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	14. Preface to the  Fourth Edition
Since the appearance of the third edition in 2007, a sea-change has occurred in the energy and power
sectors. As a consequence, a sizable portion of the existing content had to be expanded and rewritten. A
large number of teaching appendices of the third edition have now been rewritten as full-ﬂedged chapters,
since all these topics continue to be important parts of the curriculum. We hope students and teachers will
welcome this.
Salient Features and New to this Edition
∑ Recent developments in the area of power system.
∑ Computational algorithms for various system studies.
∑ Current and future Indian/World energy scenario.
∑ New chapters on power system transients and HVDC, without which power system courses
cannot be taught. The chapter on power system transients also deals with insulation co-ordination,
lightning phenomena and neutral grounding. Without studying HVDC, electric power transmission
is incomplete. Knowledge of power electronics, AC/DC conversion, working of converters actually
help in understanding this vital chapter.
∑ A large number of new teaching appendices.
∑ Large number of solved examples and unsolved problems with answers at the end of each chapter for
practice and self evaluation.
∑ A large number of multiple-choice questions with answers at the end of each chapter have been
added.
MATLAB and SIMULINK programs along with 18 solved examples illustrating their use in solving
representative power system problems.
Chapter Organisation
The book consists of 19 chapters and 16 appendices. The present edition contains all the major topics
covered in the third edition. The highlight of this edition lies in the additions and changes that have been
brought about in the following chapters and appendices, in an attempt to keep students up-to-date with their
study.
Therefore, Chapter 1 has been enlarged and completely rewritten. In addition, the inﬂuences
of environmental constraints are also discussed. In Chapters 2 and 3, magnetic ﬁeld induction and
electrostatic induction have been added, respectively. In Chapter 4, a few sections/topics such as power
 


	15. transformer have been  added. In Chapter 5, voltage control topic has been boosted by including control
by midline boosters. Two appendices, K and I of the ﬁrst edition on lightning phenomenon and neutral
grounding, have now been brought in the main chapters as per the wishes of readers for completeness and
clarity. In Chapter 6, load ﬂow under power electronic control, that is, AC-DC-LF has been added. In
Chapter 7, maintenance scheduling, power system reliability, have been included. For the ﬁrst time, unit
commitment has been further elaborated as an appendix to Chapter 7. In Chapter 8, AGC of restructured
power system is added, keeping in line with the latest changes in the power sector. Chapters 9 to 13 contain
topics covered in the third edition with certain new contents that have been added to keep students abreast
with the latest developments. In Chapter 14, new topics such as isolators, fuses and contractors, kilometric
faults have now been included as per the review reports. In Chapter 15, numerical (digital) relay has now
been introduced along with new trends. Large portions of Chapters 16 to 19 have been rewritten along
with new content added to the existing ones.
The fourth edition also contains appendices that elaborate on the important concepts covered in the
chapters. Thus, appendices A to G have been retained from the third edition, with some minor additions to
the existing content. Appendix H deals with ‘Smart Grid’ which is essential for present day smart student
and teacher. Appendix I discusses the topic of ‘Substations’ including intelligent substation. Appendix J
throws light on convergence of load ﬂow methods which are bread and butter of any power system study.
Appendix K deals with ‘Power Quality’ which is must for a power engineer. Appendix L discusses recent
trends in power system communication without which no power system can exist. Appendix M deals with
‘restructured power system’. Power system reliability is described in Appendix N. This is a prerequisite for
topics like Unit Commitment (Chapter 7) and Maintenance Scheduling (Appendix P). A separate appendix,
Appendix O on minimum emission generation scheduling/ emission control has also been added.
In addition, the book also contains a set of enhanced pedagogical features like, summary, solved
examples and problems, and multiple-choice questions that will help students in understanding and
evaluating the concepts.
How to Use the Book
With all these features, this is an indispensable text for electrical engineering UG/PG/Doctoral students.
AMIE, GATE, UPSC engineering services, IAS and other PG entrance exams aspirants, along with
practicing engineers would also ﬁnd this book extremely valuable as a text/reference book. It can also
be used for scoring high at the entry level examinations for multinationals such as BHEL, NTPC and
Power Grid.
The present fourth edition, like the earlier three is designed for several undergraduate power system
courses and for a two-semester postgraduate study.
A ﬁrst level PG course may be taught from Chapter 1(selected sections), chapters 6, 7, 8, sections 9.6,
9.7, 11.7, chapters 12,13,14,15,16,17,18,19 and appendices F,G,H,J,K,L,M,N,O and P. For UG courses, a
combination of chapters may be chosen depending on the syllabus of a university and type of the course.
Acknowledgements
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solving problems using Simulink (MATLAB) and for helping in preparing the solutions of examples and
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	18. Since the appearance  of the second edition in 1989, the overall energy situation has changed considerably
and this has generated great interest in nonconventional and renewable energy sources, energy conservation
and management, power reforms and restructuring and distributed and dispersed generation. Chapter 1 has
been therefore, enlarged and completely rewritten. In addition, the inﬂuences of environmental constraints
are also discussed.
The present edition, like the earlier two, is designed for a two-semester course at the undergraduate level
or for ﬁrst-semester post-graduate study.
Modern power systems have grown larger and spread over larger geographical area with many
interconnections between neighbouring systems. Optimal planning, operation and control of such large-
scale systems require advanced computer-based techniques many of which are explained in the student-
oriented and reader-friendly manner by means of numerical examples throughout this book. Electric
utility engineers will also be beneﬁtted by the book as it will prepare them more adequately to face the
new challenges. The style of writing is amenable to self-study. The wide range of topics facilitates versatile
selection of chapters and sections for completion in the semester time frame.
Highlights of this edition are the ﬁve new chapters. Chapter 13 deals with power system security.
Contingency analysis and sensitivity factors are described. An analytical framework is developed to control
bulk power systems in such a way that security is enhanced. Everything seems to have a propensity to fail.
Power systems are no exception. Power system security practices try to control and operate power systems
in a defensive posture so that the effects of these inevitable failures are minimised.
Chapter 14 is an introduction to the use of state estimation in electric power systems. We have selected
Least Squares Estimation to give basic solution. External system equivalencing and treatment of bad data
are also discussed.
The economics of power transmission has always lured the planners to transmit as much power as
possible through existing transmission lines. Difﬁculty of acquiring the right of way for new lines (the
corridor crisis) has always motivated the power engineers to develop compensatory systems. Therefore,
Chapter 15 addresses compensation in power systems. Both series and shunt compensation of lines have
been thoroughly discussed. Concepts of SVS, STATCOM and FACTS have been brieﬂy introduced.
Chapter 16 covers the important topic of load forecasting technique. Knowing load is absolutely essential
for solving any power system problem.
Chapter 17 deals with the important problem of voltage stability. Mathematical formulation, analysis,
state-of-art, future trends and challenges are discussed.
MATLAB and SIMULINK, ideal programs for power system analysis are included in this book as
an appendix along with 18 solved examples illustrating their use in solving representative power system
problems. The help rendered by Shri Sunil Bhat of VNIT, Nagpur in writing this appendix is thankfully
acknowledged.
Tata McGraw-Hill and the authors would like to thank the following reviewers of this edition: Prof. J
D Sharma, IIT Roorkee; Prof. S N Tiwari, MNNIT Allahabad; Dr M R Mohan, Anna University, Chennai;
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	19. Prof. M K  Deshmukh, BITS, Pilani; Dr H R Seedhar, PEC, Chandigarh; Prof. P R Bijwe and Dr Sanjay
Roy, IIT Delhi.
While revising the text, we have had the beneﬁt of valuable advice and suggestions from many
professors, students and practising engineers who used the earlier editions of this book. All these individuals
have inﬂuenced this edition. We express our thanks and appreciation to them. We hope this support/
response would continue in the future also.
D P KOTHARI
I J NAGRATH
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	20. 1.1 ELECTRIC POWER  SYSTEM
We are in need of energy for our industrial, commercial and day-to-day activities, and we use energy in
different forms. Out of all the forms of energy, electric energy is the most important one as it can be generated
(actually converted from other forms of energy) efﬁciently, transmitted easily and utilised ultimately at a very
reasonable cost. The ease of transmission of electric energy gives rise to a possibility of generating (convert-
ing) electric energy in bulk at a centralised place and transmit it over a long distance to be used ultimately by
a large number of users. If we generate in small scale, say for example, just to light a house, we can perhaps
intuitively make the connections needed for a reasonably reliable and efﬁcient operation. But when we have
generation in bulk, transmission over a long distance and utilisation by a number of distributed users; we
cannot do by intuition. We need to follow systematic methodology to have reliable, efﬁcient, economic and
safe use of electric energy. The components needed for generation, transmission and large-scale distribution of
electric energy form a huge complex system termed as Electric Power System. Power system is the branch of
Electrical Engineering where we study in depth for its design, operation, maintenance and analysis.
