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Unit-1

Sources of Electrical Power

1.1 Introduction

The 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 station 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 transmissionlines.For economical and technological reasons, individual power systems are
organized in the form of electrically connected areas or regional grids (also called power
pools).The major advantages of interconnecting power systems include the following:
1. Increased reliability. In the event of a forced or planned outage of a power station, the affected
systems can befed from other stations. River flow, storage facilities, floods, and draughts are the
factors that may affect hydro-generation, for example. Outages can easily be met by load transfer
once systems are interconnected.
2. Reduction in total installed capacity. In an isolated system reserve units must be maintained
separately in power station. However, the reduction in total installed capacity depends on the
characteristics of the interconnected system and the desired degree of service reliability.
3. Economic operation. The location of hydro power stations is determined by the natural water
power sources. The choice of site for fossil-fuel fired thermal stations is more flexible. The
following two alternatives are possible.

1. Power stations may be built close to sources of fossil fuel (coal mines or petroleum
refineries) and electric energy is evacuated over transmission lines to the load centers.

2. Power stations may be built close to the load centers and coal is transported to them
from the mines by rail road. In practice, however, power station location 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 gas or oil over rail road, the recent trend is to build super (large) thermal
power stations near sources of natural gas. Bulk power can be transmitted to fairly long distances
over transmission lines of 400kV and above. However, the Nigeria’s gas resources are located
mainly in the southern belt and some thermal power stations will continue to be sited in distant
western and southern regions.

1.2 Conventional Sources of Electric Energy:
Thermal (coal, oil, nuclear) and generations are the main conventional sources of electric

energy. The necessity to conserve fossil fuels has forced scientist and technologists across the
world to search for unconventional sources of electric energy. Some of the sources being
explored are solar, wind and tidal sources. The conventional and some of the unconventional
sources and techniques of energy generation are briefly surveyed.
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Thermal (Coal, Oil/Natural Gas Fired) Power Stations:

The chemical energy stored in coal is transformed into electric energy in thermal power
plants. The heat released by the combustion of coal or oil/natural gas 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. 2.3.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 incooling towers or into a stream/lake in the
case of direct condenser cooling. The team power station operates on the Rankine cycle,
modified to include superheating, feed-water heating and steam reheating. 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.

Wind Energy:

Winds are essentially created by the solar heating of the atmosphere. Several attempts
have been made since 1940 to use wind to generate electric energy and development is still going
on. However, techno-economic feasibility has yet to be satisfactorily established. Wind as a
power source is attractive because it is plentiful, inexhaustible and non-polluting. Further, it does
not impose extra heat burden on the environment. Unfortunately, it is non-steady and
undependable. Control equipment has been devised to start the wind power plant whenever the
wind speed reaches 30km/h. Methods have also been found to generate constant frequency
power with varying wind speeds and consequently varying speeds of wind mill propellers. Wind
power may prove practical for small power needs in isolated sites. But for maximum flexibility,
it should be used in conjunction with other methods of power generation to ensure continuity.
For a rotor of 17m diameter and a velocity of 48 km/h the theoretical power is 265kW and the
practical would be roughly half of this value.
There are some distinctive energy end-use features of wind power systems:

1. Most wind power sites are in remote rural, island or marine areas.
2. Rural grid systems are likely to be ‘weak’ in these areas, since they carry relatively low

voltage supplies (e.g.33kV).

Advantages:

 Wind energy is friendly to the surrounding environment, as no fossil fuels are burnt to
generate electricity from wind energy.

 Wind turbines take up less space than the average power station. Windmills only have to
occupy a few square meters for the base, this allows the land around the turbine to be
used for many purposes, for example agriculture.
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 Newer technologies are making the extraction of wind energy much more efficient. The
wind is free, and we are able to cash in on this free source of energy.

 Wind turbines are a great resource to generate energy in remote locations, such as
mountain communities and remote countryside. Wind turbines can be a range of different
sizes in order to support varying population levels.

 Another advantage of wind energy is that when combined with solar electricity, this
energy source is great for developed and developing countries to provide a steady,
reliable supply of electricity.

Disadvantages:

 The main disadvantage regarding wind power is down to the winds unreliability factor. In
many areas, the winds strength is too low to support a wind turbine or wind farm, and this
is where the use of solar power orgeothermal power could be great alternatives.

 Wind turbines generally produce allot less electricity than the average fossil fuelled
power station, requiring multiple wind turbines to be built in order to make an impact.

 Wind turbine construction can be very expensive and costly to surrounding wildlife
during the build process.

 The noise pollution from commercial wind turbines is sometimes similar to a small jet
engine. This is fine if you live miles away, where you will hardly notice the noise, but
what if you live within a few hundred meters of a turbine? This is a major disadvantage.

 Protests and/or petitions usually confront any proposed wind farm development. People
feel the countryside should be left in tact for everyone to enjoy it's beauty.

Solar Energy:

The average accident solar energy received on earth surface is about 600 W/m2, but the

actual value varies considerably. It has the advantage of being free of cost, non-exhaustible and

completely pollution-free. On the other hand, it has several drawbacks—energy density per unit

area is very low, it is available for only a part of the day, and cloudy and hazy atmospheric

conditions greatly reduce the energy received. Therefore, in harnessing solar energy for

electricity generation, challenging technological problems exist, the most important being that of

the collection and concentration of solar energy and its conversion to the electrical form through

efficient and comparatively economical means. At present, two technologies are being developed

for conversion of solar energy to the electrical form. In one technology, collectors with

concentrators are employed to achieve temperatures high enough (700 0C) to operate a heat

engine at reasonable efficiency to generate electricity. However, there are considerable

engineering difficulties in building a single tracking bowl with a diameter exceeding 30m to

generate perhaps 200kW. The scheme involves large and intricate structures involving huge

capital outlay and as of today is far from being competitive with conventional electricity

generation. The solar power tower generates steam for electricity production.
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1.3 Direct Conversion to Electricity (photovoltaic generation):

This technology converts solar energy to the electrical form by means of silicon wafer
photoelectric cells known as “Solar Cells”. Their theoretical efficiency is about 25% but the
practical value is only about 15%. But that does not matter as solar energy is basically free of
cost. The chief problem is the cost and maintenance of solar cells. With the likelihood of a
breakthrough in the large scale production of cheap solar cells with amorphous silicon, this
technology may compete with conventional fuels become scarce. Solar energy could, at the most,
supplement up to 5-10% of the total energy demand.

In all solar thermal schemes, storage is necessary because of the fluctuating nature of
sun’s energy. This is equally true with many other unconventional sources as well as sources like
wind. Fluctuating sources with fluctuating loads complicate still further the electricity supply.

Tidal Energy:

Tidal power, also called tidal energy, is a form of hydropower that converts the energy of
tides into useful forms of power - mainly electricity. Although not yet widely used, tidal power
has potential for future electricity generation. Tides are more predictable than wind energy and
solar power. Among sources of renewable energy, tidal power has traditionally suffered from
relatively high cost and limited availability of sites with sufficiently high tidal ranges or flow
velocities, thus constricting its total availability. However, many recent technological

developments and improvements, both in design (e.g. dynamic tidal power, tidal lagoons) and
turbine technology (e.g. new axial turbines, cross flow turbines), indicate that the total
availability of tidal power may be much higher than previously assumed, and that economic and
environmental costs may be brought down to competitive levels.

Tidal power is extracted from the Earth's oceanic tides; tidal forces are periodic variations
in gravitational attraction exerted by celestial bodies. These forces create corresponding motions
or currents in the world's oceans. The magnitude and character of this motion reflects the
changing positions of the Moon and Sun relative to the Earth, the effects of Earth's rotation, and
local geography of the sea floor and coastlines.

Tidal power is the only technology that draws on energy inherent in the orbital
characteristics of the Earth–Moon system, and to a lesser extent in the Earth–Sun system. Other
natural energies exploited by human technology originate directly or indirectly with the Sun,
including fossil fuel, conventional hydroelectric, wind, bio fuel, wave and solar energy. Nuclear
energy makes use of Earth's mineral deposits of fissionable elements, while geothermal power
taps the Earth's internal heat, which comes from a combination of residual heat from planetary
accretion (about 20%) and heat produced through radioactive decay (80%).

A tidal generator converts the energy of tidal flows into electricity. Greater tidal variation
and higher tidal current velocities can dramatically increase the potential of a site for tidal
electricity generation. Because the Earth's tides are ultimately due to gravitational interaction
with the Moon and Sun and the Earth's rotation, tidal power is practically inexhaustible and
classified as a renewable energy resource. Movement of tides causes a loss of mechanical energy
in the Earth–Moon system: this is a result of pumping of water through natural restrictions
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around coastlines and consequent viscous dissipation at the seabed and in turbulence. This loss
of energy has caused the rotation of the Earth to slow in the 4.5 billion years since its formation.
During the last 620 million years the period of rotation of the earth (length of a day) has
increased from 21.9 hours to 24 hours;[4] in this period the Earth has lost 17% of its rotational
energy. While tidal power may take additional energy from the system, the effect is negligible
and would only be noticed over millions of years.

A tidal barrage is a dam-like structure used to capture the energy from masses of water moving
in and out of a bay or river due to tidal forces.

Instead of damming water on one side like a conventional dam, a tidal barrage first allows water
to flow into a bay or river during high tide, and releasing the water back during low tide. This is
done by measuring the tidal flow and controlling the sluice gates at key times of the tidal
cycle. Turbines are then placed at these sluices to capture the energy as the water flows in and
out.

Tidal power, also called tidal energy, is a form of hydropower that converts the energy
of tides into useful forms of power - mainly electricity.

Although not yet widely used, tidal power has potential for future electricity generation. Tides
are more predictable than wind energy and solar power. Among sources of renewable energy,
tidal power has traditionally suffered from relatively high cost and limited availability of sites
with sufficiently high tidal ranges or flow velocities, thus constricting its total availability.
However, many recent technological developments and improvements, both in design
(e.g. dynamic tidal power, tidal lagoons) and turbine technology (e.g. new axial turbines, cross
flow turbines), indicate that the total availability of tidal power may be much higher than
previously assumed, and that economic and environmental costs may be brought down to
competitive levels.

Tidal power is extracted from the Earth's oceanic tides; tidal forces are periodic variations in
gravitational attraction exerted by celestial bodies. These forces create corresponding motions or
currents in the world's oceans. Due to the strong attraction to the oceans, a bulge in the water
level is created, causing a temporary increase in sea level. When the sea level is raised, water
from the middle of the ocean is forced to move toward the shorelines, creating a tide. This
occurrence takes place in an unfailing manner, due to the consistent pattern of the moon’s orbit
around the earth. The magnitude and character of this motion reflects the changing positions of
the Moon and Sun relative to the Earth, the effects of Earth's rotation, and local geography of the
sea floor and coastlines.
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1.4 Hydroelectric Power Generation:

The oldest and cheapest method of power generation is that of utilizing 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 irrigation and drinking water, and

navigation. A simple block diagram of a hydro plant is given in Fig. 2.4. The vertical difference

between the upper reservoir and tail race is called the head.

Fig. 1: A typical layout for a storage type hydro plant
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Hydro plants are of different types such as run-of-river (use of water as it comes),
pondage (medium head) type, and reservoir (high head) type. The reservoir type plants are the
ones which are employed for bulk power generation. Often, cascaded plants are also constructed,
i.e., on the same water stream where the discharge of one plant becomes the in flow of a
downstream plant. Different types of turbines such as Pelton, Francis and Kaplan are used for
storage, pondage and run-of-river plants, respectively. Hydroelectric plants are capable of
starting quickly—almost in five minutes. The rate of taking up load on the machine is of the
order of 20 MW/min. Further, no losses are incurred at standstill. Thus, hydro 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.

In areas where sufficient hydro generation is not available, peak load may be handled by
means of pumped storage. This consists of an upper and lower reservoirs and reversible turbine-
generator sets, which can also be used as motor-pump sets. The upper reservoir has enough
storage for about six hours of full load generation. Such a plant acts as a conventional hydro
plant during the peak load period, 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 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 sets from the general power network or adjoining thermal plant.
The pumped storage scheme, in fact, is analogous to the charging and discharging of a battery. It
has the added advantage that the synchronous machine can be used as synchronous condensers
for VAR compensation of the power network, if required. In a way, from the point of the
thermal sector of the system, the pumped storage scheme “shaves the peaks” and “fills the
troughs” of the daily load-demand curve.

1.5 Concept of co-generation:

Co-generation is defined as the sequential generation of two forms of useful energy from
a single primary energy source; typical two forms of energies are mechanical energy and thermal
energy. Mechanical energy may be used may be used to either to drive an alternator to produce
electricity or rotate an equipments like motor, compressor, pump or fans etc., for delivering
different services. Thermal energy may be used directly for the process for heating purpose or
indirectly to produce the steam generation, hot water or hot air for dryer and chilled water
generation for process cooling.
Generation of three different forms of energy from the single primary energy source is called as
Tri-generation, i.e., generation of Electricity, Steam or Hot water and Chilled water from single
source of primary fuel. Above both systems is also called as “Total Energy System”
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Need of co-generation:

Thermal power plants are major sources of electricity supply in India. The conventional
method of power generation and supply to the customer is wasteful in the sense that only about a
third of the primary energy fed into the power plant is actually made to available to the user in
the form of electricity (Figure 1). In conventional power plant, efficiency is only 33% and
remaining 65% of energy is lost. The major loss in the conversion process is the heat rejected to
surrounding water or air due to the inherent constraints of the different thermodynamic cycles
employed in power generation. Also of further losses of around 10-15% are associated with the
transmission and distribution of electricity in the electrical grid.
Through the utilization of the heat, the efficiency of the co-generation plant can reach 90% or
more. In addition, the electricity generated by the co-generation plant is normally used locally,
and then transmission and distribution losses will be negligible. Co-generation therefore offers
energy savings ranging between 15-40% when compared against the supply of electricity and
heat from the power stations and boilers.

Operational advantages:
1. Base load electrical supply
2. Security of supply
3. Increased diversity on heating and hot water
4. Steam raising capabilities
5. Tri-generation, using absorption/mechanical chillers for cooling

Financial advantages:
1. Reduced primary energy cost
2. Stabilized electricity cost over a fixed period

3. Flexible procurement solutions
4. Reduced investment in surrounding plants eg. Boilers

Environmental advantages:
1. Improved fuel efficiency
2. Reduced CO2 emissions
3. No transmission losses
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1.6 Geothermal energy
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Geothermal energy is thermal energy generated and stored in the Earth. Thermal energy is the
energy that determines the temperature of matter. The Geothermal energy of the Earth's crust
originates from the original formation of the planet (20%) and from radioactive decay of
minerals (80%). The geothermal gradient, which is the difference in temperature between the
core of the planet and its surface, drives a continuous conduction of thermal energy in the form
of heat from the core to the surface

At the core of the Earth, thermal energy is created by radioactive decay and temperatures may
reach over 5000 degrees Celsius (9,000 degrees Fahrenheit). Heat conducts from the core to
surrounding cooler rock. The high temperature and pressure cause some rock to melt,
creating magma convection upward since it is lighter than the solid rock. The magma heats rock
and water in the crust, sometimes up to 370 degrees Celsius (700 degrees Fahrenheit).

From hot springs, geothermal energy has been used for bathing since Paleolithic times and
for space heating since ancient Roman times, but it is now better known for electricity
generation. Worldwide, about 10,715 megawatts (MW) of geothermal power is online in 24
countries. An additional 28 gigawatts of direct geothermal heating capacity is installed for
district heating, space heating, spas, industrial processes, desalination and agricultural
applications.

