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Please read this disclaimer before proceeding: 
 

This document is confidential and intended solely for the educational purpose of 
RMK Group of Educational Institutions. If you have received this document 
through email in error, please notify the system manager. This document 
contains proprietary information and is intended only to the respective group / 
learning community as intended. If you are not the addressee you should not 
disseminate, distribute or copy through e-mail. Please notify the sender 
immediately by e-mail if you have received this document by mistake and delete 
this document from your system. If you are not the intended recipient you are 
notified that disclosing, copying, distributing or taking any action in reliance on 
the contents of this information is strictly prohibited. 
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Course Objective 

 

EE8703- RENEWABLE ENERGY SYSTEM 

 

To Create awareness about renewable Energy Sources 
and technologies. 

To impart knowledge on a variety of issues in 
harnessing renewable Energy. 

Learn current and possible future role of renewable 
energy sources. 
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Pre Request 

ME8792- Power Plant Engineering 

EE8552- Power Electronics 
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Syllabus 

EE8703 RENEWABLE ENERGY SYSTEMS L T P C 

3 0 0 3 

UNIT I RENEWABLE ENERGY (RE) SOURCES 9 

Environmental consequences of fossil fuel use, Importance of renewable sources of 

energy, Sustainable Design and development, Types of RE sources, Limitations of RE 

sources, Present Indian and international energy scenario of conventional and RE 

sources 

UNIT II WIND ENERGY 9 

Power in the Wind – Types of Wind Power Plants (WPPs)–Components of WPPs-

Working of WPPs- Siting of WPPs-Grid integration issues of WPPs. 

UNIT III SOLAR PV AND THERMAL SYSTEMS 9 

Solar Radiation, Radiation Measurement, Solar Thermal Power Plant, Central Receiver 

Power Plants, Solar Ponds.- Thermal Energy storage system with PCM- Solar 

Photovoltaic systems : Basic Principle of SPV conversion – Types of PV Systems- 

Types of Solar Cells, Photovoltaic cell concepts: Cell, module, array ,PV Module I-V 

Characteristics, Efficiency & Quality of the Cell, series and parallel connections, 

maximum power point tracking, Applications. 

UNIT IV BIOMASS ENERGY 9 

Introduction-Bio mass resources –Energy from Bio mass: conversion processes-

Biomass Cogeneration-Environmental Benefits. Geothermal Energy: Basics, Direct 

Use, Geothermal Electricity. Mini/micro hydro power: Classification of hydropower 

schemes, Classification of water turbine, Turbine theory, Essential components of 

hydroelectric system. 

UNIT V OTHER ENERGY SOURCES 9 

Tidal Energy: Energy from the tides, Barrage and Non Barrage Tidal power systems. 

Wave Energy: Energy from waves, wave power devices. Ocean Thermal Energy 

Conversion (OTEC)- Hydrogen Production and Storage- Fuel cell : Principle of 

working- various types - construction and applications. Energy Storage System- 

Hybrid Energy Systems 
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Course Outcome 

Semester:07 
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Year of Study:2020-21 (2017 Regulation) 

Course Name: Renewable Energy Systems (EE8703) 

C403.1 
Understand the current energy scenario, environment aspect and 

renewable energy resources in India 
K2 

C403.2 
Understand the basic concept of wind energy conversion system 

and basics of grid Integration. 
K2 

C403.3 
Understand the solar energy conversion system and different types 

of solar plants. 
K2 

C403.4 Experiment with stand alone and grid connected PV system. K3 

C403.5 
Explain the basic of renewable sources like Hydro, biomass and 

Geothermal 
K2 

C403.6 Explain the basic of different ocean energy system and Fuel cell. K2 
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CO-PO/PSO Mapping 

Semester: 07 

Year of Study: 2020-21 (2017 Regulation) 

Course Name: Renewable Energy Systems (EE8703) 

CO‟s PO‟s PSO‟s 

1 2 3 4 5 6 7 8 9 10 11 12 1 2 3 

C403.1 3 1 1 1 - 1 1 - - - - - 3 1 1 

C403.2 3 1 1 1 - 1 1 - - - - - 3 1 1 

C403.3 3 1 1 1 - 1 1 - - - - - 3 1 1 

C403.4 3 1 1 1 - 1 1 - - - - - 3 1 1 

C403.5 3 1 1 1 - 1 1 - - - - - 3 1 1 

C403.6 3 1 1 1 - 1 1 - - - - - 3 1 1 

C403 3 1 1 1 - 1 1 - - - - - 3 1 1 
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UNIT I 
RENEWABLE 
ENERGY SOURCES 
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Lecture Plan 

S.NO TOPIC 
No of 

Periods 
Proposed 

Date 
Delivered 

Date 
Mode Of 
Delivery 

1 
Classifications Of Energy 

Resources 
1 

2 
Environmental Consequences 

Of Fossil Fuel Use 
2 

3 
Significance Of Renewable 

Energy System 
1 

4 

Advantages And 

Disadvantages Of Non-

Renewable Energy System 

1 

5 

Advantages And 

Disadvantages Of Renewable 

Energy System 

1 

6 
Types Of Renewable Energy 

System 
1 

7 Energy Scenario 2 
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Activity Based Learning 

Environment Impact Assessment of Coal Fired  Power Plants 
in India (Each student has to take different plants in India) 

Environment Impact and consequence of Nuclear power 
accidents in the world  

Note: For list of Accidents use this link 
(https://en.wikipedia.org/wiki/List_of_nuclear_power_acci
dents_by_country) 
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Classification  

Based on the 
useabality of Energy 

Primary 

Secondary 

Based on Traditional 
Use 

Conventional 

Non-Conventional 

Based on Long Term 
Availability 

Renewable 

Non-Renewable 

Based on Commercial 
Application 

Commercial Energy 
Resources 

Non-Commercial 
Energy Resources 

Based on the Origin 

Fossil Fuels, 
Nuclear,Hydro.Solar,Wind

,Biomass,Geothermal, 

Tidal, Ocean energy 

Notes 

Any physical activity in this world, whether carried out by human beings or by 
nature, is cause due to flow of energy in one form or the other. The word energy 
itself is derived from the Greek word enrgon, which means “in-work” or “work 
content”„. The work output depends on the energy input. Energy is one 
among the main inputs for the economic development of any country. Within 
the case of the developing countries, the energy sector assumes a critical 
importance in sight of the ever- increasing energy needs requiring huge 
investments to satisfy them. 

1.1 CLASSIFICATIONS OF ENERGY RESOURCES: 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.1 
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1.1.1Primary and secondary energy resources: 

 Primary resources:  

  Resources available in the nature that are available in raw form are called 
primary resources.  

 Ex: Fossil fuels (coal, oil and gas), uranium and hydropower.  

 Secondary resources:  

  Secondary energy resources are obtained from primary energy resources 
by processing. Processing helps in transformation of primary resources into the 
secondary or usable energy form so that it can be utilized by consumers.  

 Ex: Electricity, steam, hot water, petrol, diesel, LNG and CNG 

 

1.1.2Conventional and non-conventional energy resources: 

 Conventional:  

  Resources that have been used traditionally for may years are called as 
Conventional energy resources. These resources are also widely used at present 
and likely to be depleted. 

 Ex: Coal, Petrol, Diesel, Nuclear, CNG and LPG 

 Non-conventional:  

  These are alternate energy resources to the conventional energy 
resources which are being considered to be used on large scale. The conventional 
energy resource are likely to be depleted in about 50–60 years were as non-
conventional resources will not deplete. 

 Ex: Solar, Wind, Tidal, Geothermal and biogas 

 

1.1.3Renewable and non-renewable energy resources: 

 Renewable:  

  Renewable energy is energy obtained from sources that are essentially 
inexhaustible Or Resources which can be renewed by nature again and again. The 
most important feature of renewable energy is that it can be harnessed without 
the release of harmful pollutants 

 Ex: wind power, solar power, geothermal energy, tidal power and hydroelectric 
power.  

 Non-renewable: Resources which are available in certain finite quantity and 
cannot be replenished are called non-renewable. 

 Ex: Fossil fuel 
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1.1.4Commercial and non-commercial energy resources: 

 Commercial energy resources:  

  The secondary usable energy resources such as electricity, CNG, LPG, 
petrol and diesel are essential for commercial activities. The economy of a nation 
highly depends on its ability to process and transform the natural raw energy 
sources into usable commercial energy sources. 

 Non-commercial energy:  

  The energy which can be derived directly from nature so as to be used 
without passing through any commercial outlet is known as the non- commercial 
energy. 

1.1.5Energy resources of different origins: 

  The energy resources based on their origin can be nuclear, fossil fuel, 
hydro, solar, biomass, wind, geothermal, ocean thermal and ocean tidal resources. 

 

1.2 ENVIRONMENTAL CONSEQUENCES OF FOSSIL FUEL USE: 

  The conversion of energy from one form to another generally affects the 
environment. Hence, without considering the impact of energy on the 
environment, the study of energy is not complete. Fossil fuels have been used 
since 1700s which has helped the industrial growth and the amenities of modern 
life. During the combustion of fossil fuels the emitted pollutants are strongly 
responsible for smog, acid rain, global warming and climate change.  

  The environmental pollution has reached such a high level that it becomes 
a serious threat for vegetables growth, wild life and human health. Air pollution 
can cause health problems and it can also damage the environment and property. 
It has caused thinning of the protective ozone layer, which is leading to climate 
change. Hundreds of elements and compounds such as benzene and 
formaldehyde are known to be emitted during the combustion of coal, oil, natural 
gas, engine of vehicles, furnaces and even fireplaces. Dust storms in desert areas 
and smoke from forest fires and grass fires contribute to chemical and particulate 
pollution of the air. The source of pollution may be in one country but the impact 
of pollution may be felt elsewhere.  

1.2.1 Major air pollutants and their sources are listed below: 

 Carbon monoxide (CO):  

  This is a colorless, odorless gas that is produced by the incomplete 
burning of carbon-based fuels including petrol, diesel and wood. It is also 
produced from the combustion of natural and synthetic products such as 
cigarettes. It lowers the amount of oxygen that enters our blood. It can slow our 
reflexes and make us confused and sleepy. 
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 Carbon dioxide (CO2):  

  This is the principle greenhouse gas emitted as a result of human 
activities such as the burning of coal, oil, and natural gases. 

 Chlorofluorocarbons (CFC):  

  These are gases that are released mainly from air conditioning systems 
and refrigeration. When released into the air, CFCs rise to the stratosphere, where 
they come in contact with other gases, which lead to a reduction of the ozone 
layer that protects the Earth from the harmful ultraviolet rays of the Sun. 

 Lead:  

  This is present in petrol, diesel, lead batteries, paints, hair dye products, 
etc. Lead affects children in particular. It can cause nervous system damage and 
digestive problems and, in some cases, cause cancer. 

 Ozone (O3):  

  This occurs naturally in the upper layers of the atmosphere. This 
important gas shields the Earth from the harmful ultraviolet rays of the Sun. 
However, at the ground level, it is a pollutant with highly toxic effects. Vehicles 
and industries are the major source of ground level ozone emissions. Ozone 
makes our eyes itch, burn, and water. It lowers our resistance to colds and 
pneumonia. 

 Nitrogen oxide (NOx):  

  This causes smog and acid rain. It is produced from burning fuels 
including petrol, diesel, and coal. Nitrogen oxides can make children susceptible to 
respiratory diseases in winters. 

 Suspended particulate matter (SPM):  

  This consists of solids in the air in the form of smoke, dust, and vapour 
that can remain suspended for extended periods and is also the main source of 
haze, which reduces visibility. The finer of these particles, when breathed in can 
lodge in our lungs and cause lung damage and respiratory problems. 

 Sulfur dioxide (SO2):  

  This is a gas produced from burning coal, mainly in thermal power plants. 
Some industrial processes, such as production of paper and smelting of metals, 
produce sulfur dioxide. It is a major contributor to smog and acid rain. Sulfur 
dioxide can lead to lung diseases. 

  The major areas of environmental problems may be classified as follows 
water pollution, ambient air quality, hazardous air pollutants, maritime pollution, 
solid waste disposal, land use and siting impact, acid rain, stratospheric ozone 
depletion, global climate change (greenhouse effect). 
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1.2.2 Vital Problems Because of Environmental Issues: 

 Acid Rain:  

  Acid rain is a widespread term used to describe all forms of acid 
precipitation (rain, snow, hail, fog, etc.) Atmospheric pollutants, particularly oxides 
of sulfur and nitrogen, can cause precipitation to become more acidic when 
converted to sulfuric and nitric acids, hence the term acid rain. Motor vehicles also 
contribute to SO2 emissions since petrol and diesel fuel also contains small 
amounts of sulfur. 

  The sulfur oxides (SO2) and nitric oxides (NO) react with water vapour 
(H2O) and other chemicals in the atmosphere in the presence of sunlight to form 
sulfuric acid (H2SO4) and nitric acid (HNO3). 

 

  These are below in above Figure 1.2. The acids formed usually dissolve in 
the suspended water droplets in clouds or fogs. These acid-laden droplets are 
washed from the air to the soil by rain or snow onto the Earth. This is known as 
acid rain. 

  The soil is capable of neutralizing a certain amount of acid. However, the 
power plant, which uses high-sulfur coal, pollutes many lakes and rivers in 
industrial areas that have become too acidic for fish to grow. Forests in different 
regions of the Earth also experience a slow death due to absorption of acids from 
acid rain through the leaves, needles and roots of the trees. 

 

Figure 1.2 
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 Depletion of Ozone Layer: 

  It is well known that the natural build up of oxygen in the atmosphere 
gradually led to the formation of the ozone layer. This layer is found between 19 
and 30 kilometers (km) above the ground. The ozone layer filters out incoming 
radiation from the Sun that is harmful to life on Earth. The development of the 
ozone layer allowed more advanced life forms to evolve. Most ozone is produced 
naturally in the stratosphere, a layer of atmosphere between 10 and 50 km above 
the Earth‟s surface, but it can be found throughout the whole of the atmosphere. 
The ozone layer plays a natural and equilibrium maintaining role for the Earth 
through the absorption of ultraviolet (UV) radiation (240–320 nm) and absorption 
of infrared radiation.  

  A global environmental problem is the distortion and regional depletion of 
the stratospheric ozone layer. This effect due to the emissions of NOx and CFCs, 
etc. Ozone depletion in the stratosphere can lead to increased levels of damaging 
ultraviolet radiation reaching the ground. This increases rates of skin cancer, eye 
damage and other harm to many biological species. Chlorofluorocarbons (CFCs) 
and NOx emissions are produced by fossil fuel and biomass combustion processes 
and play the most significant role in ozone depletion. Hence, the major pollutant, 
NOx emissions, needs to be minimized to prevent stratospheric ozone depletion. 

 Global Warming and Climate Change (Greenhouse Effect): 

  The greenhouse effect is a process by which radiative energy leaving a 
planetary surface is absorbed by some atmospheric gases, called greenhouse 
gases. They transfer this energy to other components of the atmosphere, and it is 
reradiated in all directions, including back down towards the surface. This 
transfers energy to the surface and lower atmosphere, so the temperature there 
is higher than it would be if direct heating by solar radiation were the only 
warming mechanism. 

  The greenhouse effect is also experienced on a larger scale on Earth. This 
warms up as a result of the absorption of solar energy (shortwave length) during 
the day, cools down at night by radiating part of its energy into deep space as 
infrared radiation (long wavelength). Carbon dioxide (CO2), water vapour and 
trace amounts of some other gases such as methane (CH4) and nitrogen oxides 
act like a blanket and keep the Earth warm at night by blocking the heat radiation 
from the Earth, as shown in the Figure 1.3 Therefore, they are called „„greenhouse 
effect‟‟ gases. In this case, the CO2 is the primary component. 

  The greenhouse effect makes human life on the planet Earth feasible by 
keeping the Earth warm at about 30°C. However, excessive amounts of 
greenhouse gases emitted by human being disturb the delicate balance by 
trapping too much energy. This causes the average temperature of the Earth to 
rise and the climate generally changes at some localities. These undesirable 
features of the greenhouse effect are generally referred to as global warming or 
climate change. 
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Figure 1.3 

  The excessive use of fossil fuels such as coal, petroleum products and 
natural gas in electric power generation, transportation and manufacturing 
processes is responsible for global climate change. The present concentration of 
CO2 in the atmosphere is about 416.39 ppm . This is 20 percent higher than the 
level a century ago.Under normal conditions, vegetables consume CO2 and release 
CO2 during the photosynthesis process, thus keeping the CO2 concentration in the 
atmosphere in check. A mature growing tree consumes about 12 kg of CO2 a year 
and exhales enough oxygen to support a family of four. However, deforestation 
and the huge increase in CO2 production due to the fast growing industrialization 
in recent decades have disturbed this balance.  

 

1.3 SIGNIFICANCE OF RENEWABLE ENERGY SYSTEM: 

  There is a growing concern worldwide on the use of fossil fuels for the 
following reasons: 

  (a)There is ever-increasing use of fossil fuels. 

  (b)Depletion of fossil fuels is taking place at a rapid pace. 

  (c)Oil crisis that happened in 1973 during that year Organization of Petrol 
 Exporting Countries (OPEC) has put restriction on oil production and 
 export, they also started controlling strategy on oil price resulting in 
 energy crisis and steep rise in oil prices worldwide. 

  Owing to above reasons, more importance is being given to the 
development of alternative sources of energy such as non-conventional, 
renewable and environmental-friendly.  
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 The importance of non-conventional energy resources is also increasingly felt due 
to the following reasons: 

The demand of energy is rapidly increasing due to fast industrialization and 
population growth. The conventional energy resources are insufficient to 
meet such growing demand. 

The conventional energy resources are non-renewable and these are 
depleting fast. 

The conventional energy resources cause pollution, thereby degrading the 
environment. 

The projects to harness large hydro resources affect wildlife, cause 
deforestation and affect nearby villagers due to submerging of a vast area. 

Fossil fuels are also used as raw materials in the chemical industry. There is 
need to conserve fossil fuels for future generation. 

  It is important to explore and develop renewable energy resources to 
reduce excessive dependence on Non-Renewable resources. The present trend is 
to develop Renewable resources to serve as supplement rather than alternative 
for Non-Renewable Resources. 

 

1.4 ADVANTAGES AND DISADVANTAGES OF NON-
RENEWABLE ENERGY SYSTEM: 

 Advantages: 

Cost: At present these are cheaper than Renewable sources. 

Security: As storage is easy and convenient, by storing certain quantity, the 
energy availability can be ensured for certain period. 

Convenience: These sources are very convenient to use as technology for 
their conversion and use is universally available. 

 Disadvantages: 

Fossil fuels generate pollutants. Main pollutants generated in the use of 
these sources are CO, CO2, NOx, SOx, particulate matter and heat. These 
pollutants degrade the environment, pose health hazards and cause various 
other problems. CO2 is mainly responsible for global warming also. 

Coal is used as raw material for various chemical, pharmaceuticals and 
paints, etc. industries. From long-term point of view it is desirable to 
conserve coal for future needs. 

There are safety and technical issues with nuclear energy. Major problems 
associated with nuclear energy are as follows: 

The waste material generated in nuclear plants has radioactivity of 
dangerous level. Its safe disposal, which is essential to prevent 
radioactive pollution, is a challenging task. Also the disposed radioactive 
waste is required to be guarded for a long period (till its radioactivity 
level comes down to a safe limit) in order to prevent against going in 
wrong hands. 
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Possibility of accidental leakage of radioactive material from reactor 

Uranium resource, for which the technology presently exists, has limited 
availability. 

Sophisticated technology is required for using nuclear resources. Only 
few countries possess the required expertise to use nuclear energy. 

Hydroelectric plants are cleanest but large hydro-reservoirs cause following 
problems: 

As large land area submerges into water, it leads to deforestation 

Causes ecological disturbances such as earthquakes 

Affects wild life 

Causes dislocation of large population and their rehabilitation Problems 

1.5 ADVANTAGES AND DISADVANTAGES OF RENEWABLE 
ENERGY SYSTEM: 

 Advantages: 

These sources of energy are renewable and there is no threat of depletion. 
These persist in nature and are in-exhaustible. 

Don‟t have any fuel cost and hence negligible running cost. 

Renewable are more site specific and are used for local processing and 
application. There is no need for transmission and distribution of power. 

Renewable have low energy density and more or less there is no pollution or 
ecological balance problem. 

Most of the devices and plants used with the renewable are simple in design 
and construction which are made from local materials, local skills and by 
local people. The use of renewable energy can help to save foreign exchange 
and generate local employment. 

The rural areas and remote villages can be better served with locally 
available renewable sources of energy. There will be huge savings from 
transporting fuels or transmitting electricity from long distances. 

 Disadvantages: 

Low energy density of renewable sources of energy need large sizes of plant 
resulting in increased cost of delivered energy. 

Intermittency and lack of dependability are the main disadvantages of 
renewable energy sources. 

Low energy density also results in lower operating temperatures and hence 
low efficiencies. 

Although renewables are essentially free, there is definite cost effectiveness 
associated with its conversion and utilization. 

Much of the construction materials used for renewable energy devices are 
themselves very energy intensive. 

The low efficiency of these plants can result in large heat rejections and 
hence thermal pollution. 

The renewable energy plants use larger land masses. 
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Types of 
Renewable 

Energy 
System 

Solar 

Wind 

Biomass 

Geothermal Ocean Tidal 

Ocean 
Wave 

Ocean 
Thermal 
Energy 

Conversion 
(OTEC) 

1.6 TYPES OF RENEWABLE ENERGY SYSTEM: 

 

 

 

 

 

 

 

 

 

 

 

 

 

1.6.1 Solar Energy: 

  Solar energy is energy derived from sun in the form of solar radiation. It is 
hardness by either direct sources (like solar cooker, solar steam systems, solar 
dryer, solar cells, etc.), or indirect sources (biomass production, wind, tidal, etc.). 
The output of the sun is 2.8 x 1023 Kw per Year. The energy reaching the earth is 
1.5x 108 Kw per Year. It is used for drying, cooking, heating, generating power 
etc. 

 Advantages 

Almost limitless source of energy 

Solar energy is available freely in nature 

Does not produce air pollution 

 Disadvantages 

It is available only during daytimes and clear days 

Solar energy obtainable also depends on seasonal variations 

It requires a large area to entrap appreciable solar energy for the generation 
of an economical amount of electricity. 
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1.6.2 Wind Energy: 

  Wind is induced in atmosphere by uneven heating of earth‟s surface by 
the sun. The wind energy can be used to run windmill, which in turn will drive a 
generator to produce electric power or run water pumps. The energy available in 
the wind is about 1.5*107 

 Advantages 

Renewable 

It is freely and abundantly available in nature 

Relatively inexpensive to generate 

Does not produce air pollution 

Windmills require minimal maintenance and operating cost 

 Disadvantages 

Only suitable in windy areas 

Produces less energy 

Wind mill is big, bulky and inconvenient to use as compared to other forms 
of energy 

1.6.3 Biomass: 

  Organic material made from plants and animals (microorganisms). 
Biomass has an existing capacity of over 7,000 MW. Biomass as a fuel consists of 
organic matter such as industrial waste, agricultural waste, wood, and bark. 
Biomass can also be used indirectly, since it produces methane gas as it decays or 
through a modern process called gasification. Methane can produce power by 
burning in a boiler to create steam to drive steam turbines or through internal 
combustion in gas turbines and reciprocating engines. 

 

 Advantages 

It's a Clean & Renewable Energy Source 

It Reduces Soil & Water Pollution 

Cleaner burning than oil 

Abundant 

 Disadvantages 

It is dispersed and land intensive source 

Produces smoke 

It has low energy density 
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1.6.4 Geothermal: 

  Geothermal energy is energy derived by tapping the heat of the earth 
itself like volcano, geysers, hot springs (etc.). These volcanic features are called 
geothermal hotspots. Basically a hotspot is an area of reduced thickness in the 
mantle which expects excess internal heat from the interior of the earth to the 
outer crust. The heat from these geothermal hotspots is altered in the form of 
steam which is used to run a steam turbine that can generate electricity. 

  

 Advantages 

Reliable and Sustainable 

Environmentally friendly 

It has a good potential to meet the power requirement 

 Disadvantages 

High cost of investment 

Emission of greenhouse gases during extraction of heat from ground. 