Electric power systems are a technical wonder and as per one opinion [27], electricity and its accessibility
are the greatest engineering achievements of the 20th century, ahead of computers and airplanes. A modern
society cannot exist without electricity. As will be explained in Secs. 1.17 and 1.18, today’s centralised
(regulated) utilities will be distributed (deregulated) when already utilities (SEBs) have been forced
to breakup in separate generation, and T/D companies. There is DG (distributed generation) by IPP
(independent power producers), who can generate electric power by whatever means and must be allowed
access (open access) to the power grid to sell power to consumers. The breakup has been encouraged by
tremendous beneﬁts of deregulation in communication and airline industries resulting in ﬁerce competition
leading to economy and better consumer service. In India, some states are pursuing this deregulation and
unbundling aggressively and some more cautiously. The aim is that the independent Transmission System
Operators (TSO) wheel power for a charge from anywhere and anyone to the customer site.
Reliable Operation is ensured by the TSOs and the ﬁnancial transactions are governed by real time bidding
to buy and sell power to earn proﬁt in the spot market. (Buying at lower prices and selling at higher prices.)
1.2 INDIAN POWER SECTOR
1.2.1 Historical Background
More than 100 years back in 1890s, ﬁrst hydro power plant was commissioned in Darjeeling. At the time
of independence, total installed capacity was 1360 MW (mostly owned by private companies in cities).
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	21. 2 Modern Power  System Analysis
After the enactment of Electricity (Supply) Act in 1948, barring few licenses, the entire power sector was
owned by state governments and largely managed by vertically integrated State Electricity Boards (SEBs).
In 1975, Central Government, through Central Public Sector Undertakings, (NTPC, etc.) also entered in the
ﬁeld of Generation and Transmission to supplement the efforts of cash starved State Electricity Boards. In
1989, Power Grid Corporation of India was formed to develop the transmission network and grid. In 1990,
ﬁrst HVDC bi-pole line was made operative. In 1990, power generation was opened to private sector. In
1998, Electricity Regulatory Commission Act was enacted for establishing Regulatory Commissions. Tariff
is now obtained through competitive bidding to be adopted by the regulator. Congestion is managed by e-
bidding.
In 1998, ﬁrst 765 kV transmission line was erected which was initially charged at 400 kV. In 2003,
Electricity Act 2003 was enacted to have open access in transmission. In 2005–06, National Electricity
Plan was ﬁnalised. In 2006, a big step was taken for formulation of national grid [Fig. 1.1(a)] by way of
synchronisation of NR with ER-NER-WR. 765 kV transmission is now a reality. In 2010–11, 800 kV
HVDC bi-pole line will start operating. Challenge is evacuation of power along with generation addition
and also from surplus to deﬁcit area. As of today (2011), India has an energy shortage of 12% and peak
shortage of 15%.
1.3 A CONTEMPORARY PERSPECTIVE
Electric energy is an essential ingredient for the industrial and all-round development of any country. It
is a coveted form of energy, because it can be generated centrally in bulk and transmitted economically
over long distances. Furthermore, it can be adapted easily and efﬁciently to domestic and industrial
applications, particularly for lighting purposes and mechanical work*, e.g., drives. The per capita
consumption of electrical energy is a reliable indicator of a country’s state of development—ﬁgures for
2010 are 700 kWh for India, 7000 kWh for Europe and 14600 kWh for USA, world average is 297 kWh.
Conventionally, electric energy is obtained by conversion from fossil fuels (coal, oil, natural gas),
nuclear and hydro sources. Heat energy released by burning fossil fuels or by ﬁssion of nuclear material is
converted to electricity by ﬁrst converting heat energy to the mechanical form through a thermocycle and
then converting mechanical energy through generators to the electrical form. Thermocycle is basically a
low efﬁciency process—highest efﬁciencies for modern large size plants range up to 40%, while smaller
plants may have considerably lower efﬁciencies. The earth has ﬁxed nonreplenishable resources of fossil
fuels and nuclear materials, with certain countries overendowed by nature while others deﬁcient. Hydro
energy, though replenishable, is also limited in terms of power. The world’s increasing power requirements
can only be partially met by hydro sources. Furthermore, ecological and biological factors place a stringent
limit on the use of hydro sources for power production. (The USA has already developed around 50% of its
hydro potential and hardly any further expansion is planned because of ecological considerations.)
With the ever increasing per capita energy consumption and exponentially rising population,
technologists already see the end of the earth’s nonreplenishable fuel resources.† The oil crisis of the
1970s has dramatically drawn attention to this fact. In fact, we can no longer afford to use oil as a fuel for
* Electricity is a very inefﬁcient agent for heating purposes, because it is generated by the low efﬁciency thermocycle
from heat energy. Electricity is used for heating purposes for only very special applications, say an electric furnace.
† Varying estimates have been put forth for reserves of oil, gas and coal and ﬁssionable materials. At the projected
consumption rates, oil and gases are not expected to last much beyond 50 years; several countries will face serious
shortages of coal after 2200 A.D. while ﬁssionable materials may carry us well beyond the middle of the next
century. These estimates, however, cannot be regarded as highly dependable.
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Fig. 1.1(a)  Development of Indian Grid
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generation of electricity. In terms of bulk electric energy generation, a distinct shift is taking place across
the world in favour of coal and in particular nuclear sources for generation of electricity. Also, the problems
of air and thermal pollution caused by power generation have to be efﬁciently tackled to avoid ecological
disasters. A coordinated worldwide action plan is, therefore, necessary to ensure that energy supply to
humanity at large is assured for a long time and at low economic cost. Some of the factors to be considered
and actions to be taken are:
Curtailment of Energy Consumption The energy consumption of most developed countries has already
reached a level, which this planet cannot afford. There is, in fact, a need to ﬁnd ways and means of reducing
this level. The developing countries, on the other hand, have to intensify their efforts to raise their level of
energy production to provide basic amenities to their teeming millions. Of course, in doing so they need to
constantly draw upon the experiences of the developed countries and guard against obsolete technology.
Intensification of Efforts to Develop Alternative Sources of Energy including Unconventional Sources like
Solar, Tidal Energy, etc. Distant hopes are pitched on fusion energy but the scientiﬁc and technological
advances have a long way to go in this regard. Fusion when harnessed could provide an inexhaustible
source of energy. A breakthrough in the conversion from solar to electric energy could provide another
answer to the world’s steeply rising energy needs.
Recycling of Nuclear Wastes Fast breeder reactor technology is expected to provide the answer for
extending nuclear energy resources to last much longer.
Development and Application of Antipollution Technologies In this regard, the developing countries
already have the example of the developed countries whereby they can avoid going through the phases
of intense pollution in their programmes of energy development. Bulk power generating stations are more
easily amenable to control the pollution since centralised one-point measures can be adopted.
Electric energy today constitutes about 30% of the total annual energy consumption on a worldwide
basis. This ﬁgure is expected to rise as oil supply for industrial uses becomes more stringent. Transportation
can be expected to go electric in a big way in the long run, when nonconventional energy resources are well
developed or a breakthrough in fusion is achieved.
To understand some of the problems that the power industry faces let us brieﬂy review some of the
characteristic features of generation and transmission. Electricity, unlike water and gas, cannot be stored
economically (except in very small quantities—in batteries), and the electric utility can exercise little
control over the load (power demand) at any time. The power system must, therefore, be capable of
matching the output from generators to the demand at any time at a speciﬁed voltage and frequency. The
difﬁculty encountered in this task can be imagined from the fact that load variations over a day comprises
three components—a steady component known as base load; a varying component whose daily pattern
depends upon the time of day; weather, season, a popular festival,
etc., and a purely randomly varying component of relatively small
amplitude. Figure 1.1(b) shows a typical daily load curve. The
characteristics of a daily load curve on a gross basis are indicated by
peak load, and the time of its occurrence and load factor deﬁned as
average load
maximum (peak) load
= less than unity
The average load determines the energy consumption over the
day, while the peak load along with considerations of standby
capacity determines plant capacity for meeting the load. Fig. 1.1(b) Typical daily load curve
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A high  load factor helps in drawing more energy from a given installation. As individual load centres
have their own characteristics, their peaks in general have a time diversity, which when utilised through
transmission interconnection, greatly aids in jacking up load factors at an individual plant—excess power of
a plant during light load periods is evacuated through long distance high voltage transmission lines, while a
heavily loaded plant receives power.