Geothermal power is cost effective, reliable, sustainable, and environmentally friendly, but has
historically been limited to areas near tectonic plate boundaries. Recent technological advances
have dramatically expanded the range and size of viable resources, especially for applications
such as home heating, opening a potential for widespread exploitation. Geothermal wells release
greenhouse gases trapped deep within the earth, but these emissions are much lower per energy
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unit than those of fossil fuels. As a result, geothermal power has the potential to help
mitigate global warming if widely deployed in place of fossil fuels.

The Earth's geothermal resources are theoretically more than adequate to supply humanity's
energy needs, but only a very small fraction may be profitably exploited. Drilling and
exploration for deep resources is very expensive, Forecasts for the future of geothermal power
depend on assumptions about technology, energy prices, subsidies, and interest rates. Polls show
that customers would be willing to pay a little more for a renewable energy source like
geothermal. But as a result of government assisted research and industry experience, the cost of
generating geothermal power has decreased by 25% over the past two decades. In 2001,
geothermal energy cost between two and ten cents per kwh.

1.7 Nuclear Power Stations:

There are two ways in which energy can be released in a nuclear power plant:

 By combining light nuclei like hydrogen or helium. This process is known as fusion.
 By breaking up heavy nuclei into nuclei of intermediate atomic number with resultant

release of energy. This process is known as fission.

When Uranium-235 is bombarded with neutrons, fission reaction takes place releasing neutrons
and heat energy. These neutrons then participate in the chain reaction of fissioning more atoms
of 235U. In order that the freshly released neutrons be able to fission the uranium atoms, their
speeds must be reduced to a critical value. Therefore, for the reaction to be sustained, nuclear
fuel rods must be embedded in neutron speed reducing agents (like graphite, heavy water, etc.)
called moderators. For reaction control, rods made of neutron-absorbing material (boron-steel)
are used which, when inserted into the reactor vessel, control the amount of neutron flux thereby
controlling the rate of reaction. However, this rate can be controlled only within a narrow range.
The schematic diagram of a nuclear power plant is shown in Fig 2.5.The heat released by the
nuclear reaction is transported to a heat exchanger via primary coolant (CO2, water, etc.).

Fig. 2: Schematic view of a nuclear power plant

Steam is then generated in the heat exchanger, which is used in a conventional manner to
generate electric energy by means of a steam turbine. Various types of reactors are being used in
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practice for power plant purposes, viz., advanced gas reactor (AGR), boiling water reactor
(BWR), heavy water moderated reactor, etc.

1.8 Combined heat & Power distributed generation:

Combined heat and power or CHP, also called cogeneration or distributed generation, is
the simultaneous production of two types of energy – heat and electricity – from one fuel source,
often natural gas. The ability to create two forms of energy from a single source offers
tremendous efficiency and thus both cost savings and environmental benefits.

A CHP system supplies electricity, heat and hot water. The key components of a
combined heat and power system are an internal combustion, reciprocating engine driving an
electric generator. The clean natural gas fired engine spins a generator to produce electricity. The
natural byproduct of the working engine is heat. The heat is captured and used to supply space
heating, heating domestic hot water, laundry hot water or to provide heat for swimming pools
and spas. The CHP process is very similar to an automobile, where the engine provides the
power to rotate the wheels and the byproduct heat is used to keep the passengers warm in the
cabin during the winter months.

Combined heat and power systems use fuel very efficiently. A CHP system provides
electricity and heat at a combined efficiency approaching 90%. This is a significant improvement
over the combination of the 33% efficient electric utility and a conventional heating boiler with a
60% seasonal efficiency.

Because of the high efficiency of the system, combined heat and power provides
considerable energy, environmental and economic benefits. CHP systems reduce the demand on
the utility grid, increase energy efficiency, reduce air pollution, lower greenhouse gas emissions
and protect the property against power outages, while significantly lowering the utility costs of
building operations.

Fuel Cell:

A fuel cell is a device that converts the chemical energy from a fuel into electricity
through a chemical reaction with oxygen or another oxidizing agent.[1] Hydrogen is the most
common fuel, but hydrocarbons such as natural gas and alcohols like methanol are sometimes
used. Fuel cells are different from batteries in that they require a constant source of fuel and
oxygen to run, but they can produce electricity continually for as long as these inputs are
supplied.

There are many types of fuel cells, but they all consist of an anode (negative side), a
cathode (positive side) and an electrolyte that allows charges to move between the two sides of
the fuel cell. Electrons are drawn from the anode to the cathode through an external circuit,
producing direct current electricity. As the main difference among fuel cell types is the
electrolyte, fuel cells are classified by the type of electrolyte they use. Fuel cells come in a
variety of sizes. Individual fuel cells produce very small amounts of electricity, about 0.7 volts,
so cells are "stacked", or placed in series or parallel circuits, to increase the voltage and current

www.rejinpaul.com

www.rejinpaul.com

http://www.americandg.com/Energy-Solutions/Benefits
http://en.wikipedia.org/wiki/Fuel_cell#cite_note-0
http://en.wikipedia.org/wiki/Methanol
http://en.wikipedia.org/wiki/Battery_%28electricity%29
http://en.wikipedia.org/wiki/Anode
http://en.wikipedia.org/wiki/Cathode
http://en.wikipedia.org/wiki/Electrolyte
http://en.wikipedia.org/wiki/Direct_current
http://en.wikipedia.org/wiki/Electrolyte


Electrical Power Generation (EPG) 10EE36

Department of EEE, SJBIT Page 16

output to meet an application’s power generation requirements.[2] In addition to electricity, fuel
cells produce water, heat and, depending on the fuel source, very small amounts of nitrogen
dioxide and other emissions. The energy efficiency of a fuel cell is generally between 40-60%, or
up to 85% efficient if waste heat is captured for use.

The most important design features in a fuel cell are:

 The electrolyte substance. The electrolyte substance usually defines the type of fuel cell.
 The fuel that is used. The most common fuel is hydrogen.
 The anode catalyst, which breaks down the fuel into electrons and ions. The anode

catalyst is usually made up of very fine platinum powder.
 The cathode catalyst, which turns the ions into the waste chemicals like water or carbon

dioxide. The cathode catalyst is often made up of nickel.
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Unit-2:

Diesel Power Plant:

2.1 Introduction

A generating station in which diesel engine is used as the prime mover for the generation
of electrical energy is known as Dieselpowerstation.

In a diesel power station, diesel engine is used as the prime mover. The diesel burns
inside the engine and the products of this combustion act as the “working fluid” to produce
mechanical energy. The diesel engine drives the alternator which converts mechanical energy
into electrical energy. As the generation cost is considerable due to high price of diesel,
therefore, such power stations are 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 is less, sufficient
quantity of coal and water is not available and the transportation facilities are in ad-equate. These
plants are also used as standby sets for continuity of supply to important points such as hospitals,
radio stations, cinema houses and telephone exchanges

Fig.1 Shows the schematic arrangement of a typical diesel power station. Apart from the
diesel-generator set, the plant has the following auxiliaries

www.rejinpaul.com

www.rejinpaul.com



Electrical Power Generation (EPG) 10EE36

Department of EEE, SJBIT Page 18

(i)Fuel supply system:
It consists of storage tank, strainers, fuel transfer pump and all day fuel tank. The fuel oil

is supplied at the plant site by rail or road. This oil is stored in the storage tank. From the storage
tank, oil is pumped to smaller all day tank at daily or short intervals. From this tank, fuel oil is
passed through strainers to remove suspended impurities. The clean oil is injected into the engine
by fuel injection pump.
(ii) Air intake system:

This system supplies necessary air to the engine for fuel combustion. It consists of pipes
for 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.

(iii) Exhaust system:
This system leads the engine exhaust gas outside the building and discharges it into

atmosphere. A silencer is usually incorporated in the system to reduce the noise level.
(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 a water source, pump and
cooling towers. The pump circulates water through cylinder and head jacket. The water takes
away heat form the engine and itself becomes hot. The hot water is cooled by cooling towers and
is re-circulated for cooling.

(v) Lubricating system:
This system minimizes 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 the lubricating
oil tank by the pump and is passed through filters to remove impurities. The clean lubricating oil
is delivered to the points which require lubrication. The oil coolers incorporated in the system
keep the temperature of the oil low.
(vi) Engine starting system:

This is an arrangement to rotate the engine initially, 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 is used for starting. In the latter case, air at high pressure is admitted to a few of
the cylinders, making them to act as reciprocating air motors to turn over the engine shaft. The
fuel is admitted to the remaining cylinders which makes the engine to start under its own power.

Advantages:

1. Simple design & layout of plant.

2. Occupies less space & is compact.

3. Can be started quickly and picks up load in a short time.

4. Requires less water for cooling.

5. Thermal efficiency better that of Steam Power plant of same size.

6. Overall cost is cheaper than that of Steam Power plant of same size.

7. Requires no Operating staff.

8. No stand-by losses.
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Disadvantages:

1. High running charges due to costly price of Diesel.

2. Plant does not work efficiently under prolonged overload conditions.

3. Generates small amount of power.

4. Cost of lubrication very high.

5. Maintenance charges are generally high.

6. The plant does not work satisfactorily under overload conditions for a longer period.

7. The plant can only generate small power.
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2.2 Gas Turbine plant:

The schematic arrangement of a gas turbine power plant is shown in Fig. 2. The main
components of the plant are:
(i) Compressor
(ii) Regenerator
(iii) Combustion chamber
(iv) Gas turbine
(v) Alternator
(vi)Starting motor
(vii) Compressor.

(i)Compressor: The compressor used in the plant is generally of rotatory type. The air at
atmospheric pressure is drawn by the compressor via the filter which removes the dust from air.
The rotatory blades of the compressor push the air between stationary blades to raise its pressure.
Thus air at high pressure is available at the output of the compressor.

(ii) Regenerator: A regenerator is a device which recovers heat from the exhaust gases of the
turbine. The exhaust is passed through the regenerator before wasting to atmosphere. Are
generator 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.

(iii) Combustion chamber: The air at high pressure from the compressor is led to the combustion
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 atomization of
oil and its thorough mixing with air. The result is that the chamber attains a very high

temperature (about 3000 0F). The combustion gases are suitably cooled to 1300 0F to 1500 0F
and then delivered to the gas turbine.

( i v ) Ga s tu rb in e : The products of combustion consisting of a mixture of gases at high
temperature and pressure are passed to the gas turbine. These gases in passing over the turbine
blades expand and thus do the mechanical work. The temperature of the exhaust gases from the
turbine is about 900 0F.
(v) Alternator: The gas turbine is coupled to the alternator. The alternator converts
mechanical energy of the turbine into electrical energy. The output from the alternator is given to
the bus-bars through transformer, circuit breakers and isolators.
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(vi) Starting motor: Before starting the turbine, compressor has to be started. For this purpose,
an electric motor is mounted on the same shaft as that of the turbine. The motor is energized by
the batteries. Once the unit starts, a part of mechanical power of the turbine drives the
compressor and there is no need of motor now.

The gas turbine power plants can be classified mainly into two categories. These are :

open cycle gas turbine power plant and closed cycle gas turbine power plant.

Open Cycle Gas Turbine Power Plant

In this type of plant the atmospheric air is charged into the combustor through a
compressor and the exhaust of the turbine also discharge to the atmosphere.
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In actual operation the processes along 2-3 and 4-1 are never isentropic and the degree or
irreversibility of these processes and the mechanical efficiencies of the machine components
greatly reduce the ideal value of thermal efficiencies of the cycle.

If the air entering the combustor is preheated by the heat of exhaust gases escaping from the
turbine, some heat can be recovered resulting into an increase in the efficiency of the cycle
improved. Such heating of combustion air is known as regeneration and the heat exchanger
transferring heat from gas to air is called regenerator.

Since most of the output of turbine is consumed by the compressor, the actual efficiency of
the cycle greatly depends upon an efficient working of the compressor. To attain higher
compression ratios, it is necessary to use multi-stage compression with inter-cooling.

In actual practice, all these modifications, viz. regeneration, reheating and inter-cooling are
combined in a simple modified cycle and a substantial gain in the overall plant efficiency is
attained.

Closed Cycle Gas Turbine Power Plant

In this type of power plant, the mass of air is constant or another suitable gas used as
working medium, circulates through the cycle over and over again.

A closed-cycle gas turbine is a turbine that uses a gas (e.g. air, nitrogen, helium, argon, etc.)
for the working fluid as part of a closed thermodynamic system. Heat is supplied from an
external source. Such recirculating turbines follow the Brayton cycle.

In the closed cycle, quantity of air is constant, or another suitable gas used as working
medium, circulates through the cycle over and over again. Combustion products do not
come in contact with the working fluid and, thus, remain closed.

A development in the basic gas turbine cycle is the use of the closed cycle which permits a

great deal of flexibility in the use of fuels. Moreover, working medium of the plant could by

any suitable substance other than air which would give higher efficiency. An arrangement of

closed gas turbine cycle is shown in Figure. In this cycle, working fluid is compressed

through the requisite pressure ratio in the compressor, and fed into the heater, where it is

heater up to the temperature of turbine itself. The fluid is then expanded in the turbine and

the exhaust is cooled to the original temperature in the pre-cooler. It then re-enter the

compressor to begin the next cycle. Thus, the same working fluid circulates through the

working parts of the system. The heater burns any suitable fuel and provides the heat for

heating the working fluid. In fact, this combustor is akin to an ordinary boiler furnace,

working at the atmosphere pressure and discharging the gaseous products to the atmosphere.

There is, thus, a great deal of flexibility in respect of furnace design and use of fuel, allowing

low cost fuel to be used.
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A combined cycle is characteristic of a power producing engine or plant that employs more than
one thermodynamic cycle. Heat engines are only able to use a portion of the energy their fuel
generates (usually less than 50%). The remaining heat (e.g. hot exhaust fumes) from combustion
is generally wasted. Combining two or more "cycles" such as the Brayton cycle and Rankine
cycle results in improved overall efficiency. It can also work with the Otto, diesel,
and Crower cycles which may allow it to be suited to automotive use. Aside from the Rankine
cycle, the Stirling cycle could also be used to re-use waste heat in automotive or aeronautical
applications, for the simple reason that there is less weight (water) to carry and that stirling
engines or turbines can be made to operate with low temperature differences.

In a combined cycle power plant (CCPP), or combined cycle gas turbine (CCGT) plant, a gas
turbine generator generates electricity and the waste heat is used to make steam to generate
additional electricity via a steam turbine; this last step enhances the efficiency of electricity
generation. Most new gas power plants in North America and Europe are of this type. In a
thermal power plant, high-temperature heat as input to the power plant, usually from burning
of fuel, is converted to electricity as one of the outputs and low-temperature heat as another
output. As a rule, in order to achieve high efficiency, the temperature difference between the
input and output heat levels should be as high as possible (see Carnot efficiency). This is
achieved by combining the Rankine (steam) and Brayton (gas) thermodynamic cycles. Such an
arrangement used for marine propulsion is called Combined Gas (turbine) And Steam
(turbine) (COGAS).
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2.3 Micro generation:

Micro generation is the small-scale generation of heat and power by individuals, small
businesses and communities to meet their own needs, as alternatives or supplements to
traditional centralized grid-connected power. Although this may be motivated by practical
considerations, such as unreliable grid power or long distance from the grid, the term is mainly
used currently for environmentally-conscious approaches that aspire to zero or low-carbon
footprints. It differs from micro power in being principally concerned with heavy, fixed power
plants rather than high mobility.