Groundwater is likely to be polluted from gaseous effluents 

Components of the plants are liable to be corroded 

 

1.6.5 Ocean Tidal: 

  Tidal energy is a form of hydropower that converts the energy obtained 
from tides into useful forms of power, mainly electricity. Tides are defined as the 
rise and fall of sea level caused by the gravitational pull of the moon and the sun 
on the Earth. They are not only limited to the oceans, but can also occur in other 
systems whenever a gravitational field exists 

  

 Advantages 

It is free from pollution 

The tidal basin can also be used for fish farming 

It is best suited to meet peak power demands 

It is superior to hydel energy as it does not depend on rains 

 Disadvantages 

Tidal power plant is costly compared to thermal and hydel power plants 

Limited locations are available for the construction of tidal power stations 

Power generation is not continuous and depends on the capacity of tidal 
basin 
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1.6.6 Ocean Wave: 

  Wave energy, also known as ocean energy is defined as energy harnessed 
from oceanic waves. As the wind blows across the surface of the ocean, it creates 
waves and thus they can also be referred to as energy moving across the surface 
of the water. 

 

 Advantages 

Running cost is negligible 

Continuous power supply 

 Disadvantages 

Low efficiency 

High installation cost 

 

1.6.7 Ocean Thermal Energy Conversion (OTEC): 

  Ocean thermal energy (OTE) is the temperature differences (thermal 
gradients) between ocean surface waters and that of ocean depths. Energy from 
the sun heats the surface water of the ocean. In tropical regions, surface water 
can be much warmer than deep water. This temperature difference can be used 
to produce electricity and to desalinate ocean water 

 

 Advantages 

Power generation is continuous throughout the year. 

Energy is available from nature at no cost.  

 Disadvantages 

It has a small temperature gradient which gives a small thermodynamic 
efficiency. 

Capital cost is high due to necessity of heat exchanger, boiler and condenser. 
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1.7 INDIAN ENERGY SENERIO: 

 

 

 

 

 

 

 

 

  

 

  The economic development of the country is strongly depends on its 
energy utilization. Presently, India ranks as the world‟s third largest producer. This 
country is also the world‟s third largest energy consumer. The total energy 
production in India is 371054 MW (as on 30.6.2020) out of which 35.90% i.e 1, 
33,368 MW of energy is generated by renewable energy and 64% i.e 2, 37,686 
MW. The conventional energy production has been dominated by Coal. The graph 
given below has shown the total power production as on date. 

 

  In 1982, a separate Department of Non-Conventional Energy Sources 
(DNES) was created in the Ministry of Energy to look after all the aspects relating 
to New and Renewable Energy. The Department was upgraded into a separate 
Ministry of Non-Conventional Energy Sources (MNES) in 1992 and was 
rechristened as Ministry of New and Renewable Energy (MNRE), in October 2006. 
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 1.7.1.1 Solar Energy:  

  National Solar Mission (NSM), launched on 11th January, 2010, had set a 
target for development and deployment of 20 GW solar power by the year 2022. 
The Cabinet in its meeting held on 17/6/2015 had approved revision of target 
under NSM from 20 GW to 100 GW. 

  This scheme covered large solar power plants of total 1,000 MW capacity 
connected to grid at 33 kV and above - 500 MW capacity each based on Solar 
Thermal (ST) and Solar Photovoltaic (SPV) technologies. It included three stages: 
(i) Migration Scheme (ii) NSM Phase-I, Batch-I and (iii) NSM Phase-I, Batch-II. 

 

 

 

 

 

 

 

 

 

Figure 1.7 Top Ten states in Solar Power Production (As on 31.12.19) 

 1.7.1.2 Wind Energy:  

  India‟s wind energy sector is led by indigenous wind power industry and 
has shown consistent progress. The expansion of the wind industry has resulted 
in a strong ecosystem, project operation capabilities and manufacturing base of 
about 10,000 MW per annum. The country currently has the fourth highest wind 
installed capacity in the world with total installed capacity of 37.50 GW (as on 31st 
December, 2019) 

 

 1.7.1.3 Biomass:  

  Ministry has been promoting Biomass Power and Biogases Co-generation 
Programme with the aim to recover energy from biomass including biogases, 
agricultural residues such as shells, husks, de-oiled cakes and wood from 
dedicated energy plantations for power generation. A new scheme to support 
promotion of biomass based cogeneration in sugar mills and other industries has 
been notified.  
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  The potential for power generation from agricultural and agro-industrial 
residues is estimated at about 18,000 MW. With progressive higher steam 
temperature and pressure and efficient project configuration in new sugar mills 
and modernization of existing ones, the potential of surplus power generation 
through biogases cogeneration in sugar mills is estimated at around 8,000 MW. 
Thus the total estimated potential for biomass power is about 26,000 MW. 

  Over 500 biomass power and cogeneration projects with aggregate 
capacity of 9186.50 MW have been installed in the country up to December 2019. 

  

 1.7.1.4 Green Energy Corridor:  

  In order to facilitate integration of large scale renewable generation 
capacity addition, the Cabinet Committee of Economic Affairs (CCEA) in FY 2015-
16, approved the creation of Intra-state Transmission System in the states of 
Andhra Pradesh,  Gujarat, Himachal Pradesh, Karnataka, Madhya Pradesh, 
Maharashtra, Rajasthan and Tamil Nadu, rich in renewable resource potential and 
where large capacity renewable power projects are planned, at an estimated cost 
of Rs.10,141.68 crore with Government of India contribution of Rs.4056.67 crore.  

  The activities envisaged under the project includes establishment of Grid 
sub-stations of different voltage levels with aggregate transformation capacity of 
approx. 22600 Mega Volt Ampere (MVA) and installation of approx. 9700 circuit 
kilometers (ckm) of transmission lines in these eight states. The creation of the 
Intra-State Transmission System will facilitate the evacuation of over 20 GW of 
power from renewable energy generation stations to load centers. The project is 
anticipated to be completed by 2021 with funding mechanism consisting of 40% 
Central Grant, 40% KfW loan (Euro 500 million) and the remaining 20 percent as 
State contribution 

 

1.7.2 World Energy Scenario: 

The decade-long trend of strong growth in renewable energy capacity 
continued in 2018 with global additions of 171 GW, according to new data 
released by the International Renewable Energy Agency (IRENA) on April 2, 
2019.  

A third of global power capacity is now based on renewable energy. 

IRENA‟s annual Renewable Capacity Statistics 2019, the most 
comprehensive, up-to-date and accessible figures on renewable energy 
capacity indicates growth in all regions of the world, although at varying 
speeds.  

While Asia accounted for 61% of total new renewable energy installations 
and grew installed renewable capacity by 11.4%, growth was fastest in 
Oceania that witnessed a 17.7% rise in 2018. Africa‟s 8.4% growth put it in 
third place just behind Asia. 

Nearly two-thirds of all new power generation capacity added in 2018 was 
from renewables, led by emerging and developing economies. 
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IRENA‟s analysis also compared the growth in generation capacity of 
renewables versus nonrenewable energy, mainly fossil-fuels and  nuclear. 

While non-renewable generation capacity has decreased in Europe, North 
America, and Oceania by about 85 GW since 2010, it has increased in both 
Asia and the Middle East over the same period. 

Net electricity generation (to the grid) in countries that are not part of the 
Organization of Economic Cooperation and Development (OECD) increases 
an average of 2.3% per year from 2018 to 2050, compared with 1.0% per 
year in OECD countries. 

Renewable (including hydropower) are the fastest-growing source of 
electricity generation during the 2018 to 2050 period, rising by an average of 
3.6% per year. Technological improvements and government incentives in 
many countries support their increased use. 

By 2050, China, India, OECD Europe, and the United States have almost 
75% of the world‟s renewable generation. Growth in these regions results 
from both policy and, in the case of India and China, increasing demand for 
new sources of generation. 

Natural gas generation grows by an average of 1.5% per year from 2018 to 
2050, and nuclear generation grows by 1.0% per year. The level of coal-fired 
generation remains relatively stable, but its share of electricity generation 
declines from 35% in 2018 to 22% by 2050 as total generation increases. 

By 2025, in the Reference case, renewable surpasses coal as the primary 
source for electricity generation, and by 2050, renewable account for almost 
half of total world electricity generation. 

With modest growth, hydropower‟s share of renewable generation falls from 
62% in 2018 to 28% in 2050 because resource availability in OECD countries 
and environmental concerns in many countries limit the number of new mid- 
and large-scale projects. 

 Generation from non-hydropower renewable increases an average of 5.7% 
per year from 2018 to 2050. By 2050, China, India, OECD Europe, and the 
United States are responsible for more than 80% of the world‟s non-
hydropower renewable generation. 

Among renewable energy sources, electricity generation from wind and solar 
resources increase the most between 2018 and 2050, reaching 6.7 trillion 
and 8.3 trillion kilowatt-hours (kWh), respectively, as these technologies 
become more cost competitive and are supported by government policies in 
many countries. 

By 2050, wind and solar account for over 70% of total renewable generation. 
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Video Links 

S.No Topic Link 

1. Renewable Energy https://www.youtube.com/watch?v=Y2HwjHwdmSU
&t=26s 

2. Renewable Energy 
basics and Pollution 

https://www.youtube.com/watch?v=Ik6jw6dU71s&t
=46s 

3. Is 100% renewable 
Energy Possible 

https://www.youtube.com/watch?v=FJC18t-KDQc 
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Assignments 

Case study  to access and compare the different renewable  
energy development over the last decade in different 
countries.  

Case study on challenges and development in on shore and 
off shore Wind farms.  

Note 1: Challenges in location finding and erection has to be discussed 

Note 2: Development in the turbine design, generator  and Power converters 
has to be discussed 
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Question Bank 

PART-A 

 
S.No Question & Answers 

K 
Level 

CO 

1 

What is mean by renewable energy? 
Renewable energy is energy obtained from sources that are 
essentially inexhaustible. Ex: wind power, solar power, 
geothermal energy, tidal power and hydroelectric power 

K1 C403.1 

2 

What are the advantages and disadvantages of non 
renewable system 
Advantages: 
They are abundant and affordable. For example, oil and 
diesel are still good choices for powering vehicles. 
Non-renewable energy is cost effective and easier to 
product and use.  
Disadvantages: 
Once sources of non-renewable energies are gone, they 
can't be replaced. 
Mining of non-renewable energy and the by-products they 
leave behind causes damage to the environment. 
Global warming caused due to burning of fossil fuel.  

K1 C403.1 

3 

What are the advantages and disadvantages of renewable 
system 
Advantages 
It‟s a renewable resource. 
Cost of operation is less since the fuel is derived from 
nature. 
Renewable energy is eco-friendly. 
Disadvantages 
Bulk Power Generation cannot be done. 
Low-efficiency levels. 
Requires a huge upfront capital. 
 

K1 C403.1 

4 

List out the major factors influencing the amount of GHG 
emissions.  
Industrial revolutions  
Deforestation  
Fluorinated gases such as hydro fluorocarbon, per 
fluorocarbon, sulfur hexafluoride  
Release of Carbon dioxide  
Depletion of fossil fuels 
 

K1 C403.1 
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S.No Question & Answers 
K 

Level 
CO 

5 

Give any two environmental aspect of electric energy 
conversion.  
Increased atmospheric pollution  
Depletion of fossil fuels  
Reduction in sustainable development 

K1 C403.1 

6 

List various renewable energy resources.  
Solar energy 
Wind energy  
Biomass  
Geothermal energy  
Ocean  
Tidal Power  
Ocean Wave Power  
Ocean Thermal energy conversion 

K1 C403.1 

7 

Discriminate spring and neap tides?  
The difference between spring and neap tides is that spring 
tides are much higher than normal and neap tides are lower 
than normal. Spring tides occur because of the combined 
effects of the sun and moon, whereas neap tides happen 
when the sun and the moon are at right angle. 

K2 C403.1` 

8 

Explain the principle of power generation using tides? 
 Tide or wave is periodic rise and fall of water level of the 
sea. Tides occur due to the attraction of sea water by the 
moon. Tides contain large amount of potential energy which 
is used for power generation. When the water is above the 
mean sea level, it is called flood tide. When water level is 
below the mean level it is called ebb tide. 

K2 C403.1` 

9 

Compose various ocean tidal energy conversion schemes 
available.  
Tidal energy – from gravitational fields of sun and moon  
Thermal energy (OTEC) – from solar radiation  
Marine current – by thermal and salinity differences in 
addition to tidal effects.  
Ocean waves – by winds blowing over the ocean surface.  
Salinity gradient 

K1 C403.1 
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S.No Question & Answers 
K 

Level 
CO 

10 

List the green houses gases emission due to combustion of 
fossil fuels. 
Carbon dioxide (CO2) methane (CH4) and nitrous oxide 
(N2O)  

K1 C403.1 

11 

What is green house effect? 
Carbon dioxide (CO2) envelope present around the globe in 
the atmosphere behaves similar to a glass pane and forms a 
big global green house. This tends to prevent the escape of 
heat from earth, which leads to global warming. This 
phenomenon is known as greenhouse effect. 

K1 C403.1 

12 

What is mean by global warming? 
Global warming is the continuing rise in the average 
temperature of the earth‟s atmosphere and ocean‟s 
surface due to greenhouse effect‟ 

K1 C403.1 

13 

What is green power?  
The green power is used to describe the sources of energy 
which are environmental friendly, non-polluting , and having 
a remedy to effects of pollution and global warming. These 
sources are called renewable energy sources such as sun, 
wind, water, biomass and waste. 
 

K1 C403.1 

14 
List the major energy end use sectors. 
Industrial, Residential ,Transportation and Commercial 

K1 C403.1 
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Question Bank 

PART-B 

36 

S.No Question  
K 

Level 
CO 

1 
Explain the impact of renewable energy generation on 
environment in detail.  

K2 C403.1 

2 
How does environment get affected by the use of the 
renewable energy? And also discuss GHG emissions from the 
various energy sources.  

K1 C403.1 

3 
Explain the influence of different renewable energy sources 
with special reference to the global warming context.  

K2 C403.1 

4 Explain the consequences of greenhouse effect.  K2 C403.1 

5 Explain the Importance of renewable sources of energy  K2 C403.1 

6 Summarize about Indian energy scenario K2 C403.1 

7 Summarize about World energy scenario K2 C403.1 

8 Explain about the Environmental consequences of fossil fuel K2 C403.1 

9 
Explain in detail about the Types of renewable energy 
systems  

K2 C403.1 

10 
List the Advantage and Disadvantages of conventional 
energy systems  

K1 C403.1 

11 
List the Advantage and Disadvantages of non - conventional 
energy systems  

K1 C403.1 



Online Certification Courses 

S.No 
Course 

Conducted 
By 

Course Name Link 

1 Coursera 
Introduction to 
renewable energy  

https://www.coursera.org/learn/ren
ewable-energy 

2 eDx 
Explore the changes 
needed to clean up 
our energy supplies 

https://www.edx.org/professional-
certificate/imperialx-clean-power 
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Real Time Applications 

Agriculture is the sole provider of human food. Most farm machines 
are driven by fossil fuels, which contribute to greenhouse gas 
emissions and, in turn, accelerate climate change. Such environmental 
damage can be mitigated by the promotion of renewable energy. 
These renewable resources have a huge potential for the agriculture 
industry. In recent years government of India has given subsidies to 
farmers to encourage them for using renewable energy technology. 
solar photovoltaic water pumps, solar dryer and electricity are used in 
the agriculture. In remote areas the underground submersible solar 
photovoltaic water pump is used and also an environmentally-friendly 
option as compared with a diesel generator set. 
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Content Beyond the Syllabus 

Solar Energy Connection Diagram for residence 
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Prescribed Text and Reference Books: 

TEXT BOOKS: 

1. Joshua Earnest, Tore Wizeliu, „Wind Power Plants and Project 
Development‟, PHI 

  Learning Pvt.Ltd, New Delhi, 2011. 

2. D.P.Kothari, K.C Singal, Rakesh Ranjan “Renewable Energy Sources and 
Emerging 

  Technologies”, PHI Learning Pvt.Ltd, New Delhi, 2013. 

3. Scott Grinnell, “Renewable Energy & Sustainable Design”, CENGAGE 
Learning, 

  USA, 2016. 

REFERENCES BOOKS: 

1. A.K.Mukerjee and Nivedita Thakur,” Photovoltaic Systems: Analysis and 
Design”, 

 PHI Learning Private Limited, New Delhi, 2011 

2. Richard A. Dunlap,” Sustainable Energy” Cengage Learning India Private 
Limited, Delhi, 2015. 

3. Chetan Singh Solanki, “ Solar Photovoltaics : Fundamentals, Technologies 
and 

 Applications”, PHI Learning Private Limited, New Delhi, 2011 

4. Bradley A. Striebig,Adebayo A.Ogundipe and Maria Papadakis,” 
Engineering 

 Applications in Sustainable Design and Development”, Cengage Learning 
India 

 Private Limited, Delhi, 2016. 
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learning community as intended. If you are not the addressee you should not 
disseminate, distribute or copy through e-mail. Please notify the sender 
immediately by e-mail if you have received this document by mistake and delete 
this document from your system. If you are not the intended recipient you are 
notified that disclosing, copying, distributing or taking any action in reliance on 
the contents of this information is strictly prohibited. 
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Course Objective 

 

EE8703- RENEWABLE ENERGY SYSTEM 

 

To Create awareness about renewable Energy Sources 
and technologies. 

To impart knowledge on a variety of issues in 
harnessing renewable Energy. 

Learn current and possible future role of renewable 
energy sources. 
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Pre Request 

ME8792- Power Plant Engineering 

EE8552- Power Electronics 
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Syllabus 

EE8703 RENEWABLE ENERGY SYSTEMS L T P C 

3 0 0 3 

UNIT I RENEWABLE ENERGY (RE) SOURCES 9 

Environmental consequences of fossil fuel use, Importance of renewable sources of 

energy, Sustainable Design and development, Types of RE sources, Limitations of RE 

sources, Present Indian and international energy scenario of conventional and RE 

sources 

UNIT II WIND ENERGY 9 

Power in the Wind – Types of Wind Power Plants (WPPs)–Components of WPPs-

Working of WPPs- Siting of WPPs-Grid integration issues of WPPs. 

UNIT III SOLAR PV AND THERMAL SYSTEMS 9 

Solar Radiation, Radiation Measurement, Solar Thermal Power Plant, Central Receiver 

Power Plants, Solar Ponds.- Thermal Energy storage system with PCM- Solar 

Photovoltaic systems : Basic Principle of SPV conversion – Types of PV Systems- 

Types of Solar Cells, Photovoltaic cell concepts: Cell, module, array ,PV Module I-V 

Characteristics, Efficiency & Quality of the Cell, series and parallel connections, 

maximum power point tracking, Applications. 

UNIT IV BIOMASS ENERGY 9 

Introduction-Bio mass resources –Energy from Bio mass: conversion processes-

Biomass Cogeneration-Environmental Benefits. Geothermal Energy: Basics, Direct 

Use, Geothermal Electricity. Mini/micro hydro power: Classification of hydropower 

schemes, Classification of water turbine, Turbine theory, Essential components of 

hydroelectric system. 

UNIT V OTHER ENERGY SOURCES 9 

Tidal Energy: Energy from the tides, Barrage and Non Barrage Tidal power systems. 

Wave Energy: Energy from waves, wave power devices. Ocean Thermal Energy 

Conversion (OTEC)- Hydrogen Production and Storage- Fuel cell : Principle of 

working- various types - construction and applications. Energy Storage System- 

Hybrid Energy Systems 
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Course Outcome 

Semester:07 

L
e

v
e

l 
o

f 
K

n
o

w
le

d
g

e
 

Year of Study:2020-21 (2017 Regulation) 

Course Name: Renewable Energy Systems (EE8703) 

C403.1 
Understand the current energy scenario, environment aspect and 

renewable energy resources in India 
K2 

C403.2 
Understand the basic concept of wind energy conversion system 

and basics of grid Integration. 
K2 

C403.3 
Understand the solar energy conversion system and different types 

of solar plants. 
K2 

C403.4 Experiment with stand alone and grid connected PV system. K3 

C403.5 
Explain the basic of renewable sources like Hydro, biomass and 

Geothermal 
K2 

C403.6 Explain the basic of different ocean energy system and Fuel cell. K2 
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CO-PO/PSO Mapping 

Semester: 07 

Year of Study: 2020-21 (2017 Regulation) 

Course Name: Renewable Energy Systems (EE8703) 

CO‘s PO‘s PSO‘s 

1 2 3 4 5 6 7 8 9 10 11 12 1 2 3 

C403.1 3 1 1 1 - 1 1 - - - - - 3 1 1 

C403.2 3 1 1 1 - 1 1 - - - - - 3 1 1 

C403.3 3 1 1 1 - 1 1 - - - - - 3 1 1 

C403.4 3 1 1 1 - 1 1 - - - - - 3 1 1 

C403.5 3 1 1 1 - 1 1 - - - - - 3 1 1 

C403.6 3 1 1 1 - 1 1 - - - - - 3 1 1 

C403 3 1 1 1 - 1 1 - - - - - 3 1 1 
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UNIT-II 
WIND ENERGY 
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Lecture Plan 

S.NO TOPIC 
No of 

Periods 
Proposed 

Date 
Delivered 

Date 
Mode Of 
Delivery 

1 Power in the Wind  2 

2 
Types of Wind Power 

Plants  (WPPs) 
2 

3 Components of WPPs 1 

4 
Working 
of WPPs 

1 

5 Siting of WPPs 1 

6 
Grid integration issues of 

WPPs 
2 

12 



Activity Based Learning 

Environment Impact Assessment of Wind Turbine and Wind 
Farms. 

Interpret the advantages and disadvantages of different 
generator used in wind turbine by leading wind 
manufacturing companies. 
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Notes 

 

2.1 POWER IN WIND 

 

 Wind has kinetic energy due to its motion. This kinetic energy can be given by,  

 

 

                                                                        

 

 

 

 Where,           

          = mass of air passing through an area A per unit time   

    If uo is the speed of free wind in unperturbed state,  

       the volume of air column passing through an area A per unit time is given by 
Auo.  

    If ρ is the density of air,  

   the air mass flow rate, through area A, is given as, ρAuo.  

 

       Power (Po) available in wind, is equal to kinetic energy rate associated with the 
mass of moving air, 

 

 i.e.:   

 

                                          (Or) 

 

 

 

Power available in wind per unit area: 

 

 

 

 This indicates that power available in wind is proportional to the cube of wind 
speed.  

 The air density ρ varies in direct proportion with air pressure and inverse 
proportion with temperature as: 
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Where, 

                P is air pressure in Pa,  

                T is air temperature in kelvin and  

                R is the gas constant, (= 287 J/kg K).  

                At the standard value of air pressure, 1.0132 × 105 Pa 

                (i.e. 1 atmosphere), and at 15 °C, the value of air density, 

 

 

 

 Assuming the above value of wind density, ρ at 15 °C and at sea level,  

    the power available in moderate wind of 10 m/s is 613 W/m2. 

 

2.2 TERMS AND DEFINITIONS 

 

 Chord  - Width of the blade or distance from one edge (fore) of the blade to the 
other (aft) 

 

 Wind Velocity, uo - Velocity of free air in the neighbourhood of wind turbine (at 
a distance where the disturbances due to rotation of turbine does not reach) 

 

 Incident Wind Velocity, u1 - Velocity of air passing through the rotor, i.e. the 
velocity at which the wind strikes the blade, which is slightly less than uo 

 

 Blade Element Linear Velocity, v - Linear circumferential velocity of the blade 
element  due to rotation of blade 

 

 Relative Wind Velocity, vr - Velocity of air relative to the blade element as both 
the air and blade elements move 

 Angular Speed, ω Angular speed of rotor in rad/s 
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 Angle of Attack (or Angle of Incidence), α  - Angle between central line of 
the blade element and relative wind velocity vr  

 

 Blade Setting Angle (or Pitch Angle), γ  - Angle between central line of the 
blade element and direction of linear motion of the blade element or angle 
between relative wind velocity vr and normal to the plane of blade 

 

 Drag Force, ΔFD Incremental force acting on the blade element in the direction 
of relative velocity of wind 

 

 Lift Force, ΔFL Incremental force acting on the blade element in a direction 
perpendicular to the relative velocity of wind 

 

 Axial Force, ΔFA - Incremental force acting on the blade element along the axis 
of rotation of blade 

 

 Tangential Force, ΔFT - Incremental force acting on the blade element 
tangential to circular path of rotation 

 

 Solidity  - Solidity is defined as the ratio of the projected area of the rotor blades 
on the rotor plane to the swept area of the rotor. 