1.3.1 Diversity Factor
This is deﬁned as the sum of individual maximum demands on the consumers, divided by the maximum
load on the system. This factor gives the time diversiﬁcation of the load and is used to decide the
installation of sufﬁcient generating and transmission plant. If all the demands came at the same time, i.e.,
unity diversity factor, the total installed capacity required would be much more. Luckily, the factor is much
higher than unity, especially for domestic loads.
A high diversity factor could be obtained by:
1. Giving incentives to farmers and/or some industries to use electricity in the night or light load
periods.
2. Using day-light saving as in many other countries.
3. Staggering the ofﬁce timings.
4. Having different time zones in the country like USA, Australia, etc.
5. Having two-part tariff in which consumer has to pay an amount dependent on the maximum demand
he makes, plus a charge for each unit of energy consumed. Sometimes consumer is charged on the
basis of kVA demand instead of kW to penalise loads of low power factor.
Two other factors used frequently are:
Plant capacity factor =
Actual energy produced
maximum possible energy that could ha
ave been produced (based on installed plant capacity)
=
Average demand
Installed capacity
Plant use factor =
Actual energy produced (kWh)
plant capacity (kW) Time (in
¥ hours) the plant has been in operation
Tariffs The cost of electric power is normally given by the expression (a + b ¥ kW + c ¥ kWh) per
annum, where a is a ﬁxed charge for the utility, independent of the power output; b depends on the
maximum demand on the system and hence on the interest and depreciation on the installed power station;
and c depends on the units produced and therefore on the fuel charges and the wages of the station staff.
Tariff structures may be such as to inﬂuence the load curve and to improve the load factor.
Tariff should consider the pf (power factor) of the load of the consumer. If it is low, it takes more current
for the same kWs and hence T and D (transmission and distribution) losses are correspondingly increased.
The power station has to install either pf correcting (improvement) devices such as synchronous capacitors,
SVC (Static Var Compensator) or voltage regulating equipment to maintain the voltages within allowed
limits and thus total cost increases. One of the following alternatives may be used to avoid low pf:
1. To charge the consumers based on kVA rather than kW.
2. A pf penalty clause may be imposed on the consumer.
3. The consumer may be asked to use shunt capacitors for improving the power factor of his installations.
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1.3.2 Availability Based Tariffs (ABT)*
ABT comprises three main components viz., capacity charge, energy charge and charges for deviation from
schedule.
1. Capacity charge, towards reimbursement of the ﬁxed cost of the plant, linked to the plant’s capacity
to supply MWs.
2. Energy charge, to reimburse the fuel cost for scheduled generation, and
3. Payment for deviations from schedule at a rate dependent on system conditions. The last component
would be negative in case the power plant is delivering less power than scheduled. For example, if
a power plant delivers 600 MW while it was scheduled to supply only 500 MW, the energy charge
payment would be for the scheduled generation (500 MW) only, and the excess generation. (100
MW) would be paid for at a certain rate.
If the grid has surplus power at that time and frequency is above 50 Hz, the rate would be small. If the
excess generation is at the time of generation deﬁcit in the system (frequency below 50.0 Hz), the payment
for extra generation would be at higher rate.
If frequency (f ) is 49 Hz or below, the UI (unscheduled interchange) price is maximum (570 paise per
unit), and the price is minimum (zero paisa), when frequency is 50.5 Hz or above [see Fig. 1.2].
– If the frequency is between 49.0 Hz and 50 Hz, then the
UI prices vary linearly as, UI rate = 187–3.7f.
– If the frequency is between 50 Hz and 50.5 Hz, then the
UI price is given by UI rate = 202–4.0 ¥ f.
– Maximum value of ABT is ﬁxed, according to the cost
of generation of the costliest generating unit (diesel
generating plants).
ABT has been successfully adopted for maintaining the grid
discipline and has already been implemented in Indian power
system.
Example 1.1 A factory to be set up is to have a ﬁxed load of 760 kW at 0.8 pf. The electricity board
offers to supply energy at the following alternate rates:
(a) LV supply at Rs 32/kVA max demand/annum + 10 paise/kWh
(b) HV supply at Rs 30/kVA max demand/annum + 10 paise/kWh
The HV switchgear costs Rs 60/kVA and switchgear losses at full load amount to 5%. Interest, depreciation
charges for the switchgear are 12% of the capital cost. If the factory is to work for 48 hours/week, determine
the more economical tariff.
Solution
Maximum demand =
760
0 8
.
= 950 kVA
* The term Availability Tariff, particularly in the Indian context, stands for a rational tariff structure for power supply
from generating stations, on a contracted basis. In the availability tariff mechanism, the ﬁxed and variable cost
components are treated separately. The payment of ﬁxed cost to the generation company is linked to availability of
the plant, i.e., its capability to deliver MWs on a day-by-day basis.
Fig. 1.2
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Loss in  switchgear = 5%
 Input demand =
950
0 95
.
= 1000 kVA
Cost of switchgear = 60 ¥ 1000 = Rs 60,000
Annual charges on depreciation = 0.12 ¥ 60,000 = Rs 7,200
Annual ﬁxed charges due to maximum demand
corresponding to tariff (b) = 30 ¥ 1,000 = Rs 30,000
Annual running charges due to kWh consumed = 1000 ¥ 0.8 ¥ 48 ¥ 52 ¥ 0.10
= Rs 1,99,680
Total charges/annum = Rs 2,36,880
Max. demand corresponding to tariff (a) = 950 kVA
Annual ﬁxed charges = 32 ¥ 950 = Rs 30,400
Annual running charges for kWh consumed = 950 ¥ 0.8 ¥ 48 ¥ 52 ¥ 0.10
= Rs 1,89,696
Total = Rs 2,20,096
Therefore, tariff (a) is economical.
Example 1.2 A region has a maximum demand of 500 MW at a load factor of 50%. The load duration
curve can be assumed to be a triangle. The utility has to meet this load by setting up a generating system,
which is partly hydro and partly thermal. The costs are as under:
Hydro plant Rs 600 per kW per annum and operating expenses at 3p per kWh.
Thermal plant Rs 300 per kW per annum and operating expenses at 13p per kWh.
Determine the capacity of hydro plant, the energy generated annually by each, and overall generation cost
per kWh.
Solution Total energy generated per year = 500 ¥ 1000 ¥ 0.5 ¥ 8760
= 219 ¥ 107 kWh
Figure 1.3 shows the load duration curve. Since the operating cost of hydro plant is low, the base load
would be supplied from the hydro plant and peak load from the thermal plant.
Let the hydro capacity be P kW and the energy generated by hydro plant E kWh/year.
Thermal capacity = (5,00,000 – P) kW
Thermal energy = (219 ¥ 107 – E) kWh
Annual cost of hydro plant = 600P + 0.03E
Annual cost of thermal plant = 300 (5,00,000 – P) + 0.13 (219 ¥ 107
– E)
Total cost C = 600P + 0.03E + 300 (5,00,000 – P) + 0.13 (219 ¥ 107 – E)
For minimum cost,
d
d
C
P
= 0
 600 + 0.03
d
d
E
P
– 300 – 0.13
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d
d
E
P
= 0
or dE = 3000dP
But dE = dP ¥ t
 t = 3000 hours
From D ADF and DABC,
5 00 000
5 00 000
, ,
, ,
- P
=
3000
8760
 P = 328, say 330 MW
Capacity of thermal plant = 170 MW
Energy generated by thermal plant =
170 3000 1000
2
¥ ¥
= 255 ¥ 106 kWh
Energy generated by hydro plant = 1935 ¥ 106 kWh
Total annual cost = Rs 340.20 ¥ 106
/year
Overall generation cost =
340 20 10
219 10
100
6
7
. ¥
¥
¥
= 15.53 paise/kWh.
Example 1.3 A generating station has a maximum demand of 25 MW, a load factor of 60%, a plant
capacity factor of 50%, and a plant use factor of 72%. Find (a) the daily energy produced, (b) the reserve
capacity of the plant, and (c) the maximum energy that could be produced daily if the plant, while running as
per schedule, were fully loaded.
Solution
Load factor =
average demand
maximum demand
0.60 =
average demand
25
 Average demand = 15 MW
Plant capacity factor =
average demand
installed capacity
0.50 =
15
installed capacity
 Installed capacity =
15
0.5
= 30 MW
 Reserve capacity of the plant = installed capacity – maximum demand
= 30 – 25 = 5 MW
Fig. 1.3 Load duration curve
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Daily energy  produced = average demand ¥ 24 = 15 ¥ 24
= 360 MWh
Energy corresponding to installed capacity per day = 24 ¥ 30 = 720 MWh
Maximum energy that could be produced =
actual energy produced in a day
plant use factor
=
360
0.72
= 500 MWh/day.