2.4 Concept of distributed generation:

For a large and dispersed rural country, decentralized power generation systems, where in
electricity is generated at consumer end and there by avoiding transmission and distribution
costs, offers a better solution. Gokak Committee had gone into details about the concept of
decentralized generation to meet the needs of rural masses. The main recommendations of the
Committee are as under:-

1. The concept of Distributed Generation (D.G.) has been taken as decentralized generation and
distribution of power especially in the rural areas. In India, the deregulation of the power sector
has not made much headway but the problem of T&D losses, the unreliability of the grid and the
problem of remote and inaccessible regions have provoked the debate on the subject.

2. The D.G. technologies in India relate to turbines, micro turbines, wind turbines, biomass, and
gasification of biomass, solar photovoltaics and hybrid systems. However, most of the
decentralized plants are based on wind power, hydel power and biomass and biomass
gasification. The technology of solar photovoltaics is costly and fuel cells are yet to be
commercialized.

3. As people in many of the electrified villages are very much dissatisfied with the quality of grid
power, such villages also encouraged to go ahead with the Distributed Generation Schemes.
These should also be the responsibility of the State Governments.

Expected questions

1. With the relevant sketches explain clearly i) Gas turbine plants ii) Bio-generation.

2. Explain the principle of working of a Gas-turbine plant. Also explain open cycle and closed
cycle gas-turbines.

3. What is distributed generation? Explain

4. Mention the application of Diesel-electric power plants.

5. With a neat sketch, explain the principle of operation and working of bio-generation plant.

6. Discuss the advantages and disadvantages of a diesel power plant.

7. Explain the methods employed for improving thermal efficiency of gas turbine plant
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Unit-3

Hydro Power Generation

3.1 Layout of Hydroelectric Power Plants

Hydroelectric power plants convert the hydraulic potential energy from water into electrical
energy. Such plants are suitable were water with suitable head are available. The layout covered
in this article is just a simple one and only cover the important parts of hydroelectric plant. The
different parts of a hydroelectric power plant are

(1) Dam

Dams are structures built over rivers to stop the water flow and form a reservoir.The reservoir
stores the water flowing down the river. This water is diverted to turbines in power stations. The
dams collect water during the rainy season and stores it, thus allowing for a steady flow through
the turbines throughout the year. Dams are also used for controlling floods and irrigation. The
dams should be water-tight and should be able to withstand the pressure exerted by the water on
it. There are different types of dams such as arch dams, gravity dams and buttress dams. The
height of water in the dam is called head race.

(2) Spillway

A spillway as the name suggests could be called as a way for spilling of water from dams. It is
used to provide for the release of flood water from a dam. It is used to prevent over toping of the
dams which could result in damage or failure of dams. Spillways could be controlled type or
uncontrolled type. The uncontrolled types start releasing water upon water rising above a
particular level. But in case of the controlled type, regulation of flow is possible.

(3)PenstockandTunnel
Penstocks are pipes which carry water from the reservoir to the turbines inside power station.
They are usually made of steel and are equipped with gate systems.Water under high pressure
flows through the penstock. A tunnel serves the same purpose as a penstock. It is used when an
obstruction is present between the dam and power station such as a mountain.

(4)SurgeTank
Surge tanks are tanks connected to the water conductor system. It serves the purpose of reducing
water hammering in pipes which can cause damage to pipes. The sudden surges of water in
penstock is taken by the surge tank, and when the water requirements increase, it supplies the
collected water thereby regulating water flow and pressure inside the penstock.
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(5)PowerStation
Power station contains a turbine coupled to a generator. The water brought to the power station
rotates the vanes of the turbine producing torque and rotation of turbine shaft. This rotational
torque is transfered to the generator and is converted into electricity. The used water is released
through the tail race. The difference between head race and tail race is called gross head and by
subtracting the frictional losses we get the net head available to the turbine for generation of
electricity.

Hydro Power Plant Working

A hydroelectric power plant harnesses the energy found in moving or still water and converts it

into Electricity.

Moving water, such as a river or a waterfall, has mechanical energy. ‘Mechanical energy is the

energy that is possessed by an object due to its motion or stored energy of position.’ This means

that an object has mechanical energy if it’s in motion or has the potential to do work (the

movement of matter from one location to another,) based on its position. The energy of motion is

called kinetic energy and the stored energy of position is called potential energy. Water has both

the ability and the potential to do work. Therefore, water contains mechanical energy (the ability

to do work), kinetic energy (in moving water, the energy based on movement), and potential

energy (the potential to do work.)

The potential and kinetic/mechanical energy in water is harnessed by creating a system to

efficiently process the water and create electricity from it. A hydroelectric power plant has

eleven main components. The first component is a dam.

The dam is usually built on a large river that has a drop in elevation, so as to use the forces of

gravity to aid in the process of creating electricity. A dam is built to trap water, usually in a
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valley where there is an existing lake. An artificial storage reservoir is formed by constructing a

dam across a river.Notice that the dam is much thicker at the bottom than at the top, because the

pressure of the water increases with depth.

The area behind the dam where water is stored is called the reservoir. The water there is called

gravitational potential energy. The water is in a stored position above the rest of the dam facility

so as to allow gravity to carry the water down to the turbines. Because this higher altitude is

different than where the water would naturally be, the water is considered to be at an altered

equilibrium. This results in gravitational potential energy, or, “the stored energy of position

possessed by an object.” The water has the potential to do work because of the position it is in

(above the turbines, in this case.)

Gravity will force the water to fall to a lower position through the intake and the control gate.

They are built on the inside of the dam. When the gate is opened, the water from the reservoir

goes through the intake and becomes translational kinetic energy as it falls through the next main

part of the system: the penstock. Translational kinetic energy is the energy due to motion from

one location to another. The water is falling (moving) from the reservoir towards the turbines

through the penstock.

The intake shown in figure includes the head works which are the structures at the intake of

conduits, tunnels or flumes. These structures include blooms, screens or trash - racks, sluices to

divert and prevent entry of debris and ice in to the turbines. Booms prevent the ice and floating

logs from going in to the intake by diverting them to a bypass chute. Screens or trash-

racks(shown in fig) are fitted irectly at the intake to prevent the debris from going in to the take.

Debris cleaning devices should also be fitted on the trash-racks. Intake structures can be

classified in to high pressure intakes used in case of large storage reservoirs and low pressure

intakes used in case of small ponds. The use of providing these structures at the intake is, water

only enters and flows through the penstock which strikes the turbine.

Control gates arrangement is provided with Spillways. Spillway is constructed to act as a safety

valve. It discharges the overflow water to the down stream side when the reservoir is full. These

are generally constructed of concrete and provided with water discharge opening, shut off by

metal control gates. By changing the degree to which the gates are opened, the discharge of the

head water to the tail race can be regulated in order to maintain water level in reservoir.

The penstock is a long shaft that carries the water towards the turbines where the kinetic energy

becomes mechanical energy. The force of the water is used to turn the turbines that turn the

generator shaft. The turning of this shaft is known as rotational kinetic energy because the energy

of the moving water is used to rotate the generator shaft. The work that is done by the water to
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turn the turbines is mechanical energy. This energy powers the generators, which are very

important parts of the hydroelectric power plant; they convert the energy of water into electricity.

Most plants contain several generators to maximize electricity production.

The generators are comprised of four basic components: the shaft, the excitor, the rotor, and the

stator. The turning of the turbines powers the excitor to send an electrical current to the rotor.

The rotor is a series of large electromagnets that spins inside a tightly wound coil of copper wire,

called the stator. “A voltage is induced in the moving conductors by an effect called

electromagnetic induction.” The electromagnetic induction caused by the spinning

electromagnets inside the wires causes electrons to move, creating electricity. The

kinetic/mechanical energy in the spinning turbines turns into electrical energy as the generators

function.

The transformer, another component, takes the alternating current and converts it into higher-

voltage current. The electrical current generated in the generators is sent to a wire coil in the

transformer. This is electrical energy. Another coil is located very close to first one and the

fluctuating magnetic field in the first coil will cut through the air to the second coil without the

current. The amount of turns in the second coil is proportional to the amount of voltage that is

created. If there are twice as many turns on the second coil as there are on the first one, the

voltage produced will be twice as much as that on the first coil. This transference of electrical

current is electrical energy. It goes from the generators to one coil, and then is transferred

through an electromagnetic field onto the second coil. That current is then sent by means of

power lines to the public as electricity.

Now, the water that turned the turbines flows through the pipelines (translational kinetic energy,

because the energy in the water is being moved,) called tailraces and enters the river through

the outflow. The water is back to being kinetic/mechanical/potential energy as it is in the river

and has to potential to have the energy harnessed for use as it flows along (movement.)

3.2 Pumped Storage Plants

"Pumped Storage" is another form of hydro-electric power. Pumped storage facilities use excess

electrical system capacity, generally available at night, to pump water from one reservoir to

another reservoir at a higher elevation. During periods of peak electrical demand, water from the

higher reservoir is released through turbines to the lower reservoir, and electricity is produced .

Although pumped storage sites are not net producers of electricity - it actually takes more

electricity to pump the water up than is recovered when it is released - they are a valuable

addition to electricity supply systems. Their value is in their ability to store electricity for use at a
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later time when peak demands are occurring. Storage is even more valuable if intermittent

sources of electricity such as solar or wind are hooked into a system.

Pumped storage plant is a unique design of peak load plant in which the plant pumps back all or

portion of its water supply during lo load period.The usual construction is a lowand high

elevation reservoirs connected through a penstock.The generating pumping plant is at the lower

end.The plant utilises some of the surplus energy generated by the base load plant to pump water

from low elevation to highelevation reservoir during off peak hours.During peak load period this

water is used to generate power by allowing it to flow from high elevation reservoir through

reversible hydraulic turbine of this plan to low elevation reservoir.Thus same water is used again

and again and extra water is required only to take care of evaporation and seepage.

The main important point in this plant is reversible turbine/generator assemblies act as pump and

turbine (usually a Francis turbine design).During low load periods it acts as pump and pumps

water from low to high elevation reservoir.During peak load periods it acts as turbine when water

flows from high to low elevation reservoir.

Advantages

 Without some means of storing energy for quick release, we'd be in trouble.

 Little effect on the landscape.

 No pollution or waste

Disadvantages

 Expensive to build.

 Once it's used, you can't use it again until you've pumped the water back up. Good
planning can get around this problem.
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3.3 Selection of site:

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

(ii) Storage of water: There are wide variations in water supply from a river or canal 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 helps in equalizing 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 in the river. This leads to the conclusion that site selected for a hydro-
electric plant should provide adequate facilities for erecting a dam and storage of water.

(iii)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 be installed.

(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. It is clear
from the above mentioned factors that ideal choice of site for such a plant is near a river in hilly
areas where dam can be conveniently built and large reservoirs can be obtained.

3.4 General arrangement and operation of hydroelectric plant:

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 schematic arrangement of a modern hydro-electric plant is shown in Fig. 1.

The dam is constructed across a river or lake and water from the catchment area collects
at the back of the dam to form a reservoir. 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 valve sand automatic isolating valves. The former controls the water flow to the power
house and the latter 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) is built just before the valve house and protects the penstock from bursting in case the
turbine gates suddenly close due to electrical load being thrown off. When the gates close, there
is a sudden stopping of water at the lower end of the penstock and consequently the penstock can
burst like a paper log. The surge tank absorbs this pressure swing by increase in its level of water.
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3.5 Hydro Electric Plants - Classification, Advantages and Disadvantages

Classification

The classification of hydro electric plants based upon :
(a) Quantity of water available (b) Available head (c) Nature of load

The classification acording to Quantity of water available is

(i) Run-off river plants with out pondage : These plants does not store water; the plant uses
water as it comes.The plant can use water as and when available.Since these plants depend for
their generting capacity primarly on the rate of flow of water, during rainy season high flow rate
may mean some quantity of water to go as waste while during low run-off periods, due to low
flow rates,the generating capacity will be low.

(ii) (ii) Run-off river plants with pondage : In these plants pondage permits storage of water
during off peak periods and use of this water during peak periods.Depending on the size of
pondage provided it may be possible to cope with hour to hour fluctuations.This type of plant
can be used on parts of the load curve as required,and is more useful than a plant with out storage
or pondage.
When providing pondage tail race conditions should be such that floods do not raise tail-race
water level,thus reducing the head on the plant and impairing its effectiveness.This type of plant
is comparitively more reliable and its generating capacity is less dependent on avilable rate of
flow of water.
(iii) Reservoir Plants :A reservoir plant is that which has a reservoir of such size as to permit
carrying over storage from wet season to the next dry season.Water is stored behind the dam and
is available to the plant with control as required.Such a plant has better capacity and can be used
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efficiently through out the year.Its firm capacity can be increased and can be used either as a
base load plant or as a peak load plant as required.It can also be used on any portion of the load
curve as required.Majority of the hydroelectric plants are of this type.

The classification according to availability of water head is

(i) Low-Head (less than 30 meters) Hydro electric plants :"Low head" hydro-electric plants are
power plants which generally utilize heads of only a few meters or less. Power plants of this
type may utilize a low dam or weir to channel water, or no dam and simply use the "run of the
river". Run of the river generating stations cannot store water, thus their electric output varies
with seasonal flows of water in a river. A large volume of water must pass through a low head
hydro plant's turbines in order to produce a useful amount of power. Hydro-electric facilities
with a capacity of less than about 25 MW (1 MW = 1,000,000 Watts) are generally referred to
as "small hydro", although hydro-electric technology is basically the same regardless of
generating capacity.

(ii) Medum-head(30 meters - 300 meters) hydro electric plants :These plants consist of a large
dam in a mountainous area which creates a huge reservoir. The Grand Coulee Dam on the
Columbia River in Washington (108 meters high, 1270 meters wide, 9450 MW) and the Hoover
Dam on the Colorado River in Arizona/Nevada (220 meters high, 380 meters wide, 2000 MW)
are good examples. These dams are true engineering marvels. In fact, the American Society of
Civil Engineers as designated Hoover Dam as one of the seven civil engineering wonders of the
modern world, but the massive lakes created by these dams are a graphic example of our ability
to manipulate the environment - for better or worse. Dams are also used for flood control,
irrigation, recreation, and often are the main source of potable water for many communities.
Hydroelectric development is also possible in areas such as Niagra Falls where natural elevation
changes can be used.

(iii) High-head hydro electric plants :"High head" power plants are the most common and
generally utilize a dam to store water at an increased elevation. The use of a dam to impound
water also provides the capability of storing water during rainy periods and releasing it during
dry periods. This results in the consistent and reliable production of electricity, able to meet
demand. Heads for this type of power plant may be greater than 1000 m. Most large hydro-
electric facilities are of the high head variety. High head plants with storage are very valuable to
electric utilities because they can be quickly adjusted to meet the electrical demand on a
distribution system.
The classification according to nature of load is

(i) Base load plants :A base load power plant is one that provides a steady flow of power
regardless of total power demand by the grid. These plants run at all times through the year
except in the case of repairs or scheduled maintenance.

Power plants are designated base load based on their low cost generation, efficiency and safety
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at set outputs. Baseload power plants do not change production to match power consumption
demands since it is always cheaper to run them rather than running high cost combined cycle
plants or combustion turbines. Typically these plants are large enough to provide a majority of
the power used by a grid, making them slow to fire up and cool down. Thus, they are more
effective when used continuously to cover the power baseload required by the grid.