 

    High-solidity rotors use drag force for rotation and these rotors turns lower 

    Low-solidity rotors have slender aerofoil blades and these rotors use lift    

       force for rotation, thus turns faster        

                                      projected area of the rotor blades 

                  Solidity   = ----------------------------------------- 

                                              swept area of the rotor 

 

                                            n x blade width 

                                  =   ----------------------     

                                                       π r2 

Where 

            n - number of blades 

            r - radius 
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 A windmill has rotor of 6m with 30 blades. Each blade has width of 
0.3m, find the solidity. What is the implication of solidity? 

                                       projected area of the rotor blades 

                  Solidity   =    ----------------------------------------- 

                                              swept area of the rotor 

 

                                            n x blade width 

                                  =      ---------------------- 

                                                    π r2 

 

Where,  

            n - number of blades 

            r - radius 

                                           30 x 0.3 

                  Solidity   =          -------------------   x 100 %   =   7.96 % 

                                                     π  x  62 

 

Tip – speed ratio   (λ) 

 

    It is defined as the ratio of the speed of tip of the rotor blade to the speed of on 
coming air. 

 

                                                        speed of tip of the rotor blade 

Tip – speed ratio   (λ)     =        ----------------------------------------- 

                                                             speed of on coming air 

 

                                                                           ω * R 

Tip – speed ratio   (λ)     =        ----------------------------------------- 

                                                                              v0 
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 Significance of Tip-Speed Ratio (TSR) 

  The importance of tip-speed ratio can be realized with the following 
discussions for a particular wind generator: 

 1. If the blade set spins too slowly, then most of the wind will pass by the rotor 
without being captured by the blades. 

 2. If the blades spin too fast, then the blades will always be traveling through 
used or turbulent wind. This is because the blades will always be traveling 
through a location that the blade in front of it just travelled through (and used up 
all the wind in that location). It is important that enough time lapses between two 
blades traveling through the same location so that new or unused wind can enter 
this location. Thus, the next blade that passes through this location will be able to 
harness fresh or unused wind. 

 

  In short, if the blades are too slow, they are not capturing all the wind 
they could and if they are too fast, then the blades are spinning through used or 
turbulent wind. For this reason, TSRs are employed when designing wind turbines 
so that the maximum amount of energy can be extracted from the wind using a 
particular generator. 

 

  There are many important conclusions one can draw from analysing TSR. 
Following is a few of the most basic and important points: 

 1. Rotors with many blades (i.e., 11 blades) are generally not a good idea. An 11-
bladed rotor would have an optimal TSR that is very low. This means that an 11-
bladed rotor would operate most efficiently at extremely low rpms. Because 
nearly all generators (permanent magnet alternators) are not optimized for 
extremely low rpms, there is no advantage or reason to use a rotor with many 
blades. It should also be remembered that rotors with more number of blades are 
capturing used or turbulent wind at high TSR and are, thus, extremely inefficient 
if used as a high-rpm blade set. This is a very important point because many 
people intuitively think that more blades equal a faster and more efficient blade 
set. However, the laws of physics say that this is not true. 

 2. If one already has a generator or a motor and it requires high rpm to reach 
charging voltage, then the best choice is a two or three-bladed rotor. These rotors 
operate more efficiently at high rpm. Further, it is necessary keep the blades as 
short as pragmatically possible because shorter blades obviously spin faster than 
the longer blades. 
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 The following are the disadvantages of a high TSR: 

 1. Blade tips operating at 80 m/s or greater are subject to leading edge erosion 
from dust and sand particles and would require special leading edge treatments 
like helicopter blades to mitigate such damage; 

 2. Noise, both audible and inaudible, is generated; 

 3. Vibration, especially in two- or one-bladed rotors; 

 4. Reduced rotor efficiency due to drag and tip losses; 

 5. Higher speed rotors require much larger braking systems to prevent the rotor 
from reaching a runaway condition that can cause disintegration of the turbine 
rotor blades. 

 

 Find the tip speed ratio if a 6m diameter rotor has rotation of 20rpm and 
the wind speed is 4 m/s. what is the implication of tip speed ratio? 

 

                                                                ω * R 

      Tip – speed ratio   (λ)     =        --------------------- 

                                                                   v0 

 

Where,       ω = 2 πN / 60  - angular velocity 

                 R  - radius of rotor 

                 v0  - wind velocity – N – rpm  

 

                                                      2 πN / 60 * R 

      Tip – speed ratio   (λ)     =        --------------------- 

                                                                   v0 

 

                                                       2 π*20 * 3 

                                  λ       =        ----------------  =  1.6 

                                                         60 *4 

λ = 3 to 10  --  2 or 3 bladed rotors – rotate faster 

λ = 1 to 2    --  more bladed rotors –  rotate slowly 
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2.3 TYPES OF WIND POWER PLANTS (WPPs) 

  The wind has its kinetic energy as it nothing but the flow of atmospheric 
air. A wind turbine is a machine which utilizes the kinetic energy of wind to 
produce rotational mechanical energy in its shaft.  

  The rotational motion of the shaft turns an electrical generator to 
generate electricity. There are mainly two types of wind turbine available one is 
the horizontal axis type another is vertical axis type. 

  The turbines are also available in different sizes depending upon their 
mode of applications.  

  In many places of the modern world, people use small-sized wind turbines 
to charge batteries for auxiliary power supply to boats, caravans etc.  

  Many electric utility companies use medium-sized wind turbines to supply 
a portion of the domestic load when sufficient wind is available so that they can 
sale back the surplus demanded power to the electrical grid. 

  The stock of fossil fuels on that planet is becoming nil day by day, so there 
is a significant need for renewable sources of energy to produce electricity to 
meet up the on-growing demand for electricity.  

  The wind power generating station is one of the solutions for that. The 
wind power generating stations, use many giant wind turbines to produce 
required electricity.  

  The wind turbines can have either horizon shaft or vertical shaft 
depending on their design criteria. The horizontal design is more common as it 
produces more power compared to a vertical one. 

Wind turbines are broadly classified into two categories.  

  When the axis of rotation is parallel to the air stream (i.e. horizontal), the 
turbine is said to be a Horizontal Axis Wind Turbine (HAWT), and  

  when it is perpendicular to the air stream (i.e. vertical), it is said to be a 
Vertical Axis Wind Turbine (VAWT).  

  The size of the rotor and its speed depends on rating of the turbine.  

 

2.3.1Horizontal Axis Wind Turbine (HAWT) 

  HAWTs have emerged as the most successful type of turbines. These are 
being used for commercial energy generation in many parts of the world. Their 
theoretical basis is well researched and sufficient field experience is available with 
them. 

 2.3.1.1. Main Components 

  The constructional details of most common, three-blade rotor, horizontal 
axis wind turbine are shown in Fig. Main parts are as follows: 
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Figure 2.1. Horizontal Axis Wind Turbine 

 

(a) Turbine Blades  

  Turbine blades are made of high-density wood or glass fiber and epoxy 
composites. They have airfoil type cross-section. The blades are slightly twisted 
from the outer tip to the root to reduce the tendency to stall.  

  In addition to centrifugal force and fatigue due to continuous vibrations 
there are many extraneous forces arising from wind turbulence, gust, gravitational 
forces and directional changes in the wind, etc. All these factors are to be taken 
care off at the designing stage. Diameter of a typical, MW range, modern rotor 
may be of the order of 100 m. 

  Modern wind turbines have two or three blades. Two/three blade rotor 
HAWT are also known as propeller type wind turbines owing to their similarity 
with propellers of old aero planes. However, the rotor rpm in case of wind turbine 
is very low as compared to that for propellers. The relative merits and demerits of 
two and three blade rotors are as follows: 

 
 (i) Compared to two-blade design, the three-blade machine has smoother power 

output and balanced gyroscopic force. 
 (ii) There is no need to teeter (to be discussed later in this section) the rotor, 
 allowing the use of simple rigid hub. The blades may be cross-linked for greater 

rigidity. 
 (iii) Adding third blade increases the power output by about 5 per cent only, while 

the weight and cost of rotor increases by 50 per cent, thus giving a diminished 
rate of return for additional 50 per cent weight and cost. 
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(iv) The two-blade rotor is also simpler to erect, since it can be assembled on 
ground and lifted to the shaft without complicated maneuvers during the lift. 
Three blades are more common in Europe and other developing countries 
including India. The American practice, however, is in favour of two blades. 
 

 (b) Hub  

  The central solid portion of the rotor wheel is known as hub. All blades ate 
attached to the hub. Mechanism for pitch angle control is also provided inside the 
hub. 

 (c) Nacelle  

  The term nacelle is derived from the name for housing containing the 
engines of an aircraft. The rotor is attached to nacelle, mounted at the top of a 
tower. 

  It contains rotor brakes, gearbox, generator and electrical switchgear and 
control. 

  Brakes are used to stop the rotor when power generation is not desired. 
Gearbox steps up the shaft rpm to suit the generator. Protection and control 
functions are provided by switchgear and control block. The generated electrical 
power is conducted to ground terminals through a cable. 

 (d) Yaw Control Mechanism  

  The mechanism to adjust the nacelle around vertical axis to keep it facing 
the wind is provided at the base of nacelle. 

 (e) Tower  

  Tower supports nacelle and rotor. For medium and large sized turbines, 
the tower is slightly taller than the rotor diameter. In case of small sized turbine, 
the tower is much larger than the rotor diameter as the air is erratic at lower 
heights. 

  Both steel and concrete towers are being used. The construction can be 
either tubular or lattice type. 

  The tower vibrations and resulting fatigue cycles under wind speed 
fluctuations are avoided by careful design. This requires avoidance of all 
resonance frequencies of tower, the rotor and the nacelle from the wind 
fluctuation frequencies. 

2.3.1.2. Types of Rotors 

  Depending on the number of blades, wind speed and nature of 
applications, rotors have been developed in various types of shapes and sizes. 
These are shown in Fig.2.2.The types of rotors shown in (a) to (e) are relatively 
high-speed ones, suitable for applications such as electrical power generation. 
Large HAWTs have been manufactured with two and three blades. A single-blade 
rotor, with a balancing counterweight is economical, has simple controls but it is 
noisier and produces unbalanced forces. It is used for low-power applications.  
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 Those given in Fig. (f) and (g) are low-speed rotors and most suited for water 
lifting applications, which require high starting torque. They can capture power 
even from very slow winds. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.2. Various Types of HAWT 

2.3.1.3. Teetering of Rotor 

 As wind speed rises with height, the axial force on blade when it attains the upper 
position is significantly higher as compared to that when it is at lower position. For 
one and two blade rotors this causes cyclic (sinusoidal) load on a rigid hub leading 
to fatigue. 

 

 

 

 

 

 

 

 

 

Figure 2.3. A teetered hub 
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This is greatly relieved by providing a teeter hinge (a pivot within the hub) that 
allows a see-saw motion to take place out of the plane of rotation (i.e. vertical 
plane). The rotor leans backwards to accommodate the extra force as shown in 
Fig. 

This also reduces blade loads near the root by approximately 40 per cent. The use 
of third blade has approximately same effect as a teeter hinge on the hub 
moments since the polar symmetry of the rotor averages out the applied 
sinusoidal loads. Therefore, teetering is not required when the number of blades 
is three or more. 

2.3.1.4. Upwind and Downwind Machines 

  In upwind machine, rotor is located upwind (in front) of the tower 

whereas in downwind machine, the rotor is located downwind of (behind) the 

tower as shown in Fig.2.4 Both types have certain benefits. Downwind machine 

allows the use of free yaw system (in low rating machines). It also allows the 

blades to deflect away from the tower when loaded. However, it suffers from wind 

shadow effects of the tower on the blades as they pass through tower‘s wake, in 

a region of separated flow.  

  For a high solidity tower with limited rotor overhang, the wind speed 
might be effectively reduced to zero causing severe impulsive load of periodic 
nature. 

  This may be very dangerous as it may excite any natural mode of the 
systems if that lies near a rotor Upwind machine on the other hand produces 
higher power as it eliminates the tower shadow on the blades. This also results in 
lower noise, low blade fatigue and smoother power output. 

 

 

 

 

 

 

 

 

 

 

Figure 2.4. Yaw control in upwind and downwind machines 
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2.3.1.5. Yaw Control System 

 Adjusting the nacelle about vertical axis to bring the rotor facing the wind is 
known as yaw control.  

 The yaw control system continuously orients the rotor in the direction of wind. For 
localities with prevailing wind in one direction only, the rotor can be in a fixed 
orientation. Such a machine is said to be yaw fixed. Most wind turbines however, 
are yaw active.  

 In small wind turbines, a tail vane is used for passive yaw control. In large 
turbines however, an active yaw control with power steering and wind direction 
sensor is used to maintain the orientation. 

2.3.1.6. Pitch Control System 

 Pitch of a blade is controlled by rotating it from its root, where it is connected to 
the hub as shown in Fig. 2.5 

 Pitch control mechanism is provided through the hub using hydraulic jack in the 
nacelle. The control system continuously adjusts the pitch to obtain optimal 
performance. In modern machines, pitch control is incorporated by controlling 
only outer 20 per cent length of the blade (i.e. tip), keeping remaining part of the 
blade as fixed. 

 

 

 

 

 

 

Figure 2.5. Pitch control 

2.3.2. Vertical Axis Wind Turbine (VAWT) 

  VAWTs are in the development stage and many models are undergoing 
field trial. 

 Main attractions of a VAWT are: 

 (i) it can accept wind from any direction, eliminating the need of yaw control. 

 (ii) gearbox, generator etc. are located at the ground, thus eliminating the heavy 
nacelle at the top of the tower. This simplifies the design and installation of the 
whole structure, including tower 

  iii) the inspection and maintenance also gets easier and 

 (iv) it also reduces the overall cost 
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2.3.2.1. Main Components 

  The constructional details of a vertical axis wind turbine (Darrieus type 
rotor) are shown in fig. The details of main components are as follows, 

 (a) Tower (or Rotor Shaft) 

  The tower is a hollow vertical rotor shaft, which rotates freely about 
vertical axis between top and bottom bearings. It is installed above a support 
structure. In the absence of any load at the top, a very strong tower is not 
required, which greatly simplifies its design. The upper part of the tower is 
supported by guy ropes. The height of the tower of a large turbine is around 100 
m. 

(b) Blades  

  It has two or three thin, curved blades shaped like an eggbeater in profile, 
with blades curved in a form that minimizes the bending stress caused by 
centrifugal forces-the so-called ‗Troposkien‘ profile.  

  The blades have airfoil cross section with constant chord length. The pitch 
of the blades cannot be changed.  

  The diameter of the rotor is slightly less than the tower height.  

  The first large (3.8 MW), Darrieus type, Canadian machine has rotor 
height as 94 m and diameter as 65 m with a chord of 2.4 m. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.6. Vertical axis wind (Darrieus) turbine 
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2.3.2.2. Types of Rotors 

 Various types or rotors for VAWTs are shown in Fig.  

 The simplest being three or four cups structure attached symmetrically to a 
vertical shaft.  

 Drag force on concave surface of the cup facing the wind is more than that on 
convex surface.  

 As a result, the structure starts rotating. Some lift force also helps rotation. 
However, it cannot carry a load and is, therefore, not used as power source.  

 Main characteristic of this rotor is that its rotational frequency is linearly related to 
wind speed.  

 Therefore, it is used as a transducer for measuring the wind speed and the 
apparatus is known as cup anemometer. 

 The Savonius or S-rotor consists of two half cylinders attached to a vertical 
axis and facing in opposite directions to form a two-vaned rotor. It has high 
starting torque, low speed and low efficiency.  

 It can extract power even from very slow wind, making it working most of the 
time.  

 These are used for low power applications. High starting torque particularly 
makes it suitable for pumping applications, using positive displacement pumps. 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.7. Various types or rotors for VAWT 
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Darrieus rotor is used for large-scale power generation. Power coefficient is 
considerably better than S-rotor. It runs at a large tip-speed ratio.  

 The aerodynamic force on the blade reverses in every revolution causing fatigue. 
This along with centrifugal force complicates the design of the blade.  

 One of the drawbacks of this rotor is that it is usually not self-starting. Movement 
may be initiated by using electrical generator as motor.  

 As the pitch of the blade cannot change, the rotor frequency and thus the output 
power cannot be controlled. Rotor frequency increases with wind speed and 
power output keeps on increasing till the blades stall.  

 Hence at high wind speed it becomes difficult to control the output. For better 
performance and safety of the blades, gearbox and generator, etc., it is desirable 
to limit the output to a level much below its maximum possible value. 

Musgrove suggested H shaped rotor where blades with fixed pitch are 

attached vertically to a horizontal cross arm.  

 Power control is achieved by controlled folding of blades. Inclining the blades to 

the vertical provides an effective means of altering the blades angle of attack and 

hence controlling the power output. 

 Evans rotor, also known as Gyromill is an improvement over H shaped rotor. 

 Here, the rotor geometry remains fixed (blades remain straight), but the blades 

are hinged on a vertical axis and the blade pitch is varied cyclically (as the blade 

rotates about vertical axis) to regulate the power output.  

 But the need to vary the pitch cyclically through every rotor revolution introduces 

considerable mechanical complexity. However, this enables it to self-start. 
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2.3.3.Types and characteristics of various types of rotors (HAWT &  
VAWT) are given in Table. 

 

S.No 
ROTOR 
TYPE 

TIP 
SPEED 
RATIO 

 
 

RPM 
 

TORQUE TYPICAL LOAD 

1 

Propeller  
(1–3 blade) 

(Lift) 
 

6–20 High Low 
Electric Power 

generation 
 

2 
Sailwing 

(Lift) 
4 Moderate Moderate 

Electric Power 
generation or pump 

 

3 
Chalk multi-

blade 
(Lift) 

3–4 Moderate Moderate 
Electric Power 

generation or pump 
 

4 
American 
multiblade 

(Drag) 

1 
 

Low High 
Pump 

 

5 
Dutch type 

(Drag) 
2–3 Low High Pump 

6 
Savonious 

(Drag) 
1 Low High Pump 

7 
Darrieus 

(Lift) 
5–6 High Low 

Electric Power 
generation 

8 
Musgrove 
and Evan 

(Lift) 
3–4 Moderate Moderate 

Electric Power 
generation or pump 

 

                   Characteristics of various types of rotors 
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2.3.4. Effect of Solidity 

 High solidity rotors use drag force and turn slower.  

 Solidity of Savonious rotor is unity and that of American multi-blade rotor it is 
typically 0.7.  

 Low solidity rotors, on the other hand, use lift force. Lift devices usually have 
solidity in the range of 0.01 to 0.1. 

 They have slender airfoil blades. When solidity is less than 0.1, the device will 
usually not start up without first being rotated to generate lift. 

 

2.3.5. Horizontal Axis versus Vertical Axis Turbines 

 Most wind turbines, used at present are of horizontal axis type. They have been 
well researched and have gone through extensive field trial.  

 As a result, well-established technology is available for HAWTs.  

 Some advantages of VAWT have recently generated considerable interest in this 
type of turbine. These are: (i) it can accept wind from any direction without 
adjustment, which avoids the cost and complexity of yaw orientation system, (ii) 
gearing and generators, etc., are located at ground level, which simplifies the 
design of tower, the installation and subsequent inspection and maintenance and 
(iii) also they are less costly as compared to HAWTs. 

The principal disadvantages of VAWTs are:  

 (i) many vertical axis machines have suffered from fatigue arising from numerous 
natural resonances in the structure, 

 (ii) rotational torque from the wind varies periodically within each cycle, and thus 
unwanted power periodicities appear at the output,  

 (iii) it normally requires guy ropes attached to the top for support, which could 
limit its applications particularly for offshore sites, 

 (iv) it is noisier than HAWT,  

 (v) as wind speed increases significantly with height, for the same tower height 
HAWT captures more power than VAWT and  

 (vi) the technology is under development stage and far less is known about them 
as compared to HAWTs. 

 

2.3.6. Speed Control Strategies for Wind Turbine 

 Various options are available for speed control of a turbine. The particular control 
strategy depends on the size of the turbine. Small machines use simple, low cost 
methods while large machines use more sophisticated methods incorporating 
pitch control along with power electronic circuit.  
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These methods may be grouped in the following categories: 

 (i) No speed control at all. Various components of the entire system are designed 
to withstand extreme speed under gusty wind. 

 (ii) Yaw and tilt control, in which the rotor axis is shifted out of wind direction, 
either by yaw control or by tilting the rotor plane with respect to normal vertical 
plane when the wind exceeds the design limit. 

 (iii) Pitch control, in which the pitch of the rotor blades is controlled to regulate 
the speed. 

 (iv) Stall control, in which the blades are shifted to a position such that they stall 
when wind speed exceeds the safe limit. 

 

2.3.7.Wind Turbine Operation and Power versus Wind Speed 
Characteristics 

 The power-speed characteristics of a wind turbine have four separate regions as 
shown in Fig. 

 (a) Low Speed Region (Zero to Cut-in Speed)  

    In this region, the turbine is kept in braked position till minimum wind speed 
(about 5 m/s), known as cut-in speed becomes available. Below this speed the 
operation of the turbine is not efficient. 

 (b) Maximum Power Coefficient Region  

   In this region, rotor speed is varied with wind speed so as to operate it at constant 
tip-speed ratio, corresponding to maximum power coefficient, CP max. In this 
range the nature of characteristics is close to that of maximum power available in 
the wind as given by Equation. 

 

The turbine is operated at maximum power output point using pitch control. 

 

 

 

 

 

 

 

 

 

 

Figure 2.8. Power versus wind speed characteristics 

 

 

 

31 



(c) Constant Power Region (Constant Turbine Speed Region) During highspeed 
winds (above 12 m/s), the rotor speed is limited to upper permissible value based 
on the design limits of system components. In this region the power coefficient is 
lower than CP max. Large machines use pitch control to maintain turbine speed 
as constant. Such a machine is known as pitch regulated. 

 Classical European machines use fixed blades (constant pitch) and the blade twist 
and thickness are so designed as to crudely maintain the speed as constant. Such 
a machine is known as stall regulated. 

 This is a simple system requiring only passive technique, as there are no moving 
blade surfaces or complicated hardware. However, power capture is somewhat 
less due to rounding of power curve. 

 In case of fixed blades rotor, the flow over the blade stalls. The stall performance 
depends on the twist of blade tip from the root and thickness of blade sections. 
The lift and drag coefficients change so as to flatten out the peak of the power 
curve. Thus the power output of the wind turbine is limited as shown in Fig. Stall 
regulation can be used without much problem up to about 25 m diameter rotor. 
Above this size severe vibration problems, associated with the stalled flow in high 
wind speeds, have been encountered. Thus large HAWTs always have variable 
pitch control. 

 At still higher wind speeds, such as gusts, constant speed operation is maintained 
by employing additional means such as some kind of braking (e.g. eddy current 
braking). 

(d) Furling Speed Region (Cut-out Speed and Above)  

    Beyond certain maximum value of wind speed (around 25 m/s) rotor is shut down 
and power generation is stopped to protect the blades, generator and other 
components of the system. 

 

 

 

 

 

 

 

 

 

 

Figure 2.9. Power versus wind speed characteristics with stall regulation 
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2.4. COMPONENTS OF WIND POWER PLANTS 

Wind energy systems include the following major components:  

 

 the rotor and its blades  

 the hub assembly  

 the main shaft  

 the gear box system  

 main frame 

 transmission 

 yaw mechanism 

 over speed protection 

 electric generator 

 Nacelle 

 yaw drive 

 power conditioning equipment  

 Tower 
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INTRODUCTION 

 Early wind machines ranged in their rated powers from 50 to 100 kW, with rotor 
diameters from 15 to 20 meters. Commercial wind turbines now have ratings over 
1 MW and machines for the land based and offshore applications have rated 
power outputs reaching 5 and even 7-10 MW of rated power for off-shore wind 
applications. 

 Larger sizes are mandated by two reasons. They are cheaper and they deliver 
more energy. Their energy yield is improved partly because the rotor is located 
higher from the ground and so intercepts higher velocity winds, and partly 
because they are more efficient. The productivity of the 600 kW machines is 
around 50 percent higher than that of the 55 kW machines. Reliability has 
improved steadily with wind turbine manufacturers guaranteeing availabilities of 
95 percent. 