Example 1.4 From a load duration curve, the following data are obtained: Maximum demand on the
system is 20 MW. The load supplied by the two units is 14 MW and 10 MW. Unit No. 1 (base unit) works for
100% of the time, and Unit No. 2 (peak load unit) only for 45% of the time. The energy generated by Unit 1
is 1 ¥ 108 units, and that by Unit 2 is 7.5 ¥ 106 units. Find the load factor, plant capacity factor and plant use
factor of each unit, and the load factor of the total plant.
Solution
Annual load factor for Unit 1 =
1 108
¥ ¥
¥
=
100
14 000 8760
81 54
,
. %
The maximum demand on Unit 2 is 6 MW.
Annual load factor for Unit 2 =
7 5 10 100
6000 8760
6
. ¥ ¥
¥
= 14.27%
Load factor of Unit 2 for the time it takes the load =
7 5 10 100
6000 0 45 8760
6
.
.
¥ ¥
¥ ¥
= 31.71%
Since no reserve is available at Unit No. 1, its capacity factor is the same as the load factor, i.e.,
81.54%. Also since Unit 1 has been running throughout the year, the plant use factor equals the plant
capacity factor, i.e., 81.54%.
Annual plant capacity factor of Unit 2 =
7 5 10 100
10 8760 1000
6
. ¥ ¥
¥ ¥
= 8.56%
Plant use factor of Unit 2 =
7 5 10 100
10 0 45 8760 1000
6
.
.
¥ ¥
¥ ¥ ¥
= 19.02%
The annual load factor of the total plant =
1 075 10 100
20 000 8760
8
.
,
¥ ¥
¥
= 61.35%.
Comments The various plant factors, the capacity of base and peak load units can thus be found out
from the load duration curve. The load factor of the peak load unit is much less than that of the base load
unit, and thus the cost of power generation from the peak load unit is much higher than that from the base
load unit.
Example 1.5 There are three consumers of electricity having different load requirements at different
times. Consumer 1 has a maximum demand of 5 kW at 6 p.m. and a demand of 3 kW at 7 p.m. and a daily
load factor of 20%. Consumer 2 has a maximum demand of 5 kW at 11 a.m., a load of 2 kW at 7 p.m. and
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an average load of 1200 W. Consumer 3 has an average load of 1 kW and his maximum demand is 3 kW at
7 p.m. Determine: (a) the diversity factor, (b) the load factor and average load of each consumer, and (c) the
average load and load factor of the combined load.
Solution
(a) Consumer 1 MD 5 kW 3 kW LF
at 6 p.m. at 7 p.m. 20%
Consumer 2 MD 5 kW 2 kW Average load
at 11 a.m. at 7 p.m. 1.2 kW
Consumer 3 MD 3 kW Average load
at 7 p.m. 1 kW
Maximum demand of the system is 8 kW at 7 p.m.
Sum of the individual maximum demands = 5 + 5 + 3 = 13 kW
 Diversity factor = 13/8 = 1.625
(b) Consumer 1, Average load 0.2 ¥ 5 = 1 kW, LF = 20%
Consumer 2, Average load 1.2 kW, LF =
1 2
5
.
¥ 1000 = 24%
Consumer 3, Average load 1 kW, LF =
1
3
¥ 100 = 33.3%
(c) Combined average load = 1 + 1.2 + 1 = 3.2 kW
 Combined load factor =
3 2
8
.
¥ 100 = 40%
1.3.3 Load Forecasting
As power plant planning and construction require a gestation period of four to eight years or even longer
for the present day super power stations, energy and load demand forecasting plays a crucial role in power
system studies.
This necessitates long range forecasting. While sophisticated probabilistic methods exist in literature [5,
16, 29], the simple extrapolation technique is quite adequate for long range forecasting. Since weather has
a much more inﬂuence on residential than the industrial component, it may be better to prepare forecast in
constituent parts to obtain total. Both power and energy forecasts are made. Multifactors involved render
forecasting an involved process requiring experience and high analytical ability.
Yearly forecasts are based on previous year’s loading for the period under consideration updated by
factors such as general load increases, major loads and weather trends.
In short-term load forecasting, hour-by-hour predictions are made for the particular day under
consideration. A minor forecast error on low side might necessitate the use of inefﬁcient, oil-ﬁred
turbine generators or ‘peaking units’ which are quite costly. On the other hand, a high side forecast
error would keep excessive generation in hot reserve. Accuracy of the order of 1% is desirable. A
temperature difference of 2ºC can vary the total load by 1%. This indicates the importance of reliable
weather forecast to a good load forecast. The short term forecast problem is not a simple one as often
random factors such as unexpected storms, strikes, the sudden telecast of a good TV programme
can upset the predictions. Regression analysis is often used for obtaining a short term load forecast
which is very important and is required before solving unit commitment and economic load despatch
problems discussed in Ch. 7. Owing to the great importance of load forecasting (an important input-
before solving almost all power system problems), an entire chapter has been added in this book
describing the various methods of load forecasting (Ch. 16).
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In India,  energy demand and installed generating capacity are both increasing exponentially (so is
population growth—a truly formidable combination). Power demand* has been roughly doubling every ten
years as in many other countries. On 31st March 2009, the total installed generation capacity in India was
1,63,670 MW**. As per the present indications, by the time we enter the 2nd decade of the 21st century it
would be nearing 2,00,000 MW—a stupendous task indeed. This, in turn, would require a corresponding
development in coal resources. Development of a coalmine takes a little over four years.
1.4 STRUCTURE OF POWER SYSTEMS
Generating stations, transmission lines and the distribution systems are the main components of an electric
power system. Generating stations and a distribution system are connected through transmission lines,
which also connect one power system (grid, area) to another. A distribution system connects all the loads in
a particular area to the transmission lines.
For economical and technological reasons (which will be discussed in detail in later chapters), individual
power systems are organised in the form of electrically connected areas or regional grids (also called power
pools). Each area or regional grid operates technically and economically independently, but these are
eventually interconnected†
to form a national grid (which may even form an international grid) so that each
area is contractually tied to other areas in respect to certain generation and scheduling features. India is now
heading for a national grid.
The siting of hydro stations is determined by the natural water power sources. The choice of site for coal
ﬁred thermal stations is more ﬂexible. The following two alternatives are possible:
1. Power stations may be built close to coal mines (called pit head stations) and electric energy is
evacuated over transmission lines to the load centres.
2. Power stations may be built close to the load centres and coal is transported to them from the mines
by rail road.
In practice, however, power station siting will depend upon many factors—technical, economical and
environmental. As it is considerably cheaper to transport bulk electric energy over extra high voltage (EHV)
transmission lines than to transport equivalent quantities of coal over rail road, the recent trends in India
(as well as abroad) has been to build super (large) thermal power stations near coal mines. Bulk power
can be transmitted to fairly long distances over transmission lines of 400/765 kV and above. However, the
country’s coal resources are located mainly in the eastern belt and some coal ﬁred stations will continue to
be sited in distant western and southern regions.
* 38% of the total power required in India is for industrial consumption. Generation of electricity in India was around
830 billion kWh in 2010–2011 AD compared to less than 200 billion kWh in 1986–87.
**Comprising 22.6% hydro, 64.6% thermal, 2.8% nuclear, and 10% wind and RES.
† Interconnection has the economic advantage of reducing the reserve generation capacity in each area. Under
conditions of sudden increase in load or loss of generation in one area, it is immediately possible to borrow power
from adjoining interconnected areas. Interconnection causes larger currents to ﬂow on transmission lines under
faulty condition with a consequent increase in capacity of circuit breakers. Also, the synchronous machines of all
interconnected areas must operate stably and in a synchronised manner. The disturbance caused by a short circuit
in one area must be rapidly disconnected by circuit breaker openings before it can seriously affect adjoining areas.
It permits the construction of larger and more economical generating units and the transmission of large chunk
of power from the generating plants to major load centres. It provides capacity savings by seasonal exchange of
power between areas having opposing winter and summer requirements. It permits capacity savings from time zones
and random diversity. It facilitates transmission of off-peak power. It also gives the ﬂexibility to meet unexpected
emergency loads.