Each base load power plant on a grid is allotted a specific amount of the baseload power
demand to handle. The base load power is determined by the load duration curve of the system.
For a typical power system, rule of thumb states that the base load power is usually 35-40% of
the maximum load during the year.Load factor of such plants is high.
Fluctuations, peaks or spikes in customer power demand are handled by smaller and more
responsive types of power plants.

(ii) Peak load plants :Power plants for electricity generation which, due to their operational and
economic properties, are used to cover the peak load. Gas turbines and storage and pumped
storage power plants are used as peak load power plants.The efficiency of such plants is around
60 -70%.

Advantages of hydroelectric plants

 operation , running and maintenance costs are low.

 Once the dam is built, the energy is virtually free.

 No fuel is burnt and the plant is quite neat & clean.

 No waste or pollution produced.

 generating plants have a long lifetime.

 Much more reliable than wind, solar or wave power.

 Water can be stored above the dam ready to cope with peaks in demand.

 unscheduled breakdowns are relatively infrequent and short in duration since the
equipment is relatively simple.

 hydroelectric turbine-generators can be started and put "on-line" very rapidly.

 Electricity can be generated constantly

Disadvantages of hydroelectric plants

 very land-use oriented and may flood large regions.

 The dams are very expensive to build.However, many dams are also used for flood
control or irrigation, so building costs can be shared.

 Capital cost of generators, civil engineering works and cost of transmission lines is very
high.

www.rejinpaul.com

www.rejinpaul.com



Electrical Power Generation (EPG) 10EE36

Department of EEE, SJBIT Page 34

 Water quality and quantity downstream can be affected, which can have an impact on
plant life.

 Finding a suitable site can be difficult - the impact on residents and the environment may
be unacceptable.

 fish migration is restricted.

 fish health affected by water temperature change and insertion of excess nitrogen into
water at spillways

 available water and its temperature may be affected

reservoirs alter silt-flow patterns
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3.6 Thermal Power Station:

Essentials of Steam Power Plant Equipment

A steam power plant must have following equipment :
(a) A furnace to burn the fuel.
(b) Steam generator or boiler containing water. Heat generated in the furnace is
utilized to convert water into steam.
(c) Main power unit such as an engine or turbine to use the heat energy of
steam and perform work.
(d) Piping system to convey steam and water.
In addition to the above equipment the plant requires various auxiliaries and accessories
depending upon the availability of water, fuel and the service for which the plant is
intended.

The flow sheet of a thermal power plant consists of the following four main circuits :

(a) Feed water and steam flow circuit.
(b) Coal and ash circuit.
(c) Air and gas circuit.
(d) Cooling water circuit.

A steam power plant using steam as working substance works basically on Rankine
cycle.
Steam is generated in a boiler, expanded in the prime mover and condensed in the
condenser and fed into the boiler again.
The different types of systems and components used in steam power plant are as
follows :
(a) High pressure boiler
(b) Prime mover
(c) Condensers and cooling towers
(d) Coal handling system
(e) Ash and dust handling system
(f) Draught system
(g) Feed water purification plant
(h) Pumping system
(i) Air pre heater, economizer, super heater, feed heaters.

Figure shows a schematic arrangement of equipment of a steam power station. Coal received in
coal storage yard of power station is transferred in the furnace by coal handling unit. Heat
produced due to burning of coal is utilized in converting water contained in boiler drum into
steam at suitable pressure and temperature. The steam generated is passed through the
superheater. Superheated steam then flows through the turbine. After doing work in the turbine
the pressure of steam is reduced. Steam leaving the turbine passes through the condenser which
is maintained the low pressure of steam at the exhaust of turbine. Steam pressure in the
condenser depends upon flow rate and temperature of cooling water and on effectiveness of air
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removal equipment. Water circulating through the condenser may be taken from the various
sources such as river, lake or sea. If sufficient quantity of water is not available the hot water
coming out of the condenser may be cooled in cooling towers and circulated again through the
condenser. Bled steam taken from the turbine at suitable extraction points is sent to low pressure
and high pressure water heaters.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. Steam is produced in the
boiler by utilizing the heat of coal combustion. The steam is then expanded in the prime mover
(i.e., steam turbine) and is condensed in a condenser to be fed into the boiler again. The steam
turbine drives the alternator which converts mechanical energy of the turbine into electrical
energy. This type of power station is suitable where coal and water are available in abundance
and a large amount of electric power is to be generated.

3.7 Schematic arrangement of a Thermal Power plant:

Although steam power station simply involves the conversion of heat of coal combustion
into electrical 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. Steam turbine
4. Alternator
5. Feed water
6. Cooling arrangement

1. Coal and ash handling plant:

The coal is transported 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 coal shortages. From the coal storage plant, coal is delivered
to the coal handling plant where it is pulverized (i.e., crushed into small pieces) in order to
increase its surface exposure, thus promoting rapid combustion without using large quantity of
excess air. The pulverized coal is fed to the boiler by belt conveyors. The coal is burnt in the
boiler and the ash produced after the complete combustion of coal is removed to the ash
handling plant and then delivered to the ash storage plant for disposal. The removal of the ash
from the boiler furnace is necessary for proper burning of coal. t 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 about20, 000 tons of coal per month and
ash produced may be to the tune of 10% to 15% of coal fired i.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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Steam generating plant:

The steam generating plant consists of a boiler for the production of steam and other auxiliary
equipment for the utilization of flue gases.
(i) Boiler: The heat of combustion of coal in the boiler is utilized to convert water into steam at
high temperature and pressure. The flue gases from the boiler make their journey through super-
heater, economizer, air pre-heater and are finally exhausted to atmosphere through the chimney.
(ii) Super heater: The steam produced in the boiler is wet and is passed through a super heater
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 principal
benefits. Firstly, the overall efficiency is increased. Secondly, too much condensation in the last
stages of turbine (which would cause blade corrosion) is avoided. The superheated steam from
the super heater is fed to steam turbine through the main valve.
(iii) Economizer: An economizer is essentially a feed water heater and derives heat from the
flue gases for this purpose. The feed water is fed to the economizer before supplying to the
boiler. The economizer extracts a part of heat of flue gases to increase the feed water
temperature.
(iv) Air preheater: An air preheater increases the temperature of the air supplied for coal burning
by deriving heat from flue gases. Air is drawn from the atmosphere by a forced draught fan and
is passed through air preheater before supplying to the boiler furnace. The air preheater extracts
heat from flue gases and increases the temperature of air used for coal combustion. The principal
benefits of preheating the air are increased thermal efficiency and increased steam capacity per
square meter of boiler surface.

Steam turbine: The dry and superheated steam from the super heater 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.

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

Feed water: The condensate from the condenser is used as feed water to the boiler. Some
water may be lost in the cycle which is suitably made up from external source. The feed water on
its way to the boiler is heated by water heaters and economizer. This helps in raising the overall
efficiency of the plant
.

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 a river, 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 the river. In case the availability of
water from the source of supply is not assured throughout the year.
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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.
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Unit-4

Nuclear power plant

4.1 Selection of site of Nuclear power Station:

The following points should be kept in view while selecting the site for a nuclear power station:
(i)Availability of water: As sufficient water is required for cooling purposes, therefore, the plant
site should be located where ample quantity of water is available, e.g., across a river or by sea-
side.
(ii) 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 disposal of radioactive
waste.
(iii) Distance from populated areas: The site selected for a nuclear power station should be quite
away from the populated areas as there is a danger of presence of radioactivity in the atmosphere
near the plant. However, as a precautionary measure, a dome is used in the plant which does not
allow the radioactivity to spread by wind or underground waterways.
(iv)Transportation facilities: The site selected for a nuclear power station should have adequate
facilities in order to transport the heavy equipment during erection and to facilitate the movement
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.

4.2 Schematic arrangement of Nuclear power station:
The schematic arrangement of a nuclear power station is shown in Fig. 1 the whole

arrangement can be divided into the following main stages:
1. Nuclear reactor.
2. Heat exchanger
3. Steam turbine
4. Alternator.
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1. Nuclear reactor:

It is an apparatus in which nuclear fuel (U235) is subjected to nuclear f 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). The fuel rods constitute the fission material and release huge amount of energy
when bombarded with slow moving neutrons. The moderator 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 neutrons for fission. When the control rods are pushed
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in deep enough, they absorb most of fission neutrons and hence few are available for chain
reaction which, therefore, stops. However, as they are being withdrawn, more and more of these
fission neutrons cause fission and hence the Intensity of chain reaction
(or heat produced) is increased. Therefore, by pulling out the control rods, power of the nuclear
reactor is increased, whereas by pushing them in, it is reduced. In actual practice, the lowering or
raising of control rods is accomplished automatically according to the requirement of load. The
heat produced in the reactor is removed by the coolant, generally a sodium metal. The coolant
carries the heat to the heat exchanger.

2. Heat exchanger: The coolant gives up heat to the heat exchanger which is utilized in
raising the steam. After giving up heat, the coolant is again fed to the reactor.

3. Steam turbine: The steam produced in the heat exchanger is led to the steam turbine
through a valve. After doing a useful work in the turbine, the steam is exhausted to condenser.
The condenser condenses the steam which is fed to the heat exchanger through feed water pump.

4. 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.

The associated merits and problems of nuclear power plants as compared to conventional
thermal plants are mentioned below:

Advantages:

1. A nuclear power plant is totally free from Air pollution.
2. It requires 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 centers.
However, safety consideration requires that they be normally located away from populated
areas.

Disadvantages:

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 that 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 relatively high capital cost as against running cost, the plant should operate
continuously as a base load station. Wherever possible, it is preferable to support such a
station with a pumped storage scheme mentioned earlier.
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4.3 Classifications

Nuclear Reactors are classified by several methods; a brief outline of these classification
methods is provided.

Classification by type of nuclear reaction

Nuclear fission. All commercial power reactors are based on nuclear fission. They
generally use uranium and its product plutonium asnuclear fuel, though a thorium fuel
cycle is also possible. Fission reactors can be divided roughly into two classes, depending
on the energy of the neutrons that sustain the fission chain reaction:

o Thermal reactors use slowed or thermal neutrons. Almost all current reactors are

of this type. These contain neutron moderatormaterials that slow neutrons until

their neutron temperature is thermalized, that is, until their kinetic

energy approaches the average kinetic energy of the surrounding particles.

Thermal neutrons have a far higher cross section (probability) of fissioning

thefissile nuclei uranium-235, plutonium-239, and plutonium-241, and a relatively

lower probability of neutron capture by uranium-238(U-238) compared to the

faster neutrons that originally result from fission, allowing use of low-enriched

uranium or even natural uranium fuel. The moderator is often also the coolant,

usually water under high pressure to increase the boiling point. These are

surrounded by a reactor vessel, instrumentation to monitor and control the

reactor, radiation shielding, and a containment building.

o Fast neutron reactors use fast neutrons to cause fission in their fuel. They do not

have a neutron moderator, and use less-moderating coolants. Maintaining a chain

reaction requires the fuel to be more highly enriched in fissile material (about

20% or more) due to the relatively lower probability of fission versus capture by

U-238. Fast reactors have the potential to produce lesstransuranic waste because

all actinides are fissionable with fast neutrons,[16] but they are more difficult to

build and more expensive to operate. Overall, fast reactors are less common than

thermal reactors in most applications. Some early power stations were fast

reactors, as are some Russian naval propulsion units. Construction of prototypes

is continuing (see fast breederor generation IV reactors).

Nuclear fusion. Fusion power is an experimental technology, generally with hydrogen as
fuel. While not suitable for power production, Farnsworth-Hirsch fusors are used to
produce neutron radiation.
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Classification by moderator material

Used by thermal reactors:

Graphite moderated reactors
Water moderated reactors

o Heavy water reactors

o Light water moderated reactors (LWRs). Light water reactors use ordinary water

to moderate and cool the reactors. When at operating temperature, if the

temperature of the water increases, its density drops, and fewer neutrons passing

through it are slowed enough to trigger further reactions. That negative

feedback stabilizes the reaction rate. Graphite and heavy water reactors tend to be

more thoroughly thermalised than light water reactors. Due to the extra

thermalization, these types can use natural uranium/unenriched fuel.

Light element moderated reactors. These reactors are moderated by lithium or beryllium.

o Molten salt reactors (MSRs) are moderated by a light elements such as lithium or

beryllium, which are constituents of the coolant/fuel matrix salts LiF and BeF2.

o Liquid metal cooled reactors, such as one whose coolant is a mixture of Lead and

Bismuth, may use BeO as a moderator.

Organically moderated reactors (OMR) use biphenyl and terphenyl as moderator and
coolant.

Classification by coolant

In thermal nuclear reactors (LWRs in specific), the coolant acts as a moderator that must

slow down the neutrons before they can be efficiently absorbed by the fuel.

Water cooled reactor. There are 104 operating reactors in the United States. Of these, 69
are pressurized water reactors (PWR), and 35 are boiling water reactors (BWR).

o Pressurized water reactor (PWR)

 A primary characteristic of PWRs is a pressurizer, a specialized pressure

vessel. Most commercial PWRs and naval reactors use pressurizers.

During normal operation, a pressurizer is partially filled with water, and a

steam bubble is maintained above it by heating the water with submerged

heaters. During normal operation, the pressurizer is connected to the

primary reactor pressure vessel (RPV) and the pressurizer "bubble"
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provides an expansion space for changes in water volume in the reactor.

This arrangement also provides a means of pressure control for the reactor

by increasing or decreasing the steam pressure in the pressurizer using the

pressurizer heaters.

 Pressurised heavy water reactors are a subset of pressurized water

reactors, sharing the use of a pressurized, isolated heat transport loop, but

using heavy water as coolant and moderator for the greater neutron

economies it offers.

o Boiling water reactor (BWR)

 BWRs are characterized by boiling water around the fuel rods in the lower

portion of a primary reactor pressure vessel. A boiling water reactor

uses 235U, enriched as uranium dioxide, as its fuel. The fuel is assembled

into rods that are submerged in water and housed in a steel vessel. The

nuclear fission causes the water to boil, generating steam. This steam

flows through pipes into turbines. The turbines are driven by the steam,

and this process generates electricity.[18] During normal operation,

pressure is controlled by the amount of steam flowing from the reactor

pressure vessel to the turbine.

o Pool-type reactor

Liquid metal cooled reactor. Since water is a moderator, it cannot be used as a coolant in
a fast reactor. Liquid metal coolants have included sodium, NaK, lead, lead-bismuth
eutectic, and in early reactors, mercury.

o Sodium-cooled fast reactor

o Lead-cooled fast reactor

Gas cooled reactors are cooled by a circulating inert gas, often helium in high-
temperature designs, while carbon dioxide has been used in past British and French
nuclear power plants. Nitrogen has also been used. Utilization of the heat varies,
depending on the reactor. Some reactors run hot enough that the gas can directly power a
gas turbine. Older designs usually run the gas through a heat exchanger to make steam for
a steam turbine.

Molten Salt Reactors (MSRs) are cooled by circulating a molten salt, typically a eutectic
mixture of fluoride salts, such as FLiBe. In a typical MSR, the coolant is also used as a
matrix in which the fissile material is dissolved.
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Classification by generation

Generation I reactor
Generation II reactor (most current nuclear power plants)
Generation III reactor (evolutionary improvements of existing designs)
Generation IV reactor (technologies still under development)

The "Gen IV"-term was dubbed by the United States Department of Energy (DOE) for
developing new plant types in 2000. In 2003, the French Commissariat à 'Énergie
Atomique(CEA) was the first to refer to Gen II types in Nucleonics Week; . First
mentioning of Gen III was also in 2000 in conjunction with the launch of the Generation
IV International Forum (GIF) plans.

