactive power isneither consumed in thecircuit nor it doesany useful work. 1t merely
flowsback and forth in both directionsin thecircuit. A wattmeter does not measure reactive
power.
[llustration. Let usillustrate the power relationsin an a.c. circuit with an example. Suppose a
circuit drawsacurrent of 10 A at avoltage of 200V anditsp.f.is0-8 lagging. Then,
Apparent power = VI =200 x 10 = 2000 VA
Activepower = VI cos@=200 x 10 x 0-8 = 1600 W
Reactivepower = VI sin ¢ =200 x 10 x 0-6 = 1200 VAR
The circuit receives an apparent power of 2000 VA and is able to convert only 1600 watts into
activepower. Thereactive power is1200 VAR and doesno useful work. 1t merely flowsinto and out
of thecircuit periodically. Infact, reactive power isaliability on the source because the source hasto
supply the additional current (i.e., | sin @).

(c) Power factor =

6.3 Disadvantages of Low Power Factor

The power factor plays an importance rolein a.c. circuits since power consumed depends upon this
factor.

P =Vl cosg (For single phase supply)

P .

O I, = (i
L V. cose ®

P = J3V_I _coso (For 3 phase supply)

P ..

0 | = ——— (l
L V3V, cosg 0

Itisclear from abovethat for fixed power and voltage, the load current isinversely proportional
tothe power factor. Lower the power factor, higher istheload current and vice-versa. A power factor
less than unity resultsin the following disadvantages:

(i) LargekVA ratingof equipment. Theelectrical machinery (e.g., alternators, transformers,

switchgear) isalwaysrated in *kVA.
Now, kA = KW
CoS @

Itisclear that KVA rating of the equipment isinversely proportional to power factor. Thesmaller
the power factor, the larger isthe kVA rating. Therefore, at low power factor, the kVA rating of the
equipment has to be made more, making the equipment larger and expensive.

(if) Greater conductor size. To transmit or distribute a fixed amount of power at constant

voltage, the conductor will haveto carry more current at low power factor. Thisnecessitates

*  The electrical machinery is rated in kVA because the power factor of the load is not known when the
machinery is manufactured in the factory.
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(iii)
(iv)

v)

large conductor size. For example, take the case of asingle phasea.c. motor having aninput
of 10 kW on full load, the terminal voltage being 250 V. At unity p.f., the input full load
current would be 10,000/250 = 40 A. At 0-8 p.f; the kVA input would be 10/0-8 = 12-5 and
the current input 12,500/250 =50 A. If the motor isworked at alow power factor of 0-8, the
cross-sectional areaof the supply cablesand motor conductorswould have to be based upon
acurrent of 50 A instead of 40 A which would be required at unity power factor.

L arge copper losses. Thelargecurrent at low power factor causesmore|°Rlossesinall the
elements of the supply system. Thisresultsin poor efficiency.

Poor voltage regulation. The large current at low lagging power factor causes greater
voltage dropsin aternators, transformers, transmission lines and distributors. Thisresults
in the decreased voltage available at the supply end, thus impairing the performance of
utilisation devices. In order to keep the receiving end voltage within permissible limits,
extraequipment (i.e., voltage regulators) is required.

Reduced handling capacity of system. The lagging power factor reduces the handling
capacity of all the elements of the system. It is because the reactive component of current
preventsthe full utilisation of installed capacity.

The above discussion |eadsto the conclusion that low power factor isan objectionablefeaturein
the supply system

6.4 Causes of Low Power Factor

Low power factor is undesirable from economic point of view. Normally, the power factor of the
wholeload on the supply systemin lower than 0-8. Thefollowing are the causes of low power factor:

(i)

(i)
(iii)

Most of the a.c. motors are of induction type (1¢ and 3¢ induction motors) which have low
lagging power factor. These motors work at a power factor which is extremely small on
light load (0-2 to 0-3) and risesto 0-8 or 0-9 at full load.

Arc lamps, electric discharge lamps and industrial heating furnaces operate at low lagging
power factor.

Theload on the power systemisvarying ; being high during morning and evening and low at
other times. During low load period, supply voltage is increased which increases the
magnetisation current. Thisresultsin the decreased power factor.

6.5 Power Factor Improvement

Thelow power factor is mainly dueto the fact that most of the power loads are inductive and, there-
fore, takelagging currents. In order to improve the power factor, some device taking leading power
should be connected in parallel with theload. One of such devices can be acapacitor. The capacitor
draws aleading current and partly or completely neutralises the lagging reactive component of 1oad
current. Thisraisesthe power factor of the load.

(i) (iii)
Fig. 6.3
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Illustration. Toillustratethe power factor improvement by acapacitor, consider asingle * phase
load taking lagging current | a a power factor cos @, as shownin Fig. 6.3.

The capacitor C is connected in parallel with the load. The capacitor draws current |- which
leadsthe supply voltage by 90°. Theresulting linecurrent I" isthe phasor sumof | and | - and itsangle
of lag is @, as shown in the phasor diagram of Fig. 6.3. (iii). Itisclear that ¢, islessthan @,, so that
cos (@, isgreater than cos ¢,. Hence, the power factor of the load isimproved. The following points
areworth noting :

(i) Thecircuit current | * after p.f. correction isless than the original circuit current I

(if) Theactive or wattful component remains the same before and after p.f. correction because
only the lagging reactive component is reduced by the capacitor.