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As nuclear stations are not constrained by the problems of fuel transport and air pollution, a greater
ﬂexibility exists in their siting, so that these stations are located close to load centres while avoiding high
density pollution areas to reduce the risks, however remote, of radioactivity leakage.
In India, as of now, about 68% of electric power used is generated in thermal plants (including
nuclear). 23% from mostly hydro stations and 9% come from renewables and others. Coal is the fuel for
most of the steam plants, the rest depends upon oil/natural gas and nuclear fuels.
Electric power is generated at a voltage of 11 to 25 kV which then is stepped up to the transmission
levels in the range of 66 to 765 kV (or higher). As the transmission capability of a line is proportional to
the square of its voltage, research is continuously being carried out to raise transmission voltages. Some
of the countries are already employing 765 kV. The voltages are expected to rise to 800 kV in the near
future. In India, several 400 kV lines are already in operation. Several 765 kV lines have been built so far
in India.
For very long distances (over 600 km), it is economical to transmit bulk power by DC transmission
(see Ch. 20). It also obviates some of the technical problems associated with very long distance
AC transmission. The DC voltages used are 400 kV and above, and the line is connected to the AC
systems at the two ends through a transformer and converting/inverting equipment (silicon controlled
rectiﬁers are employed for this purpose). Several DC transmission lines have been constructed in
Europe and the USA. In India, several HVDC transmission lines (bipolar) have already been commis-
sioned and several others are being planned. Four back to back HVDC systems are in operation (for
details, see Ch. 14).
The ﬁrst stepdown of voltage from transmission
level is at the bulk power substation, where the
reduction is to a range of 33 to 132 kV, depending
on the transmission line voltage. Some industries
may require power at these voltage levels. This
stepdown is from the transmission and grid level to
subtransmission level.
The next stepdown in voltage is at the distribution
substation. Normally, two distribution voltage levels
are employed (see Ch. 21 of Ref. 28).
1. The primary or feeder voltage (11 kV).
2. The secondary or consumer voltage (415 V
three phase/230 V single phase).
The distribution system, fed from the distribution
transformer stations, supplies power to the domestic
or industrial and commercial consumers.
Thus, the power system operates at various
voltage levels separated by transformer. Figure
1.4 depicts schematically the structure of a power
system.
Though the distribution system design, planning
and operation are subjects of great importance, we
are compelled, for reasons of space, to exclude them
from the scope of this book.
Fig. 1.4 Schematic diagram depicting power system
structure
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1.5 CONVENTIONAL  SOURCES OF ELECTRIC ENERGY
Thermal (coal, oil, nuclear) and hydro generations are the main conventional sources of electric energy.
The necessity to conserve fossil fuels has forced scientists and technologists across the world to search for
nonconventional sources of electric energy. Some of the sources being explored are solar, wind and tidal
sources. The conventional and some of the nonconventional sources and techniques of energy generation
are brieﬂy surveyed here with a stress on future trends, particularly with reference to the Indian electric
energy scenario. A panoramic view of energy conversion to electrical form is presented in Fig. 1.5.
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1.5.1 Thermal Power Stations—Steam/Gas-based
The heat released during the combustion of coal, oil or gas is used in a boiler to raise steam. In India,
heat generation is mostly coal based except in small sizes, because of limited indigenous production of
oil. Therefore, we shall discuss only coal-ﬁred boilers for raising steam to be used in a turbine for electric
generation. Natural gas is India’s most important potential alternative to coal. India is planning to use
natural gas in power generation and in the industrial and residential sectors. Our heavy reliance on highly
polluting coal makes development and installation of clean coal technology (cct) a high priority.
The chemical energy stored in coal is transformed into electric energy in thermal power plants. The
heat released by the combustion of coal produces steam in a boiler at high pressure and temperature, which
when passed through a steam turbine gives off some of its internal energy as mechanical energy. The
axial-ﬂow type of turbine is normally used with several cylinders on the same shaft. The steam turbine
acts as a prime mover and drives the electric generator (alternator). A simple schematic diagram of a coal
ﬁred thermal plant is shown in Fig. 1.6(a).
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Fig. 1.6(a) Schematic diagram of a coal ﬁred steam plant
The efﬁciency of the overall conversion process is poor and its maximum value is about 40% because of
the high heat losses in the combustion gases and the large quantity of heat rejected to the condenser which
has to be given off in cooling towers or into a stream/lake in the case of direct condenser cooling. The
steam power station operates on the Rankine cycle, modiﬁed to include superheating, feed-water heating,
and steam reheating as shown in Fig. 1.6(b). The thermal efﬁciency (conversion of heat to mechanical
energy) can be increased by using steam at the highest possible pressure and temperature. With steam
turbines of this size, additional increase in efﬁciency is obtained by reheating the steam after it has been
partially expanded by an external heater. The reheated steam is then returned to the turbine where it is
expanded through the ﬁnal states of bleeding.
To take advantage of the principle of economy of scale (which applies to units of all sizes), the present
trend is to go in for larger sizes of units. Larger units can be installed at much lower cost per kilowatt.
They are also cheaper to operate because of higher efﬁciency. They require lower labour and maintenance
expenditure. According to Kashkari [3], there may be a saving of as high as 15% in capital cost per kilowatt
by going up from a 100 to 250 MW unit size and an additional saving in fuel cost of about 8% per kWh.
Since larger units consume less fuel per kWh, they produce less air, thermal and waste pollution, and this
is a signiﬁcant advantage in our concern for environment. The only trouble in the case of a large unit is
the tremendous shock to the system when outage of such a large capacity unit occurs. This shock can be
tolerated so long as this unit size does not exceed 10% of the on-line capacity of a large grid.
In India, in 1970s the ﬁrst 500 MW superthermal unit had been commissioned at Trombay. Bharat
Heavy Electricals Limited (BHEL) has produced several turbogenerator sets of 500 MW capacity. Today’s
maximum generator unit size is (nearly 1200 MW) limited by the permissible current densities used in rotor
and stator windings. Efforts are on to develop super conducting machines where the winding temperature
will be nearing absolute zero. Extreme high current and ﬂux densities obtained in such machines could
perhaps increase unit sizes to several GWs which would result in better generating economy.
Air and thermal pollution is always present in a coal ﬁred steam plant. The air polluting agents
(consisting of particulates and gases such as NOX, CO, CO2, SOX, etc.) are emitted via the exhaust gases
and thermal pollution is due to the rejected heat transferred from the condenser to cooling water. Cooling
towers are used in situations where the stream/lake cannot withstand the thermal burden without excessive
temperature rise. The problem of air pollution can be minimised through scrubbers and electrostatic
precipitators and by resorting to minimum emission dispatch [44]. In addition, Clean Air Act has already
been passed in Indian Parliament.
 


	34. Introduction 15
Fig.
1.6(b)
Energy
ﬂ
ow
diagram
for
a
500
MW
turbogenerator
  


	35. 16 Modern Power  System Analysis
Fluidised-bed Boiler The main problem with coal in India is its high ash content (up to 40% max). To
solve this, ﬂuidised bed combustion technology is being developed and perfected. The ﬂuidised-bed boiler
is undergoing extensive development and is being preferred due to its lower pollutant level and better
efﬁciency. Direct ignition of pulverised coal is being introduced but initial oil ﬁring support is needed.
Cogeneration Considering the tremendous amount of waste heat generated in thermal power generation,
it is advisable to save fuel by the simultaneous generation of electricity and steam (or hot water) for
industrial use or space heating. Now called cogeneration, such systems have long been common, here and
abroad. Currently, there is renewed interest in these because of the overall increase in energy efﬁciencies
which are claimed to be as high as 65%.
Cogeneration of steam and power is highly energy efﬁcient and is particularly suitable for chemicals,
paper, textiles, food, fertiliser and petroleum reﬁning industries. Thus, these industries can solve energy
shortage problem in a big way. Further, they will not have to depend on the grid power which is not so
reliable. Of course, they can sell the extra power to the government for use in deﬁcient areas. They may
also sell power to the neighbouring industries, a concept called wheeling power.
As on 31.12.2010, the total cogeneration potential in India was 19,500 MW and the actual achievement
was 690 MW as per MNRE (Ministry of New and Renewable Energy, Government of India) Annual Report
2006–07. It will have potential for 28 GW in 2015.
There are two possible ways of cogeneration of heat and electricity: (i) Topping cycle, (ii) Bottoming
cycle. In the topping cycle, fuel is burnt to produce electrical or mechanical power and the waste heat from
the power generation provides the process heat. In the bottoming cycle, fuel ﬁrst produces process heat and
the waste heat from the processes is then used to produce power.