Classification by phase of fuel

Solid fueled
Fluid fueled

o Aqueous homogeneous reactor

o Molten salt reactor
Gas fueled (theoretical)

Classification by use

Electricity

o Nuclear power plants
Propulsion, see nuclear propulsion

o Nuclear marine propulsion

o Various proposed forms of rocket propulsion
Other uses of heat

o Desalination

o Heat for domestic and industrial heating

o Hydrogen production for use in a hydrogen economy
Production reactors for transmutation of elements

o Breeder reactors are capable of producing more fissile material than they consume

during the fission chain reaction (by converting fertile U-238 to Pu-239, or Th-

232 to U-233). Thus, a uranium breeder reactor, once running, can be re-fueled

with natural or even depleted uranium, and a thorium breeder reactor can be re-

fueled with thorium; however, an initial stock of fissile material is required
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o Creating various radioactive isotopes, such as americium for use in smoke

detectors, and cobalt-60, molybdenum-99 and others, used for imaging and

medical treatment.

o Production of materials for nuclear weapons such as weapons-grade plutonium

Providing a source of neutron radiation (for example with the pulsed Godiva device)
and positron radiation (e.g. neutron activation analysis and potassium-argon dating)
Research reactor: Typically reactors used for research and training, materials testing, or
the production of radioisotopes for medicine and industry. These are much smaller than
power reactors or those propelling ships, and many are on university campuses. There are
about 280 such reactors operating, in 56 countries. Some operate with high-enriched
uranium fuel, and international efforts are underway to substitute low-enriched fuel.
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Unit-5
Economic Aspects

5.1 Introduction:
A power station is required to deliver power to a large number of consumers to

meet their requirements. While de-signing and building a power station, efforts should be
made to achieve overall 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 determining the cost of production of electrical energy is highly
complex and poses a challenge to power engineers. There are several factors which influence the
production cost such as cost of land and equipment, depreciation of equipment, interest on
capital investment etc. Therefore, a careful study has to 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.

Economics of Power generation:

The art 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 assumed a
great importance in this fast developing power plant engineering. A consumer will use electric
power only if it is supplied at reasonable rate. 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 is desirable that the
readers get themselves acquainted with the following terms much used in the economics of
power generation.
1 . In t er e s t . 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 this amount. Even

if company has spent out of its reserve funds, the interest must be still allowed for, since this

amount could have earned interest if deposited in a bank. Therefore, while calculating the cost of

production of electrical energy, the interest payable on the capital investment must be included.

The rate of interest depends upon market position and other factors, and may vary from 4%to 8%

per annum.

2 . D ep r e c i a t ion . 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 were to 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

there is a gradual reduction in the value of the plant. This reduction in the value of plant every

year is known as annual depreciation.. Due to depreciation, the plant has to be replaced by the new

one after its useful 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
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replacement. It becomes obvious that while determining the cost of production, annual

depreciation charges must be included.

Cost of Electrical Energy:

The total cost of electrical energy generated can be divided into three parts, namely:
1. Fixed cost.
2. Semi-fixed cost.
3. Running or operating cost.

1 . F i x e d c o s t :
It is the cost which is independent of maximum demand and units generated. The fixed

cost is due to the annual cost of central organization, interest on capital cost of land and salaries of
high officials. The annual expenditure on the central organization and salaries of high officials is
fixed since it has to be met whether the plant has high or low maximum demand or it generates
less or more units. Further, the capital investment on the land is fixed and hence the amount of
interest is also fixed.
2. S e mi - f ix ed c os t :

It is the cost which depends upon maximum demand but is independent of units generated.
The semi-fixed cost is directly proportional to the maximum demand on power station and is on
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 its size and cost of installation. The greater the maximum demand on a power station,
the greater is its size and cost of installation. Further, the taxes and clerical staff depend upon the
size of the plant and hence upon maximum demand.
3 . Run nin g co s t :

It is the 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 salariesof operatingstaff
. 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.

5.2 Load Curves:

The curve showing the variation of load on the power station with respect to
(w.r.t) time is known as a loadcurve

The load on a power station is never constant; it varies from time to time. These load
variations during the whole day (i.e., 24 hours) are recorded half-hourly or hourly and are plotted
against time on the graph. The curve thus obtained is known as daily load curve as it shows the
variations of load w.r.t. time during the day. Fig. 1 shows a typical daily load curve of a power
station. It is clear that load on the power station is varying, being maximum at 6 P.M. in this
case. It may be seen that load curve indicates at a glance the general character of the load 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 a month at different times of the day are calculated
and then plotted on the graph. The monthly load curve is generally used to fix the rates of
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energy. The yearly load curve is obtained by considering the monthly load curves of that particular
year. The yearly load curve is generally used to determine the annual load factor.

Fig.1: Dialy load curve

Importance:

1. The daily load curves have attained a great importance in generation as they sup-ply the
following information readily:
2. The daily load curve shows the variations of load on the power station during different hours
of the day.
3. The area under the daily load curve gives the number of units generated in the day. Units
generated/day = Area (in kWh) under daily load curve.
4. The highest point on the daily load curve represents the maximum demand on the station on
thatday.
5. The area under the daily load curve divided by the total number of hours gives the average
load on the station in the day.
6. The ratio of the area under the load curve to the total area of rectangle in which it is contained
gives the load factor.
7. The load curve helps in preparing the operation schedule of the station.
8. The load curve helps in selecting the size and number of generating units.
9. The load curve helps in preparing the operation schedule of the station

Important terms and factors:

The variable load problem has introduced the following terms and factors in power plant
engineering:

1. C onn e c te d l oad :
It is the sum of continuous ratings of all the equipments connected to supply system. A

power station supplies load to thousands of consumers. Each consumer has certain equipment
installed in his premises. The sum of the continuous ratings of all the equipments in the
consumer’s premises is the “connected load” of the consumer. For instance, if a consumer has
connections of five100-watt lamps and a power point of 500 watts, then connected load of the
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consumer is 5×100 + 500= 1000 watts. The sum of the connected loads of all the consumers is
the connected load to the power station.

2. Maximum demand:
It is the greatest demand of load on the power station during a given period. The load on

the power station varies from time to time. The maximum of all the demands that have occurred
during a given period (say a day) is the maximum demand. Thus referring back to the load curve
of Fig. 3.2, the maximum demand on the power station during the day is 6 MW and it occurs at 6
P.M. Maximum demand is generally less than the connected load because all the consumers do
not switch on their connected load to the system at a time. The knowledge of maxi-mum demand
is very important as it helps in determining the installed capacity of the station. The station must be
capable of meeting the maximum demand.

3. Demand factor:
It is the ratio of maximum demand on the power station to its connected load i.e.

D e m a n d f a c t o r = Maximum demand /Connected load
The value of demand factor is usually less than 1. It is expected because maximum demand on
the power station is generally less than the connected load. If the maximum demand on the
power station is 80 MW and the connected load is 100 MW, then demand factor = 80/100 = 0·8.
The knowledge of demand factor is vital in determining the capacity of the plant equipment.

4 . A v e ra ge l oad :
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

5 . Lo ad f a ct o r :
The ratio of average load to the maximum demand during a given period is known as

Load factor.
The load factor may be daily load factor, monthly load factor or annual load factor if the

time period considered is a day or month or year. Load factor is always less than 1 because
average load is smaller than the maximum demand. The load factor plays key 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.

6. Diversity factor:
The ratio of the sum of individual maximum demands to the maximum demand

on power station is known as diversity factor
A power station supplies load to various types of consumers whose maximum demands

generally do not occur at the same time. Therefore, the maximum demand on the power station is
always less than the sum of individual maximum demands of the consumers. Obviously,
diversity factor will always be greater than 1. The greater the diversity factor, the lesser is the
cost of generation of power.

7. Plant capacity factor:
It is the ratio of actual energy produced to the maximum possible energy that could have

been produced during a given period
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The plant capacity factor is an indication of the reserve capacity of the plant. A power station is
so designed that it has some reserve capacity for meeting the increased load demand in future. Therefore, the
installed capacity of the plant is always somewhat greater than the maximum demand on the plant. R e s e r v e
capacity=Plant capacity−Maximum demand It is interesting to note that difference between load 
factor and plant capacity factor is an indication of reserve capacity. If the maximum demand on
the plant is equal 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.

8 . P l a n t u s e f a c t o r :
It is ratio of kWh generated to the product of plant capacity and the number of hours for

which the plant was in operation i.e.
Plant use factor= Station output in kWh/P l an t ca p a c i t y X Hours fuse.

5 .3 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

F i g . 2

The load duration curve is obtained from the same data as the load curve but the ordinates
are 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 the load duration curve and the area under the load curve are equal. Fig. 2
(i) shows the daily load curve. The daily load duration curve can be readily obtained from it. It is
clear from daily load curve that load elements in order of descending magnitude are: 20 MW for
8hours; 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. 2 (ii).The following points may
be noted about load duration curve:
1. The load duration curve gives the data in a more presentable form. In other words, it readily
shows the number of hours during which the given load has prevailed.
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2. 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.
3. The load duration curve can be extended to include any period of time. By laying out the
abscissa from 0 hour to 8760 hours, the variation and distribution of demand for an entire year
can be summarized in one curve. The curve thus obtained is called the annual load duration
curve.

B a s e L o a d a n d p e a k L o a d :
The changing load on the power station makes its load curve of variable nature. Fig.3

shows the typical load curve of a power station. It is clear that load on the power station varies
from time to time. However, a close look at the load curve reveals that load on the power station
can be considered in two parts, namely;
1. Base load
2. Peak load

Fig.3

1. Base Load: The unvarying load which occurs almost the whole day on the station is known as
Base load. Referring to the load curve of Fig. 3.13, it is clear that20 MW of load has to be
supplied by the station at all times of day and night i.e. through out 24 hours. Therefore, 20 MW
is the base load of the station. As base load on the station is almost of constant nature, therefore,
it can be suitably supplied (as discussed in the next Article) without facing the problems of
variable load.

2. P e a k l o a d : The various peak demands of load over and above the base load of the
station is known as peak load. Referring to the load curve of Fig. 3.it is clear that there are peak
demands of load excluding base load. These peak demands of the station generally form a small
part of the total load and may occur throughout the day
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UNIT-5 & 6

Power Factor Improvement & Tariffs

5.1 Introduction:

The electrical energy is almost exclusively generated, transmitted and distributed in the
form of alternating 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 is highly undesirable as it causes an increase in
current, resulting in additional losses of active power in all the elements of power sys-tem from
power station generator down to the utilization devices. In order to ensure most
favourable conditions for a supply system from engineering and economical standpoint, it is
important to have power factor as close to unity as possible. In this chapter, we shall discuss the
various methods of power factor improvement.

5.2 Power Factor:

The cosine of angle between voltage and current in an a.c. circuit is known as power factor.
In an a.c. circuit, there is generally a phase difference φ between voltage and current. The term 

cosφ is called the power factor of the circuit. If the circuit is inductive, the current lags behind the 

voltage and the power factor is referred to as lagging. However, in a capacitive circuit, current leads the

volt-age and power factor is said to be leading. Consider an inductive circuit taking a lagging

current I from supply voltage V, the angle of lag being φ. The phasor diagram of the circuit is 

shown in Fig.1. The circuit current I can be resolved into two perpendicular components,

namely:

Fig.1

1. I cosφ in phase with V. 
2. I sinφ90oout of phase with V. 
The component I cosφ is known as active or wattful component, whereas component I sinφ
is called the reactive or watt less component. The reactive component is a measure of the power
factor. If the reactive component is small, the phase angle φ is small and hence power factor 
cosφ will be high. Therefore, a circuit having small reactive current (i.e., Isinφ) will have high 
power factor and vice-versa. It may be noted that value of power factor can never be more than
unity.
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i).It is a usual practice to attach the word ‘lagging’ or ‘leading’ with the numerical value
of power factor to signify whether the current lags or leads the voltage. Thus if the circuit has a
p.f. of 0·5 and the current lags the voltage, we generally write p.f. as 0·5 lagging.
ii) Sometimes power factor is expressed as a percentage. Thus 0·8 lagging power factor maybe
expressed as 80% lagging.

5.3 Power Triangle:

The analysis of power factor can also be made in terms of power drawn by the a.c.
circuit. If each side of the current triangle oab of Fig. 6.1 is multiplied by voltage V, then we get
the power triangle OAB shown in Fig. 1
where
         OA=VI cosφ and represents the active power in watts or kW.
         AB =VI sinφ and represents the reactive power. 

OB=VI and represents the apparent power.
The following points may be noted form the power triangle.

1. The apparent power in an a.c. circuit has two components viz., active and reactive power at
right angles to each other. OB2=OA2+ AB2

2. Power factor, cosφ=OA/OB= active power/ apparent power=kW/kVA.
Thus the power factor of a circuit may also be defined as the ratio of active power to the
apparent power. This is a perfectly general definition and can be applied to all cases, whatever
be the waveform.

3. 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 is the power factor of the circuit.
                                                      KVAR=KWtanφ 

4. For leading currents, the power triangle becomes reversed. This fact provides a key 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 the load will be partly neutralized,
thus improving the power factor of the load.
5. The power factor of a circuit can be defined in one of the following three ways:

a) Power factor= R/Z= Resistance/ Impedance.
              b) Power factor= VIcosφ/ VI= Active power/ Apparent power 
The reactive power is neither consumed in the circuit nor it does any useful work. It merely
flows back and forth in both directions in the circuit. A wattmeter does not measure reactive
power.

5 . 4 D i s a d v a n t a g e s o f L o w P o w e r F a c t o r :

The power factor plays an importance role in a.c. circuits since power consumed depends
upon this factor.P=VL IL Cosφ

IL=P/ VL Cosφ 
                P= √3 VL IL Cosφ 

IL=P/√3 VL Cosφ 
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It is clear from above that for fixed power and voltage, the load current is inversely proportional
to the power factor. Lower the power factor, higher is the load current and vice-versa. A power
factor less than unity results in the following disadvantages:

a) Large kVA rating of equipment:
The electrical machinery (e.g., alternators, transformers, switchgear) is always rated in kVA.

Now, kVA= kW/Cosφ
It is clear that kVA rating of the equipment is inversely proportional to power factor. The smaller
the power factor, the larger is the kVA rating. Therefore, at low power factor, the kVA rating of
thee equipment has to be made more, making the equipment larger and expensive.

b ) Gr e a t e r co ndu ct o r s i z e :
To transmit or distribute a fixed amount of power at constant voltage, the conductor will have to

carry more current at low power factor. This necessitates large conductor size. For example, take

the case of a single phase a.c. motor having an input 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 is

worked at a low power factor of 0·8, the cross-sectional area of the supply cables and motor

conductors would have to be based upon a current of 50 A instead of 40 A which would be

required at unity power factor.

c ) L a rg e copp e r los s es :

The large current at low power factor causes more I 2 R losses in all the elements of the supply
system. This results in poor efficiency.

d) Po o r v o l t ag e r e gu l a t i on :
The large current at low lagging power factor causes greater voltage drops in alternators,
transformers, transmission lines and distributors. This results in the decreased voltage available
at the supply end, thus impairing the performance of utilization devices. In order to keep the
receiving end voltage within permissible limits, extra equipment (i.e., voltage regulators) is
required.

e) 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 prevents the full utilization of installed capacity.