 Wind energy systems include the following major components: the rotor and its 
blades, the hub assembly, the main shaft, the gear box system, main frame, 
transmission, yaw mechanism, overspeed protection, electric generator, nacelle, 
yaw drive, power conditioning equipment, and tower. 

 

2.4.1.NACELLE 

 The nacelle is the housing that protects the main frame and the components 
attached to it. This enclosure is particularly important for wind electric systems, 
but does not exist in water pumping machines. 

Figure 2.10. Wind turbine components inside the nacelle 
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2.4.2.ROTOR DESIGN 

 

INTRODUCTION 

 Rotor blade design has benefited from airplanes wind technology. It uses the 
Bernoulli aerodynamic lift force that an airfoil feels in a moving stream or air. The 
shape of the rotor blade and its angle of attack relative to the wind direction 
affects its performance. The rotor assembly can be placed in two locations: 

 Upwind of the nacelle and tower receiving the wind stream unaffected by the 
tower‘s presence. 

 Downwind of the tower which allows yawing or the self-alignment of the rotor in 
facing the wind. However this arrangement deflects the wind causing a tower 
shadow  that consists of a turbulent wind stream reaching the rotor. 

The rotors inherent mechanical properties and its design affect its useful service 
lifetime. The latter is dependent on the variable loadings and the environmental 
conditions during its operation. 

 The majority of the world's wind turbines have three glass reinforced plastic 
blades. The power-train includes a low speed shaft, a step-up gearbox and an 
induction generator, with either four or six poles. Gearless wind turbines with 
multi-pole generators are increasingly replacing the gearbox-equipped machines. 
There are numerous other possibilities, however. Wood epoxy is an alternative 
blade material and some machines have two blades. 

 

ROTOR MATERIALS 

 
High speed wind machine rotors usually have blades with an airfoil cross section. 
The blades are usually made of wood solid or laminated, fiberglass, or metal. 
Slower machines usually use flat or curved metal plates or sails mounted on a 
spar. 

  

 The following materials have been considered for rotor design: 
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Figure 2.13. Fiber Glass Reinforced Plastic (GRP) blade section 

Figure 2.12. Composite wood epoxy blade construction 

Figure 2.11. Wood epoxy blade design 
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Metals: 

 Aluminum and steel alloys have been used. The mechanical properties of steel  are 
well known. It has good fatigue strength. However, it is relatively dense so that 
steel blades would be rather heavy. Their weight would cause large oscillatory 
gravity loads  on the rotor components and bearings. As the blades rotate, in their 
upward position they press the components causing compression on the bearings, 
and in their downward position they pull on the bearings causing tension. Steel 
has been used for large turbine rotors using the spar and skin construction 
method. 

 For the same weight aluminum has better tensile properties than steel and at 
some time was the favored blade construction material in the USA. It is versatile 
and can be extruded and used in sheet form. Sheets are supported over ribs or a 
spar and riveted into place. For this type of construction, the fatigue strength 
deteriorates quickly in service leading to serious consequences when the stress 
amplitudes and the number of cyclic loadings are large. These problems can be 
compounded with flawed component design leading to catastrophic failure. 

 

Wood: 

This includes laminated wood composites. Wood has a natural composite structure 
that has a low density, good strength and good fatigue resistance as nature has 
developed in tree branches. Small turbine blades of up to 5 meters in length are 
usually hand shaped or are machined from prepared lengths of solid wood using 
the same technique used in manufacturing airplane propeller blades. These are 
then varnished or painted for weather protection and their leading edge protected 
by an epoxy resin impregnated tape that is also used on the leading edge of 
helicopter blades. 

An improved use of wood is to shape the blades from bonded layers of wood 
sheets using composites technology. The blades are constructed from vacuum 
bonded sheets glued with epoxy resin using a technique also used for the building 
of racing boats and yachts. With the use of different types of wood and choosing 
the appropriate direction of the grain, a composite wood material can be produced 
with a good specific strength as well as flexural and fatigue resistance properties. 

 

Synthetic composites: 

 These consist of a polyester or epoxy matrix that is reinforced with glass fibers. 
They have the benefit of a low density compared to metals and good tensile 
properties. Glass Reinforced Plastic (GRP) blades are economical, strong, with 
moderate fatigue properties. It is versatile in forming and can be laid up in female 
half-moulds using glass fiber mats soaked in a polyester or epoxy resin, before the 
two airfoil halves are glued together. Long term fatigue test data are not readily 
available for wind turbine so the ultimate fatigue life of such blades is unknown. 
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 The filament winding process developed to make projectile sabots and missile 
bodies can be used for constructing rotor blades giving good strength and 
flexibility. A resin soaked glass strand is wound around a form to make the airfoil 
shape and the box shaped reinforcing spar. 

 Carbon and aramid fibers such as Kevlar reinforced composites offer the best 
mechanical properties of all the blade materials. Their high performance is negated 
by their costs leads to just a few manufacturers to use them. The aramid class of 
materials is a cheaper route than carbon fibers and their material properties are a 
compromise between expensive carbon fibers and cheaper glass. One major 
advantage of the aramids is that unlike carbon fibers, they are non conducting to 
electricity preventing the need for protection against lightning strikes, 
electromagnetic interference and reflection, and galvanic corrosion which can occur 
at the blade root and hub junction. 

 

New materials:  

 Turbine blade technology is moving toward the adoption of composite materials. 
Hybrid composite would offer a combination of the constitutive materials 
properties. A wood and fiber and epoxy laminate would include good strength and 
fatigue properties at a small weight. A laminated sheet material designated as 
ARALL has been developed in Holland combining aluminum with thin aramid and 
epoxy layers, exhibiting good fatigue crack growth and tensile strength properties. 
Hybrid composites could compete in the future with conventional blade materials 
as their production cost is reduced. 

 Self-healing and carbon or boron nitride nanotube reinforced materials are worthy 
of investigation. 

 

2.4.3.HUB ASSEMBLY AND MAIN SHAFT 

The blades are attached by a hub assembly to a main shaft. The main shaft rotates 
in bearings supported in the main frame. If the blades are designed for pitch 
control, the hub can be fairly intricate. With fixed pitch, attachment is relatively 
simple 

The main frame of the wind machine serves as the point of attachment for various 
components, such as the main shaft, transmission, generator, and nacelle. It 
usually contains a yaw bearing assembly. 
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Figure 2.14. Rotor blade root and bearing 
assembly 

Figure 2.15. Hub with pitch change assembly 

2.4.4.TRANSMISSION MECHANISM 
 A transmission assembly consisting of a gear box or chain drive is 
required to properly match the rotational speed to the desired speed of the electric 
generator, or air compressor because the rotational speed of the rotor does not 
match that of the pump or electric generator to which it is to be connected. 
 
2.4.5.YAW MECHANISM 
 Horizontal axis machines must be oriented to face the wind by a 
process called yawing. Upwind machines with blades upwind of the tower 
incorporate instead a tail vane, small yaw rotors or fantails, or a servo mechanism to 
ensure that the machine always faces upwind. 
 Downwind machines with blades downwind of the tower have the 
blades tilted slightly downwind or coned so that they simultaneously act as a tail; 
this angle ensures proper orientation. 
 Vertical axis machines are affected by the wind from all directions and 
thus do not need yaw control. 
 
2.4.6.OVERSPEED PROTECTION 
 Wind machines must be protected from wind gusts. In some machines, 
the blades can be turned around their long axis or pitch control and aligned so that 
they do not produce any lift, hence no power. Stall control of the blades is also used 
to reduce the lift on the blades. 
 Blades with fixed pitch often use brakes to slow the machine. The 
brakes are either aerodynamic such as tip brakes, or mechanical such as disc brakes 
on the main shaft. Other machines use various mechanical means to turn the rotor 
out of the wind. 
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2.4.7. ELECTRIC GENERATOR 

 Variable speed machines are common and most generate power using an 
AC/DC/AC system. Variable speed brings several advantages. It means that the 
rotor turns more slowly in low wind, which keeps the noise level down. It reduces 
the loadings on the rotor and the power conversion system is usually able to 
deliver current at any specified power factor. 

 Some manufacturers build direct drive machines, without a gearbox. These are 
usually of the variable speed type, with power conditioning equipment. 

 The electric generator in a wind machine is attached to the main support frame 
and coupled to the high speed end of the transmission shaft. Alternating current 
generators often run at 1,800 rpm in the USA or 1,500 rpm in much of the world 
to maintain system frequencies of 60 Hz and 50 Hz, respectively. The most popular 
types are: 

 For small independent wind systems, Direct Current (DC) generator alternators 
with built-in rectifier diodes are often used to change AC to DC. 

 For larger independent systems, or those that are run in conjunction with a small 
diesel electric grid, synchronous generators are common. These machines produce 
Alternating Current (AC) and must be able to be regulated precisely, to ensure 
proper frequency control and matching. 

 Wind machines connected to a utility grid may have induction generators. These 
induction machines produce AC current, but are electrically much simpler to 
connect to a grid than a synchronous generator. They normally require a utility 
connection to maintain the proper frequency and cannot operate independently 
without special equipment. 

 

 

 

Figure 2.16. Wiring of three phase synchronous generator  &  
Induction three-phase asynchronous generator 
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2.4.8. ELECTRIC POWER CONDITIONING EQUIPMENT, INVERTER 

 

The need for electrical equipment in addition to the generator will depend 
primarily on the type of generator. For small DC systems, at least a voltage 
regulator is needed. Battery storage is often used to provide energy in times of 
low winds. 

An inverter to convert DC to AC is used if some of the load requires alternating 
current. 

Because the mains grid operates on AC current, it is important that the current fed 
into the mains grid is properly synchronized. This is a key role of the inverter 
system. 

The inverter system is also designed to cut the power to the mains grid in the 
event that the mains grid connection is lost. This is a safety feature for the 
electrical utility workers. 

For grid connected systems, a control panel is needed that will typically include 
circuit breakers, voltage relays, and reverse power relays. Synchronous machines 
require special synchronizing equipment and frequency relays. 

 

2.4.9. STRUCTURAL TOWER 

 

A structural tower is needed to get the wind machine up into the air, away from 
the slower and more turbulent winds near the ground. A wind machine should be 
at least 10 m higher than any obstructions in the surroundings such as trees. 

Small wind machines towers are typically of truss design or of poles supported by 
guy wires. Guy wires are cables attached to the tower and anchored in the ground 
so that the tower will not move or shake from the force of the wind. 

Large wind machines towers are usually made of steel and the great majority is of 
the tubular or conical type. Some towers have been built out of reinforced 
concrete sections. Lattice or truss towers, common in the early days are now rare, 
except for very small machines in the range 100 kW and below. Guyed pole towers 
are used for small wind machines. 

Towers must be designed to resist the full thrust produced by an operating 
windmill or a stationary wind machine in a storm. Special concern must be given 
to the possibility of destructive vibrations caused by a natural frequency mismatch 
between the wind machine and tower. 
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2.5. WORKING INTRODUCTION 

 

Wind is a form of kinetic energy created in part by the sun. About two percent 
of the sun's energy that reaches the earth is converted to wind energy.  

The atmosphere is heated during the day by the sun and at night it cools by 
losing its heat to space. Wind is the reaction of the atmosphere to the heating 
and cooling cycles, as well as the rotation of the earth.  

Heat causes low pressure areas, and the cool of the night results in high pressure 
areas. This process creates wind when air flows from high pressure areas into low 
pressure areas. Wind energy has been used for hundreds of years.  

The windmills of Europe and Asia converted the kinetic energy of the wind into 
mechanical energy, turning wheels to grind grain. Today wind-driven 
generators are used to convert the kinetic energy of wind into electrical energy. 

Wind-driven systems consist of a tower to support the wind generator, devices 
regulating generator voltage, propeller and hub system, tail vane, a storage 
system to store electricity for use during windless days, and a converter which 
converts the stored direct current (DC) into alternating current (AC).  

Wind energy accounts for 6 percent of renewable electricity generation. The U.S. 
wind energy industry achieved unprecedented success in the first year of the new 
century, installing nearly 1700 megawatts or $1.7 billion worth of new generating 
capacity.  

Due to continuing research and better placement of turbines, wind power has 
become much more reliable. Virtually all regions of Canada have areas with good 
wind resources. Oceans and large lakes, open prairie, and certain hill or mountain 
areas often have good winds, and these areas are where Canada‗s current wind 
generation facilities are located.  

There are commercial wind turbines in five provinces and the Yukon, with plans 
for further installations in almost all the rest of the provinces. Natural Resources 
Canada estimates that Canada has almost 30,000 megawatts of developable wind 
resource. 

This compares to the current installed base of 200 megawatts, and would be 
enough to supply 15 percent of Canada's electricity supply. The wind energy 
future looks bright and there is a growing interest in wind power within the North 
American electric industry.  

Wind power is a clean and renewable energy source, it produces no pollution and 
it doesn‗t harm our earth. Also important is the fact that the price of wind power 
is not affected by fuel price increases or supply disruptions—it is a domestic, 
renewable energy source. The land used for wind turbines can still be used for 
other purposes such as grazing and farmland. 

 

42 



WORKING PRINCIPLE OF WIND TURBINE 

There is an air turbine of large blades attached on the top of a supporting tower 
of sufficient height. When wind strikes on the turbine blades, the turbine rotates 
due to the design and alignment of rotor blades. The shaft of the turbine is 
coupled with an electrical generator. The output of the generator is collected 
through electric power cables. 

 

 

 

 

 

 

 

 

Figure 2.17. Principles of Wind turbine aerodynamics 

 

When the wind strikes the rotor blades, blades start rotating. The turbine rotor is 
connected to a high-speed gearbox.  

Gearbox transforms the rotor rotation from low speed to high speed. The high-
speed shaft from the gearbox is coupled with the rotor of the generator and 
hence the electrical generator runs at a higher speed. 

 An exciter is needed to give the required excitation to the magnetic coil of the 
generator field system so that it can generate the required electricity. The 
generated voltage at output terminals of the alternator is proportional to both the 
speed and field flux of the alternator.  

The speed is governed by wind power which is out of control. Hence to maintain 
uniformity of the output power from the alternator, excitation must be controlled 
according to the availability of natural wind power.  

The exciter current is controlled by a turbine controller which senses the wind 
speed. Then output voltage of electrical generator(alternator) is given to a 
rectifier where the alternator output gets rectified to DC.  

Then this rectified DC output is given to line converter unit to convert it into 
stabilized AC output which is ultimately fed to either electrical transmission 
network or transmission grid with the help of step up transformer.  
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 An extra units is used to give the power to internal auxiliaries of wind turbine (like 
motor, battery etc.), this is called Internal Supply Unit. 
There are other two control mechanisms attached to a modern big wind turbine. 

 Controlling the orientation of the turbine blade. 

 Controlling the orientation of the turbine face. 

 The orientation of turbine blades is governed from the base hub of the blades. 
The blades are attached to the central hub with the help of a rotating 
arrangement through gears and small electric motor or hydraulic rotary system.  

 The system can be electrically or mechanically controlled depending on its design. 
The blades are swiveled depending upon the speed of the wind. The technique is 
called pitch control. It provides the best possible orientation of the turbine blades 
along the direction of the wind to obtain optimized wind power. 

 The orientation of the nacelle or the entire body of the turbine can follow the 
direction of changing wind direction to maximize mechanical energy harvesting 
from the wind.  

 The direction of the wind along with its speed is sensed by an anemometer 
(automatic speed measuring devices) with wind vanes attached to the back top of 
the nacelle.  

 The signal is fed back to an electronic microprocessor-based controlling system 
which governs the yaw motor which rotates the entire nacelle with gearing 
arrangement to face the air turbine along the direction of the wind. 

2.6.SITING OF WND POWER PLANTS: 

 The power available in wind increases rapidly with wind speed. Therefore main 

consideration for locating a wind power generation plant is the availability of 

strong and persistent wind. A suitable site should preferably have some of the 

following features: 

1. No tall obstructions for some distance (about 3 km) in the upwind direction (i.e. 

the direction of incoming wind) and also as low a roughness as possible in the 

same direction 

2. A wide and open view, i.e. open plain, open shoreline or offshore locations 

3. Top of smooth well-rounded hill with gentle slopes (about 1:3 or less) on a flat 

plain 
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4. An island in a lake or the sea 

5. A narrow, mountain gap through which wind is channeled 

6. The site should be reasonably close to power grid 

7. The soil conditions must be such that building of foundations of the turbines 

and transport of road construction material loaded on heavy trucks must be 

feasible 

8. If there are already wind turbines in the area, their production results are an 

excellent guide to local wind conditions. 

 

2.6.1.WIND TURBINE SITE SELECTION 

 

The selection of a wind farm site is complex and time consuming, and also it 

involves multiple disciplines working on parallel paths.  

It is imperative in all of the above-referenced steps that construction expertise be 

involved and consulted to achieve maximum use of the approved site.  

Wind is the energy resource that drives a wind turbine.  

A windmill needs to be placed on a high tower located in wind area. Not just any 

wind will do, a wind turbine needs air that moves uniformly in the same direction.  

The rotor cannot extract energy from turbulent wind, and the constantly changing 

wind direction due to turbulence causes excessive wear and premature failure of 

turbine.  

This means that turbine must be placed high enough to catch strong winds, and 

above turbulent air.  

Since the tower price goes up quickly with height, there is a limit to what is 

practical and affordable. 
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2.6.2.TURBINE HEIGHT 

In general, wind turbines should be 
sited well above trees, buildings, and 
other obstacles. When the wind flows 
over an obstacle like a building or a 
tree, the wind is slowed down and 
turbulent air is created, and if a wind 
turbine is located in this zone of 
turbulence, the result will be poor 
energy production and increased 
wear and tear on the turbine. One 
way to get above the zone of 
turbulence is to put the wind turbine 
on a tall tower. 

Figure.2.18  (Installation of wind 
turbine)  is an illustration of a simple 
rule of thumb that is often used to 
specify a minimum tower height for a 
residential-sized wind turbine. The 
rule of thumb is to make sure that 
the tower is tall enough so that the 
entire turbine rotor is at least 10 m 
above the tallest obstacle within 150 
m of the tower. Because trees grow 
and towers do not, the growth of 
trees over the lifetime of the wind 
turbine (typically 20-30 years 
between major rebuilds) should be 
considered in installation. 

This should really be regarded as an 
absolute minimum for a wind turbine; 
at 10 m above an obstacle, there will 
still be some amount of turbulence 
and additional clearance is highly 
desirable. Changes in height of 
obstacles should be kept in mind as 
well. For example, if the obstacle like 
trees that are expected to grow up to 
20 m high, it is advisable to use a 
33m tower. 

 

 

 

 

 Figure 2.18. Installation of wind turbine 

Likewise, a 20-m tower should only 
be used when the terrain is very flat 
with no obstacles in a wide area 
around; for example, at the edge of 
the sea, or on top of a cliff with a 
clear area around it, or in the tundra.  

For most situations, a 20-m tower will 
only save a little money up front, 
while short selling energy production 
in the long run.  

To go beyond the rule of thumb, the 
airflow over any blunt obstruction, 
including a tree, tends to create a 
‗bubble‘ of turbulent air of twice the 
height of the obstacle, extending 20 
times the height of the obstacle 
behind it. Therefore, your 10-m high 
house disturbs the air up to 200 m 
away.  
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The tree line with 33 m trees disturbs 
the air up to 70 m high at a distance 
of 300 m away (see Fig.2.18). Wind 
turbine may be located either upwind 
of the obstructions, or far enough 
downwind. Notice from Figure that 
preference should be given to a site 
upwind of obstructions, but keep in 
mind that tall features downwind of 
the turbine can also influence the 
wind going through the blades, as 
shown in Figure . 

Upwind and downwind are relative to 
the prevailing wind direction, where 
the wind blows from most of the 
time. A wind atlas can sometimes tell 
about prevailing wind direction, and if 
there is one at all. Some sites have 
winds that did not read the rule book, 
and there it is equally likely to blow 
from more than one direction. 

The Danish Wind Power Association 
made a very nice, interactive, 
calculator that allows one to plug in 
various obstacles (for example, a row 
of trees), set their height and 
distance to the wind turbine (see 
Fig.), and visually show what effect 
this will have on wind speed and 
energy.  

The calculator shows the percentage 
of the wind speed at various 
distances and heights behind the 
obstacle. 

 It is necessary to remember that 
although the effect of obstacles is not 
just to diminish wind speeds, but 
they also make the air swirl, creating 
turbulence. Turbulence is an energy 
reducers when it comes to wind 
turbines. Another aspect of proper 
windmill installation is the distance 
from occupied buildings.  

 

 

 

 

All wind turbines produce some 
amount of sound. Even though there 
are the most quiet wind turbines in 
the market (Scirocco), they also 
produce sound.  

Some people find its sound soothing, 
since it tells them they are making 
energy, while it drives others 
absolutely bonkers.  

For that reason, it is a good idea to 
place wind turbine some distance 
away from house, 100 feet is a good 
number for minimum separation. 
There is also such a thing as too 
much distance, since the length and 
gauge of the wiring that are needed 
will increase. With the ever-
increasing price of copper, this makes 
it more expensive to install your 
turbine. This effect can be used as an 
advantage. For obstructions that are 
not smooth, like a cliff (i.e., a sudden 
rise in the landscape), it gets trickier. 
Sharp edges create turbulence, as 
illustrated in Figure. 

The airflow at the top of the cliff can 
be stronger than the average wind 
speed in the area, but close to the 
cliff ‘s edge, it may also be very 
turbulent, making it a poor site for a 
turbine. If there is a cliff edge on 
land and want to use it for installing a 
wind turbine, a 20 m high tower 
should be used to get above the 
turbulent air. Even if it seems that the 
wind is always blowing hard at the 
cliff ‘s edge, the lee side (downwind 
of the prevailing winds) of a bluff 
object makes for a very poor wind 
turbine site. 
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The tree line with 33 m trees disturbs 
the air up to 70 m high at a distance 
of 300 m away (see Fig).  

Wind turbine may be located either 
upwind of the obstructions, or far 
enough downwind.  

Notice from Figure  that preference 
should be given to a site upwind of 
obstructions, but keep in mind that 
tall features downwind of the turbine 
can also influence the wind going 
through the blades, as shown in 
Figure. 

Upwind and downwind are relative to 
the prevailing wind direction, where 
the wind blows from most of the 
time. 

 A wind atlas can sometimes tell 
about prevailing wind direction, and if 
there is one at all. Some sites have 
winds that did not read the rule book, 
and there it is equally likely to blow 
from more than one direction. 

The Danish Wind Power Association 
made a very nice, interactive, 
calculator that allows one to plug in 
various obstacles (for example, a row 
of trees), set their height and 
distance to the wind turbine (see 
Fig), and visually show what effect 
this will have on wind speed and 
energy. 

 The calculator shows the percentage 
of the wind speed at various 
distances and heights behind the 
obstacle. It is necessary to remember 
that although the effect of obstacles 
is not just to diminish wind speeds, 
but they also make the air swirl, 
creating turbulence.  

Turbulence is an energy reducers 
when it comes to wind turbines. 

 

Another aspect of proper windmill 
installation is the distance from 
occupied buildings.  

All wind turbines produce some 
amount of sound. Even though there 
are the most quiet wind turbines in 
the market (Scirocco), they also 
produce sound. Some people find its 
sound soothing, since it tells them 
they are making energy, while it 
drives others absolutely bonkers. For 
that reason, it is a good idea to place 
wind turbine some distance away 
from house, 100 feet is a good 
number for minimum separation. 
There is also such a thing as too 
much distance, since the length and 
gauge of the wiring that are needed 
will increase. With the ever-
increasing price of copper, this makes 
it more expensive to install your 
turbine. This effect can be used as an 
advantage. For obstructions that are 
not smooth, like a cliff (i.e., a sudden 
rise in the landscape), it gets trickier. 
Sharp edges create turbulence. 

The airflow at the top of the cliff can 
be stronger than the average wind 
speed in the area, but close to the 
cliff ‘s edge, it may also be very 
turbulent, making it a poor site for a 
turbine. If there is a cliff edge on 
land and want to use it for installing a 
wind turbine, a 20 m high tower 
should be used to get above the 
turbulent air.  
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Even if it seems that the wind is 

always blowing hard at the cliff ‘s 

edge, the lee side (downwind of the 

prevailing winds) of a bluff object 

makes for a very poor wind turbine 

site. 

The bluff object will create large 
turbulence on its downwind side, and 
the average wind speed will drop off 
precipitously as well. This leaves no 
energy for the wind turbine to 
harvest. 