Coal-ﬁred plants share environmental problems with some other types of fossil-fuel plants; these include
‘acid rain’ and the ‘greenhouse’ effect.
Gas Turbines With increasing availability of natural gas (methane) (recent ﬁnds in Bangladesh)
primemovers based on gas turbines have been developed on the lines similar to those used in aircraft.
Gas combustion generates high temperatures and pressures, so that the efﬁciency of the gas turbine is
comparable to that of steam turbine. Additional advantage is that exhaust gas from the turbine still has
sufﬁcient heat content, which is used to raise steam to run a conventional steam turbine coupled to a
generator. This is called combined-cycle gas-turbine (CCGT) plant. The schematic diagram of such a plant
is drawn in Fig. 1.7.
The CCGT plant has a fast start of 2–3 min for the gas turbine and about 20 min for the steam turbine.
Local storage tanks of gas can be used in case of gas supply interruption. The unit can take up to 10%
overload for short periods of time to take care of any emergency.
CCGT unit produces 55% of CO2 produced by a coal/oil-ﬁred plant. Units are now available for a fully
automated operation for 24 h or to meet the peak demands.
In Delhi (India), a CCGT unit of 2 ¥ 110 MW is installed at Pragati Power Plant.
There are currently many installations using gas turbines in the world with 100 MW generators. A 6 ¥ 30
MW gas turbine station has already been put up in Delhi. A gas turbine unit can also be used as synchronous
compensator to help maintain ﬂat voltage proﬁle in the system.
1.5.2 Nuclear Power Generation
Nuclear Reaction Considerable binding energy is released on breaking a large nucleus into smaller
fragments. This process is called ﬁssion. Nucleus of uranium isotope 235U undergoes ﬁssion when struck by
a fast moving neutron. This ﬁssion is expressed in the standard nuclear reaction as
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Fig. 1.7  CCGT power station
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Nuclear Reactor The ﬁssion of a nuclear material (Eq. (1.1)) is carried out in a nuclear reactor. A nuclear
reactor is a very efﬁcient source of energy as a small amount of ﬁssile material produces large chunks
of energy. For example, 1 g of 235U releases energy at the rate of 1 MW/day, whereas 2.6 tonnes of coal
produces the same power in a conventional thermal plant per day (this ﬁgure is much larger for Indian coal,
which contains considerable amount of dust in it).
Uranium metal extracted from the base ore consists mainly of two isotopes 238U (99.3% by weight) and
235U (0.7% by weight). Of these only 235U is ﬁssile and when struck by slow moving neutrons, its nucleus
splits into two fast moving neutrons and 3 ¥ 10–11 J of kinetic energy. The fast moving neutrons hit the
surrounding atoms, thus producing heat before coming to rest. The neutrons travel further, hitting more
atoms and producing further ﬁssions. The number of neutrons thus multiplies and under certain critical
conditions a sustainable chain reaction results. For sustainability, the reactor core or moderator must slow
down the moving neutrons to achieve a more effective splitting of the nuclei.
The energy given off in a reactor appears in the form of heat, which is removed by a gas or liquid coolant.
The hot coolant is then used in a heat exchanger to raise steam. If the coolant is ordinary water, steam could be
raised inside the reactor. Steam so raised runs a turbogenerator for producing electric energy.
Fuel Fuels used in reactors have some components of 238U. Natural uranium is sometimes used and
although the energy density is considerably less than that for pure isotope, it is still much better than fossil
fuels. The uranium used at present comes from metal-rich areas, which have limited world resources
(ª 2 ¥ 106
tonnes). Therefore, the era of nuclear energy would be comparatively short, probably less than a
century. Fortunately, it is possible to manufacture certain ﬁssile isotopes from abundant nonﬁssile materials
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like thorium by a process of conversion in a breeder reactor (details in later portion of this section). This
would assure virtually an unlimited reserve of nuclear energy.
In an advanced gas-cooled reactor (AGR), whose schematic diagram is shown in Fig. 1.8, enriched
uranium dioxide fuel in pellet form, encased in stainless steel cans, is used. A number of cans form a
cylindrical fuel element, which is placed in a vertical hollow housing in the core. In certain reactors fuel
could be in the form of rods enclosed in stainless steel.
Moderators To slow down the neutrons the reactor elements are placed inside a moderator, a substance
whose nuclei absorb energy as fast moving neutrons collide with these but do not capture the neutrons.
Commonly used moderators are graphite (as in AGR of Fig. 1.8), light water and heavy water. It could also
be beryllium and its oxide, and possibly certain organic compounds.
Coolants These remove the heat generated
in the core by circulation and transfer it
outside for raising steam. Common coolants
are light ordinary water, heavy water, gas
(CO2) (this is used in AGR of Fig. 1.8)
and also metals like sodium or sodium-
potassium alloy in liquid form.
Control Materials In nuclear reactors,
control is achieved by means of a neutron
absorbing material. The control elements are
commonly located in the core in the form
of either rods or plates. The control rods
are moved in to decrease the ﬁssion rate or
neutron ﬂux and moved out to increase it.
The most commonly used neutron absorber is boron. This element has a very high melting point and a large
cross-section for neutron absorption.
Other control materials are cadmium and an alloy of silver 15%, iradium 15% and cadmium 5%.
Reactor Shielding Nuclear reactors are sources of intense neutron and g-radiation and, therefore, represent
hazard to persons in the immediate vicinity of the reactor. Provisions for their health protection are made by
surrounding the reactor core with a radiation shield, also called biological shield. It generally consists of a
layer of concrete, about 1.8–2.5 m thick and capable of absorbing both g-rays and neutrons. Part of the shield
which is in immediate contact with the core heats up considerably and requires a special cooling facility to
prevent it from cracking. A shield made of a 5–10 cm thick steel is located close to the core.
Power Reactor Types The primary purpose of a power reactor is the utilisation of ﬁssion energy produced
in the reactor core by converting it to a useful mechanical-electrical form. The heat generated in the ﬁssion
process is used to produce steam at high temperature and pressure, which runs a turbogenerator. For raising
steam, a heat exchanger stage is interposed between the reactor and boiler. The choice of the heat exchange
ﬂuid (or gas) is governed by three considerations:
1. It must have a high thermal conductivity so as to carry away heat efﬁciently and give it up in a heat
exchanger.
2. It must have a low neutron capture cross-section so as not to upset the reactor characteristics.
3. It must not be decomposed by intense radiation.
Fig. 1.8 Schematic view of a British Magnox type nuclear reactor
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Now we  shall discuss some of the reactor types which are in current use in various countries. Advanced
gas reactor (AGR) has already been presented earlier for discussing the various components and processes
involved in a reactor.
Boiling Water Reactor (Fig. 1.9(a)) This type of power plant is designed to allow steam to be generated
directly in the reactor core. This uses light water as moderator and coolant. Therefore, no external heat
exchanger is required. Enriched uranium is used as fuel.
Fig. 1.9(a) Schematic diagram of a boiling water reactor (BWR)
The 420 MW power station, at Tarapur (India), consists of two enriched uranium reactors of the boiling
water type. These reactors were built with the help of the General Electric Company of the United States
and became operational on April 1, 1969.
Pressurised Water Reactor (Fig. 1.9(b)) It uses slightly enriched uranium (1.4 or 2% of U235
) as fuel
and light water as moderator and coolant. The fuel elements are in the form of rods or plates. The core is
contained in a vessel under a pressure of (6.5 to 13.8) ¥ 106 N/m2.
Fig. 1.9(b) Schematic diagram of a pressured water reactor (PWR)
The pressurised water is circulated through the reactor core from which it removes heat. This heat
is transferred to a boiler through a heat exchanger for raising steam for turbogeneration as shown in
Fig. 1.9(b).
Heavy Water (D2O) Moderated Reactor (Fig. 1.10) It is of the pressurised water reactor type with heavy
water as moderator and coolant instead of light water. The ﬁrst prototype of this type of reactor is the Nuclear
Power Demonstration Reactor (NPDR) called CANDU (Canada Deuterium Uranium) type reactor completed
in 1962 at Canada.
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Fig. 1.10 CANDU Reactor
The 430 MW power station near Kota at Rana Pratap Sagar in Rajasthan employs a heavy water mode
gated reactor using natural uranium as fuel. This started feeding power in 1973. The other two reactors of
this type are at Kalpakkam (470 MW), about 100 km away from Chennai, and the other at Narora in Uttar
Pradesh (UP), Kakrapar in Gujarat. Several other nuclear power plants will be commissioned by 2012. It is
planned to raise nuclear power generation to 20,000 MW by 2020.