0 lcos@ =1 cosg,
(iif) Thelagging reactive component isreduced after p.f. improvement and isequal to the differ-
ence between lagging reactive component of load (I sin ¢,) and capacitor current (1) i.e.,

I "sing, = lsing, ~ I,
(iv) As lcosg, = | cose,
O Vicos@, = VI ' Cos @, [Multiplying by V]
Therefore, active power (kW) remains unchanged due to power factor improvement.
(v) | "sing, = lsng, —I¢
O VI "sing, = VIsng, -Vl [Multiplying by V]
i.e., Net kVAR after p.f. correction = Lagging KVAR before p.f. correction — leading kVAR of

equipment
6.6 Power Factor Improvement Equipment

Normally, the power factor of the whole load on alarge generating station isin the region of 0-8 to
0-9. However, sometimesitislower and in such casesit isgenerally desirableto take special stepsto
improve the power factor. This can be achieved by the following equipment :

1. Static capacitors. 2. Synchronous condenser. 3. Phase advancers.
o T\ 3-¢ Load 3-¢ Load
L
cL
X 2 *

L( [ C C
c
i ii
Y Fig. 6.4 @

1. Static capacitor. The power factor can be improved by connecting capacitors in parallel
with the equipment operating at lagging power factor. The capacitor (generally known as static**

*  Thetreatment can be used for 3-phase balanced loads e.g., 3-@induction motor. In abalanced 3-@ load,
analysis of one phase leads to the desired results.

**  Todistinguish from the so called synchronous condenser which is a synchrnous motor running at no load
and taking leading current.
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capacitor) draws aleading current and partly or completely neutralises the lagging reactive compo-
nent of load current. This raisesthe power factor of the load. For three-phase loads, the capacitors
can be connected in deltaor star asshownin Fig. 6.4. Static capacitorsareinvariably used for power
factor improvement in factories.
Advantages
(i) They havelow losses.
(if) They require little maintenance as there are no rotating parts.
(iif) They can be easily installed asthey are light and require no foundation.
(iv) They canwork under ordinary atmospheric conditions.
Disadvantages
(i) They have short servicelife ranging from 8 to 10 years.
(if) They are easily damaged if the voltage exceeds the rated value.
(iif) Once the capacitors are damaged, their repair is uneconomical.
2. Synchronouscondenser. A synchronous motor takes aleading current when over-excited
and, therefore, behaves as a capacitor. An over-excited synchronous motor running on no load is
known as synchronous condenser. When such a machine is connected in parallel with the supply, it

takesaleading current which partly neutralisesthe lagging reactive component of theload. Thusthe
power factor isimproved.

Fig 6.5 shows the power factor improvement by synchronous condenser method. The 3@ load takes
current |, at low lagging power factor cos ¢ . The synchronous condenser takes a current | which
leads the voltage by an angle @ *. The resultant current | is the phasor sum of I and |, and lags
behind the voltage by an angle . Itisclear that @islessthan ¢ so that cos @is greater than cos ¢ .
Thusthe power factor isincreased from cos ¢ to cos @. Synchronous condensers are generally used
at major bulk supply substations for power factor improvement.

3-¢0 Load

T777T7777777T777777
3-¢ Synchronous
motor

Fig. 6.5
Advantages

(i) By varyingthefield excitation, the magnitude of current drawn by the motor can be changed
by any amount. This helpsin achieving stepless T control of power factor.

* If the motor isidedl i.e., there are no losses, then @, = 90°. However, in actual practice, losses do occur in
the motor even at no load. Therefore, the currents |, leads the voltage by an angle less than 90°.

T Thep.f. improvement with capacitors can only be done in steps by switching on the capacitorsin various
groupings. However, with synchronous motor, any amount of capacitive reactance can be provided by
changing the field excitation.
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(if) The motor windings have high thermal stability to short circuit currents.
(iii) The faults can be removed easily.
Disadvantages
(i) Thereare considerable losses in the motor.
(if) The maintenance cost is high.
(iii) It produces noise.
(iv) Exceptin sizesabove 500 kVA, the cost is greater than that of static capacitors of the same
rating.
(v) Asasynchronous motor has no self-starting torque, therefore, an auxiliary equipment hasto
be provided for this purpose.

Note. Thereactive power taken by asynchronous motor depends upon two factors, thed.c. field excitation
and the mechanical load delivered by the motor. Maximum leading power istaken by a synchronous motor with
maximum excitation and zero load.

Synchronous Condenser

3. Phaseadvancers. Phaseadvancersare used to
improve the power factor of induction motors. Thelow
power factor of an induction motor is dueto the fact that
its stator winding draws exciting current which lags be-
hind the supply voltage by 90°. If the exciting ampere
turns can be provided from some other a.c. source, then
the stator winding will berelieved of exciting current and
the power factor of the motor can beimproved. Thisjob
isaccomplished by the phase advancer which issimply an a.c. exciter. The phase advancer ismounted
on the same shaft as the main motor and is connected in the rotor circuit of the motor. It provides
exciting ampere turns to the rotor circuit at slip frequency. By providing more ampere turns than
required, the induction motor can be made to operate on leading power factor like an over-excited
synchronous motor.