5.5 Causes of Low Power factor:

Low power factor is undesirable from economic point of view. Normally, the power
factor of the whole load on the supply system in lower than 0·8. The following are the causes of
low power factor:
a) Most of the a.c. motors are of induction type (1φand 3φinduction 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 rises to 0·8 or 0·9 at full load.
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b) Arc lamps, electric discharge lamps and industrial heating furnaces operate at low lagging
power factor.
c) The load on the power system is varying being high during morning and evening and low at
other times. During low load period, supply voltage is increased which increases the
magnetization current. This results in the decreased power factor.

Power Factor Improvement:

The low power factor is mainly due to the fact that most of the power loads are inductive
and, there-fore, take lagging currents. In order to improve the power factor, some device taking
leading power should be connected in parallel with the load. One of such devices can be a
capacitor. The capacitor draws a leading current and partly or completely neutralizes the lagging
reactive component of load current. This raises the power factor of the load

Fig.2

Illustration:
To illustrate the power factor improvement by a capacitor, consider a single phase load taking
lagging current I at a power factor cosφ1as shown in Fig. 6.3.The capacitor C is connected in
parallel with the load. The capacitor draws current I C which leads the supply voltage by 90o.
The resulting line current I ′is the phasor sum of I and I C and its angle of lag is φ2 as shown in
the phasor diagram of Fig.2. It is clear that φ2is less thanφ1, so that cosφ2is greater than cosφ1. 
Hence, the power factor of the load is improved. The following points are worth noting:
1. .The circuit current I ′after p.f. correction is less than the original circuit current I. 
2. The active or wattful component remains the same before and after p.f. correction because
only the lagging reactive component is reduced by the capacitor.
 I cosφ1=I ′cosφ2
3. The lagging reactive component is reduced after p.f. improvement and is equal to the
difference between lagging reactive component of load (I sinφ1) and capacitor current (I C) i.e.,
 I ′sinφ2= I sinφ1−I C
4. As I cosφ1=I ′cosφ2VI cosφ1=V I ′cosφ2 [Multiplying byV] 

Therefore, active power (kW) remains unchanged due to power factor improvement.
5. I ′sinφ2= I sinφ1−I C
    V  I ′sinφ2=VI sinφ1−VI C [Multiplying byV]

i.e.,Net kVAR after p . f . correction= L a g g i n g k V A R beforep.f. Correction leading
KVARof equipment.
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5.6 Power Factor Improvement Equipment:

Normally, the power factor of the whole load on a large generating station is in the region
of 0·8 to0·9. However, sometimes it is lower and in such cases it is generally desirable to take
special steps to improve the power factor. This can be achieved by the following equipment:
1. Static capacitors.
2. Synchronous condenser.
3. Phase advancers

Fig.3

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 capacitor)

draws a leading current and partly or completely neutralizes the lagging reactive component of

load current. This raises the power factor of the load. For three-phase loads, the capacitors can be

connected in delta or star as shown in Fig. 6.4. Static capacitors are invariably used for power

factor improvement in factories.

Advantages:
1. They have low losses.
2. They require little maintenance as there are no rotating parts.
3. They can be easily installed as they are light and require no foundation.
4. They can work under ordinary atmospheric conditions.

Disadvantages:
1. They have short service life ranging from 8 to 10 years.
2. They are easily damaged if the voltage exceeds the rated value.
3. Once the capacitors are damaged, their repair is uneconomical.

2. Synchronous condenser:
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A synchronous motor takes a leading 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 takes a leading
current which partly neutralizes the lagging reactive component of the load. Thus the power
factor is improved.

Fig.4 shows the power factor improvement by synchronous condenser method. The
3φload takes current I L at low lagging power factor cosφ L. The synchronous condenser takes a 
current I m which leads the voltage by an angle φm. The resultant current I is the phasor sum
of I m and I L and lags behind the voltage by an angle φ. It is clear that φ is less than φ L so that
cosφ is greater than cosφ L. Thus the power factor is increased from cosφ L to cosφ. Synchronous 
condensers are generally used at major bulk supply substations for power factor improvement.

Fig.4: φ Synchronous motor 

Advantages:
1. By varying the field excitation, the magnitude of current drawn by the motor can be changed
by any amount. This helps in achieving step less control of power factor.
2. The motor windings have high thermal stability to short circuit currents.
3. The faults can be removed easily.

Disadvantages:
1. There are considerable losses in the motor.
2. The maintenance cost is high.
3. It produces noise.
4. Except in sizes above 500 kVA, the cost is greater than that of static capacitors of the same

rating.
4. As a synchronous motor has no self-starting torque, therefore, an auxiliary equipment has to

be provided for this purpose.

3. Phase advancers:

Phase advancers are used to improve the power factor of induction motors. The low
power factor of an induction motor is due to the fact that its stator winding draws exciting
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current which lags be-hind the supply voltage by 90o. If the exciting ampere turns can be
provided from some other a.c. source, then the stator winding will be relieved of exciting current
and the power factor of the motor can be improved. This job is accomplished by the phase advancer
which is simplyan a.c. exciter. The phase advancer is mounted 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 slip
frequency, therefore, lagging kVAR drawn by the motor are considerably reduced. Secondly,
phase advancer can be conveniently used where the use of synchronous motors is inadmissible. However, the
major disadvantage of phase advancers is that they are not economical for motors below200 H.P.

5.7 Calculation of Power factor Correction:

Consider an inductive load taking a lagging current I at a power factor cosφ1. In order to
improve the power factor of this circuit, the remedy is to connect such an equipment in parallel
with the load which takes a leading reactive component and partly cancels the lagging reactive
component of the load. Fig. 5 (i) shows a capacitor connected across the load. The capacitor
takes a current I C which leads the supply voltage V by 90o. The current I C partly cancels the
lagging reactive component of the load current as shown in the phasor diagram in Fig. 5. (ii). The
resultant circuit current becomes I ′and its angle of lag isφ2. It is clear thatφ2is less thanφ1so that 
new p.f. cosφ2is more than the previous p.f. cosφ1.

Fig.5

From the phasor diagram, it is clear that after p.f. correction, the lagging reactive

component of the load is reduced to I ′sin2.

                        Obviously, I ′sinφ2= I sinφ1−IC

I C = I sinφ1−I ′sinφ2

            Capacitance of capacitor to improve p.f. from cosφ1to cosφ2 
IC/ ωV
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Power Triangle:

The power factor correction can also be illustrated from power triangle. Thus referring to
Fig. 6.the power triangle OAB is for the power factor cosφ1, whereas power triangle OAC is for
the improved power factor cosφ2. It may be seen that active power (OA) does not change with 
power factor improvement. However, the lagging kVAR of the load is reduced by the p.f.
correction equipment, thus improving the p.f. to cosφ2.Leading kVAR supplied by p.f. 
correction equipment

= BC = AB- AC
              = k V A R 1−kVAR2  
             =OA (tanφ1−tanφ2) 
             = k W  ( t a n φ1−tanφ2) 

Knowing the leading kVAR supplied by the p.f. correction equipment, the desired results can be
obtained

Fig.6

5.8 Tariff:

The electrical energy produced by a power station is delivered to a large number
of consumers. The consumers can be persuaded to use electrical energy if it is sold at reasonable
rates. The tariff i.e. the rate at which electrical energy is sold naturally becomes attention 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 India where
electric supply companies come under public sector and are always subject to criticism. 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 producing electrical energy depends to a
considerable extent upon the magnitude of electrical energy consumed by the user and his load
conditions. There-fore, in all fairness, due consideration has to be given to different types of
consumers (e .g. industrial, domestic and commercial) while fixing the tariff. This makes the
problem of suitable rate making highly complicated.

www.rejinpaul.com

www.rejinpaul.com



Electrical Power Generation (EPG) 10EE36

Department of EEE, SJBIT Page 62

Objectives of tariff:
Like other commodities, electrical energy is also sold at such a rate so that it not only

returns the cost but also earns reasonable profit. Therefore, a tariff should include the following
items:
1. Recovery of cost of producing electrical energy at the power station.
2. Recovery of cost on the capital investment in transmission and distribution systems.
3. Recovery of cost of operation and maintenance of supply of electrical energy e.g., metering
equipment, billing etc.
4. A suitable profit on the capital investment.

Types of Tariff:

There are several types of tariff. However, the following are the commonly used types of tariff

1. Simple tariff:

When there is a fixed rate per unit of energy consumed, it is called a Simple tariff .In

this type of tariff, the price charged per unit is constant i.e. it does not vary within crease or

decrease in number of units consumed. The consumption of electrical energy at the consumer’s

terminals is recorded by means of an energy meter. This is the simplest of all tariffs and is

readily understood by the consumers.

Disadvantages:

1. There is no discrimination between different types of consumers since every consumer has to
pay equitably for the fixed charges.
2. The cost per unit delivered is high.
3. It does not encourage the use of electricity.

2. Flat rate tariff:

When different types of consumers are charged at different uniform per unit rates, it is called
a Flat rate tariff..In this type of tariff, the consumers are grouped into different classes and each
class of consumers is charged at a different uniform rate. For instance, the flat rate per kWh for
lighting load may be60 paise, whereas it may be slightly less†(say 55 paise per kWh) for power
load. The different classes of consumers are made taking into account their diversity and load
factors. The advantage of such a tariff is that it is more fair to different types of consumers and is
quite simple in calculations.

Disadvantages:

1.Since the flat rate tariff varies according to the way the supply is used, separate meters are
required for lighting load, power load etc. This makes the application of such a tariff expensive
and complicated.
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2. A particular class of consumers is charged at the same rate irrespective of the magnitude
of energy consumed. However, a big consumer should be charged at a lower rate as in 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..In block rate
tariff, the energy consumption is divided into blocks and the price per unit is fixed in each block.
The price per unit in the first block is the highest and it is progressively reduced for the
succeeding blocks of energy. For example, the first 30 units may be charged at the rate of 60
paise per unit; the next 25 units at the rate of 55 paise per unit and the remaining additional units maybe charged
at the rate of 30 paise per unit. The advantage of such a tariff is that the consumer gets an
incentive to consume more electrical energy. This increases the load factor of the system and
hence the cost of generation is reduced. However, its principal defect is that it lacks a measure of
the consumer’s demand. This type of 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. In two-part tariff, the total charge
to be made from the consumer is split into two components viz., 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 maximum demand plus a certain amount per
kWh of energy consumed i .e T o t a l c h a r g e s = R s ( b × kW + c ×kWh)
Where,
b=charge per kW of maximum demand
c=charge per kWh of energy consumed
This type of tariff is mostly applicable to industrial consumers who have appreciable maximum
demand.

Advantages:
1. It is easily understood by the consumers.
2. It recovers the fixed charges which depend upon the maximum demand of the consumer but
are independent of the units consumed.

Disadvantages:
1. The consumer has to pay the fixed charges irrespective of the fact whether he has consumed or
not consumed the electrical energy.
2. There is always error in assessing the maximum demand of the consumer.
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5. Maximum demand tariff:

It is similar 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 a small consumer (e .g. residential consumer) as a separate maximum demand
meter is required.

6. Power factor tariff:

The tariff in which power factor of the consumer’s load is taken into consideration is
known as Power factor tariff. In an a.c. system, power factor plays an important role. A low
power factor increases the rating of station equipment and line losses. Therefore, a consumer having low
power factormust bepenalised. The following are the important types of power factor tariff.
1. KVA maximum demand tariff: It is a modified form of two-part tariff. In this case, the
fixed charges are made on the basis of maximum demand in kVA and not in kW. As kVA is
inversely proportional to power factor, therefore, a consumer having low power factor has to
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.
2. Sliding scale tariff: This is also known as average power factor tariff. In this case, an average
power factor, say 0·8 lagging, is taken as the reference. If the power factor of the consumer falls
below this factor, suitable additional charges are made. On the other hand, if the power factor is
above the reference, a discount is allowed to the consumer.
3. 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 reactive
power and hence shall have to pay more charges.

7.Three-part tariff: When the total charge to be made from the consumer is split into
three parts viz., fixed charge, semi-fixed charge and running charge, it is known as a Three part
tariff. i .e. Total charge= R s ( a+b ×kW +c×kWh)
Where,

a=fixed charge made during each billing period. It includes interest and depreciation
on the cost of secondary distribution and labour cost of collecting revenues,

b=charge per kW of maximum demand,
c=charge per kWh of energy consumed.

It may be seen that by adding fixed charge or consumer’s charge to two-part tariff, it becomes
three-part tariff. The principal objection of this type of tariff is that the charges are split into three
components. This type of tariff is generally applied to big consumers
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6.1 Substations

Introduction:

A substation is a part of an electrical generation, transmission, and distribution system.
Substations transform voltage from high to low, or the reverse, or perform any of several other
important functions. Electric power may flow through several substations between generating
plant and consumer, and its voltage may change in several steps.

A substation may include step-up transformers, that increase the voltage while decreasing
the current, or step-down transformers, that decrease the voltage while increasing the current, for
domestic and commercial distribution. The word substation comes from the days before the
distribution system became a grid. The first substations were connected to only one power
station, where the generators were housed, and were subsidiaries of that power station.

The present-day electrical power system is a.c. i.e. electric power is generated, transm i t t ed

a n d distributed in the form of alternating current . The electric power i s produced at the

power stations which are located at favourable places, generally quite away from the consumers.

It is delivered to the consumers through a large network of transmission and distribution. At

many places in the line of the power system, it may be desirable and necessary to change some

characteristic (e.g. voltage, a.c to d.c., frequency, p.f. etc.) of electric supply. This is accomplished bysuitable

apparatus called sub-station. For example, generation voltage (11 kV or 6·6 kV) at the power station

is stepped up to h i g h voltage (say 220 kV or 132 kV) f o r transmission of electric power.

The assembly of apparatus (e.g. transformer etc.) used for this purpose is the sub-station.

Similarly, near the consumers localities, the voltage may have to be stepped down to utilization level.

This job is again accomplished by a suitable apparatus called sub-station. Yet at some places in the line of

the power system, it may be desirable to convert large quantities of a.c. power to d.c power e.g. for

traction, electroplating, d.c motors etc. This job is again performed by suitable apparatus (e.g

ignitron) called sub-station. It is clear that type of equipment needed in a sub-station will depend

upon the service requirement. Although there can be several types of sub-stations, we shall

mainly confine our attention to only those sub-stations where the incoming and outgoing

supplies are a.c. i.e. sub-stations which change the voltage level of the electric supply.
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6.2 Types of Substations:

1. Single Busbar:

The general schematic for such a substation is shown in the figure below.

With this design, there is an ease of operation of the substation. This design also places minimum
reliance on signalling for satisfactory operation of protection. Additionally there is the facility to
support the economical operation of future feeder bays.

Such a substation has the following characteristics.

Each circuit is protected by its own circuit breaker and hence plant outage does not necessarily

result in loss of supply.

A fault on the feeder or transformer circuit breaker causes loss of the transformer and feeder

circuit, one of which may be restored after isolating the faulty circuit breaker.

A fault on the bus section circuit breaker causes complete shutdown of the substation. All

circuits may be restored after isolating the faulty circuit breaker. A busbar fault causes loss of

one transformer and one feeder.
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Maintenance of one busbar section or isolator will cause the temporary outage of two circuits.

Maintenance of a feeder or transformer circuit breaker involves loss of the circuit. Introduction

of bypass isolators between busbar and circuit isolator allows circuit breaker maintenance

facilities without loss of that circuit.

2. Mesh Substation:

The general layout for a full mesh substation is shown in the schematic below.

The characteristics of such a substation are as follows.