Fast Breeder Reactor (FBR) Such type of reactors are designed to produce more ﬁssile material
(Plutonium) than they consume (Thorium, U232). The nuclear equations for breeding are as under.
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According to the above reactions, there are two types of fast breeder reactors:
1. A blanket of 232Th surrounds 239Pu and is converted to 233U which is ﬁssile (Eq. (1.2)).
(1.2)
(1.3)
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2. Core  20% 239
Pu surrounded by a blanket of 80% 238
U (Thorium). About three neutrons are emitted
when a 239Pu nucleus ﬁssions. Of these, one is required to sustain the reaction leaving the other two
to account for breeding more 239Pu (Eq. 1.3).
The power density in a fast breeder reactor
is considerably higher than in normal reactors.
Therefore, liquid sodium which is an efﬁcient
coolant and does not moderate neutrons is
used to take away heat generated in the core.
Schematic diagram of an FBR reactor is shown
in Fig. 1.11.
An important advantage of FBR technology,
brought out through the reaction equations
given above, is that it can use Thorium (as
fertile material) which gets converted to 233U,
a ﬁssile isotope. This holds great promise for
India as we have one of the world’s largest
deposits of Thorium—about 450,000 tonnes in
the form of sand dunes in Kerala and along the
Gopalpur Chattarpur coast of Orissa.
Typical power densities (MW/m3) in ﬁssion reactor cores are: gas cooled 0.53, high temperature gas
cooled 7.75, heavy water 18.0, boiling water 29.0, pressurised water 54.75 and fast breeder reactor 760.0.
The associated merits and problems of nuclear power plants as compared to conventional thermal plants
are as follows:
Merits
1. A nuclear power plant is totally free of air pollution. Nuclear fuel is greener than coal.
2. It requires very little fuel in terms of volume and weight, and therefore poses no transportation
problems and may be sited, independently of nuclear fuel supplies, close to load centres. However,
safety considerations require that these be normally located away from populated areas.
3. It lasts longer—over 45 years as against 30 in case of coal and 15 in case of gas turbines.
Problems
1. Nuclear reactors produce radioactive fuel waste, the disposal of which poses serious environmental
hazards.
2. The rate of nuclear reaction can be lowered only by a small margin, so the load on a nuclear
power plant can only be permitted to be marginally reduced below its full load value. Nuclear
power stations must, therefore be reliably connected to a power network, as tripping of the lines
connecting the station can be quite serious and may require shutting down of the reactor with all its
consequences.
3. Because of a relatively high capital cost as against the running cost, the nuclear plant should operate
continuously as a base load station. Wherever possible, it is preferable to support such a station with
a pumped storage scheme discussed later (p. 24).
4. There are risks in terms of fuel supplies and safety.
Safety and Environmental Considerations The nuclei that result from ﬁssion are called ﬁssion frag-
ments. From the nuclear reactor there is a continuous emission of b- and g-rays, and a-particles and ﬁssion
fragments. If these ﬁssion fragments cannot be retreated as a fuel element, then these become waste products,
which are highly radioactive. Some of the important waste products with their half life are as follows:
Primary
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Reactor jacket
Intermediate
heat exchanger
Hot sodium duct
Sodium/water
heater
Cool
sodium
Core Primary
vessel
Concrete
shield
Steam
Water
Fig. 1.11 Schematic diagram of a liquid-metal FBR
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3
1H2 (Tritium) – 12.26 years
90Sr (Strontium) – 28.8 years
137Cs (Cesium) – 32.2 years
131I (Iodine) – 8 days
85Kr (Krypton) – 10.76 years
133Xe (Xenon) – 5.27 days
Waste products having a long life create serious problems. These are called high level wastes, e.g., 90
Sr. At
the moment, the wastes are concentrated in the liquid form and stored in stainless steel containers. Burying
nuclear wastes deep underground currently seems to be the best long-term way to dispose them off. The
location should be geologically stable, should not be earthquake prone, a type of rock that does not disintegrate
in the presence of heat and radiation and not near ground water as that might become contaminated. At present
over 15,000 tonnes of spent nuclear fuel is being stored on a temporary basis in United States.
In the design and construction of reactors, great care is taken to cover every contingency. Many facilities,
e.g., control system, are at least duplicated and have alternative electrical supplies. In March 1979, failure
in its cooling system disabled one of the reactors of Three Mile Island in Pennsylvania and a certain amount
of radioactive material escaped, although a catastrophe was narrowly avoided. Then in April 1986, a severe
accident destroyed a 1000 MW reactor at Chernobyl, in erstwhile Soviet Union. Latest is at Sendai, Japan
on 13th March 2011. Much radioactive material escaped into the atmosphere and was carried around the
world by winds. Tens of thousands of people were evacuated from the reactor vicinity and hundreds of
plant and rescue workers died as a result of exposure to radiation. The effects of radioactive exposure of
population in neighbouring regions are still showing up in the form of various incurable diseases even in
the next generation offsprings.
However, the health controls in the atomic power industry have, from the very outset, been much more
rigorous than in any other industry.
Fusion Energy is produced in this process by combination of two light nuclei to form a single heavier one
under sustained condition of extremely high temperature and high pressure for initiation. Neutron emission
is not required in the process as the temperature (high) maintains the collisions of reacting nuclei.
The most promising fuels are isotopes of hydrogen known as deuterium (D) (mass 2) and tritium (T)
(mass 3). The product of fusion is the helium isotope (mass 3), hydrogen, neutrons, and heat. As tritium
is not a naturally occurring isotope, it is produced in the reactor shield by the interaction of the fusion
neutrons and the lithium isotope of mass 6. The deuterium-deuterium fusion requires higher temperature
than deuterium-tritium and the latter is more likely to be used initially.
Reserves of lithium have been estimated to be roughly equal to those of fossil fuels. Deuterium, on the
other hand, is contained in sea-water of a concentration of about 34 parts per million. The potential of this
energy resource is therefore vast. Total nuclear power will be around 10280 MW by 2012.
General Remarks The greatest danger in a ﬁssion reactor is in the case of loss of coolant in an accident.
Even with the control rods (or plates) fully lowered quickly called scram operation, the ﬁssion does continue
for sometime and its after-heat may cause vaporising and dispersal of radioactive material. This possibility
does not exist in fusion process as its power density is almost 1/50th that of an FBR. The radioactive waste in
fusion is the radiation damage to structural materials which would require occasional renewal. These could be
recycled after 50 year period compared with centuries required for 90Sr and 137Cs, the ﬁssion fragments.
Intensive international research is still proceeding to develop materials and a suitable containment
method, using either magnetic ﬁelds or powerful lasers to produce the high temperatures (ª 8 ¥ 107 K) and
pressure (above 1000 bar) to initiate a fusion reaction. It is unlikely that a successful fusion reactor will be
available before 2020.
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With this  kind of estimated time frame for breakthrough in fusion technology, development in FBR
technology and installing of power stations will continue.
France and Canada are possibly the two countries with a fairly clean record of nuclear generation.
According to Indian scientists, our heavy-water based plants are most safe.
World scientists have to adopt a different reaction safety strategy to discover additives to automatically
inhibit reaction beyond critical rather than by mechanically inserted controlled rods, which have
possibilities of several primary failure events.
1.5.3 Hydro Power
The oldest and cheapest method of power
generation is that of utilising the potential energy
of water. The energy is obtained almost free of
running cost and is completely pollution free. Of
course, it involves high capital cost because of
the heavy civil engineering construction works
involved. Also, it requires a long gestation period
of about ﬁve to eight years as compared to four to
six years for steam plants. Hydroelectric stations
are designed, mostly, as multipurpose projects
such as river ﬂood control, storage of drinking
water, irrigation and navigation. A simple block
diagram of high head hydro plant is given in Fig. 1.12. The vertical difference between the upper reservoir and
the tail race pond is called the head.
Water falling through the head gains kinetic energy which then imparts energy to the blades of the
hydraulic turbine. There are three main types of hydroelectric installations:
1. High head or stored—the storage area of reservoir ﬁlls in more than 400 hectares.
2. Medium head or pondage—the storage ﬁlls in 200–400 hectares.
3. Run of river—storage (in any) ﬁlls in less than 2 h and has a 3–15 m head.
A schematic diagram for hydroelectric schemes of Type 3 is shown in Fig. 1.13.
Fig. 1.13 Run of river hydroelectric scheme—80 MW Kaplan turbine, 115.41 rpm
Fig. 1.12 A typical layout for a storage type hydro plant
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There can be several of these turbines on a deep and wide river.