Phase advancers have two principal advantages. Firstly, as the exciting ampere turns are sup-
plied at dlip frequency, therefore, lagging kVAR drawn by the motor are considerably reduced. Sec-
ondly, phase advancer can be conveniently used wherethe use of synchronous motorsisunadmissible.
However, the mgjor disadvantage of phase advancers is that they are not economical for motors
below 200 H.P.

Static Capacitor
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6.7 Calculations of Power Factor Correction

Consider aninductiveload taking alagging current | at apower factor cos ¢,. Inorder toimprovethe
power factor of this circuit, the remedy is to connect such an equipment in parallel with the load
which takes aleading reactive component and partly cancels the lagging reactive component of the
load. Fig. 6.6 (i) shows acapacitor connected acrosstheload. The capacitor takesacurrent | - which
leads the supply voltage V by 90°. The current | partly cancels the lagging reactive component of
theload current as shown in the phasor diagramin Fig. 6.6 (ii). Theresultant circuit current becomes
I"and itsangle of lag is @,. Itisclear that @, islessthan @;so that new p.f. cos @, is more than the
previous p.f. cos ;.

v<

O] (i)
Fig. 6.6

From the phasor diagram, it is clear that after p.f. correction, the lagging reactive component of
theload isreduced to I'sin @,.

Obviously, I"'sing, = Isng,—I¢

or lc = lsing-1"sing,

O Capacitance of capacitor to improve p.f. from cos @, to cos ¢,
e ex. =Y - 1
T oV (XC I ooCJ

Power triangle. The power factor correction can also beillustrated from power triangle. Thus
referring to Fig. 6.7, the power triangle OAB is for the power factor cos @,, whereas power triangle
OAC isfor theimproved power factor cos @,. It may be seen that

active power (OA) does not change with power factor improve- O y W A T
ment. However, the lagging kVAR of theload is reduced by the 02 e
p.f. correction equipment, thus improving the p.f. to cos ¢,. /rl,4 _L 2
Leading kVAR supplied by p.f. correction equipment AN C
= BC=AB-AC g KVAR;
= kVAR;-kVAR, 8
] OA (tan @, — tan @,) T

kW (tan @, - tan @)
Knowing the leading kVAR supplied by the p.f. correction equipment, the desired results can be
obtained.

Example 6.1 An alternator issupplying aload of 300 kW at a p.f. of 0-6 lagging. If the power
factor is raised to unity, how many more kilowatts can alternator supply for the same kVA loading ?
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Solution :
kvA = SW _300 _ 500 kya
cosg OB
kW at 0-6 pf. = 300 kW

kW at 1 p.f. = 500 x 1 =500 kW
0 Increased power supplied by the alternator
= 500 - 300 = 200 kW

Note the importance of power factor improvement. When the p.f. of the alternator is unity, the
500 kVA are aso 500 kW and the engine driving the alternator has to be capable of developing this
power together with the losses in the alternator. But when the power factor of the load is 0-6, the
power is only 300 kW. Therefore, the engine is developing only 300 kW, though the aternator is
supplying its rated output of 500 kVA.

Example 6.2 A single phase motor connected to 400 V, 50 Hz supply takes 31-7A at a power
factor of 0-7 lagging. Calculate the capacitance required in parallel with the motor to raise the
power factor to 0-9 lagging.

Solution : The circuit and phasor diagrams are shown in Figs. 6.8 and 6.9 respectively. Here
motor M istaking acurrent |, of 31-7A. Thecurrent | - taken by the capacitor must be such that when
combined with I, the resultant current | lags the voltage by an angle ¢ where cos ¢ = 0-9.

T i jc Iy =31.7A
400V
5(1 Hz —[C

Fig. 6.8

Referring to the phasor diagramin Fig. 6.9,
Active component of I,, = I, cos@, =317 x 0-7 = 22-19A

Activecomponentof | = | cosg=1x0:9
These components are represented by OA in Fig. 6.9.
_ 2209 _,,
O | = oo - 24-65A

Reactive component of I, = |, sin @, =317 x 0-714* = 22.6A

| in@=24-65 /1-(09)>

2465 x 0-436 = 10-75 A

Reactive component of |

Itisclear from Fig. 6.9 that :

Reactive component of 1, — Reactive component of |
22:6-10-75=11-85A

I

But lc = %:VXanC
or 11-85 = 400 x 2rtx 50 x C

0 943 x 10° F=94-3 uF

C
*sngy=1-co @y = \/1 Homy? = 0714
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Note the effect of connecting a 94-3 puF capacitor in parallel with the motor. The current taken
from the supply isreduced from 31.7 A to 24-65 A without altering the current or power taken by the
motor. This enables an economy to be affected in the size of generating plant and in the cross-
sectional area of the conductors.
Example 6.3 A single phase a.c. generator supplies the following loads :
(i) Lighting load of 20 KW at unity power factor.

(if) Induction motor load of 100 kW at p.f. 0-707 lagging.

(iif) Synchronous motor load of 50 kW at p.f. 0-9 leading.

Calculate the total KW and kVA delivered by the generator and the power factor at which it works.
Solution : Using the suffixes 1, 2 and 3 to indicate the different loads, we have,

kva, =~ - 20 - pgkya
cosg, 1
kW, _ 100
kvA, = —2 =200 —947.4yA
2 cosg, 00707
KW,
kvA, = —3 =30 _5564yA
cosg, O00®

Theseloads are represented in Fig. 6.10. Thethree kVAS arenot in phase. In order to find the
total kVA, weresolve each kVA into rectangular components— kW and kVAR as shown in Fig. 6.10.
Thetotal kW and kVAR may then be combined to obtain total kVA.