Operation of two circuit breakers is required to connect or disconnect a circuit, and

disconnection involves opening of a mesh. Circuit breakers may be maintained without loss of

supply or protection, and no additional bypass facilities are required. Busbar faults will only

cause the loss of one circuit breaker. Breaker faults will involve the loss of a maximum of two
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circuits. Generally, not more than twice as many outgoing circuits as in feeds are used in order to

rationalize circuit equipment load capabilities and ratings.

3. One and a half Circuit Breaker layout:

The layout of a 1 1/2 circuit breaker substation is shown in the schematic below.

The reason that such a layout is known as a 1 1/2 circuit breaker is due to the fact that in the
design, there are 9 circuit breakers that are used to protect the 6 feeders. Thus, 1 1/2 circuit
breakers protect 1 feeder. Some characteristics of this design are:

There is the additional cost of the circuit breakers together with the complex
arrangement. It is possible to operate any one pair of circuits, or groups of pairs of
circuits. There is a very high security against the loss of supply.
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4. Main and Auxiliary bus bar:

This is technically a single bus bar arrangement with an additional bus bar called
“Auxiliary bus” energized from main bus bars through a bus coupler circuit, i.e., for
‘n’ number of circuits, it employs ‘n + 1’ circuit breakers. Each circuit is connected
to the main bus bar through a circuit breaker with isolators on both sides and can be
connected to the auxiliary bus bar through an isolator. The additional provision of
bus coupler circuit (Auxiliary bus) facilitates taking out one circuit breaker at a
time for routine overhaul and maintenance without de – energizing the circuit
controlled by that breaker as that circuit then gets energized through bus coupler
breaker. As in the case of single bus arrangement, this scheme also suffers from the
disadvantages that in the event of a fault on the main bus bar or the associated
isolator, the entire substation is lost. This bus arrangement has been extensively
used in 132 kV Sub Stations.
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5. Double bus bar:
In this scheme, a double bus bar arrangement is provided. Each circuit can be connected to either

one of these bus bars through respective bus bar isolator. Bus coupler breaker is also provided so

that the circuits can be switched on from one bus to the other on load. This scheme suffers from

the disadvantage that when any circuit breaker is taken out for maintenance, the associated

feeder has to be shut down. This Bus bar arrangement was generally used in earlier 220 kV sub

stations.
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6. Double Main and Auxiliary bus bar:
The limitation of double bus bar scheme can be overcome by using additional
Auxiliary bus, bus coupler breaker and Auxiliary bus isolators. The feeder is
transferred to the Auxiliary bus during maintenance of its controlling circuit
breaker without affecting the other circuits. This Bus bar arrangement is generally
used nowadays in 220 kV sub stations.

6.3 Substation Equipments:

The equipment required for a transformer sub-station depends upon the type of sub-station,

service requirement and the degree of protection desired. However, in general, a transformer sub-

station has the following main equipment:

1. Bus-bars: When a number of lines operating at the same voltage have to be directly connected

electrically, bus-bars are used as the common electrical component. Bus-bars are copper or
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aluminum bars (generally of rectangular x-section) and operate at constant voltage. The

incoming and outgoing lines in a sub-station are connected to the bus-bars. The most commonly

used bus-bar arrangements in sub-stations are :(i) Single bus-bar arrangement (ii) Single bus-bar

system with sectionalisation (iii) Double bus-bar arrangement

2. Insulators: The insulators serve two purposes. They support the conductors (or busbar and

confine the current to the conductors. The most commonly used material for the manufacture

of insulators is porcelain. There are several types of insulators (e.g. pin type, suspension type,

post insulator etc.) and their use in the sub-station will depend upon the service requirement. For

ex-ample, post insulator is used for bus-bars. A post insulator consists of a porcelain body, cast

iron cap and flanged cast iron base. The hole in the cap is threaded so that bus-bars can be

directly bolted to the cap.

3. Isolating switches: In sub-stations, it is often desired to disconnect a part of the system for

general maintenance and repairs. This is accomplished by an isolating switch or isolator. An

isolator is essentially a knife switch and is designed to open a circuit under no load. In other

words, isolator switches are operated only when the lines in which they are connected carry no

current.

Fig (a) shows the use of isolators in a typical sub-station

Fig (a) shows the use of isolators in a typical sub-station. The entire sub-station has been divided

into V sections. Each section can be disconnected with the help of isolators for repair and

maintenance. For instance, if it is desired to repair section No. II, the procedure of disconnecting

this section will be as follows. First of all, open the circuit breaker in this section and then open

the isolators 1 and 2. This procedure will disconnect section II for repairs. After the repair has

been done, close the isolators 1 and 2 first and then the circuit breaker.
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4. Circuit breaker: A circuit breaker is an equipment which can open or close a circuit under

normal as well as fault conditions. It is so designed that it can be operated manually (or by

remote control) under normal conditions and automatically under fault conditions. For the latter

operation, a relay circuit is used with a circuit breaker. Generally, bulk oil circuit breakers are

used for voltages upto 66kV while for high (>66 kV) voltages, low oil circuit breakers are used.

For still higher voltages, air-blast, vacuum or SF 6circuit breakers are used.

5. Power Transformers: A power transformer is used in a sub-station to step-up or step down the

voltage. Except at the power station, all the subsequent sub-stations use step-down transformers

to gradually reduce the voltage of electric supply and finally deliver it at utilization voltage. The

modern practice is to use 3-phase transformers in sub-stations although 3 single phase bank of

transformers can also be used. The use of 3-phase transformer (instead of 3 single phase bank

of transformers) permits two advantages. Firstly, only one 3-phase load-tap changing mechanism

can be used. Secondly, its installation is much simpler than the three single phase transformers.

The power transformer is generally installed upon lengths of rails fixed on concrete slabs having

foundations 1 to 1·5 m deep. For ratings upto 10 MVA, naturally cooled, oil immersed

transformers are used. For higher ratings, the transformers are generally air blast cooled.

6. Instrument transformers: The lines in sub-stations operate at high voltages and carry current of

thousands of amperes. The measuring instruments and protective devices are designed for low

voltages (generally 110 V) and currents (about 5 A). Therefore, they will not work satisfactorily

if mounted directly on the power lines. This difficulty is overcome by installing instrument

transformers on the power lines. The function of these instrument transformers is to transfer

voltages or currents in the power lines to values which are convenient for the operation of

measuring instrument sand relays. There are two types of instrument transformers v i z .

(i) Current transformer (C.T.)

(ii) Potential transformer (P.T.)

(i)Current Transformer (C.T): A current transformer in essentially a step-up
transformer which steps down the current to a known ratio. The primary of this
transformer consists of one or more turns of thick wire connected in series with the
line. The secondary consists of a large number of turns of fine wire and provides for
the measuring instruments and relays a current which is a constant fraction of the
current in the line. Suppose a current transformer rated at 100/5 A is connected in
the line to measure current. If the current in the line is 100 A, then current in the
secondary will be 5A. Similarly, if current in the line is 50A, then secondary of
C.T. will have a current of 2·5 A. Thus the C.T. under consideration will step down
the line current by a factor of 20.
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(ii)Voltage transformer: It is essentially a step down transformer and steps down
the voltage to a known ratio. The primary of this transformer consists of a large
number of turns of fine wire connected across the line. The secondary winding
consists of a few turns and provides for measuring instruments and relays a voltage
which is a known fraction of the line voltage. Suppose a potential transformer rated
at 66kV/110V is connected to a power line. If line voltage is 66kV, then voltage
across the secondarywill be 110 V.

6.4 Classification of Substation:

There are several ways of classifying sub-stations. However, the two most
important ways of classifying them are according to (1) service requirement and (2)
constructional features.
1. According to service requirement: A sub-station may be called upon to change
voltage level or improve power factor or convert a.c. power into d.c power etc.
According to the service requirement, sub-stations may be classified into:

(i)Transformer sub-stations: Those sub-stations which change the voltage level of
electric supply are called transformer sub-stations. These sub-stations receive
power at some voltage and deliver it at some other voltage. Obviously, transformer
will be the main component in such sub-stations. Most of the sub-stations in the
power system are of this type.

(ii)Switching sub-stations: These sub-stations do not change the voltage level i.e.
In coming and outgoing lines have the same voltage. However, they simply perform
the switching operations of power lines.

(iii) Power factor correction sub-stations: Those sub-stations which improve the
power factor of the system are called power factor correction sub-stations. Such
sub-stations are generally located at the receiving end of transmission lines. These
sub-stations generally use synchronous condensers as the power factor improvement
equipment.

(iv) Frequency changer sub-stations: Those sub-stations which change the supply
frequency are known as frequency changer sub-stations. Such a frequency change
may be required for industrial utilization.

(v) Converting sub-stations: Those sub-stations which change a.c. power into d.c.
power are called converting sub-stations. These sub-stations receive a.c. power and
convert it into d.c. power with suitable apparatus (e.g. ignitron) to supply for such
purposes as traction, electroplating, electric welding etc.

(vi)Industrial substations: Those sub-stations which supply power to individual
industrial concerns are known as industrial sub-stations.
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2. According to constructional features: A sub-station has many components (e.g.
circuit breakers, switches, fuses, instruments etc.) which must be housed properly to
ensure continuous and reliable service. According to constructional features, the
sub-stations are classified as:
1. Indoor sub-station
2. Outdoor sub-station
3. Underground sub-station
4. Pole-mounted sub-station
1. Indoor sub-stations: For voltages upto 11 kV, the equipment of the sub-station is installed

indoor because of economic considerations. However, when the atmosphere is contaminated

with impurities, these sub-stations can be erected for voltages upto 66 kV.

2. Outdoor sub-stations: For voltages beyond 66 kV, equipment is invariably installed out-

door. It is because for such voltages, the clearances between conductors and the space required

for switches, circuit breakers and other equipment becomes so great that it is not economical to

install the equipment indoor.

3. Underground sub-stations: In thickly populated areas, the space available for equipment

and building is limited and the cost of land is high. Under such situations, the sub-station is

created under ground. The reader may find further discussion on underground sub-stations in

Art. 25.6.

4. Pole-mounted sub-stations: This is an outdoor sub-station with equipment installed over-

head on H -pole or 4-pole structure. It is the cheapest form of sub-station for voltages not

exceeding11kV (or 33 kV in some cases). Electric power is almost distributed in localities

through such sub-stations.
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UNIT-7

Grounding Systems
7.1 Introduction:

The purpose of grounding is to provide safe, reliable and cost efficient power

distribution. (Note that the cost element includes damage to the equipment due to a fault or

lightning strike.) These are the goals of grounding from a power distribution viewpoint where

electrical noise interference is not a consideration. In the case of sensitive electronic systems,

such as audio, video and computer systems it is also necessary that the grounding system provide

a stable and low impedance connection to earth to control electromagnetic interference (EMI).

The isolated star ground system as documented in this paper serves all of these purposes: safety,

reliability, cost efficiency and control of electromagnetic interference.

In power system, grounding or earthing means connecting frame of electrical equipment

(non-current carrying part) or some electrical part of the system (e.g. neutral point in a star-

connected system, one conductor of the secondary of a transformer etc.) to earth i.e. soil. This

connection to earth may be through a conductor or some other circuit element (e.g. a resistor, a

circuit breaker etc.) depending upon the situation. Regardless of the method of connection to

earth, grounding or earthing offers two principal advantages. First, it provides protection to the

power system. For example, if the neutral point of a star-connected system is grounded through a

circuit breaker and phase to earth fault occurs on any one line, a large fault current will flow

through the circuit breaker. The circuit breaker will open to isolate the faulty line. This protects

the power system from the harmful effects of the fault. Secondly, earthing of electrical

equipment (e.g. domestic appliances, hand held tools, industrial motors etc.) ensures the safety of

the persons handling the equipment. For example, if insulation fails, there will be a direct contact

of the live conductor with the metallic part (i.e. frame) of the equipment. Any person in contact

with the metallic part of this equipment will be subjected to a dangerous electrical shock which

can be fatal. In this chapter, we shall discuss the importance of grounding or earthing in the line

of power system with special emphasis on neutral grounding.

7.2 Neutral Grounding Systems:

The process of connecting neutral point of 3-phase system to earth (i.e. soil) either

directly or through some circuit element (e.g. resistance, reactance etc.) is called Neutral

grounding.

Neutral grounding has been in practice in many systems all over the world, but there are

some systems, which still operate with ungrounded neutrals. An ungrounded system is one in

which there is no intentional connection between the system conductors and earth. When the
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neutral of the system is not grounded, it is possible for high voltages to appear from line to

ground during normal switching of a circuit having a line to ground fault. These voltages may

cause failure of insulation at other locations on the system and result to damage to equipment. A

ground fault on one phase causes full line to line voltage to appear between ground and the two

unfaulted phases. Line to ground fault on ungrounded neutral systems causes a small amount of

ground fault current to flow which may not be enough to actuate protective relays.

Neutral grounding provides protection to personal and equipment. It is because during earth
fault, the current path is completed through the earthed neutral and the protective devices (e.g. a
fuse etc.) operate to isolate the faulty conductor from the rest of the system. This point is
illustrated in Fig. 1

Fig. 1
Fig. 1 shows a 3-phase, star-connected system with neutral earthed (i.e. neutral point is

connected to soil). Suppose a single line to ground fault occurs in line Rat point F. This will

cause the current to flow through ground path as shown in Fig. 26.10. Note that current flows

from R-phase to earth, then to neutral point N and back to R-phase. Since the impedance of the

current path is low, a large current flows through this path. This large current will blow the fuse

in R-phase and isolate the faulty line R . This will protect the system from the harmful effects

(e.g. damage to equipment, electric shock to personnel etc.) of the fault. One important feature of

grounded neutral is that the potential difference between the live conductor and ground will not

exceed the phase voltage of the system i.e. it will remain nearly constant.

Advantages:
The following are the advantages of neutral grounding:

1. Voltages of the healthy phases do not exceed line to ground voltages i.e. they remain nearly

constant.
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2. The high voltages due to arcing grounds are eliminated.

3. The protective relays can be used to provide protection against earth faults. In case earth fault

occurs on any line, the protective relay will operate to isolate the faulty line.

4. The over voltages due to lightning are discharged to earth.

5. It provides greater safety to personnel and equipment.

6. It provides improved service reliability.

7. Operating and maintenance expenditures are reduced.

7.3 Resistance Grounding Systems:

Resistance Grounding Systems are used in industrial electrical power distribution

facilities to limit phase-to-ground fault currents. The reasons for limiting the current by

resistance grounding may be one or more of the following:

1. To reduce burning and melting effects in faulted electrical equipment, such as switchgear,

transformers, cables, and rotating machines.

2. To reduce mechanical stresses in circuits and apparatus carrying fault currents.

3. To reduce electrical-shock hazards to personnel caused by stray ground fault currents in the

ground return path.

4. To reduce the arc blast or flash hazard to personnel who may have accidentally caused or who

happen to be in close proximity to the ground fault.

5. To reduce the momentary line-voltage dip occasioned by the occurrence and clearing of a

ground fault.

6. To secure control of the transient over-voltages while at the same time avoiding the shutdown

of a facility circuit on the occurrence of the first ground fault (high-resistance grounding).

Generally speaking, there are two types of resistors used to tie an electrical system’s

neutral to ground: low resistance and high resistance. Ground fault current flowing through either

type of resistor when a single phase faults to ground will increase the phase-to-ground voltage of

the remaining two phases. As a result, conductor insulation and surge arrestor ratings must be

based on line-to-line voltage. This temporary increase in phase-to-ground voltage should also be

considered when selecting two and three pole breakers installed on resistance grounded low

voltage systems. Many 480/277V three-pole breakers.