Weather data usually reports wind 
speeds at 10 m above the ground 
level, and the spreadsheet can take 
care of translating that to a wind 
speed at turbine height. In order to 
understand how changes in tower 
height affect the power in the wind 
for an unobstructed site, the process 
is shown in Figure. 

The energy in the wind increases 
with the cube of the wind speed (Pa 
V 3), and wind speed increases with 
height. An increase of just 26% in 
wind speed means twice as much 
power available in the wind, and your 
wind turbine will produce almost 
twice as much. By doubling the wind 
speed, almost eight times as much 
power can be harvested. Therefore, a 
small additional investment in tower 
height may be well worth it due to 
the increased energy production (see 
Fig.). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.19. Wind speed around a cliff 

Figure 2.20. Airflow at different levels of cliff 

Figure 2.21. Wind power versus tower height 
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The airflow that close to the building 
is generally very turbulent, leading to 
premature failure and poor power 
production.  

It is usually noisy too. Every wind 
turbine has some amount of vibration 
associated with it, and this too will be 
transmitted inside the house.  

We know, the thought of bolting a 
little turbine to the house, just over 
the roof line, to offset your electricity 
use (as that salesman put it) is 
appealing.  

The harsh reality is that it does not 
work. Several studies were done, 
involving dozens of roof-top turbines. 
They all concluded that those 
turbines do not work. 

Their energy production is negligible 
and some were even net users of 
electricity (because their inverters 
draw power, even when nothing is 
going into the grid). It is necessary to 
say ‗no‘ to building-mounted turbines. 

 

2.6.3. Considerations and 
Guidelines for Site Selection 

When looking for a place for a wind 
turbine, engineers consider factors 
such as wind hazards, characteristics 
of the land that affect wind speed, 
and the effects of one turbine on 
nearby turbines in wind farms.  

 

The following important factors need 
careful considerations: 

 

1. Hill effect: When it approaches a 
hill, wind encounters high pressure 
because of the wind that has already 
built up against the hill. This 
compressed air rises and gains speed 
as it approaches the crest, or top of 
the hill. The installation of wind 
turbines on hilltops takes advantage 
of this increase in speed. 

2. Roughness or the amount of 
friction that earth’s surface 
exerts on wind: Oceans have very 
little roughness. A city or a forest has 
a great deal of roughness, which 
slows the wind. 

3. Tunnel effect: The increase in air 
pressure undergoes when it 
encounters a solid obstacle. The 
increased air pressure causes the 
wind to gain speed as it passes 
between, for example, rows of 
buildings in a city or between two 
mountains. Placing a wind turbine in 
a mountain pass can be a good way 
to take advantage of wind speeds 
that are higher than those of the 
surrounding air. 

4. Turbulence: Rapid changes in the 
speed and direction of the wind, 
often caused by the wind blowing 
over natural or artificial barriers are 
called turbulence. Turbulence causes 
not only fluctuations in the speed of 
the wind but also wear and tear on 
the turbine. Turbines are mounted on 
tall towers to avoid turbulence 
caused by ground obstacles. 
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5. Variations in wind speed: 

During the day, winds usually blow 

faster than they do at the night 

because the sun heats the air, setting 

air currents in motion. In addition, 

wind speed can differ depending on 

the season of the year. This 

difference is a function of the sun, 

which heats different air masses 

around earth at different rates, 

depending on the tilt of the earth 

towards or away from the sun. 

6. Wake: Energy can neither be 

created nor destroyed. As wind 

passes over the blades of a turbine, 

the turbine seizes much of the 

energy and converts it into 

mechanical energy. The air coming 

out of the blade sweep has less 

energy because it has been slowed. 

The abrupt change in the speed 

makes the wind turbulent, a 

phenomenon called wake. Because of 

wake, wind turbines in a wind farm 

are generally placed about three 

rotor diameters away from one 

another in the direction of the wind, 

so that the wake from one turbine 

does not interfere with the operation 

of the one behind it. 

7. Wind obstacles: Trees, buildings, 

and rock formations are the main 

obstacles in the installation of wind 

turbines. Any of these obstacles can 

reduce wind speed considerably and 

increase turbulence.  

 

 

 Wind obstacles like tall buildings 
cause wind shade, which can 
considerably reduce the speed of the 
wind, and therefore, the power 
output of a turbine. 

8. Wind shear: It is the 
differences in wind speeds at 
different heights. When a turbine 
blade is pointed straight upward, 
the speed of the wind hitting its 
tip can be, for example, 9 miles 
(14 km) per hour, but when the 
blade is pointing straight 
downward, the speed of the wind 
hitting its tip can be 7 miles (11 
km) per hour. This difference 
places stress on the blades. 
Further, too much wind shear can 
cause the turbine to fail. Choosing 
the right site for wind turbine is 
the most important decision. 
Further, the location plays a vital 
part in the performance and 
efficiency of a wind turbine.  

 

The following guidelines can be 
followed to evaluate site for the 
installation of wind turbines: 

1. Turbines work best when on 
high and exposed sites. Coastal 
sites are especially good. 

2. Town centers and highly 
populated residential areas are 
usually not suitable sites for wind 
turbines. 
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3. Avoid roof-mounted turbines as 
there is no guarantee that these 
devices will not damage property 
through vibration. 

4. The farther the distance between 
the turbine and the power 
requirement, the more power will be 
lost in the cable. The distance of the 
cabling will also impact the overall 
cost of the installation. 

5. Turbulence disrupts the air flow 
that can wear down the blades and 
reduces the lifecycle of the turbine. It 
is recommended that installing a 
turbine may be considered only when 
the distance between the turbine and 
the nearest obstacle is more than 
twice the height of the turbine, or 
when the height of the turbine is 
more than twice the height of the 
nearest obstacle. 

6. Small turbines require an average 
wind speed of over 4.5 m/s to 
produce an efficient level of 
electricity. 

7. If site is in a remote location, 
connecting wind turbine to the 
national grid will be very expensive 
and it may be worth considering an 
off-grid connection instead using 
battery storage. 

2.6.4.Wind Turbine Power 
Output Variation with Steady 
Wind Speed 

Figure gives the power output from a 
wind turbine variation with steady 
wind speed. 

There are five important 
characteristic wind speeds and they 
are as follows: 

 

1. Start-up speed is the speed at 
which the rotor and blade assembly 
begin to rotate. 

2. The cut-in wind speed is the speed 
when the machine begins to produce 
power. 

3. The design wind speed is the 
speed when the windmill reaches its 
maximum efficiency. 

4. The rated wind speed is the speed 
when the machine reaches its 
maximum output power. 

5. The furling wind speed is the 
speed when the machine furls to 
prevent damage at high wind speeds. 

 

 

 

 

 

 

 

 

 

 

Cut-in speed is the minimum wind 
speed at which the wind turbine will 
generate usable power. This wind 
speed is typically between 7 and 10 
mph for most turbines. At very low 
wind speeds, there is insufficient 
torque exerted by the wind on the 
turbine blades to make them rotate. 

 

 

Figure 2.22. Wind turbine power output with 
steady wind speed 
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However, as the speed increases, the 
wind turbine will begin to rotate and 
generate electrical power. The speed 
at which the turbine first starts to 
rotate and generate power is called 
the cut-in speed and is typically 
between 3 and 4 m/s. 

Rated speed At wind speeds between 
cut-in and rated, the power output 
from a wind turbine increases as the 
wind increases. The output of most 
machines levels off above the rated 
speed. 

Most manufacturers provide graphs, 
called ‗power curves,‘ showing how 
their wind turbine output varies with 
wind speed. As the wind speed rises 
above the cut-in speed, the level of 
electrical output power rises rapidly 
as shown. However, typically 
somewhere between 12 m/s and 17 
m/s, the power output reaches the 
limit that the electrical generator is 
capable of. This limit to the generator 
output is called the rated power 
output and the wind speed at which 
it is reached is called the rated output 
wind speed. At high wind speeds, the 
design of the  turbine is arranged to 
limit the power to this maximum level 
and there is no further rise in the 
output power. How this is done varies 
from design to design; however, 
typically, with large turbines, it is 
done by adjusting the blade angles 
so as to keep the power at the 
constant level. 

 

Cut-out speed At very high wind 
speeds, usually around 25 m/s, most 
wind turbines cease power 
generation and shutdown.  

The wind speed at which the 
shutdown occurs is called the cut-out 
speed, or sometimes the furling 
speed. Having a cut-out speed is a 
safety feature that protects the wind 
turbine from damage. Shutdown may 
occur in one of the several ways. 

 In some machines, an automatic 
brake is activated by a wind speed 
sensor. Some machines twist or 
‗pitch‘ the blades to spill the wind. 
Still others use ‗spoilers,‘ drag flaps 
mounted on the blades or the hub 
that are automatically activated by 
high rotor rpms, or mechanically 
activated by a spring-loaded device, 
which turns the machine sideways to 
the wind stream.  

Normal wind turbine operation 
usually resumes when the wind drops 
back to a safe level.  

As the speed increases above the 
rate output wind speed, the forces on 
the turbine structure continue to rise 
and, at some point, there is a risk of 
damage to the rotor.  

As a result, a braking system is 
employed to bring the rotor to a 
standstill. 
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2.7.GRID INTEGRATION ISSUES OF WIND POWER PLANTS 

To integrate large amounts of wind power into electricity grid, a number of issues 
need to be addressed, including design and operation of the power system, grid 
infrastructure issues, and grid connection of wind power. 

 

A. Transient Stability and Power Quality Problems 

 

Consider a grid-connected wind generator system. During a transient fault in the 
power network, the rotor speed of the wind generator goes very high, active 
power output goes very low, and terminal voltage goes very low or collapses.  

The wind speed might be considered constant during a transient fault. According 
to grid code requirements, the voltage level should not be less than 85% of the 
rated voltage. Usually the wind generator is shut down during these emergency 
situations.  

Recent tradition is not to shut down the wind generator during a network fault but 
to keep it connected to the grid through appropriate power electronics control. In 
other words, the wind generators should have fault ride-through (FRT) capability. 
This clearly indicates that wind generator stabilization is necessary during network 
faults. 

 

B. Variability of Wind Power 

 

Wind energy does not suddenly trip the system off. Variations are smoother 
because there are hundreds or thousands of units rather than a few large power 
stations, making it easier for the system operator to predict and manage changes 
in supply.  

Especially in large, interconnected grids, there is little overall impact if the wind 
stops blowing in one particular place. Predictability is key in managing wind 
power‘s variability, and significant advances have been made to improve 
forecasting methods.  

Today, wind power prediction is quite accurate for aggregated wind farms. Using 
increasingly sophisticated weather forecasts, wind power generation models, and 
statistical analysis, it is possible to predict generation from 5-minute to hourly 
intervals over time scales up to 72 hours in advance and for seasonal and annual 
periods.  
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C. Power, Frequency, and Voltage Fluctuations Due to 
Random Wind Speed Variation 

Due to random wind speed variation, wind generator output power, frequency, 
and terminal voltage fluctuate. In other words, power quality of the wind 
generator deteriorates. However, consumers need constant voltage and 
frequency. Thus, frequency, grid voltage, and transmission line power should be 
maintained constant.  

 

D. Grid Connection Requirements 

The major requirements of typical grid codes for operation and grid connection of 
wind turbines are summarized as follows: 

1. Voltage operating range: The wind turbines are required to operate within 
typical grid voltage variations. 

2. Frequency operating range: The wind turbines are required to operate 
within typical grid frequency variations. 

3. Active power control: Several grid codes require wind farms to provide 
active power control to ensure a stable frequency in the system and to prevent 
overloading of lines. Also, wind turbines are required to respond with a ramp rate 
in the desired range. 

4. Frequency control: Several grid codes require wind farms to provide 
frequency regulation capability to help maintain the desired network frequency. 

5. Voltage control: Grid codes require that individual wind turbines control their 
own terminal voltage to a constant value by means of an automatic voltage 
regulator. 

6. Reactive power control: The wind farms are required to provide dynamic 
reactive power control capability to maintain the reactive power balance and the 
power factor in the desired range. 

7. Low-voltage ride-through (LVRT): In the event of voltage sag, the wind 
turbines are required to remain connected for a specific amount of time before 
being allowed to disconnect. In addition, some utilities require that the wind 
turbines help support grid voltage during faults. 

8. High-voltage ride-through (HVRT): In the event that the voltage goes 
above its upper limit value, the wind turbines should be capable of staying online 
for a given length of time. 

9. Power quality: Wind farms are required to provide the electric power with a 
desired quality, such as maintaining constant voltage or voltage fluctuations in the 
desired range or maintaining voltage–current harmonics in the desired range. 

 

 

 

 

 

55 



10. Wind farm modelling and verification: Some grid codes require wind 
farm owners and developers to provide models and system data to enable the 
system operator to investigate by simulations the interaction between the wind 
farm and the power system. They also require installation of monitoring 
equipment to verify the actual behaviour of the wind farm during faults and to 
check the model. 

11. Communications and external control: The wind farm operators are 
required to provide signals corresponding to a number of parameters important 
for the system operator to enable proper operation of the power system. 
Moreover, it must be possible to connect and disconnect the wind turbines 
remotely. 

 

 

 

 

 

 

 

 

Figure 2.23. Typical low-Voltage ride through requirement-U.S 

Above Figure, shows typical LVRT requirements in the United States. 
Interconnection requirements for wind energy connected to the transmission 
networks in the United States are applicable to wind farms larger than 20 MW and 
mainly cover the following three major technical topics: 

i. LVRT capability: The wind farms are required to remain online during voltage 
disturbances up to specified time periods and associated voltage levels. According 
to this LVRT specification, the wind turbines should remain connected to the grid 
and supply reactive power when the voltage at the point of connection falls in the 
gray area. In addition, wind farms must be able to operate continuously at 90% 
of the rated line voltage, measured at the high-voltage side of the wind plant 
substation transformers. 

ii. Power factor (reactive power) design criteria: The wind farms are 
required to maintain a power factor within the range of 0.95 leading to 0.95 
lagging, measured at the high-voltage side of the substation transformers.  

iii. Supervisory control and data acquisition (SCADA) capability: The wind 
farms are required to have SCADA capability to transmit data and receive 
instructions from the transmission provider. 

 

56 



D.1 Islanding and Auto Reclosure 

Critical situations can occur if a part of the utility network is islanded, and an 
integrated distributed generation (DG) unit is connected. This situation is 
commonly referred to as loss of mains (LOM) or loss of grid (LOG).  

When LOM occurs, neither the voltage nor the frequency is controlled by the 
utility supply. Normally, islanding is the consequence of a fault in the network. If 
an embedded generator continues its operation after the utility supply was 
disconnected, faults may not clear since the arc is still charged.  

Small embedded generators (or grid interfaces, respectively) are often not 
equipped with voltage control; therefore, the voltage magnitude of an islanded 
network is not kept between desired limits, and undefined voltage magnitudes 
may occur during island operation.  

Another result of missing control might be frequency instability. Since real 
systems are never balanced exactly, the frequency will change due to active 
power unbalance. Uncontrolled frequency represents a high risk for machines and 
drives.  

Since arc faults normally clear after a short interruption of the supply, automatic 
(instantaneous) reclosure is a common relay feature. With a continuously 
operating generator in the network, two problems may arise when the utility 
network is automatically reconnected after a short interruption: 

The fault may not have cleared since the arc was fed from the DG unit; therefore, 
instantaneous reclosure may not succeed. 

 In the islanded part of the grid, the frequency may have changed due to active 
power unbalance. Reclosing the switch would couple two  asynchronously 
operating systems. 

Extended dead time has to be regarded between the separation of the DG unit 
and the reconnection of the utility supply to make fault clearing possible. Common 
time settings of auto reclosure relays are between 100 and 1,000 ms.  

With DG in the network, the total time has to be prolonged. A recommendation is 
to maintain a reclosure interval of 1 sec or more for distribution feeders with 
embedded generators.  

The only solution to this problem seems to be to disconnect the DG unit as soon 
as LOM occurred. Thus, it is necessary to detect islands quickly and reliably. 
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D.2 Other Issues 

There are some other problems concerning the integration of DG besides those 
already mentioned.  

D.2.1 Ferroresonance 

Ferroresonance can occur and damage customer equipment or transformers. For 
cable lines, where faults are normally permanent, fast-blowing fuses are used as 
overcurrent protection.  

Since the fuses in the three phases do not trigger simultaneously, it may happen 
that a transformer is connected via only two phases for a short time.  

Then, the capacitance of the cable is in series with the transformer inductance 
that could cause distorted or high voltages and currents due to resonance 
conditions. 

D.2.2 Grounding 

There are possible grounding problems due to multiple ground current paths. If a 
DG unit is connected via a grounded delta-wye transformer, earth faults on the 
utility line will cause ground currents in both directions—from the fault to the 
utility transformer as well as to the DG transformer.  

This is normally not considered in the distribution system ground fault 
coordination. The problem of loss of earth (LOE) for single-point grounded 
distribution systems is that whenever the utility earth connection is lost the whole 
system gets ungrounded. 
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Video Links 

S.No Topic Link 

1. Wind Flow https://www.youtube.com/watch?v=zsSOWif8TuY 

2. Working of Wind 
Turbine 

https://www.youtube.com/watch?v=scOnmQohioE&list=
PL0nhhY1otDRmsgtMRw-Pj6BErBxd-JXC4&index=4&t=0s 

3. Why Three Blades in 
Wind Turbine 

https://www.youtube.com/watch?v=mYNtLjSGrMI 
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Assignments 

Case study  to access potential wind energy generation 
region in different part of the world and predict the wind 
generation in a particular region by the year. 

Note: Use the wind power potential map for the each country. 
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Question Bank 

PART-A 

 
S.No Question & Answers 

K 
Level 

CO 

1 

Define Wind. 
Wind results from air motion. Air in motion arises from a 
pressure gradient. The circulation of air in the atmosphere is 
caused by the non-uniform heating of the earth‘s surface by 
the Sun. 

K1 C403.2 

2 

Why utilization of wind is considered as part of solar 
technology? 
The major forcing function causing surface winds from the 
poles toward the equator is convective circulation. Solar 
radiation heats the air near the equator, and this low density 
heated air is buoyed up. At the surface it is displaced by 
cooler more dense higher pressure air flowing from the 
poles. In the upper atmosphere near the equator the air 
thus tends to low back toward the poles and away from the 
equator. The net result is a global convective with surface 
winds from north to south in the northern hemisphere. 
 
It is clear from the above over simplified model that the 
wind is basically caused by the Solar Energy irradiating the 
Earth. This is why wind utilization is considered part solar 
technology. 

K1 C403.2 

3 

What are the different causes of Local Winds? 
       Local winds are caused by two mechanisms.  
        They are, 
                    i. Differential heating of land and water, and 
                   ii. Air heating in hills and mountain sides 

K1 C403.2 

4 

Give the relationship between wind speed and height 
Wind speeds increase with height. They have traditionally 
been measures at a standard height of 10m where they are 
found to be 20-25% greater than close to the surface. At 
height of 60m they may be 30-60% higher because of the 
reduction in the day effect of Earth‘s surface. 

K1 C403.2 

61 



S.No Question & Answers 
K 

Level 
CO 

5 

What are the factors determine the output from a 
wind energy converter: 
             i. The wind speed, 
            ii. The cross-section of wind swept by rotor, and 
           iii. The overall conversion efficiency of the rotor, 
transmission system and generator or pump. 

K1 C403.2 

6 

What are the conversion losses available wind     
energy conversion system. 
A 100% efficient aero generator would able to convert up to 
a maximum 60% o the available energy in wind into 
mechanical energy. Well-designed blades will typically 
extract 70% of the theoretical maximum, but losses incurred 
in the gearbox, transmission system and generator or pump 
could decrease overall wind turbine efficiency to 35% or 
less. 

K1 C403.2 

7 

Define Power Co-efficient. 
The fraction of the free-flow wind power that can be 
extracted by a rotor is a called the power co-efficient. Thus 
             Power Coefficient = Power of wind rotor / Power 
available in the wind 
Where, power available is calculated from the air density, 
rotor diameter and free wind speed as discussed earlier. The 
maximum theoretical power coefficient is equal to 16/27 or 
0.593. This value cannot be exceeded by a rotor in free-flow 
wind-stream. 

K1 C403.2 

8 

What are the advantage o selecting sites with annual 
mean wind speeds and building larger rather than 
smaller wind generator? 
The power available in the wind increases as cube o the 
wind speed; doubling the wind speed increases the power 
available by eight old and 
Doubling the diameter of the turbine‘s rotor quadruples the 
swept area and hence the power output from the device. 
(This law only applies to horizontal axis machines, for 
vertical axis machines the changes in power output with 
diameter will be determined by the geometry of the rotor). 

K1 C403.2 

62 



S.No Question & Answers 
K 

Level 
CO 

9 

What are the different types o forces acting on 
propeller type wind turbine. 
There are two types of forces which are acting on the 
blades. They are 
     1. Circumferential force acting in the direction of wheel 
rotation that provides the torque, and 
      2. Axial force acting in the wind stream that provides an 
axial thrust that must be countered by proper mechanical 
design. 

K1 C403.2 

10 

What is the function of back-up in small producers? 
For small producers, back-up can take the form of 
    a) Battery storage   b) Connection with the local 
electricity distribution systems, or  c)  A stand by generator 
powered by liquid or gaseous fuels Drag  force 

K1 C403.2 

11 

What are the mechanisms for producing forces from 
wind? 
There are two primary mechanism for producing forces from 
the winds. They are  i. Lift force, and       ii. Drag force 

K1 C403.2 

12 

Define Airfoil 
Lift forces are produced by changing the velocity of the air 

stream flowing over either side of the lifting surface. 

Speeding up the air flow causes the pressure to drop, while 

slowing the air stream down leads to increase in pressure. 

This pressure difference produces a force that begins to act 

on the high pressure side and moves towards the low 

pressure side of the lifting surface which is called an airfoil. 

K1 C403.2 

13 

Define Magnus Effect 
Magnus Effect, caused by spinning a cylinder in an air 

stream at a high-speed of rotation. The spinning slows down 

the air speed on the side where the cylinder is moving into 

wind and increases it on the other side; the result is similar 

to an airfoil. This principle has been put to practical use in 

one or two cases but is not generally employed. 

K1 C403.2 
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S.No Question & Answers 
K 

Level 
CO 

14 

What are the major broad classification of WECS? 
There are two broad classification of WECS. They are 
      i. Horizontal Axis machines and 
     ii. Vertical Axis machines 

K1 C403.2 

15 

What are the different types of vertical axis wind 
turbines. 
           i.  Savonius Rotor type machines 
           ii. Darrieus type machines 

K1 C403.2 

16 

Define Thwaits Slot 
To blow air through narrow slots in a cylinder, so that it 
emerges tangentially; this is known as a Thwaits Slot. 
Thwaits Slots also creates a rotation (or circulation) of 
airflow, which in turn generate lift. Because the lift drag 
ratio of airfoils is generally much better than those of 
rotating or slotted cylinders, the latter techniques probably 
have little practical potential. 

K1 C403.2 

17 

Define Stalling. 
When lift decreases and the drag increases quite 
substantially; this phenomenon is known as Stalling. For 
efficient operation, a wind turbine blade needs to function 
with as much lift and as little drag as possible because drag 
dissipates energy. 

K1 C403.2 

18 

Give some important factor consider for side 
selection of WECS 
High annual average wind speed: 
Availability of anemometry data: 
Availability of wind V(t) Curve at the proposed site: 
Wind structure at the proposed site: 
Altitude of the proposed site: 
Terrain and its aerodynamic: 
Local Ecology 
Distance to road or railways: 
Nearness of site to local centre/users: 
Nature of ground: 
Favorable land cost: 

K1 C403.2 
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Question Bank 

PART-B 

65 

S.No Question & Answers 
K 

Level 
CO 

1 

Distinguish clearly between (a) Constant speed constant 
frequencies WTG unit. (b) Variable speed constant 
frequency WTG system. (c) Nearly constant speed constant 
frequency system.  

k3 C403.2 

2 
Why a tall tower is essential for mounting a horizontal axis 
wind turbine?  

K1 C403.2 

3 
With a neat diagram, explain how wind energy can be 
converted into electrical energy.  

K2 C403.2 

4 
Explain the principle and application of wind electric system. 
State the basic Components and their working in wind 
electric system.  