Fig. 6.10

kKVAR; = kVA;sing, =20x0=0
kVAR, = kVA,sin@,=-141.4 x 0-707 = — 100 KVAR
kKVAR; = kVAjsin@, =+55-6 x 0-436 = + 24-3kVAR
Note that kVAR, and kVAR; are in opposite directions ; KVAR, being a lagging while kVAR,
being aleading kVAR.

Total KW = 20+ 100 + 50 = 170 kW
Total KVAR = 0- 100 + 24-3=-75.7 kVAR

Total KVA = [(kW)? + (KVAR)? =/(170)? +(757)? =186 kVA
Power factor = O KW _ 170 _ 914 55ging

Total kVA ~ 186
The power factor must be lagging since the resultant kVAR islagging.
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Example 6.4 A 3-phase, 5 kW induction motor hasa p.f. of 0-75 lagging. A bank of capacitors
is connected in delta acrossthe supply terminalsand p.f. raised to 0-9 lagging. Determine the kVAR
rating of the capacitors connected in each phase.

Solution :
Original p.f., cos @, 0-75lag ; Motorinput, P=5kW
Fina p.f., cos@, = 09lag ; Efficiency, n =100 % (assumed)
Q= cos 1 (075) = 4141° ; tan @, = tan 41-41° = 0-8819
@, = cos'(09) = 2584° ; tan @, = tan 25-84° = 0-4843
Leading kVAR taken by the condenser bank
= P(tan@, —tan @,)
= 5(0-8819 - 0-4843) = 1-99 kVAR
0 Rating of capacitors connected in each phase
= 1.99/3=0:663 kVAR
Example 6.5 A 3-phase, 50 Hz, 400 V motor develops 100 H.P. (74-6 kW), the power factor
being 0-75 lagging and efficiency 93%. A bank of capacitorsis connected in delta across the supply

terminalsand power factor raised to 0-95 lagging. Each of the capacitance unitsis built of 4 similar
100 V capacitors. Determine the capacitance of each capacitor.

Solution :
Original pf.,cos@, = 0-75lag; Fina p.f., cos@,=0-95lag
Motor input, P = output/n = 74-6/0-93 = 80 kW
@ = cos ' (075) = 4141°
tan @, = tan41-41°=0-8819
@ = cos ™ (0:95) = 18.19°
tan@, = tan 1819° = 0-3288
Leading kVAR taken by the condenser bank
= P(tang@, —tan @,)
= 80 (0-8819 - 0-3288) = 44-25 kVAR
Leading kVAR taken by each of three sets
= 44.25/3 = 14-75 kVAR ()
Fig. 6.11 shows the delta* connected condenser bank. Let C farad be the capacitance of 4
capacitorsin each phase.

Phase current of capacitor is i _

— — 400V

lep = Viy/Xe=2mfCVy, 1‘30 ? [[ -0
= 2mx 50 x C x 400 '
= 1,25,600 C amperes IC;L/
v, | VAl
KVAR/phase = PP CP
Riphase = =550 \f %/

_ 400 x 1,25600 C b

B 1000 Iop

= 50240 C ... (ii) Fig. 6.11

*  Inpractice, capacitors are always connected in delta since the capacitance of the capacitor required is one-
third of that required for star connection.
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Equating exps. (i) and (ii), we get,
50240 C = 14-75

O C = 14.75/50,240 = 293-4 x 10 ° F= 293-4 p F

Sinceit isthe combined capacitance of four equal capacitorsjoined in series,

O Capacitance of each capacitor = 4 x 293-4 = 11736 puF

Example 6.6. The load on an installation is 800 kW, 0-8 lagging p.f. which works for 3000
hours per annum. ThetariffisRs 100 per kVA plus 20 paise per kWh. If the power factor isimproved
to 0:9 lagging by means of |oss-free capacitors costing Rs 60 per KVAR, cal cul ate the annual saving
effected. Allow 10% per annum for interest and depreciation on capacitors.

Solution.

Load, P = 800kW
cos@ = 08 ; tang =tan(cos 0-8)=075
cos@, = 09 ; tan@,=tan(cos  0-9) = 04843

Leading kVAR taken by the capacitors
= P (tan ¢, — tan @,) = 800 (0-75 — 0-4843) = 212-56
Annual cost before p.f. correction
Max. kVA demand = 800/0-8 = 1000
kVA demand charges = Rs 100 x 1000 = Rs 1,00,000
Unitsconsumed/year = 800 x 3000 = 24,00,000 kWh
Energy charges/year Rs 0-2 x 24,00,000 = Rs 4,80,000
Total annual cost Rs (1,00,000 + 4,80,000) = Rs 5,80,000
Annual cost after p.f. correction
Max. kVA demand
kVA demand charges
Energy charges
Capital cost of capacitors
Annual interest and depreciation

800/0-9 = 888-89
Rs 100 x 888-89 = Rs 88,889
Same as beforei.e., Rs 4,80,000
Rs 60 x 212:56 = Rs 12,750
Rs0-1 x 12750 = Rs 1275
Total annual cost = Rs (88,889 + 4,80,000 + 1275) = Rs 5,70,164

O Annual saving Rs (5,80,000 - 5,70,164) = Rs 9836

Example 6.7. A factory takesa load of 200 kW at 0-85 p.f. lagging for 2500 hours per annum.
Thetraiff isRs 150 per KVA plus 5 paise per kwh consumed. If the p.f. isimproved to 0-9 lagging by
means of capacitors costing Rs 420 per kVAR and having a power loss of 100 W per kVA, calculate
the annual saving effected by their use. Allow 10% per annum for interest and depreciation.