For example, carry single-pole interrupting ratings that are based on 277V phase-to ground.

Once the phase-to-ground voltage increases to 480V, the breaker’s performance is not
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guaranteed. The increase in phase-to-ground voltage associated with ground fault currents also

precludes the connection of line-to-neutral loads directly to the system. If line-to neutral loads

(such as 277V lighting) are present, they must be served by a solidly grounded system. This can

be achieved with an isolation transformer that has a three-phase delta primary and a three-phase,

four-wire, wye secondary. Neither of these grounding systems (low or high resistance) reduce

arc-flash hazards associated with phase-to-phase faults, but both systems significantly reduce or

essentially eliminate the arc-flash hazards associated with phase-to-ground faults. Both types of

grounding systems limit mechanical stresses and reduce thermal damage to electrical equipment,

circuits, and apparatus carrying faulted current.

7.4 Ungrounded System:

Ungrounded systems operate without a grounded conductor. In other words, none of the circuit
conductors of the electrical system are intentionally grounded to an earth ground such as a metal
water pipe, building steel, etc. The same network of equipment grounding conductors is provided
for ungrounded systems as for solidly grounded electrical systems. However, equipment
grounding conductors (EGCs) are used only to locate phase-to-ground faults and sound some
type of alarm.

Therefore, a single sustained line-to-ground fault does not result in an automatic trip of
the over current protection device. This is a major benefit if electrical system continuity is
required or if it would result in the shutdown of a continuous process. However, if an accidental
ground fault occurs and is allowed to flow for a substantial time, over voltages can develop in the
associated phase conductors. Such an overvoltage situation can lead to conductor insulation
damage, and while a ground fault remains on one phase of an ungrounded system, personnel
contacting one of the other phases and ground are subjected to 1.732 times the voltage they
would experience on a solidly neutral grounded system.

In an ungrounded neutral system, the neutral is not connected to the ground i.e. the
neutral is isolated from the ground. Therefore, this system is also called isolated neutral system
or free neutral system. Fig. 2 shows ungrounded neutral system. The line conductors have
capacitances between one another and to ground. The former are delta-connected while the latter
are star-connected. The delta-connected capacitances have little effect on the grounding
characteristics of the system (i.e. these capacitances do not effect the earth circuit) and, therefore,
can be neglected.

www.rejinpaul.com

www.rejinpaul.com



Electrical Power Generation (EPG) 10EE36

Department of EEE, SJBIT Page 80

Fig.2
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UNIT-8
Resonant grounding

8.1 Resonant grounding:
We have seen that capacitive currents are responsible for producing arcing grounds.

These capacitive currents flow because capacitance exists between each line and earth. If

inductance L of appropriate value is connected in parallel with the capacitance of the system, the

fault current I F flowing through L will be in phase opposition to the capacitive current I C of the

system. If L is so adjusted that I L= I C, then resultant current in the fault will be zero. This

condition is known as resonant grounding.

When the value of L of arc suppression coil is such that the fault current I F exactly

balances the capacitive current I C, it is called Resonant grounding.

Circuit Details: An arc suppression coil (also called Peterson coil) is an iron-cored coil

connected between the neutral and earth as shown in Fig. 1(i). The reactor is provided with tap-

pings to change the inductance of the coil. By adjusting the tappings on the coil, the coil can be

tuned with the capacitance of the system i.e. resonant grounding can be achieved.

Fig.1
Operation:

Fig. 1(i) shows the 3-phase system employing Peterson coil grounding. Sup-pose line to ground

fault occurs in the line B at point F. The fault current I F and capacitive currents I Rand I Y will

flow as shown in Fig. 1(i). Note that I F flows through the Peterson coil (or Arc suppression coil)

to neutral and back through the fault. The total capacitive current I C is the phasor sum of I R

and I Y as shown in phasor diagram in Fig. 1(ii). The voltage of the faulty phase is applied across

the arc suppression coil. Therefore, fault current I F lags the faulty phase voltage by90°. The
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current I F is in phase opposition to capacitive current I C [See Fig. 1(ii)]. By adjusting the

tappings on the Peterson coil, the resultant current in the fault can be reduced. If inductance

of the coil is so adjusted that I L= I C then resultant current in the fault will be zero

8.2 Solid grounding:

A solidly grounded system is one in which the neutral points have been intentionally

connected to earth ground with a conductor having no intentional impedance, as shown in Figure

4. This partially reduces the problem of transient over voltages found on the ungrounded system,

provided the ground fault current is in the range of 25 to 100% of the system three phase fault

current. However, if the reactance of the generator or transformer is too great, the problem of

transient over voltages will not be solved. While solidly grounded systems are an improvement

over ungrounded systems, and speed up the location of faults, they lack the current limiting

ability of resistance grounding and the extra protection this provides. Solidly grounded systems

are usually limited to older low voltage applications at 600 volts or less.

When the neutral point of a 3-phase system (e.g. 3- phase generator, 3-phase transformer etc.)
is directly connected to earth (i.e. soil) through a wire of negligible resistance and reactance, it is
called Solid grounding or effective grounding. Fig. 2 shows the solid grounding of the neural
point. Since the neutral point is directly connected to earth through a wire, the neutral point is held at
earth potential under all conditions. Therefore, under fault conditions, the voltage of any
conductor to earth will not exceed the normal phase voltage of the system.

Fig.2

Advantages:

The solid grounding of neutral point has the following advantages:
(i)The neutral is effectively held at earth potential.
(ii)When there is an earth fault on any phase of the system, the phase to earth voltage of the
faulty phase becomes zero. However, the phase to earth voltages of the remaining two healthy
phases remain at normal phase voltage because the potential of the neutral is fixed at earth
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potential. This permits to insulate the equipment for phase voltage. Therefore, there is a saving in
the cost of equipment.

(iii)It becomes easier to protect the system from earth faults which frequently occur on the
system. When there is an earth fault on any phase of the system, a large fault current flows
between the fault point and the grounded neutral. This permits the easy operation of earth-fault
relay.

Disadvantages:

The following are the disadvantages of solid grounding
(i)Since most of the faults on an overhead system are phase to earth faults, the system has to bear
a large number of severe shocks. This causes the system to become unstable.
(ii)The solid grounding results in heavy earth fault currents. Since the fault has to be cleared by
the circuit breakers, the heavy earth fault currents may cause the burning of circuit breaker
contacts.
(iii)The increased earth fault current results in greater interference in the neighbouring
communication lines.

Applications:

Solid grounding is usually employed where the circuit impedance is sufficiently high so as to
keep the earth fault current within safe limits. This system of grounding is used for voltages upto
33 kV with total power capacity not exceeding 5000 kVA

8.3 Resistance grounding:

In order to limit the magnitude of earth fault current, it is a common practice to connect
the neutral point of a 3-phase system to earth through a resistor. This is called resistance
grounding. When the neutral point of a 3-phase system (e.g. 3-phase generator, 3-phase
transformer etc.) is connected to earth (i.e. soil) through a resistor, it is called resistance
grounding

Resistance grounding is by far the most effective and preferred method. It solves the

problem of transient overvoltage, thereby reducing equipment damage. It accomplishes this by

allowing the magnitude of the fault current to be predetermined by a simple ohms law

calculation. Thus the fault current can be limited, in order to prevent equipment damage. In

addition, limiting fault currents to predetermined maximum values permits the designer to

selectively coordinate the operation of protective devices, which minimizes system disruption

and allows for quick location of the fault. There are two broad categories of resistance

grounding: low resistance and high resistance. In both types of grounding, the resistor is

connected between the neutral of the transformer secondary and the earth ground.
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Fig.3

Fig.3 shows the grounding of neutral point through a resistor R. The value of R should neither be

very low nor very high. If the value of earthing resistance R is very low, the earth fault current

will be large and the system becomes similar to the solid grounding system. On the other hand, if

the earthing resistance R is very high, the system conditions become similar to ungrounded

neutral system. The value of R is so chosen such that the earth fault current is limited to safe

value but still sufficient to permit the operation of earth fault protection system. In

practice, that value of R is selected that limits the earth fault current to 2 times the nor-mal full

load current of the earthed generator or transformer

8.4 High Resistance grounding:

High Resistance Grounding (HRG) systems limit the fault current when one phase of the

system shorts or arcs to ground, but at lower levels than low resistance systems. In the event that

a ground fault condition exists, the HRG typically limits the current to 5-10A, though most

resistor manufacturers label any resistor that limits the current to 25A or less as high resistance.

HRG’s are continuous current rated, so the description of a particular unit does not include a

time rating. Unlike NGR’s, ground fault current flowing through a HRG is usually not of

significant magnitude to result in the operation of an over current device. Since the ground fault

current is not interrupted, a ground fault detection system must be installed. These systems

include a bypass contactor tapped across a portion of the resistor that pulses (periodically opens

and closes). When the contactor is open, ground fault current flows through the entire resistor.

When the contactor is closed a portion of the resistor is bypassed resulting in slightly lower

resistance and slightly higher ground fault current. A hand held pulsing current detector can then

be used to track the ground fault to its source.
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8.5 Low Resistance Grounding:

Neutral Grounding Resistors (NGR’s) limit the fault current when one phase of the

system shorts or arcs to ground. In the event that a ground fault condition exists, the NGR

typically limits the current to 200-400A, though most resistor manufacturers label any resistor

that limits the current to 25A or greater as low resistance. A particular resistor may be specified

as 2400V L-N, 400A, 10 seconds, meaning that the impedance of the resistor is such that 2400V

applied across it will result in 400A of current through it, and that the unit can only carry this

current for 10 seconds before overheating. As a rule of thumb, NGR’s are designed with a

continuous current rating equal to approximately 10% of its rated current. A unit that is rated

400A for 10 seconds may carry 40A (10% of 400A) continuously. In order to prevent the NGR

from overheating, over current protective devices must be designed to trip before the resistor’s

damage curve is breached.

8.6 Earthing Transformer:

An earthing transformer is usually associated with three phase supply systems. Earthing
of any electrical system at the source is considered by most countries to be the safer practice with
regard to personnel and equipment safety.

On a three phase system, the neutral would be earthed either directly or through some
limiting impedance / resistance. When the neutral point is not available or does not exist with a
delta secondary winding of the transformer, a neutral point needs to be created. This is the
purpose of the earthing transformer, which could consist of a zig- zag winding, or a two winding
star delta transformer where the star winding of correct voltage supplies an accessible neutral
point when connected to the supply system.

In areas where earth point is not available, a neutral point is created using an earthing
transformer. Earthing transformer, having the zig-zag (interstar) winding is used to achieve the
required zero phase impendence stage which provides the possibility of neutral earthing
condition. In addition an auxiliary windings can also be provided to meet the requirement of an
auxiliary power supply.

Earthing transformers are usually oil immersed and may be installed outdoor. As for
connection, the earthing can be connected directly, through an arc-suppression reactor or through
a neutral earthing reactor or resistor. In cases where a separate reactor is connected between the
transformer neutral and earth, the reactor and the transformer can be incorporated into the same
tank.

In this method of neutral earthing, the primary of a single-phase voltage transformer is
connected between the neutral and the earth as shown in Fig. 4. A low resistor in series with a
relay is connected across the secondary of the voltage transformer. The voltage transformer
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provides a high reactance in the neutral earthing circuit and operates virtually as an ungrounded
neutral system. An earth fault on any phase produces a voltage across the relay. This causes the
operation of the protective device.

Fig.4

Advantages:

The following are the advantages of voltage transformer earthing
(i)The transient over voltages on the system due to switching and arcing grounds are reduced. It

is because voltage transformer provides high reactance to the earth path.
(ii)This type of earthing has all the advantages of ungrounded neutral system.
(iii)Arcing grounds are eliminated.

Disadvantages:

The following are the disadvantages of voltage transformer earthing
(i)When earth fault occurs on any phase, the line voltage appears across line to earth
capacitances. The system insulation will be overstressed.
(ii)The earthed neutral acts as a reflection point for the travelling waves through the machine
winding. This may result in high voltage build up.

Applications:

The use of this system of neutral earthing is normally confined to generator equipments which
are directly connected to step-up power transformers.

8.7 Neutral Grounding Transformer:

Neutral grounding has been in practice in many systems all over the world, but there are

some systems, which still operate with ungrounded neutrals. An ungrounded system is one in

which there is no intentional connection between the system conductors and earth. When the

neutral of the system is not grounded, it is possible for high voltages to appear from line to
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ground during normal switching of a circuit having a line to ground fault. These voltages may

cause failure of insulation at other locations on the system and result to damage to equipment. A

ground fault on one phase causes full line to line voltage to appear between ground and the two

unfaulted phases. Line to ground fault on ungrounded neutral systems causes a small amount of

ground fault current to flow which may not be enough to actuate protective relays.

The neutral of a system may be grounded through a resistance, reactance or directly.

Generally, the neutrals of source transformers or generators with star connected windings are

grounded. Grounding the neutral reduces the magnitude of transient voltages, improves

protection against lightning, protection for line to ground fault becomes reliable, and improves

reliability & safety. Also the potential of the neutral gets fixed, whereas in the ungrounded

system, the neural remains floating. The value of the reactance used to ground the neutral is

chosen to either neutralize the capacitive current or to limit the line to ground fault current to that

of a three phase fault current.

8.8 Short circuit MVA calculation of a power system

The first step in analyzing a power system is to get the data for the power available at the site,
the utility data. This data can be obtained from the power company. When calling the power
company, explain the type of information you need and ask for the engineering department. It
may be helpful to explain why you need the information. The power company will be able to
supply this information for the point in the power system where their responsibility for the power
system ends and the customer’s responsibility starts. A common location for this point is the
secondary of a pole or pad mounted transformer. If the customer is responsible for the
transformer, the transition point would be the primary of the transformer. Sometimes a pole
mounted disconnect will be the transition point. The

power company will specify where in the system their responsibility ends.

The data needed is the line to line voltage (VLL ), short-circuit MVA (SC MVA), and X/R.

Obtaining the voltage is simple enough. SC MVA is the power available at a bolted three phase

fault. Bolted means all three phases connected together with no added impedance. X/R is the

ratio of reactance to resistance in the supply. SC MVA and X/R may need to be derived from

other data.

Short-circuit current (ISC) is sometimes supplied by the power company rather than SC MVA.

This current is the current in one phase of a three phase bolted fault. The SC MVA can be

calculated from the short-circuit current using the following equation:

SC MVA = 1.732 ISC VLL , where ISC is expressed in kA and VLL- in kV
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Power factor (PF) is sometimes specified instead of X/R. This must be the short circuit power

factor. Power factor is defined as the cosine of the angle between voltage and current. X/R is the

tangent of this same angle. X/R can be found from power factor by taking the tangent of the

inverse cosine of the power factor.

X/R = tan(cos-1 PF)

8.9 Current-limiting reactors

Current-limiting reactors are series reactors intended to reduce the short circuit currents

in the power system. The motive to reduce the short circuit currents in the is to use circuit

breakers with lower short circuit current breaking capacity and consequently less expensive

circuit breakers.

Sometimes other system components also need protection against too high short circuit currents,

like for instance auto connected transformers that are not self-protecting due to their low

impedance. Another application is limitation of the inrush current when starting large motors.

Current-limiting reactors are sometimes used to limit discharge currents of capacitor banks. In

such cases, a bifilar wound resistance wire is induced and connected in parallel with the

inductance.
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