In India, mini and micro hydroelectric schemes have been installed on canals wherever 1 m or so head is
available. Often cascaded plants are also constructed on the same water stream where the discharge of one
plant becomes the inﬂow of a downstream plant.
For the three above identiﬁed heads of water level, the kind of turbines that are employed are as follows:
1. Pelton: This is used for heads of 184–1840 m and consists of a bucket wheel rotor with adjustable
ﬂow nozzles.
2. Francis: This is used for heads of 37–490 m and is of mixed ﬂow type.
3. Kaplan: This is used for run-of-river and pondage stations with heads of up to 61 m. This type has an
axial-ﬂow rotor with variable-pitch blades.
Hydroelectric plants are capable of starting quickly—almost in 5 min. The rate of taking up load on the
machines is of the order of 20 MW/min. Further, no losses are incurred at standstill. Thus, hydroelectric
plants are ideal for meeting peak loads. The time from start up to the actual connection to the grid can be as
short as 2 min.
The power available from a hydro plant is
P = g r WH W (1.4)
where W = discharge (m3/s) through the turbine, r = density (1000 kg/m3) and H = head (m), g = 9.81 m/s2
 P = 9.81 WH kW (1.5)
Problems peculiar to hydroelectric plants which inhibit expansion are:
1. Silting—Bhakra dead storage has reportedly silted
fully in 30 years.
2. Seepage.
3. Ecological damage to region.
4. Displacement of human habitation from areas behind
the dam which will ﬁll up and become a lake.
5. These cannot provide base load and must be used for
peak shaving and energy saving in coordination with
thermal plants.
Typical efﬁciency curves of the three types of turbines
are depicted in Fig. 1.14. As the efﬁciency depends upon the
head, which is continuously ﬂuctuating, water consumption
in m3/kWh is used instead of efﬁciency, which is related to
water head.
In certain periods when the water availability is low or when hydro-generation is not needed, it may be
advantageous to run electric generators as motors from the grid, so as to act as synchronous condensers
(these are overexcited). To reduce running losses, the water is pushed below the turbine runner by com-
pressed air after closing the input valve. The runner now rotates in air and free running losses are low.
India also has a tremendous potential (5000 MW) of having large number of nano, pico, micro (< 1
MW), mini (< 1–5 MW) and small (< 15 MW) hydel plants in Himalayan region, North-East, HP, UP, UK,
and JK which must be fully exploited to generate cheap and clean power for villages situated far away from
the grid power*. At present, 394 MW capacity is under implementation.
Pumped Storage Scheme In areas where sufﬁcient hydrogeneration is not available, peak load may be
handled by means of pumped storage. This consists of upper and lower reservoirs and reversible turbine-
Fig. 1.14 Typical efﬁciency curves
of hydraulic turbines
* Existing capacity (small hydro) is 36877 MW as on 2010. Total estimated potential is 15000 MW.
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generator sets,  which can also be used as motor-pump sets. The upper reservoir has enough storage for
about 6 h of full load generation. Such a plant acts as a conventional hydroelectric plant during the peak
load periods, when production costs are the highest. The turbines are driven by water from the upper
reservoir in the usual manner. During the light load period, water in the lower reservoir is pumped back
into the upper one so as to be ready for use in the next cycle of the peak load period. The generators in
this period, change to synchronous motor action and drive the turbines which now work as pumps. The
electric power is supplied to the generator sets from the general power network or an adjoining thermal
plant. The overall efﬁciency of the generator sets is normally as high as 60–70%. The pumped storage
scheme, in fact, is analogous to the charging and discharging of a battery. It has the added advantage that
the synchronous machines can be used as synchronous condensers for VAR compensation of the power
network, if required. In a way from the point of view of the thermal sector of the power system, the
pumped storage scheme shaves the peaks and ﬁlls the troughs of the daily load-demand curve.
Some of the existing pumped storage plants are 900 MW Srisailem in AP, 80 MW of Bhiva in MS,
400 MW Kadamparai in TN.
Tidal Power Along the shores with high tides and when a basin exists, the power in the tide can be
hydroelectrically utilised. This requires a long and low dam across the basin. Two sets of turbines are
located underneath the dam. As the tide comes in, water ﬂows into the basin operating one set of turbines.
At low tide, the water ﬂows out of the basin operating another set of turbine.
Let tidal range from high to low be h (m) and area of water stored in the basin be A (m2), then the energy
stored in the full basin is expressed as
E = rgA xdx
h
0
Ú (1.6)
=
1
2
rgh2 A
Average power, P =
1
2
rgh2 A/(T/2); T = period of tidal cycle
= 14 h 44 min, normally
= rgh2 A/T
A few places which have been surveyed in the world as sites for tidal power are as follows:
Passanaquoddy Bay (N. America) 5.5 m, 262 km2, 1,800 MW
San Jose (S. America) 10.7 m, 777 km2, 19,900 MW
Sever (UK) 9.8 m, 70 km2, 8,000 MW
A tidal power station has been constructed on the La Rance estuary in northern France where the tidal
height range is 9.2 m and the tidal ﬂow is estimated to be 18,000 m3/sec.
Major sites in India where preliminary investigations have been carried out are Bhavnagar, Navalakhi
(Kutch), Diamond Harbour and Ganga Sagar.
India’s ﬁrst Tidal Power Project is being developed by WBREDA at Durgaduani Creek in the Sunderbans
delta. High tide water is stored in a reservoir and released at low tide, thus creating water ﬂows which drive
turbines that generate electricity. The total cost for 50 MW project in Gujarat is Rs 750 crores and will be
ready by 2013.
The basin in Kandla in Gujarat has been estimated to have a capacity of 600 MW. The total potential of
Indian coast is around 9000 MW. India has a vast coastline of 7517 kms, which does not compare favourably
with the sites in the American continent stated above. The technical and economic difﬁculties still prevail.
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1.6 MAGNETOHYDRODYNAMIC (MHD) GENERATION
In thermal generation of electric energy, the heat released by the fuel is converted to rotational mechanical
energy by means of a thermocycle. The mechanical energy is then used to rotate the electric generator. Thus,
two stages of energy conversion are involved in which the heat to mechanical energy conversion has an inher-
ently low efﬁciency. Also, the rotating machine has its associated losses and maintenance problems. In MHD,
technology electric energy is directly generated by the hot gases produced by the combustion of fuel without
the need for mechanical moving parts.
In a MHD generator, electrically conducting gas at
a very high temperature is passed in a strong magnetic
ﬁeld, thereby generating electricity. High temperature
is needed to ionise the gas, so that it has good electrical
conductivity. The conducting gas is obtained by burning
a fuel and injecting a seeding material such as potassium
carbonate in the products of combustion. The principle
of MHD power generation is illustrated in Fig. 1.15.
Electrically conducting gas as it ﬂows is equivalent
to electric current ﬂowing in an imaginary conductor
at 90º to the magnetic ﬁeld. The result is induction of
emf across an anode and cathode with current ﬂowing
through the load. About 50% efﬁciency can be achieved, if the MHD generator is operated in tandem with a
conventional steam plant.
Although the technological feasibility of MHD generation has been established, its economic feasibility
is yet to be demonstrated. In fact with the development of CCGT systems, which are being installed in
many countries, MHD development has been put on the shelf.
1.7 GEOTHERMAL ENERGY
The outer crust of earth contains a very large reserve of energy as sensible heat. It is estimated to be one
to two orders of magnitude larger than all the energy recoverable from uranium (by ﬁssion) and thorium
(by breeder reactor assuming 60–70% efﬁciency). Fusion as and when it becomes technologically practical
would represent a large energy resource than geothermal energy.
Geothermal energy is present over the entire extent of earth’s surface except that it is nearer to the
surface in volcanic areas. Heat transfer from the earth’s interior is by three primary means:
1. Direct heat conduction,
2. Rapid injection of ballistic magma along natural rifts penetrating deep into earth’s mantle, and
3. Bubble like magma that buoys upwards towards the surface.
Rift geothermal areas in sedimentary rock basins undergo repeated injection of magma, though in small
amount. Over a long period of time, these processes cause massive amounts of hot water to accumulate.
Examples are the Imperiod Valley of Africa. The weight of the overburden in these sedimentary basins
compresses the trapped water giving rise to a geopressurised geothermal resource. These high pressures
serve to increase the productivity of hot-water wells, which may be natural or drilled.
Pressure released in the hot wells causes boiling and the steam and water mixture rise upwards. This
mixture is passed through steam separators, which then is used to drive low-pressure steam turbines.
Corrosive effects of this wet steam, because of mineral particles in it, have been tackled by advanced
Fig. 1.15 The principle of MHD power generation
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