Solution :

Factory load, P, = 200 kW
cos@ = 085; tang@ =062
cos@, = 0:9; tan@,=0-4843
Suppose the leading kVAR taken by the capacitorsis x.

O Capacitor loss 1(1)OOO>;)X =0-1xkwW
Total power, P, = (200 + 0-1x) kW
Leading kVAR taken by the capacitorsis
X = P,tan@, - P,tan @,
200 x 0-62 — (200 + 0-1x) x 0-4843
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or X = 124 - 96-86 — 0-04843 x
O X = 27-14/1.04843 = 25-89 kVAR
Annual cost before p.f. improvement
Max. kVA demand = 200/0.85 = 235.3
kVA demand charges = Rs 150 x 235-3 = Rs 35,295
Unitsconsumed/year = 200 x 2500 = 5,00,000 kWh
Energy charges = Rs0-05 x 5,00,000 = Rs 25,000
Total annual cost = Rs (35,295 + 25,000) = Rs 60,295
Annual cost after p.f. improvement
Max. kVA demand = 200/0-9 = 222-2
kVA demand charges = Rs 150 x 2222 = Rs 33,330
Energy charges = same asbeforei.e, Rs 25,000
Annual interest and depreciation = Rs420 x 25-89 x 0-1 = Rs 1087
Annual energy lossin capacitors = 0-1 x x 2500 = 0-1 x 25-89 x 2500 = 6472 kWh
Annual cost of losses occurring in capacitors
Rs0-05 x 6472 = Rs 323
O Total annual cost = Rs (33,330 + 25,000 + 1087 + 323) = Rs 59,740
Annual saving = Rs (60,295 — 59,740) = Rs 555

Example6.8. Afactory operatesat 0-8 p.f. lagging and has a monthly demand of 750 kVA. The
monthly power rate is Rs 8:50 per kVA. To improve the power factor, 250 kVA capacitors are in-
stalled in which thereis negligible power loss. Theinstalled cost of equipment is Rs 20,000 and fixed
charges are estimated at 10% per year. Calculate the annual saving effected by the use of capaci-
tors.

Solution.
Monthly demand is 750 kVA.
cos@ = 0-8;sin@=sin(cos ' 0-8) = 0-6
kW component of demand = kVA x cos ¢ = 750 x 0-8 = 600
kVAR component of demand = kVA x sin@= 750 x 0-6 = 450

Leading kKVAR taken by the capacitorsis 250 kVAR. Therefore, net kKVAR after p.f. improve-
ment is 450 — 250 = 200.

(600)? + (200)* = 632-45
750 — 632:45 = 1175
Rs 85 x 117-5 = Rs 998-75
Rs 99875 x 12 = Rs 11,985
Fixed charges/year Rs 0-1 x 20,000 = Rs 2000
Net annual saving Rs (11,985 - 2000) = Rs 9,985

Example 6.9. A synchronous motor improves the power factor of a load of 200 kW from 0.8
lagging to 0.9 lagging. Smultaneously the motor carriesaload of 80 kW. Find (i) the leading kVAR
taken by the motor (ii) KVA rating of the motor and (iii) power factor at which the motor operates.

Solution.

O kVA after p.f. improvement
Reduction in kVA

Monthly saving on kVA charges
Yearly saving on kVA charges

Load, P, = 200kW ; Motor load, P, = 80 kW
p.f. of load, cos@ = 08lag
p.f. of combined load, cos@, = 09lag
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Combined load, P = P, +P,=200+ 80 =280 kW
In Fig. 6.12, A OAB is the power triangle for load,
A ODC for combined load and A BEC for the motor.

(i) Leading kVAR taken by the motor
= CE=DE-DC=AB-DC
[~ AB=DE]

kW

= P, tan@—-P* tan g,

= 200tan (cos *0-8) — 280tan (cos - 0-9)
= 200 x 075 — 280 x 0-4843

=14-4 kVAR

Fig. 6.12

(if)  kVA rating of the motor

BC= J(BE)? + (EC)? =/(80)% +(14 @)? =81:28kVA
Motor kW 80

(iii) p.f. of motor, cosq@,, = Motor KVA = 8128

Example 6.10. A factory load consists of the following :

(i) aninduction motor of 50 H.P. (37-3 kW) with 0-8 p.f. and efficiency 0-85.

(if) asynchronous motor of 25 H.P. (18-65 kW) with 0-9 p.f. leading and efficiency 0-9.
(iii) lighting load of 10 KW at unity p.f.

Find theannual electrical chargesif thetariff is Rs 60 per kVA of maximum demand per annum
plus 5 paise per kWh ; assuming the load to be steady for 2000 hoursin a year.