K2 C403.2 

5 
Explain with a neat diagram the working of various types of 
wind generators.  

K2 C403.2 

6 
Explain briefly about the horizontal wind mills with neat 
sketch?  

K2 C403.2 

7 
Explain briefly about the vertical wind mills with neat 
sketch?  

K2 C403.2 

8 
Explain the terms i. Yaw control ii. Pitch control iii. 
Teethering control  

K2 C403.2 

9 
Write short notes on (a) Application of wind energy (b) 
Savonius rotor (c) Darrieus rotor (d) Wind energy storage. 

k1 C403.2 

10 
What are the most favorable sites for installing of wind 
turbines? 

k1 C403.2 

11 
Describe the construction of a three-bladed horizontal shaft 
wind turbine generator unit. 

k2 C403.2 

12 
Compare the Darrieus rotor wind turbine with a three-bladed 
horizontal shaft wind turbine with regard to advantages and 
disadvantages, practical size, etc. 

k2 C403.2 

13 
Describe the operation of wind electrical generation schemes 
involving (a) induction generator, (b) synchronous generator, 
and (c) double output induction generator. 

k2 C403.2 
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S.No Question & Answers 
K 

Level 
CO 

14 Develop an expression for energy available in the wind. k3 C403.2 

15 
Sketch the diagram of a HAWT and explain the functions of 
its main components.  

K2 C403.2 

16 
Explain various designs of blades of VAWTs and their relative 
features. 

K2 C403.2 

17 
Explain briefly about grid integration issues in wind power 
plants. 

K2 C403.2 



Supportive Online Courses 

S.No 
Course 

Conducted 
By 

Course Name Link 

1 Coursera Wind Energy 
https://www.coursera.org/learn/win
d-energy 
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Real Time Applications 

Making of Portable Wind Turbine 
https://www.youtube.com/watch?v=qSWKoPGfx3w 
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Content Beyond the Syllabus 

GRID INTEGRATED PMSG BASED WECS: 

Permanent Magnet Synchronous Generators: 

The permanent magnet synchronous generator (PMSG) has several 
significant advantageous properties. The construction is simple and 
does not required external magnetization, which is important 
especially in stand-alone wind power applications and also in remote 
areas where the grid cannot easily supply the reactive power required 
to magnetize the induction generator. Similar to the previous 
externally supplied field current synchronous generator, the most 
common type of power conversion uses a bridge rectifier  
(controlled/uncontrolled), a DC link, and inverter as shown in Figure 
CBS 1 . Figure  CBS 2 shows a wind energy system where a PMSG is 
connected to a three-phase rectifier followed by a boost converter. In 
this case, the boost converter controls the electromagnet torque and 
the supply side converter regulates the DC link voltage as well as 
controlling the input power factor. One drawback of this configuration 
is the use of diode rectifier that increases the current amplitude and 
distortion of the PMSG. As a result, this configuration have been 
considered for small size wind energy conversion systems (smaller 
than 50 kW). 

 

 

 

 

 

 

Figure CBS 1 Grid-connected PMSG wind energy system through 

DC/AC converter 

 

 

69 



 

 

 

 

 

FIGURE CBS 2 Grid-connected PMSG wind energy system through 

DC/AC converter with a boost chopper. 

The advantage of the system in Figure CBS 1 with regardant to the system 
showed in Figure CBS 2 is, it allows the generator to operate near its optimal 
working point in order to minimize the losses in the generator and power 
electronic circuit. However, the performance is dependent on the good knowledge 
of the generator parameter that varies with temperature and frequency. The main 
drawbacks, in the use of PMSG, are the cost of permanent magnet that increase 
the price of machine, demagnetization of the permanent magnet material, and it 
is not possible to control the power factor of the machine. 

To extract maximum power at unity power factor from a PMSG and feed this 
power (also at unity power factor) to the grid, the use of back-to-back connected 
PWM voltage source converters are proposed. Moreover, to reduce the overall 
cost, reduced switch PWM voltage source converters (four switch) instead of 
conventional (six switch) converters for variable speed drive systems can be used. 
It is shown that by using both rectifier and inverter current control or flux based 
control, it is possible to obtain unity power factor operation both at the WTG and 
the grid. Other mechanisms can also be included to maximize power extraction 
from the VSWT (i.e. MPPT techniques) or sensor-less  approaches to further 
reduce cost and increase reliability and performance of the systems. 

 

GRID INTEGRATED SCIG BASED WECS 

Squirrel-cage Induction Generator: 

 Possible architecture for systems using conventional induction generators which 
have a solid squirrel-cage rotor has many similarities to those with synchronous 
generators. The main difference is that the induction generator is not inherently 
self-exciting and it needs a source of reactive power. This could be done by a 
generator side self-commutated converter operating in the rectifier mode.  
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A significant advantage of this configuration is the low cost and low maintenance 
requirements of induction generators. Another advantage of using the self 
commutated double converter is that it can be on the ground, completely 
separate from the wind machine. If there is a problem in the converter, it could be 
switched out of the circuit for repair and the wind machine could continue to run 
at constant speed. The main disadvantage with this configuration is that, as with 
the synchronous generator, the power conversion system would have to take the 
full power generated and could be relatively costly compared to some other 
configurations. There would also be additional complexities associated with the 
supply of reactive power to the generator. 

 In this set up the stator of the squirrel cage induction generator will be connected 
to the grid by the means of back to back connected power electronic converter 
bridges. Since the power converter has to convert all the stator power, the  
converter size depends on the stator power rating. 
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Prescribed Text and Reference Books: 

TEXT BOOKS: 

1. Joshua Earnest, Tore Wizeliu, ‗Wind Power Plants and Project 
Development‘, PHI 

  Learning Pvt.Ltd, New Delhi, 2011. 

2. D.P.Kothari, K.C Singal, Rakesh Ranjan ―Renewable Energy Sources and 
Emerging 

  Technologies‖, PHI Learning Pvt.Ltd, New Delhi, 2013. 

3. Scott Grinnell, ―Renewable Energy & Sustainable Design‖, CENGAGE 
Learning, 

  USA, 2016. 
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Mini Project 

Solar Grass Cutter 

Hybrid Renewable energy for Mobile Charging unit in Bus terminal 
and Railway Station 
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Course Objective 

 

EE8703- RENEWABLE ENERGY SYSTEM 

 

To Create awareness about renewable Energy Sources 
and technologies. 

To impart knowledge on a variety of issues in 
harnessing renewable Energy. 

Learn current and possible future role of renewable 
energy sources. 
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Pre Request 

ME8792- Power Plant Engineering 

EE8552- Power Electronics 
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Syllabus 

EE8703 RENEWABLE ENERGY SYSTEMS L T P C 

3 0 0 3 

UNIT I RENEWABLE ENERGY (RE) SOURCES 9 

Environmental consequences of fossil fuel use, Importance of renewable sources of 

energy, Sustainable Design and development, Types of RE sources, Limitations of RE 

sources, Present Indian and international energy scenario of conventional and RE 

sources 

UNIT II WIND ENERGY 9 

Power in the Wind – Types of Wind Power Plants (WPPs)–Components of WPPs-

Working of WPPs- Siting of WPPs-Grid integration issues of WPPs. 

UNIT III SOLAR PV AND THERMAL SYSTEMS 9 

Solar Radiation, Radiation Measurement, Solar Thermal Power Plant, Central Receiver 

Power Plants, Solar Ponds.- Thermal Energy storage system with PCM- Solar 

Photovoltaic systems : Basic Principle of SPV conversion – Types of PV Systems- 

Types of Solar Cells, Photovoltaic cell concepts: Cell, module, array ,PV Module I-V 

Characteristics, Efficiency & Quality of the Cell, series and parallel connections, 

maximum power point tracking, Applications. 

UNIT IV BIOMASS ENERGY 9 

Introduction-Bio mass resources –Energy from Bio mass: conversion processes-

Biomass Cogeneration-Environmental Benefits. Geothermal Energy: Basics, Direct 

Use, Geothermal Electricity. Mini/micro hydro power: Classification of hydropower 

schemes, Classification of water turbine, Turbine theory, Essential components of 

hydroelectric system. 

UNIT V OTHER ENERGY SOURCES 9 

Tidal Energy: Energy from the tides, Barrage and Non Barrage Tidal power systems. 

Wave Energy: Energy from waves, wave power devices. Ocean Thermal Energy 

Conversion (OTEC)- Hydrogen Production and Storage- Fuel cell : Principle of 

working- various types - construction and applications. Energy Storage System- 

Hybrid Energy Systems 
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Course Outcome 

Semester:07 

L
e
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e
 

Year of Study:2020-21 (2017 Regulation) 

Course Name: Renewable Energy Systems (EE8703) 

C403.1 
Understand the current energy scenario, environment aspect and 

renewable energy resources in India 
K2 

C403.2 
Understand the basic concept of wind energy conversion system 

and basics of grid Integration. 
K2 

C403.3 
Understand the solar energy conversion system and different types 

of solar plants. 
K2 

C403.4 Experiment with stand alone and grid connected PV system. K3 

C403.5 
Explain the basic of renewable sources like Hydro, biomass and 

Geothermal 
K2 

C403.6 Explain the basic of different ocean energy system and Fuel cell. K2 
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CO-PO/PSO Mapping 

Semester: 07 

Year of Study: 2020-21 (2017 Regulation) 

Course Name: Renewable Energy Systems (EE8703) 

CO‟s PO‟s PSO‟s 

1 2 3 4 5 6 7 8 9 10 11 12 1 2 3 

C403.1 3 1 1 1 - 1 1 - - - - - 3 1 1 

C403.2 3 1 1 1 - 1 1 - - - - - 3 1 1 

C403.3 3 1 1 1 - 1 1 - - - - - 3 1 1 

C403.4 3 1 1 1 - 1 1 - - - - - 3 1 1 

C403.5 3 1 1 1 - 1 1 - - - - - 3 1 1 

C403.6 3 1 1 1 - 1 1 - - - - - 3 1 1 

C403 3 1 1 1 - 1 1 - - - - - 3 1 1 
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UNIT III 
SOLAR PV AND 
THERMAL SYSTEMS  
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Lecture Plan 

S.NO TOPIC 
No of 

Periods 
Proposed 

Date 
Delivered 

Date 
Mode Of 
Delivery 

1 Solar Radiation 1 

2 Radiation Measurement 1 

3 Solar Thermal Power Plant 1 

4 
Basic Principle of SPV 

conversion  
1 

5 Types of Solar Cells 1 

6 Types of PV Systems 1 

7 

Cell, module, array, PV Module 
I-V Characteristics,  
Efficiency ,series and parallel 
connections. 

2 

8 
Maximum power point 
tracking, 
Applications 

1 

12 



Activity Based Learning 

Environment Impact Assessment of Solar Power Plants, Solar 
Ponds and Solar thermal Power Plants. 

Measure the solar radiation level in your area using concave 
mirrors and thermometer. 
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NOTES 

3.1 SOLAR RADIATION  

3.1.1EXTRATERRESTRIAL AND TERRESTRIAL RADIATIONS 

 The intensity of solar radiation keeps on attenuating as it propagates away from 
the surface of the sun, though the wavelengths remain unchanged. Solar 
radiation incident on the outer atmosphere of the earth is known as 
Extraterrestrial Radiation, Iext. The extraterrestrial radiation deviates from solar 
constant value due to two reasons. The first is the variation in the radiation 
emitted by the sun itself. The variation due to this reason is less than ±1.5 per 
cent with different periodicities. The second is the variation of earth–sun distance 
arising from earth‟s slightly elliptic path. The variation due to this reason is ±3 per 
cent and is given by: 

Iext=Isc[1+0.033cos(360n/365)] W/m2 

 where, n is the day of the year starting from January 1. 

 The extraterrestrial radiation, being outside the atmosphere, is not affected by 
changes in atmospheric conditions. While passing through the atmosphere it is 
subjected to mechanisms of atmospheric absorption and scattering depending on 
atmospheric conditions, depleting its intensity. A fraction of scattered radiation is 
reflected back to space while remaining is directed downwards. Solar radiation 
that reaches earth surface after passing through the earth‟s atmosphere is known 
as Terrestrial Radiation. The terrestrial radiation expressed as energy per unit 
time per unit area (i.e. W/m2) is known as Solar Irradiation. The term Solar 
Insolation (incident solar radiation) is defined as solar radiation energy received 
on a given surface area in a given time (in J/m2 or kWh/m2). The positions of 
extraterrestrial and terrestrial regions are indicated in figure below. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.1 
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 3.1.2 DEPLETION OF SOLAR RADIATION 

 The earth‟s atmosphere contains various gaseous constituents, suspended dust 
and other minute solid and liquid particulate matter. These are air molecules, 
ozone, oxygen, nitrogen, carbon dioxide, carbon monoxide, water vapour, dust, 
and water droplets. Therefore, solar radiation is depleted during its passage 
through the atmosphere. Different molecules do different things as explained 
below: 

 

 1. Absorption 

 Selective absorption of various wavelengths occurs by different molecules. The 
absorbed radiation increases the energy of the absorbing molecules, thus raising 
their temperatures: 

Nitrogen, molecular oxygen and other atmospheric gases absorb the X-rays and 
extreme ultraviolet radiations. 

Ozone absorbs a significant amount of ultraviolet radiation in the range (l < 0.38 
μm). 

Water vapour (H2O) and carbon dioxide absorb almost completely the infrared 
radiation in the range (l > 2.3 μm) and deplete to some extent the near infrared 
radiation below this range. 

Dust particles and air molecules also absorb a part of solar radiant energy 
irrespective of wavelength. 

 

 2. Scattering 

 Scattering by dust particles, and air molecules (or gaseous particles of different 
sizes) involves redistribution of incident energy. A part of scattered radiation is 
lost (reflected back) to space while remaining is directed downwards to the 
earth‟s surface from different directions as diffuse radiation. It is the scattered 
sunlight that makes the sky blue. Without atmosphere and its ability to scatter 
sunlight, the sky would appear black, as it does on the moon. 

 In cloudy atmosphere, (i) a major part of the incoming solar radiation is reflected 
back into the atmosphere by the clouds, (ii) another part is absorbed by the 
clouds and (iii) the rest is transmitted downwards to the earth surface as diffuse 
radiation. 
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 The energy is reflected back to the space by (i) reflection from clouds, plus (ii) 
scattering by the atmospheric gases and dust particles, plus (iii) the reflection 
from the earth‟s surface is called the albedo of earth-atmosphere system and has 
a value of about 30 per cent of the incoming solar radiation for the earth as a 
whole. Thus on the surface of earth we have two components of solar radiation: 
(i) direct or beam radiation, unchanged in direction and (ii) diffuse radiation, the 
direction of which is changed by scattering and reflection. Total radiation at any 
location on the surface of earth is the sum of beam radiation and diffuse 
radiation, what is known as global radiation. These terms may be properly defined 
as follows: 

Beam radiation: Solar radiation propagating in a straight line and received at 
the earth surface without change of direction, i.e., in line with sun is called beam 
or direct radiation. 

Diffuse radiation: Solar radiation scattered by aerosols, dust and molecules is 
known as diffuse radiation. It does not have a unique direction. 

Global radiation: The sum of beam and diffuse radiation is referred to as total 
or global radiation. 

 Even on clear days, there will be some diffuse radiation depending upon the 
amount of dust particles, ozone and water vapour present in the atmosphere. On 
overcast days when the sun is not visible, all the radiation reaching the ground 
will be diffuse radiation. In general, the intensity of diffuse radiation coming from 
various directions in the sky is not uniform. The diffuse radiation is therefore said 
to be anisotropic in nature. However, in many situations (like heavy cloud 
cover), the intensity from all directions tends to be reasonably uniform and it thus 
becomes isotropic in nature. 

 The radiation thus available on earth‟s surface is less than that is received outside 
the earth‟s atmosphere and this reduction in intensity depends on the 
atmospheric conditions (amount of dust particles, water vapour, ozone content, 
cloudiness, etc.) and the distance travelled by beam radiation through atmosphere 
before it reaches a location on earth‟s surface. The later factor in turn depends on 
solar altitude. The path length of solar beam through the atmosphere is 
accounted for in the term ‘Air Mass’, which is defined as the ratio of the path 
length through the atmosphere, which the solar beam actually traverses up to the 
ground to the vertical path length (which is minimum) through the atmosphere. 
Thus at sea level the air mass is unity when the sun is at the ‘zenith‟ (highest 
position), i.e., when inclination angle a is 90°. 

 Mathematically: 
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 The abbreviation AM0 refers to zero (no) atmosphere, AM1 refers to m = 1 (i.e., 

sun overhead, Ɵz= 0), AM2 refers to m = 2 (Ɵz = 60°); and so on. 

 From the below figure, the air mass may be written as: 

 m = (BA)/(CA) 

 = sec Ɵz 

 = cosec α 

 (as  α + Ɵz = 90°) 

 where α is inclination angle and Ɵz is zenith angle  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.2 

 

17 



 3.1.3 Solar constant 

 It is defined as the energy received from the sun per unit time on a unit surface 

area perpendicular to the direction of propagation of solar radiation at the top of 
earth‟s atmosphere when earth is at its mean distance from the sun. The value of 
solar constant is taken as 1367W/m2. 

 The extraterrestrial radiation can be determined by suing solar constant as 
follows: 

 

 

 

 Where 

 Iext is the extraterrestrial radiation, 

 Isc is the solar constant (1367W/m2), 

 Rav is the mean distance between the sun and the earth 

 R is the actual sun-earth distance 

 It can also be given as  

 

 

  

 

Where n is the number of days from 1st January 
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 3.1.4 SOLAR RADIATION GEOMETRY 

 (a) Latitude (Angle of Latitude), (λ) The latitude of a location on earth‟s 

surface is the angle made by radial line, joining the given location to the centre of 
the earth, with its projection on the equator plane. The latitude is positive for 
northern hemisphere and negative for southern hemisphere. 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.3 

 (b) Declination, (δ) It is defined as the angular displacement of the sun from 

the plane of earth‟s equator. It is positive when measured above equatorial plane 
in the northern hemisphere. The declination d can be approximately determined 
from the equation: 

 

 

 where n is day of the year counted from 1st January. 

 

 

 

 

 

 

Figure 3.4 
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 (c) Hour Angle, (ω) The hour angle at any moment is the angle through which 
the earth must turn to bring the meridian of the observer directly in line with 
sun‟s rays. In other words, at any moment, it is the angular displacement of the 
sun towards east or west of local meridian (due to rotation of the earth on its 
axis). The earth completes one rotation in 24 hours. Therefore, one hour 
corresponds to 15° of rotation. At solar noon, as sunrays are in line with local 
meridian, hour angle is zero. It is +ve in the forenoon and –ve in the afternoon. 
Thus at 06:00 hrs it is +90° and at 18:00 hrs it is –90° as shown in figure below. 
We adopt the convention of measuring it from noon based on LAT, being +ve in 
the morning and –ve in the afternoon. 

 It can be calculated as: 

ω = [12:00 – Solar Time] (in hours) × 15 degrees 

 

 

 

 

 

 

 

 

 

 

Figure 3.5 

 (d) Inclination Angle (Altitude), (α) The angle between sun‟s ray and its 
projection on horizontal surface is known as inclination angle. 

 

 (e) Zenith Angle, (Ɵz) It is the angle between sun‟s ray and perpendicular 
(normal) to the horizontal plane.  

 

 (f) Solar Azimuth Angle (γs) It is the angle on a horizontal plane, between the 
line due south and the projection of sun‟s ray on the horizontal plane. It is taken 
as +ve when measured from south towards west.  
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Figure 3.6 

 (g) Slope (Tilt Angle), (β) It is the angle between inclined plane surface, under 

consideration and the horizontal. It is taken to be +ve for the surface sloping 
towards south.   

 (h) Surface Azimuth Angle, (γ) It is the angle in horizontal plane, between the 
line due south (OS) and the horizontal projection of normal to the inclined plane 
surface (OQ). It is taken as +ve when measured from south towards west. 

 

 

 

 

 

 

 

 

 

Figure 3.7 
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3.2 MEASUREMENT OF SOLAR RADIATION 

 Solar radiation data are measured mainly by the following instruments: 

  (i) Pyranometer: A pyranometer is designed to measure global radiation, usually     
on a horizontal surface but can also be used on an inclined surface. When shaded     
from beam radiation by using a shading ring, it measures diffuse radiation only. 

  (ii) Pyrheliometer: An instrument that measures beam radiation by using a long      
and narrow tube to collect only beam radiation from the sun at normal incidence.  

  (iii) Sunshine recorder measures the sunshine hours in a day. 

 

  3.2.1 Pyranometer 

 A precision pyranometer is designed to respond to radiation of all wavelengths 

and hence measures accurately the total power in the incident spectrum. It 
contains a thermopile whose sensitive surface consists of circular, blackened, hot 
junctions, exposed to the sun and cold junctions are completely shaded. The 
temperature difference between the hot and cold junctions is the function of 
radiation falling on the sensitive surface. The sensing element is covered by two 
concentric hemispherical glass domes to shield it from wind and rain. This also 
reduces the convection currents. A radiation shield surrounding the outer dome 
and coplanar with the sensing element, prevents direct solar radiation from 
heating the base of the instrument. The instrument has a voltage output of 
approximately 9 μV/W/m2 and has an output impedance of 650 W. A precision 
spectral pyranometer (model: PSP) of Eppley laboratory is shown in figure below. 
The pyranometer, when provided with a shadow band (or occulting disc) to 
prevent beam radiation from reaching the sensing element, measures the diffuse 
radiation only. Such an arrangement of shadow bandstand (model: SBS) is shown 
below. Many inexpensive instruments are also available for measuring light 
intensity, including instruments based on cadmium sulphide photocells and silicon 
photodiodes. These instruments give good indication of relative intensity but their 
spectral response is not linear and thus cannot be accurately calibrated. 

 

 

 

 

 

 

 

 

 

Figure 3.8 
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 3.2.2 Pyrheliometer 

 The normal incidence pyranometer uses a long collimator tube to collect beam 

radiation whose field of view is limited to a solid angle of 5.5° (generally) by 
appropriate diaphragms inside the tube. The inside of the tube is blackened to 
absorb any radiation incident at angles outside the collection solid angle. At the 
base of the tube a wire wound thermopile having a sensitivity of approximately 8 
mV/W/m2 and an output impedance of approximately 200 W is provided. The 
tube is sealed with dry air to eliminate absorption of beam radiation within the 
tube by water vapour. A tracker is needed if continuous readings are desired. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.9 
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 3.2.3 Sunshine Recorder 

 This instrument measures the duration in hours, of bright sunshine during the 

course of the day. It essentially consists of glass sphere (about 10 cm in 
diameter) mounted on its axis parallel to that of earth, within a spherical section 
(bowl). The bowl and glass sphere is arranged in such a way that sun‟s rays are 
focused sharply at a spot on a card held in a groove in the bowl. The card is 
prepared from special paper bearing a time scale. As the sun moves, the focused 
bright sunshine burns a path along this paper. The length of the trace thus 
obtained on the paper is the measure of the duration of the bright sunshine. 
Three overlapping pairs of grooves are provided in the spherical segment to take 
care of the different seasons of the year. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.10 
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3.3. SOLAR THERMAL POWER PLANT 

Solar thermal power plant comprises power plants which first convert solar 

radiation into heat. The resulting thermal energy is subsequently transformed into 

mechanical energy by a thermal engine, and then converted into electricity. 

For thermodynamic reasons high temperatures are required to achieve the utmost 

efficiency. Such high temperatures are reached by increasing the energy flux 

density of the solar radiation incident on a collector. 

According to the type of solar radiation concentration, solar thermal power plants 

are subdivided into:  

• Concentrating (point and line focusing systems)  

• Non-concentrating systems  

• The former Classification can be further made according to:  

• type of receiver of the solar radiation  

• the heat transfer media and the heat storage system  

• additional firing based on fossil fuel energy  

Concentrating systems concepts:  

Solar tower power plants (i.e. central receiver systems) as point 

focusing power plants  

Dish/Stirling systems as point focusing power plants  

 Parabolic trough and Fresnel trough power plants as line focusing      

power plants. 