Solution.
Input power to induction motor 37-3/0-85 = 43-88 kW
Lagging kVAR taken by induction motor = 43-88 tan (cos'1 0-8) = 3291
Input power to synchronous motor
= 18:65/0:9 = 20-72 kW
Leading kVAR taken by synchronous motor
= 20-72tan (cos * 0:9) = 10
Sincelighting load works at unity p.f., itslagging KVAR = 0.
Net laggingkVAR = 3291 -10=22.91
Total active power = 43-88 + 20-72 + 10 = 74-6 kW

= 0-984 leading

Total KVA = [(7416)? + (22191)> =78
Annual kVA demand charges = Rs60 x 78 = Rs 4,680
Energy consumed/year = 74-6 x 2000 = 1,49,200 kWh

Annual Energy charges = Rs0-05 x 1,49,200 = Rs 7,460
Total annual bill = kVA demand charges + Energy charges
= Rs (4680 + 7460) = Rs 12,140
Example6.11. A supply systemfeedsthe following loads (i) alighting load of 500 kW (ii) aload
of 400 kW at a p.f. of 0-707 lagging (iii) aload of 800 kW at a p.f. of 0-8 leading (iv) aload of 500 kW
at ap.f. 0-6 lagging (v) a synchronous motor driving a 540 kW d.c. generator and having an overall

efficiency of 90%. Calculatethe power factor of synchronous motor so that the station power factor
may become unity.

* Inright angled triangle OAB, AB = P, tan ¢,
Inright angled triangle ODC, DC = OD tan ¢, = (P, + P,) tan @, = P tan @,



Power Factor Improvement 115

Solution. The lighting load works at unity p.f. and, therefore, its lagging kVAR is zero. The
lagging kVAR are taken by the loads (ii) and (iv), whereasloads (iii) and (v) take the leading kVAR.
For station power factor to be unity, the total lagging kKVAR must be neutralised by the total leading
kVAR. We know that kVAR = kW tan @.

O Total lagging kVAR taken by loads (ii) and (iv)

= 400 tan (cos * 0:707) + 500 tan (cos * 0-6)
= 400 x 1 + 500 x 1-33 = 1065
Leading kVAR taken by the load (iii)
= 800 tan (cos ' 0-8) = 800 x 0-75 = 600
0 Leading kVAR to be taken by synchronous motor
= 1065 - 600 = 465 kVAR
Motor input = output/efficiency = 540/0-9 = 600 kW
If @isthe phase angle of synchronous motor, then,
tang@ = kVAR/KW = 465/600 = 0-775

0 ® = tan0775=3777°

0 p.f.of synchronous motor = cos @ = cos 37-77° = 0-79 leading

Therefore, in order that the station power factor may become unity, the synchronous motor should
be operated at a p.f. of 0-79 leading.

Example 6.12. An industrial load consists of (i) a synchronous motor of 100 metric h.p. (ii)
induction motors aggregating 200 metric h.p., 0-707 power factor lagging and 82% efficiency and
(i) lighting load aggregating 30 kW.

Thetariff isRs 100 per annum per kVA maximum demand plus 6 paise per kWh. Find the annual
saving in cost if the synchronous motor operatesat 0-8 p.f. leading, 93% efficiency instead of 0-8 p.f.
lagging at 93% efficiency.

Solution. Theannual power bill will be calculated under two conditionsviz., (a) when synchro-
nous motor runs with lagging p.f. and (b) when synchronous motor runswith aleading p.f.

(&) When synchronous motor runsat p.f. 0-8 lagging. We shall find the combined kW and
then cal culate total kVA maximum demand using therelation :

KVA = J(kW)* +(KVAR)?
100 x 735%
0093 x 1000
*Lagging kVAR taken by the synchronous motor
= 79tan (cos ' 0-8) = 79 x 0-75 = 5925 KVAR
200x 7355%

Input to induction motors = 0mB2x1000 - 179.4 kW

Lagging kVAR taken by induction motors
= 179-4tan (cos * 0-707) = 179-4 x 1 = 179-4 KVAR
Sincelighting load works at unity p.f., itslagging kVAR is zero.
O Total lagging KVAR = 59:25 + 1794 = 238-65 kVAR
Total active power 79 + 179-4 + 30 = 288-4 kW

Total KVA = /(23865)% +(288(@)% = 374-4KVA
Annual kVA demand charges = Rs 100 x 374-4 = Rs 37,440

Input to synchronous motor = =79 kW

*  Since the synchronous motor in this case runs at lagging p.f., it takes lagging kVAR.
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Energy consumed/year = 288-4 x 8760 = 25,26384 kWh
Annual energy charges = Rs0-06 x 25,26,384 = Rs 1,51,583
Total annual bill = Rs (37,440 + 1,51,583) = Rs 1,89,023

(b) When synchronous motor runs at p.f. 0-8 leading. As the synchronous motor runs at

leading p.f. of 0-8 (instead of 0-8 p.f. lagging), therefore, it takes now 59-25 leading kVAR. The
lagging kVAR taken by induction motors are the same as beforei.e., 179-4.

O Net lagging kVAR

O Total kVA

O Annual saving

179-4 — 59-25 = 120-15
Same as beforei.e., 288-4 kW

Total active power

\/(12015)2 + (288 IZl)2 =3124

Rs 100 x 312-4 = Rs 31,240

Same as beforei.e, Rs 1,51,583

Rs (31,240 + 1,51,583) = Rs 1,82,823
Rs (1,89,023 - 1,82,823) = Rs 6200

Annual kVA demand charges
Annual energy charges
Total annual bill

1.

2.

TUTORIAL PROBLEMS

What should bethe kVA rating of acapacitor which would raise the power factor of load of 100 kW from
0-5 lagging to 09 lagging ? [125 kVA]
A 3-phase, 50 Hz, 3300 V star connected induction motor develops 250 H.P. (186-5 kW), the power
factor being 0-707 lagging and the efficiency 0-86. Three capacitors in delta are connected across the
supply terminals and power factor raised to 0-9 lagging. Calculate:

(i) thekVAR rating of the capacitor bank.

(i) the capacitance of each unit. [(i) 111-8 kVAR (ii) 109 pF]
A 3-phase, 50 Hz, 3000 V motor devel ops 600 H.P. (447-6 kW), the power factor being 0-75 lagging and
the efficiency 0-93. A bank of capacitorsis connected in delta across the supply terminals and power
factor raised to 0-95 lagging. Each of the capacitance units is built of five similar 600-V capacitors.
Determine the capacitance of each capacitor. [156 pF]

A factory takes aload of 800 kW at 0-8 p.f. (lagging) for 3000 hours per annum and buys energy on tariff
of Rs 100 per kVA plus 10 paise per kWh. If the power factor isimproved to 0-9 lagging by means of
capacitors costing Rs 60 per kVAR and having a power loss of 100 W per kVA, calculate the annual
saving effected by their use. Allow 10% per annum for interest and depreciation on the capacitors.

[Rs 3972]

A station supplies 250 kVA at a lagging power factor of 0-8. A synchronous motor is connected in
parallel with the load. If the combined load is 250 kW with alagging p.f. of 0.9, determine:

(i) theleading kVAR taken by the motor.

(if) KkVA rating of the motor.
(iii) p.f. a which the motor operates. [(i) 289 kVAR (ii) 57-75 kVA (iii) 0-866 lead]
A generating station supplies power to the following :

(i) alighting load of 100 kW;

(if) aninduction motor 800 h.p. (596-8 kW) p.f. 0-8 lagging, efficiency 92%;
(iif) arotary converter giving 150 A at 400 V at an efficiency of 0-95.
What must bethe power factor of therotary convertor in order that power factor of the supply station may
become unity ? [0-128 leading]
A 3-phase, 400 V synchronous motor having a power consumption of 50 kW is connected in parallel
with an induction motor which takes 200 kW at a power factor of 0-8 lagging.

(i) Calculate the current drawn from the mains when the power factor of the synchronous motor is

unity.
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(i) At what power factor should the synchronous motor operate so that the current drawn from the
mainsis minimum. ? [(i) 421 A (ii) 0-316 leading]
8. A factory load consists of the following :
(i) aninduction motor of 150 h.p. (111-9 kW) with 0-7 p.f. lagging and 80% efficiency ;
(if) asynchronous motor of 100 h.p. (74-6 kW) with 0-85 p.f. leading at 90% efficiency ;
(i) alighting load of 50 kW.
Find the annual electric chargesif thetariff isRs 100 per annum per kVA maximum demand plus 7 paise
per kWh ; assuming the load to be steady throughout the year. [Rs 1,96,070]
9. A 3-phase synchronous motor having a mechanical load (including losses) of 122 kW is connected in
paralel with aload of 510 kW at 0-8 p.f. lagging. The excitation of the motor is adjusted so that the kVA
input to the motor becomes 140 kVA. Determine the new power factor of the whole system.
[0-8956 lagging]
10. A 3-phase synchronous motor is connected in parallel with aload of 700 kW at 0-7 power factor lagging
and its excitation is adjusted till it raises the total p.f. to 0.9 lagging. Mechanical load on the motor
including losses is 150 kW. Find the power factor of the synchronous motor. [0-444 |eading]

6.8 Importance of Power Factor Improvement

The improvement of power factor is very important for both consumers and generating stations as
discussed below :

(i) For consumers. A consumer* has to pay electricity charges for his maximum demand in
kVA plus the units consumed. If the consumer imporves the power factor, then thereis a
reductiont in his maximum kVA demand and consequently there will be annual saving due
to maximum demand charges. Although power factor improvement involves extra annual
expenditure on account of p.f. correction equipment, yet improvement of p.f. to a proper
value resultsin the net annual saving for the consumer.

(if) For generating stations. A generating station is as much concerned with power factor im-
provement as the consumer. The generators in a power station are rated in kVA but the
useful output depends upon kKW output. As station output is kW = kVA x cos ¢, therefore,
number of units supplied by it depends upon the power factor. The greater the power factor
of the generating station, the higher is the kWh it delivers to the system. Thisleadsto the
conclusion that improved power factor increases the earning capacity of the power station.

6.9 Most Economical Power Factor

If a consumer improves the power factor, there is reduction in his maximum kVA demand and
hence there will be annual saving over the maximum demand charges. However, when power factor
isimproved, it involves capital investment on the power factor correction equipment. The consumer
will incur expenditure every year in the shape of annual interest and depreciation on the investment
made over the p.f. correction equipment. Therefore, the net annual saving will be equal to the annual
saving in maximum demand charges minus annual expenditureincurred on p.f. correction equipment.