Concentrating collectors can reach temperature levels similar to that of existing 

fossil-fuel fired thermal power stations (e.g. power plants fired with coal or 

natural gas) 

 

Non-concentrating systems concepts:  

Solar updraft tower power plants  

Solar pond power plants 
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Figure 3.11 Solar Thermal Power Plant 

Solar thermal power plants are electricity generation plants that 
utilize energy from the Sun to heat a fluid to a high temperature. This fluid then 
transfers its heat to water, which then becomes superheated steam. This steam is 
then used to turn turbines in a power plant, and this mechanical energy is 
converted into electricity by a generator. This type of generation is essentially the 
same as electricity generation that uses fossil fuels, but instead heats steam 
using sunlight instead of combustion of fossil fuels. These systems use solar 
collectors to concentrate the Sun's rays on one point to achieve appropriately high 
temperatures. 

There are two types of systems to collect solar radiation and store it: passive 
systems and active systems. Solar thermal power plants are considered active 
systems. These plants are designed to operate using only solar energy, but most 
plants can use fossil fuel combustion to supplement output when needed. 

Some of the drawbacks include the large amount of land necessary for these 
plants to operate efficiently.  

As well, the water demand of these plants can also be seen as an issue, as the 
production of enough steam requires large volumes of water. A final potential 
impact of the use of large focusing mirrors is the harmful effect these plants have 
on birds.  

Birds that fly in the way of the focused rays of Sun can be incinerated. Some 
reports of bird deaths at power plants such as these amount the deaths to about 
one bird every two minutes. 
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Facts about Solar Thermal Energy 

• Solar thermal energy has been used in various ways for millennia, ranging 
from simple fire starting with a pocket mirror to solar architecture to capture 
heat in buildings. 

• 48% of the the sun's energy is in the infrared spectrum, invisible to the 
human eye, as heat. 

• Solar thermal collectors can employ (absorb) nearly the entire solar spectrum 

• The sun is the most abundant and reliable source of energy 

• Financially, solar thermal energy conversion systems have reached grid-
parity in many locations 

Currently, we (humans) use an abundance of fossil fuels for much of our heat 
needs.  

While in the long run our society will switch to the source of all of those fossil 
fuels (the sun), the reality is that most of you have probably not experienced the 
direct impact of a solar thermal energy conversion system on your life.  

The truth is that we can do everything that we currently do in our society with 
solar energy. Much of the burden can be carried by solar thermal solutions.  

One terrific modern day example of a solar thermal energy system is the Drake 
Landing Solar Community in Alberta, Canada, where 95% of the the community's 
heating needs are supplied by on-site solar thermal collection and a connected 
seasonal thermal energy storage system. Our society uses a lot of heat.  

We need to keep working to make solar thermal energy solutions make sense and 
work well in more places whenever possible. 

Process of solar thermal power generation: 

Concentrating solar radiation by means of a collector system 

Increasing radiation flux density (i.e. concentrating of the solar radiation 
onto a receiver) 

Absorption of the solar radiation (i.e. conversion of the radiation energy into 
thermal energy (i.e. heat) inside the receiver) 

 Transfer of thermal energy to an energy conversion unit 

Conversion of thermal energy into mechanical energy using a thermal engine 
(e.g. steam turbine) 

Conversion of mechanical energy into electrical energy using a generator. 
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3.3.1 SOLAR TOWER POWER STATION 

Main principles and components:  

Central receiver systems in the tower  

Mirrors tracking the course of the sun in two axes (Heliostats) 

Heliostats reflect the direct solar radiation onto a receiver, centrally positioned on 
a tower.  

In the receiver, radiation energy is converted into heat and transferred to a heat 
transfer medium (e.g. air, liquid salt, water/steam).  

This heat drives a conventional thermal engine.  

To ensure constant parameters and a constant flow of the working medium also 
at times of varying solar radiation, either a heat storage can be incorporated into 
the system or additional firing using e.g. fossil fuels (like natural gas) or 
renewable energy (like biofuels) can be used.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.12 Solar Tower Power Station 
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Heliostats  

Heliostats are reflecting surfaces provided with a two-axis tracking system which 
ensures that the incident sunlight is reflected towards a certain target point 
throughout the day.  

heliostats commonly concentrate sunlight by means of a curved surface or an 
appropriate orientation of partial areas, so that radiation flux density is increased.   

 

Heliostats consist of  

the reflector surface (e.g. mirrors, mirror facets, other sunlight-reflecting 
surfaces)  

a sun-tracking system provided with drive motors  

foundations and control electronics. The individual heliostat‟s orientation is 
commonly calculated on the basis of:  

the current position of the sun  

the spatial position of the heliostats  

the target point.  

The target value is communicated electronically to the respective drive motors via 
a communication line.  

This information is updated every few seconds.  

The concentrator surface size of currently available heliostats varies between 20 
and 150 m2 ; to date, the largest heliostat surface amounts to 200 m².  

 

 

 

 

 

 

 

 

The heliostat field accounts for about half the cost of the solar components of such a 
power plant.  

This is why tremendous efforts have been made to develop heliostats of good optical 
quality, high reliability, long technical life and low specific costs.  

Due to economic considerations there is a tendency to manufacture heliostats with 
surfaces ranging between 100 m2 and 200 m2 and possibly beyond.  

However, there are also approaches to manufacture smaller heliostats to reduce costs by 
efficient mass-production. 

Faceted glass/metal heliostat  metal membrane heliostat 
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Controller:  

Heliostats are usually centrally controlled and centrally supplied with 
electrical energy.  

As an alternative, autonomous heliostats have been developed which are 
controlled locally.  

There, the energy required for the control processor and the drives is 
provided by photovoltaic cells mounted parallel to the reflector surface.  

 

 

 

 

 

 

 

 

 

 

Figure 3.13 

Heliostat fields  

The layout of a heliostat field is determined by technical and economic 
optimization:  

Heliostats located closest to the tower present the lowest shading,  

Heliostats placed north on the northern hemisphere (or south on the 
southern hemisphere) show the lowest cosine losses.  

Heliostats placed far off the tower, by contrast, require highly precise 
tracking and, depending on the geographic location, have to be placed farer 
from the neighboring heliostats.  

The cost of the land, the tracking and the orientation precision thus 
determine the economic size of the field. 

Cosine losses: representing the difference between the amount of energy 
falling on a surface pointing at the sun, and a surface parallel to the surface 
of the earth. 

Tower  

The height of the tower, on which the receiver is mounted, is also 
determined by technical and economic optimization.  

Higher towers are generally more favorable, since bigger and denser 
heliostat fields presenting lower shading losses may be applied.  

However, this advantage is counteracted by the high requirements in terms 
of tracking precision placed on the individual heliostats, tower and piping 
costs as well as pumping and heat losses.  

Common towers have a height of 80 to 100 m. 

Lattice as well as concrete towers are applied. 
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RECEIVER  

Receivers of solar tower power stations serve to transform the radiation energy, 
diverted and concentrated by the heliostat field, into technical useful energy. 

Nowadays, common radiation flux densities vary between 600 and 1,000 
kW/m2. 

 Receivers classification according to:  

the applied heat transfer medium (e.g. air, molten salt, water/steam, liquid 
metal)  

the receiver geometry (e.g. even, cavity, cylindrical or cone-shaped 
receivers) 

According to heat transfer medium:  

Water/steam receiver  

Salt receiver 

Open volumetric air receiver  

Closed (pressurized) air receivers 

 

Water/steam receiver 
first solar tower power stations 

Similar to conventional steam processes, water is vaporized and partly 
superheated in such a heat exchanger (i.e. tube receiver).  

Since superheating is prone to unfavorable heat transmission, and due to the 
fact that start-up operation or part-load operation require complicated 
controls, this approach is currently not developed further. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.14 

 

 31 



Salt receiver  

The difficulties of heat transmission with a vertical tube receiver, exemplarily 
shown in the previous figure, can partly be avoided by an additional heat 
transfer medium circuit.  

The heat transfer medium applied for this secondary circuit should have a 
high heat capacity and good thermal conduction properties.  

Molten salt consisting of sodium or potassium nitrate (NaNO3 , KNO3 ) 
complies with these requirements.  

One disadvantage of all such salt receiver:  

the salt must be kept liquid also during idle times when there is no solar 
radiation. This requires to either heat the whole part of the installation 
that is filled with salt (including, among other components, tanks, 
tubes, valves) and thus increases the energy consumption of the plant 
itself, or to completely flush the salt circuit.  

The highly corrosive gas phase of the used salts also has a detrimental 
effect, since, for certain operations, undesired evaporation of small 
amounts of salt due to local overheating cannot be entirely ruled out. 

 

Open volumetric air receiver 

Such volumetric receivers are characterized by a high ratio of absorbing 
surface to flow path of the absorbing heat transfer medium air. 

Principle: Ambient air is sucked in by a blower and penetrates the radiated 
absorber material. The air flow absorbs the heat, so that those absorber 
areas facing the heliostat are cooled by the inflowing air. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.15 
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Advantages:  

Air as heat transfer medium presents the advantages of being non-toxic, 
noncorrosive, fire-proof, everywhere available and easy to handle 

 

Disadvantages:  

low heat capacity requiring large heat transmission surfaces (generally 
feasible with volumetric receivers).  

their lower thermal masses ensure a smooth start-up of the plant 

 

Closed (pressurized) air receivers 

Receivers of solar tower power plants may also be designed as closed 
pressurized receivers.  

The aperture of such receivers is closed by a fused quartz window, so that 
the working medium air may be heated under overpressure and may, for 
instance, be directly transferred to the combustor of a gas turbine.  

E.g: a group of closed air receivers of a heat capacity of up to 1,000 kW has 
been tested at 15 bar.  

The obtained air outlet temperatures are slightly above 1,000 °C  

For commercial applications several module groups may be added. 

 

 

 

 

 

 

 

 

 

Figure 3.16 
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3.3.2 SPHOEBUS/TSA/SOLAIR 

Phoebus/TSA/Solair is a power plant concept with an open volumetric air 
receiver that provides hot air  

The hot air is subsequently passed through a steam generator providing 
superheated steam that can be used to drive a turbine/generator unit  

 

 

 

 

 

 

 

 

Figure 3.17 

A natural gas-fired duct burner placed in between the receiver and the 
steam generator adds heat to the air if solar radiation is insufficient to supply 
the desired steam quantity.  

The Phoebus plant can thus not only generate power in times of sunshine 
but also during spells of bad weather and during the night; power generation 
is thus not exclusively dependent on the available solar radiation. 

 

3.3.3 SOLAR POND 

A solar pond is a solar energy collector, generally fairly large in size, that looks like 

a pond. This type of solar energy collector uses a large, salty lake as a kind of a 

flat plate collector that absorbs and stores energy from the Sun in the warm, 

lower layers of the pond. These ponds can be natural or man-made, but generally 

speaking the solar ponds that are in operation today are artificial. 

 

 

 

 

 

Figure 3.18 Solar Pond 
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3.3.3.1 SOLAR POND POWER PLANTS  

Solar ponds are power plants that utilize the effect of water stratification as a 
basis for the collector.  

A basin filled with brine (i.e. a water/salt mixture) functions as collector and 
heat storage.  

The water at the bottom of the solar pond serves as primary heat storage 
from which heat is withdrawn.  

The deeper water layers and the bottom of the solar pond itself serve as 
absorber for the impinging direct and diffuse solar radiation. 

Due to the distribution of the salt concentration within the basin, which 
increases towards the bottom of the basin, natural convection and the 
ensuing heat loss at the surface due to evaporation, convection and radiation 
is minimized.  

This is why heat of an approximate temperature between 80 and 90 °C 
(approximate stagnation temperature 100 °C) can be extracted from the 
bottom.  

Heat can then be used for power generation. 

 

System components:  

Pond collector  

Heat Exchangers 

Thermal Engine  

 

Pond collector  

Pond collectors are either natural or artificial lakes, ponds or basins that act as 
a flat plate collector because of the different salt contents of water layers due 
to stratification.  

The upper water layers of relatively low salt content are often provided with 
plastic covers to inhibit waves.  

This upper mixing zone of such pond collectors usually is approximately 0.5 m 
thick.  

The adjacent transition zone has a thickness of 1 to 2 m, and the lower 
storage zone is of 1.5 to 5 m thickness.  

Mechanism:  

If deeper layers of a common pond or lake are heated by the sun, the heated 
water rises up to the surface since warm water has a lower density than cold 
water.  

The heat supplied by the sun is returned to the atmosphere at the water 
surface.  
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This is why, in most cases, the mean water temperature approximately equals 
ambient temperature.  

In a solar pond, heat transmission to the atmosphere is prevented by the salt 
dissolved in deeper layers, since, due to the salt, water density at the bottom 
of the pond is that high, that the water cannot rise to the surface, even if the 
sun heats up the water to temperatures that are close to the boiling point. 

The salt concentration of the different layers must thus increase with 
increasing depth.  

In a first phase, this ensures stable water stratification.  

The upper, almost salt-less layer only acts as transparent, heat-insulating cover 
for the cooling, heat-storing deeper layers at the pond bottom. 

 

Attentions:  

To ensure stable stratification of a solar pond, with increasing depth the 
temperature increase must not exceed density increase (i.e. salt content). 

 This is why all relevant parameters must be continuously monitored in order 
to take appropriate measures (e.g. heat withdrawal, salt supply) in due time.  

To achieve the utmost collector efficiency, a high portion of the solar 
radiation must reach the absorption zone. Yet, this can only be achieved, if 
the top layers are of sufficient transmission capability. 

Monitoring:  

During the operation of a solar pond, the transmissivity, the salt content and 
the temperature must be regularly monitored.  

The timely course of these parameters must be measured from the water 
surface to the ground in order to determine the heat quantity that can be 
withdrawn from the pond or to determine the measures to maintain the 
respective required salt concentration and the water quality (prevention of 
turbidity due to particulate matter, algae or bacteria). 

 

 

 

 

 

 

 

 

 

 

Figure 3.19 
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Heat exchangers  

Basically, there are two methods to withdraw heat from a solar pond: The 
working fluid of the thermal engine flows through tube bundle heat 
exchangers installed within the storage zone of the solar pond, and is 
thereby heated up.  

The hot brine can also be pumped from the storage zone by means of an 
intake diffuser, subsequently be transmitted to the working fluid of the 
thermal engine and eventually be re-supplied to greater depths of the pond 
by another diffuser, once the brine has cooled down.  

The technical approach allows adjusting the position of the intake diffuser to 
the depth of the highest temperature.  

Secondly, heat losses by the pond bottom are reduced, since the cooled 
water is recycled to the pond near the bottom. 

Thermal Engine 

To convert solar thermal energy into mechanical and afterwards in electrical 
energy, usually Organic Rankine Cycles (ORC) processes are applied.  

These are basically steam cycles which utilize a low-boiling, generally 
organic, cycle fluid.  

Such processes permit to provide electrical energy also at low useful 
temperature differences. 

 

Plant Concepts  

Plant diagram of a solar pond power plant  

The water absorbs the incident direct and diffuse radiation, similar to the 
absorber of a conventional solar collector, and is heated up.  

The technically adjusted salt concentration prevents natural convection and 
the resulting heat loss at the surface due to evaporation, convection and 
radiation.  

Water can thus be withdrawn from the storage zone at the bottom at an 
approximate temperature of 80 – 90°C.  

This heat can subsequently be used for power generation by an ORC process 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.20 Solar Pond Power Plant 
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3.3.3.2 WORKING OF SOLAR POND 

 

The key characteristic of solar ponds that allow them to function effectively as 
a solar energy collector is a salt-concentration gradient of the water.  

This gradient results in water that is heavily salinated collecting at the bottom 
of the pond, with concentration decreasing towards the surface resulting in 
cool, fresh water on top of the pond.  

This collection of salty water at the bottom of the lake is known as the "storage 
zone", while the freshwater top layer is known as the "surface zone".  

The overall pond is several meters deep, with the "storage zone" being one or 
two meters thick.  

These ponds must be clear for them to operate properly, as sunlight cannot 
penetrate to the bottom of the pond if the water is murky.  

When sunlight is incident on these ponds, most of the incoming sunlight 
reaches the bottom and thus the "storage zone" heats up. However, this newly 
heated water cannot rise and thus heat loss upwards is prevented.  

The salty water cannot rise because it is heavier than the fresh water that is on 
top of the pond, and thus the upper layer prevents convection currents from 
forming.  

Because of this, the top layer of the pond acts as a type of insulating blanket, 
and the main heat loss process from the storage zone is stopped.  

Without a loss of heat, the bottom of the pond is warmed to extremely high 

temperatures - it can reach about 90°C.  

 

 

 

 

 

 

 

 

Figure 3.21: The Concept of Solar pond  (a) Variation of density   

(b) Three zones in pond (c) Variation of temperature                                 
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If the pond is being used to generate electricity this temperature is high 

enough to initiate and run an organic Rankine cycle engine. 

It is vital that the salt concentrations and cool temperature of the top layer are 

maintained in order for these ponds to work.  

The surface zone is mixed and kept cool by winds and heat loss by 

evaporation.  

This top zone must also be flushed continuously with fresh water to ensure 

that there is no accumulation of salt in the top layer, since the salt from the 

bottom layer diffuses through the saline gradient over time.  

Additionally, a solid salt or brine mixture must be added to the pond frequently 

to make up for any upwards salt loses. 

ADVANTAGES : 

One benefit of using these ponds is that they have an extremely large thermal 
mass.  

Since these ponds can store heat energy very well, they can generate 
electricity during the day when the Sun is shining as well as at night.  

 

 

 

 

 

 

 

 

 

 

Figure 3.22  Solar pond electric power plant 
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DISADVANTAGES : 

Despite being a source of energy, there are numerous thermodynamic 
limitations as a result of the relatively low temperatures achieved in these 
ponds.  

Because of this, the solar-to-electricity conversion is fairly inefficient - generally 
less than 2%.  

As well, large amounts of fresh water are necessary to maintain the right salt 
concentrations all through the pond.  

This is an issue in places where fresh water is hard to come by, especially in 
desert environments.  

These ponds also do not work well at high latitudes as the collection surface is 
horizontal and cannot be tilted to collect more sunlight. 

 

APPLICATIONS : 

The heat from solar ponds can be used in a variety of different ways.  

They are ideal for use in heating and cooling buildings as they can maintain a 
fairly stable temperature.  

These ponds can also be used to generate electricity either by driving a 
thermo-electric device or some organic Rankine engine cycle - simply a turbine 
powered by evaporating a fluid (in this case a fluid with a lower boiling point).  

Finally, solar ponds can be used for desalination purposes as the low cost of 
this thermal energy can be used to remove the salt from water for drinking or 
irrigation purposes.  
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3.4 THERMAL ENERGY STORAGE SYSTEM WITH PCM  

Latent Heat Storage (Storage in Phase Change Materials  
PCM) 

 In this class of storage, energy is stored by virtue of latent heat of change of 

phase of the storage medium. Phase change materials have considerably higher 
thermal energy storage densities as compared to sensible heat storage materials 
and are able to absorb or release large quantities of energy at a constant 
temperature. Therefore, these systems are more compact but more expensive 
than sensible heat storage systems. 

 

 Various phase changes that can occur are: 

 • solid-solid (lattice change) 

 • solid-gas 

 • solid-liquid 

 • liquid-gas 

  

 Solid-gas and liquid-gas transformations are not employed in spite of large latent 

heats as large changes in volume make the system complex and impracticable. In 
solid-solid transition, heat is stored as the material is transformed from one 
crystalline form to another. These transitions involve small volume changes; 
however, most of them have small latent heats. 

 For phase-change storage media, salt hydrates called Glauber‟s salt 
(Na2SO4.10H2O) are preferred. The solid-liquid transformations include storage in 
salt hydrates. Certain inorganic salts, which are soluble in water and form 
crystalline salt hydrates, are employed. Let an inorganic salt, which is soluble in 
water represented by X(Y) n. The crystalline salt hydrate is symbolized by X(Y) n. 
mH2O. On heating up to transition temperature, the hydrate crystals release 
water of crystallization and the solid remainder (anhydrous salt) dissolves in the 
released water as following reaction takes place: 
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 One problem with most salt hydrates is that the released water of crystallization is 

not sufficient to dissolve all the solid phase present. Due to density difference, the 
anhydrous salt settles down at the bottom of the container. This incongruent 
melting makes the process irreversible since the anhydrous salt at the bottom is 
unable to find water for recrystallization to the original hydrate. The 
recrystallization of an incongruently melting salt can be achieved either by (i) the 
use of suspension media or thickening agent or by (ii) mechanical means 
(vibration, stirring, etc.) 

 Other potential phase change materials apart from salt hydrates are paraffin‟s 
(e.g. C18 H38, etc., alkanes containing 14 to 40 C-atoms) and non-paraffin 
organic materials (e.g. esters, fatty acids, alcohols and glycols), which are suitable 
at certain situations. 

   

Heat transfer properties of phase change storage materials 
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3.5 PHOTOVOLTAIC EFFECT  

Photovoltaic effect is a process in which two dissimilar materials in close contact 
produce an electrical charge when struck by light or any other radiant energy. 
When light strikes crystals such as silicon or germanium (p-n junction) in which 
electrons are usually not free to move from n-region to p-region due to the 
potential barrier, the light provides the energy (e.m.f.) needed to free some 
electrons from the bound condition depending on the absorption of solar energy 
(Figure 3.23).  

 

 

 

 

 

 

 

Figure 3.23 Generation of emf across junction to move the charge carriers.  

Free electrons cross the junction between two dissimilar crystals more easily in 
one direction than in the other, giving one side of the junction a negative charge, 
and this results in a negative voltage with respect to the other side, as in the case 
of a battery in which one electrode has negative voltage with respect to the other. 
The photovoltaic effect can continue to provide voltage and current as long as 
light falls on the junction of two materials.  

3.6 BASIC PRINCIPAL OF SPV CONVERSION 

Solar power is the production of electricity directly from sunlight. The solar 
photovoltaic (PV) power is produced using photovoltaic effect so that when 
sunlight strikes a solar voltaic cell, it releases electrons from the p-n junction of 
the cell and pushes these electrons across a potential barrier or electric field at 
the junction. These electrons then travel through an external circuit to return to 
their usual state and in this process create electric power.  

The photovoltaic effect is the basic physical process through which a PV or solar 
cell converts sunlight into electricity. Sunlight is composed of energy packets 
called photons.  

These photons contain different amounts of energy that correspond to different 
wavelengths of the solar spectrum. When photons strike a PV cell, they may be 
reflected, absorbed or can pass through the p-n junction. The absorbed photons 
in the p-n junction generate electricity.  

 

 

 

 

 

 

 

 

 

 

 

43 



 

 

 

 

 

 

 

 

 

Figure.3.23 Photon generating pairs of electron and hole to move electric current in 
the external circuit.  

 

A solar cell is essentially a p-n junction with a large surface area. The n-type 
material is kept thin to allow light to pass through it and strike the p-n junction. 
The light travels in packets of energy called photons. The generation of electric 
current takes place inside the depletion zone of the p-n junction.  

The depletion zone as explained previously is the area around the p-n junction 
where the electrons from the n-region diffuse into the holes of the p-region. 
When a photon of light is absorbed by one of these atoms in n-region of silicon, it 
will dislodge an electron from any atom, thereby creating a free electron and hole 
pair.  

The free electron and hole pair has sufficient energy to jump out of the depletion 
zone. If a wire is connected from the cathode at n-type silicon to an anode of p-
type silicon, electrons flow through the wire.  

 

The electron is attracted to the positive charge of p-type material and travels 
through the external load (bulb or resistance), thereby creating a flow of electric 
current. The hole created by the dislodged electron is attracted to the negative 
charge of the n-type material and travels to back electrical contact. As the 
electron reaches the p-type silicon from the back electrical contact, it combines 
with the hole, thereby restoring the electrical neutrality (Figure 3.23).  
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3.7 SOLAR CELL, MODULE, PANEL AND ARRAY 

Solar Cell  

The solar cell consists of  

(i) p-type silicon material layer, 

(ii) n-type silicon material layer,  

(iii) front metallic grid and  

(iv) opaque back metal contact as shown in Figure 3.24   

 

The bulk material consists of p-type silicon having thickness about 100 350 mm. 
A thin layer of n-type silicon having thickness of about 2 mm is diffused on this bulk 
material, providing p-n junction. A metallic grid at top with n-type material and an 
opaque back metal contact at the bottom of p-type material are provided which also 
act as negative and positive terminals.  