The value to which the power factor should be improved so as to have maximum net annual
saving is known as the most economical power factor.

Consider aconsumer taking apeak load of P kW at apower factor of cos ¢,and charged at arate
of Rsx per kVA of maximum demand per annum. Suppose the consumer improves the power factor

*  Thisisnot applicable to domestic consumers because the domestic load (e.g., lighting load) hasap.f. very
close to unity. Here, consumer means industrial and other big consumers.

. _ Peak kW
1 Max. demand in kVA = 050

If cos @ is more, maximum kVA demand will be less and vice-versa.
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to cos @, by installing p.f. correction equipment. Let expenditure P

incurred on the p.f. correction equipment be Rs y per kVAR per O T A

annum. The power triangle at the original p.f. cos ¢, isOAB and 2 T

for the improved p.f. cos @,, it is OAC [See Fig. 6.13]. kVAR,
kVA max. demand at cos @, kVA, = P/cos @, = P sec @, @7@4;
kVA max. demand at cos @,, KVA,, = P/cos @, = P sec @, g © KVAR
Annual saving in maximum demand charges B

Rsx (kVA, —kVA,)
Rsx (Psec g, —Psec @)
Rsx P (sec @, — sec @,)
Reactive power at cos @, KVAR, = P tan @,
Reactive power at cos @, KVAR, = P tan @,
Leading kVAR taken by p.f. correction equipment

= P(tan @, —tan@,)
Annual cost of p.f. correction equipment
Rs Py (tan @, — tan @,)
exp. (i) — exp. (ii)
= xP(sec @, —sec @) - yP (tan @ —tan @,)

Fig. 6.13

Net annual saving, S

..(ii)

In this expression, only @, is variable while al other quantities are fixed. Therefore, the net
annual saving will be maximum if differentiation of above expressionw.r.t. ¢, iszeroi.e.

d _
@(3—0

or % [XP (sec @, —sec @,) —yP (tan @, —tan @,)] =0
2

d d d _da _
or do, (xP sec @) do, (xP sec @) do, (yPtan @) +yP do, (tang,) =0

or 0—xPsec<|)2tan<|)2—O+yPset:2<|)2 =0
or —Xtan@,+ysece, = 0
or tang, = %s;eccp2
or sng, = y/x

O Most economical power factor, cos@, = \/1—sin2 @, = \/1—(y/x)2

It may be noted that the most economical power factor (cos ¢,) depends upon the relative costs

of supply and p.f. correction equipment but isindependent of the original p.f. cos ¢,.

Example 6.13 A factory which has a maximum demand of 175 kW at a power factor of 0-75
lagging is charged at Rs 72 per KVA per annum. If the phase advancing equipment costs Rs 120 per
kVAR, find the most economical power factor at which the factory should operate. Interest and

depreciation total 10% of the capital investment on the phase advancing equipment.
Solution :
Power factor of the factory, cos@, = 0-75lagging
Max. demand charges, x = Rs 72 per KVA per annum

Expenditure on phase advancing equipment, y = Rs120 x 0-1 = Rs 12* /kVAR/annum

*  Thetotal investment for producing 1 kVAR is Rs 120. The annual interest and depreciation is 10%. It

means that an expenditure of Rs 120 x 10/100 = Rs 12 isincurred on 1 kVAR per annum.
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0 Most economical p.f. at which factory should operateis

cosg, = \/1—(y/x)2 = J1-(12/72)* = 0-986 lagging

Example 6.14 A consumer has an average demand of 400 kW at a p.f. of 0-8 lagging and
annual load factor of 50%. Thetariff is Rs50 per kVA of maximum demand per annum plus 5 paise
per KWh. If the power factor isimproved to 0-95 lagging by installing phase advancing equipment,
calculate :

(i) the capacity of the phase advancing equipment
(if) the annual saving effected
The phase advancing equipment costs Rs 100 per kKVAR and the annual interest and deprecia-
tion together amount to 10%.
Solution :
Max. kW demand, P = 400/0-5 = 800 kW
Original p.f.,cos@, =0-8lag; Fina p.f., cosg,=095lag
@ =cos ™ (0-8) =369°; tan @, = tan 36:9° = 0-75
@,=cos ' (0:95) = 182°; tan @, = tan 18-2° = 0-328
(i) Leading kVAR taken by phase advancing equipment
= P (tan @, —tan @,) = 800 (0-75 - 0-328) = 337 kKVAR
0 Capacity of phase advancing equipment should be 337 kVAR.
(if) Max. demand charges, x = Rs50/kVA/annum
Expenditure on phase advancing equipment
y = Rs0-1x 100 = Rs 10/kVAR/annum
Max. kVA demand at 0-8 p.f. =800/0-8 = 1000 kVA
Max. kVA demand at 0-95 p.f. = 800/0-95 = 842 kVA
Annual saving in maximum demand charges
= Rs 50 (1000 - 842) = Rs 7900
Annual expenditure on phase advancing equipment
Rs (y x capacity of equipment)
Rs 10 x 337 = 3370
O Net annual saving = Rs (7900 — 3370) = Rs 4530

Example 6.15 A factory has an average demand of 50 kW and an annual load factor of 0-5.
The power factor is0-75 lagging. Thetariff is R