 

 

Solar PV Module 

A Single solar cell cannot be used as such as it has 

(1) A very small output 

(2) No protection against dust moisture , mechanical impacts and atmospheric 
harsh condition   

 

 

 

 

 

 

 

 

 

 

Figure 3.24    Construction of a solar cell. (a) Side view of the solar cell. (b) Top 
view of the solar cell. 
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3.7.1 Solar PV Module  

Suitable voltage and adequate power can be obtained by suitably interconnecting a 
number of solar cells. This assembly of solar cell is called solar module. Solar cells 
are provided with transparent cover and these are hermetically sealed for assembly 
into solar module.  

It is necessary that all solar cells should match as closely as possible with each other 
so that peak power of the module is the algebraic sum of the peak power of 
individual solar cells. A typical module is shown in Figure 3.25.  

 

 

 

 

 

 

Figure 3.25 Solar PV module with 36 solar cells.  

 

3.7.2 The construction of a solar PV panel.  

 Solar PV panel consists of a number of solar PV modules connected in 
series and parallel to obtain the power of desired voltage and current. When 
modules are connected in series, it is desirable that each module should produce 
maximum power at the same current. When solar PV modules are connected in 
parallel, it is desirable that each module should produce maximum power at the 
same voltage. A frame is used to mount several modules to form a solar PV panel as 
shown in Figure 3.26.  

 

 

 

 

 

 

Figure 3.26 A solar PV panel of four modules.  
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In the panel, bypass diodes are installed across each module so that any defective 
module can be bypassed by the output of remaining modules.  

The blocking diodes are connected in series with each series string of modules 
which enable the output of the remaining series strings should not be absorbed by 
the failed string. A typical panel with the series and the parallel connections is 
shown in Figure 3.27.  

 

 

 

 

 

 

 

 

Figure 3.27 A typical panel with the series and the parallel connection.  

3.7.3 Solar PV Array  

A PV array consists of a number of solar panels which are installed in an array 
field. The solar panels may be installed as stationary facing the sun or installed 
with some tracking mechanism. The installation should ensure that no panel 
should cast shadow on any of the neighboring panels and those panels can be 
easily maintained.  

 

 

 

 

 

 

 

 

 

 

Figure 3.28 
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3.8.TYPES OF SOLAR CELL 

The solar cells depending on the type of material used can be classified as  

(1) single crystal silicon solar cell,  

(2) polycrystalline and amorphous silicon cell,  

(3) cadmium sulphide-cadmium telluride cell,  

(4) copper indium diselenide cell  

(5) gallium arsenide cell.  

 

3.8.1 Single crystal silicon  

It is produced from silicon dioxide which is reduced to silica with 1% impurities. It 
is first purified to polycrystalline form and then further converted into the single 
crystal state. The conversion process into single crystal state is very expensive. 
The single crystal p-type silicon is obtained in the form of a long cylindrical block 
(diameter of about 6-15 cm). The block is sawed using diamond cutter to obtain a 
number of silicon slices or wafers having thickness of about 300 μm. The p-type 
silicon wafers are then exposed to phosphorous vapour (doping material) in a 
furnace so that phosphorous can diffuse into the silicon wafer for a short depth, 
thereby forming n-silicon region over the p-silicon bulk material. The efficiency of 
single crystal silicon is about 22%. It is most efficient and robust. It has two main 
drawbacks:  

(i)it needs high energy to produce and hence is costly and 
(ii) it requires high intensity of radiation to produce solar electricity.  

 

 

 

 

 

 

 

 

 

 

 

 

Figure3.29 
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3.8.2 Polycrystalline and amorphous silicon  

 The cells made of these materials are cost-effective but these have lower 
efficiency compared to a single crystal silicon cell. The process to produce 
polycrystalline silicon cells is similar to that of single crystal silicon except that the 
costly step of converting polycrystalline state to the single crystal is not required. 
The polycrystalline silicon is directly melted, doped with phosphorous and cooked to 
the desired shape and size. This helps in economy of materials and energy 
consumption for the production of cells.  

 Amorphous silicon cells are produced using thin film technology. These 
cells are a cheaper alternative to single crystal or multicrystallinc cells. The main 
drawbacks are that they have low efficiency (4-8%) and they degrade easily when 
used in outdoor applications. These cells are useful for indoor lights, pocket 
calculator, electronic watches and electronic instruments.  

 

3.8.3 Cadmium sulphide cadmium telluride cells  

 These cells are also produced using thin film technology. The cells require 
very less material. In thin film technology, the semiconductor (cadmium telluride) is 
vapourised and its film (10 μm) is deposited on a thin layer (12 μm) of cadmium 
sulphide. A barrier layer of copper sulphide is then deposited on top of the CdS-CdTe 
cell. The cell consists of n-type CdS and p-type CdTe. The cell has efficiency of 10% 
and it has no deterioration during outside applications.  

 

3.8.4 Copper indium diselenide  

 It is a thin film polycrystalline cell made from copper indium diselenide. It 
has an efficiency of about 14%. Its properties remain stable. It has an easier 
manufacturing process.  

 

3.8.5 Gallium arsenide  

 The cell has thin film of n-type and p-type gallium arsenide (GaAs) grown 
on a suitable substrate. The efficiency of the cell is about 20%, but it has high cost 
of production. The cell has high performance in extraterrestrial applications.  
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3.9 TYPES OF SOLAR PV SYSTEM 

The classification of solar PV systems is shown in Figure 3.30  

 

 

 

 

 

 

 

 

 

 

 

Figure 3.30 Classification of solar PV systems.  

 

Central Power Station System  

This type of solar power station is similar to other conventional power stations which 
are required to feed generated power into some national grid. This type of solar 
power stations are designed to meet high peak daytime load only and these have 
large generation capacity in megawatt (up to 6 MW). Only few such power stations 
have been installed worldwide as the capital cost of these plants is high.  

 

Stand-Alone System  

Solar PV power station is planned and located at the load centre. Its complete 
electricity generation is meant to meet the electrical load of any remote area, 
village or installation. Energy storage is essential to meet the requirement during 
non-sunshine hours. A typical stand-alone solar PV system is shown in Figure 
3.31.  
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The maximum power point tracker (MPPT) senses the voltage and current outputs 
from the solar array and then suitably adjusts the operating point to obtain 
maximum power output from the solar array as possible from the climatic 
conditions. The solar electric output in direct current is converted into alternating 
current and it is fed into the load. The excess power is preferably stored by 
charging the dumped in the electric heaters. When the sun radiation is 
unavailable, the batteries supply the electricity through the converter.  

 

 

 

 

 

 

Figure 3.31 A schematic layout of a stand-alone solar PV system.  

 

Grid Interactive Solar PV System  

In grid interactive solar PV system, the system first meets the requirement of house, 
village or installation and then all excess power is fed to an electric grid during 
sunshine hours (Figure 3.32).  

 

 

 

 

 

Figure 3.32 Grid interactive solar PV system.  

This arrangement helps in preventing any dumping of electricity as required in the 
stand-alone solar PV system. The second advantage of this system is that during 
absence of insufficient sunshine, the supply of electricity is maintained from the 
electric grid, thereby eliminating any need of battery. This system is very popular in 
the United Kingdom, where two-way electric meters provided to record (i) the 
electricity generated and supplied by rooftop PV system of various houses to the 
electric grid system during non-peak sunshine hours and (ii) electricity supplied to 
the houses from the electric grid during non-sunshine hours. The difference of two 
is paid to consumers or vice versa.  
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Small Consumer Systems  

These systems are designed to meet the power requirement of low energy devices 
which are generally used for indoor applications, such calculators, watches and 
electric devices.  

 

Hybrid Solar PV System  

The hybrid solar PV system is designed to provide electric power by some other 
means besides solar electricity. It is difficult and uneconomical to provide all of the 
power from only solar PV system. It may be more economical to meet the power 
requirement by some other means, such as windmills, fuel cells and diesel or petrol 
generators. The best hybrid solar PV system is the one in which no amount of solar 
PV generated power is wasted.  

 

Advantages and Disadvantages of PV System  

Advantages are as follows:  

(i) It directly converts solar energy to electric power without any use of moving 
parts. (ii) It is more reliable, durable and maintenance free.  

(iii) It works without any noise. (iv) It is non-polluting.  

(v) It has long lifespan. 
(vi) It can be located near the point of load and requires no distribution system.  

Disadvantages are as follows:  

(i)  It has high cost of installation.  

(ii)  It has low efficiency.  

(iii)  It requires a large area for installation to produce sufficient power.  

(iv)  Its output is intermittent, thereby requiring some means to store energy to 
use during non-sunshine hours.  

 

3.10 SOLAR CELL CHARACTERISTICS  

In case the p-n junction is forward biased, electrons from p-region start moving 
towards the positive terminal of the battery, thereby reducing the potential barrier at 
the junction (Figure 3.33). This facilitates the flow of current through the p-n 
junction. In case the junction is reversed biased, the potential barrier at the junction 
increases, which further reduces the possibility of any flow of current through the 
junction. The Current Voltage (I vs V) characteristic of a p-n junction is shown in 
Figure 3.34.  
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  Figure.3.33 The p-n junction forward biased. 

 

 

 

 

 

 

 

 

 

 

Figure 3.34 Current Voltage characteristic of p-n junction when forward and 
backward biased.  

As the voltage (V) increases, the current (I) in the junction also increases. However, 
there is a very small reverse saturation current (I0) instead of zero current when 
reversed voltage is applied. The flow of current can be given by diode current 
equation (Schottky equation) 

 

 

where I0 is the reverse saturation current and VT is the voltage equivalent of 
temperature and it is given by  
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    Here, k is the Boltzmann constant, 
 T is the temperature in kelvin and  

  q is the charge of an electron.  

 

The current-voltage characteristics of a p-n junction (solar cell) gets modified due to 
photon or solar generated current (Isc) flowing through the p-n junction as this (Isc) 
is added with the reverse leakage current (I0). The diode current equation is now 
modified as  

 

 

 

 

 

V= 0; that is junction is short circuited.  

 

 

 

 

 

 

 

where Vsc is the open circuit voltage. The above relation shows that when junction 
is radiated with suns ray and it is short-circuited at its terminals, there is a finite 
current called short circuit current (Isc) that flows through the external circuit made 
with the short circuiting of the junction terminals. The magnitude of Isc depends 
upon solar radiation. Figure 3.35 shows current voltage characteristics at 
different isolations which include (i) dark, (ii) lesser amount of radiation, and (iii) 
larger amount of radiation. Hence, p-n junction can be considered an energy source 
or e.m.f having open circuit voltage as Voc and short circuit current as Isc.  
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Figure 3.35 Current voltage characteristics at different isolation levels.  

In case we use standard convention in which current flowing out from a positive 
terminal of any energy source is always taken as positive and apply the same 
convention on a solar cell, the current and voltage characteristic can be redrawn 
with suitable modification as shown in Figure 3.36, and mathematically the current 
voltage relationship can be written as follows:  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.36 Current voltage characteristics of solar cell and maximum power point 
(Pm).  
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3.11 EFFICIENCY OF SOLAR CELLS 

Energy conversion efficiency (h) is defined as the ratio of power output of cell (in 
watts) at its maximum power point (PMAX) and the product of input light power (E, 
in W/m2) and the surface area of the solar cell (S in m2) under standard 
conditions 

 η= maximum output power/(irradiance × area) = PMAX/(E × S) 

The performance of a photovoltaic device defines the prediction of the power that 
the cell will produce. Current–voltage (I–V) relationships, which measure the 
electrical characteristics of solar cell devices, are represented by I–V curves. 
These I–V curves are obtained by exposing the cell to a constant level of light 
while maintaining a constant cell temperature, varying the resistance of the load, 
and measuring the current that is produced. 

By varying the load resistance from zero (a short circuit) to infinity (an open 
circuit), researchers can determine the highest efficiency as the point at which the 
cell delivers maximum power. The power is the product of voltage and current. 
Therefore, on the I–V curve, the maximum power point (PMAX) occurs where the 
product of current and voltage is a maximum. No power is produced at the short-
circuit current with no voltage or at open-circuit voltage with no current. 

 

Therefore, the maximum power generated is expected to be somewhere between 
these two points. Maximum power is generated at only one place on the power 
curve, at about the „knee‟ of the curve. This point represents the maximum 
efficiency of the solar device at converting sunlight into electricity. 

 

3.12 FILL FACTOR 

Another term defining the overall behavior of a solar cell is the fill factor (FF). It is 
a measure of squareness of the I–V characteristics of the solar cell and is defined 
as 

FF = Maximum output power/(open-circuit voltage × short-circuit current) 

It is the available power at the maximum power point (PMAX) divided by the 
product of open circuit voltage (VOC) and short-circuit current (ISC) as 

FF = PMAX/(VOC × ISC) = (VMP × IMP)/(VOC × ISC) 

where VMP and IMP are the voltage and current at the maximum power point. 

The above equation can be redefined as, 

FF = (h × S × E)/(VOC × ISC) 
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Factors Limiting the Efficiency of the Cell 

 1. Wavelength of solar spectrum: Cell response to only a portion of wavelength 
available in the solar spectrum. Photon with wavelength >1.1 μm does not have 
sufficient energy to create electron–hole pair in silicon cell. 

 2. Temperature: Normal operating temperature of silicon cells can reach 60°C in 
peak sunlight and these temperature decreases the efficiency of the cells. 
Therefore, it is important to provide heat sinks of the best quality available. 
Gallium arsenide cells are capable of operating at high temperature where 
focused energy can be used. 

 3. Mounting of the cells: It should be to a heat sink (usually an aluminium plate) 
either heat conductive but electrically insulated. This will reduce operating 
temperatures and make the cell more efficient. In case free water source is 
available, heat sinks can be water cooled. 

 4. Arrangement and maintenance of solar cell: The negative side of the cells 
usually faces the sun and has antireflection coatings. These coatings should be 
protected from dust, bird dropping, by a clear plastic or glass cover. Accumulated 
dust on the cover will reduce the output power by about 10%. 

 5. Position of the cell: The cell or panel should be positioned either facing south 
in the north of equator or facing north in the south of equator for maximum 
power output and fixed panel applications. The angle off the ground should be 
equal to the latitude of the place for year around average or can be changed 
monthly to face the sun at noon for more efficiency. 

3.13 PHOTOVOLTAIC PANELS (SERIES AND PARALLEL 
ARRAYS) 

 As single solar cell has a working voltage and current of about 0.5 V and 50 mA, 
respectively, they are usually connected together in series (positive to negative) 
to provide larger voltages. Parallel connection of several strings of cells will give 
rise to higher current output compared with single series string of cells. 

 

Photovoltaic panels (as shown in Fig) are made in a wide range of sizes for 
different purposes. They generally fall into one of three basic categories: 

Low voltage or low power panels are made by connecting between 3 and 12 small 
segments of amorphous silicon photovoltaic with a total area of a few square 
centimetres for voltages between 1.5 and 6 V and outputs of a few milliwatts. 
Although each of these panels is very small, the total production is large. They 
are used mainly in watches, clocks and calculators, cameras, and devices for 
sensing light and dark, such as night lights. 
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Small panels of 1–10 W and 3–12 V, with areas from 100 cm2 to 1,000 cm2 are 
made by either cutting 100 cm2 single or polycrystalline cells into pieces and 
joining them in series, or by using amorphous silicon panels. The main uses are 
for radios, toys, small pumps, electric fences, and trickle charging of batteries. 

 

Large panels, ranging from 10 to 60 W, and generally either 6 or 12 V, with areas 
of 1,000 cm2 to 5,000 cm2 are usually made by connecting from 10 to 36 full-sized 
cells in series. They are used either separately for small pumps and caravan 
power (lights and refrigeration) or in arrays to provide power for houses, 
communications, pumping, and remote area power supplies (RAPS). 

If the load resistance is very low, the cell acts as if it is shortened at the output of 
light falling on it. If the load resistance is very high, the cell acts as if it is open-
circuited and the voltage rises very rapidly to maximum voltage. The current at a 
voltage is limited by the amount of sunlight and load resistance. This 
characteristic is ideal for charging battery. 

For charging, a 12 V battery by a 2 cm × 2 cm (0.3 V battery charging voltage), 
silicon cells required = 12/0.3 = 40 cells in series string. 

A number of optimal solar array designs are available. However, the arrangement 
of series–parallel array has been most preferable, as it results in optimal 
performance characteristic under many conditions including shading, cell failure, 
non-uniform illumination, and unequal I–V characteristics. 

 

A diode is placed in series with the positive terminal of battery as shown in 
Figure.  This will prevent reverse current flow (a small battery drain) when the 
cells are not receiving sufficient light to chary battery. 

 

 

 

 

 

 

 

 

 

 

Figure 3.36 
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Number of Solar Cell Required in Series 

Solar cells must be electrically connected in series to provide the bus voltage (VB) 
to the space craft load or batteries and any voltage drops in the blocking diodes 
(VD) and in the wiring (Vw). 

The required number of cells (NS) in series is calculated as 

NS = (VB + VD + Vw)/VMP  

VMP = solar cell voltage at maximum power (or battery charging voltage) under 
operating temperature and intensity. For silicon diode, VD = 0.7 V 

  

Number of Solar Cell in Parallel Strings 

 Let NP be the number of parallel strings; IL is the load current; and IMP is the 
current corresponding to maximum power point on I–V plot. Therefore, 

NP = (the load current)/(current corresponding to maximum power point on I–V 
plot. 

NP = IL / IMP 

 

3.14 MAXIMUM POWER POINT TRACKING 

MPPT or Maximum Power Point Tracking is algorithm that included in charge 
controllers used for extracting maximum available power from PV module under 
certain conditions. The voltage at which PV module can produce maximum power 
is called „maximum power point‟ (or peak power voltage). Maximum power varies 
with solar radiation, ambient temperature and solar cell temperature. 

A MPPT, or maximum power point tracker is an electronic DC to DC converter that 
optimizes the match between the solar array (PV panels), and the battery bank or 
utility grid. To put it simply, they convert a higher voltage DC output from solar 
panels (and a few wind generators) down to the lower voltage needed to charge 
batteries. 

 

Several algorithms were proposed to accomplish MPPT controller. Published MPPT 
methods include: 

 (1) Perturb and Observe (PAO) ,  

 (2) Incremental Conductance Technique (ICT), and 

 (3) Constant Reference Voltage/Current. 
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Perturb and Observe (PAO): 

Perturb-and-observe (P&O) method, also known as perturbation method is a 
type of MPPT algorithm. The concept behind the “perturb and observe” method is 
to modify the operating voltage or current of the photovoltaic panel until you 
obtain maximum power from it. It is often referred to as hill climbing method, 
because they depend on the fact that on the left side of the MPP, the curve is 
rising (dP/dV > 0) while on the right side of the MPP the curve is falling (dP/dV < 
0). Perturb and observe is the most commonly used MPPT method due to its ease 
of implementation. Perturb and observe method may result in top-level efficiency, 
provided that a proper predictive and adaptive hill climbing strategy is adopted.  

 

 

 

 

 

 

Algorithm: 

The voltage to a cell is increased initially. If the output power increases, the 
voltage is continually increased till the output power starts decreasing. Once the 
output power starts decreasing, the voltage to the cell is decreased till maximum 
power is reached. This process is continued till the MPP is attained. This results in 
an oscillation of the output power around the MPP. 

Drawback:  

One of the major drawbacks of the perturb and observe method is that under 
steady state operation, the output power oscillates around the maximum power 
point.  

This algorithm can track wrongly under rapidly varying irradiation conditions.  

 

Incremental Conductance Technique (ICT): 

Incremental conductance (INC) method is a type of MPPT algorithm. This method 
utilizes the incremental conductance (dI/dV) of the photovoltaic array to compute 
the sign of the change in power with respect to voltage (dP/dV). INC method 
provides rapid MPP tracking even in rapidly changing irradiation conditions with 
higher accuracy than the Perturb and observe method.  

Algorithm: 

The power-voltage curve's slope is null at the MPP, negative to the right of the 
MPP and positive to the left of the MPP. INC computes the maximum power point 
by comparison of the incremental conductance (ΔI/ΔV) to the instantaneous 
conductance (I/V). When the incremental conductance is zero, the output voltage 
is ascertained to be the MPP voltage and fixed at this voltage until the MPP 
encounters a change due to the change in irradiation conditions. Then the 
process above is repeated until a new maximum power point is reached.  
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Advantage: 

This technique has an advantage over the perturb and observe method because it 
can stop and determine when the Maximum Power Point is reached without 
having to oscillate around this value.  

It can perform Maximum Power Point Tracking under rapidly varying irradiation 
conditions with higher accuracy than the perturb and observe method.  

Drawback:  

It can produce oscillations and can perform erratically under rapidly changing 
atmospheric conditions. 

The computational time is increased due to slowing down of the sampling 
frequency resulting from the higher complexity of the algorithm compared to the 
P&O method.  

 

CONSTANT REFERENCE VOLTAGE/CURRENT: 

Constant voltage method is a type of MPPT algorithm. This method makes use of 
the fact that the ratio of maximum power point voltage and the open circuit 
voltage is 0.76. It is the simplest MPPT control method.  

 

Algorithm: 

The operating point of the PV array is kept near the MPP by regulating the array 
voltage and matching it to a fixed reference voltage Vref. The Vref value is set 
equal to the maximum power point voltage of the characteristic PV module or to 
another calculated best fixed voltage. One of the approximations of this method is 
that, variations encountered by individual panels need not be considered as the 
constant reference voltage can be considered as the maximum power point 
voltage. The data for this method varies with geographical location and has to be 
processed differently for different geographical locations. The CV method does not 
require any input. It is important to observe that when the PV panel is in low 
insolation conditions, the CV technique is more effective than either the P&O 
method or the IC method (analyzed below) .  

Drawback:  

The current from the photovoltaic array must be set to zero momentarily to 
measure the open circuit voltage and then afterwards set to 76% of the 
measured voltage.  

Energy is wasted during the time time the current is set to zero.  

The approximation setting the voltage to 76% of the measured voltage is not 
accurate. 
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3.15 APPLICATION OF SOLAR CELL SYSTEMS 

 Solar Water Pumps 

There are more than 10,000 solar powered water pumps in use in the world 
today. They are widely used on farms to supply water to livestock. In 
developing countries, they are used extensively to pump water from wells and 
rivers to villages for domestic consumption and irrigation of crops. In solar 
water pumping system, the pump is driven by motor run by solar electricity 
instead of conventional electricity drawn from utility grid. A solar photovoltaic 
water pumping system consists of a photovoltaic array mounted on a stand and 
a motor-pump set compatible with the photovoltaic array. It converts the solar 
energy into electricity, which is used for running the motor pump set. The 
pumping system draws water from the open well, bore well, stream, pond, 
canal, etc. 

 

Solar Vehicle 

It is an electric vehicle powered completely or significantly by direct solar 
energy. Usually, photovoltaic (PV) cells contained in solar panels convert the 
sun‟s energy directly into electric energy. The term „solar vehicle‟ usually 
implies that solar energy is used to power all or part of a vehicle‟s propulsion. 
Solar power may be also used to provide power for communications or controls 
or other auxiliary functions. 

 

Solar Lanterns 

When the Petromax-type solar lantern is plugged into a solar photovoltaic cell, 
its rechargeable battery stores the electricity produced so that it can be used to 
light home or power a radio. When fully charged, the lantern will give light for 
4 to 5 h, and the radio will run for 15 h. If both are used simultaneously, the 
listening and lamp time will be shorter. 

 

Solar Panels on Spacecraft 

Spacecraft operating in the inner solar system usually rely on the use of 
photovoltaic solar panels to derive electricity from sunlight. In the outer solar 
system, where the sunlight is too weak to produce sufficient power, 
radioisotope thermal generators (RTGs) are used as a power source. 
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Grid-connected Photovoltaic Power Systems 

These are power systems energized by photovoltaic panels that are connected 
to the utility grid. Grid-connected photovoltaic power systems comprise 
photovoltaic panels, battery charging regulators, solar inverters, power 
conditioning units, and grid-connected equipments. When conditions are right, 
the grid-connected PV system supplies the excess power, beyond consumption 
by the connected load, to the utility grid. Residential grid-connected 
photovoltaic power systems that have a capacity less than 10 kW can meet the 
load of most consumers. It can feed excess power to the grid, which, in this 
case, acts as a battery for the system. 

 

Cathodic Protection Systems 

Cathodic protection is a method of protecting metal structures from corrosion. 
It is applicable  to bridges, pipelines, buildings, tanks, wells, and railway lines. 
To achieve cathodic protection, a small negative voltage is applied to the metal 
structure and this prevents it from oxidizing or rusting. The positive terminal of 
the source is connected to a sacrificial anode that is generally a piece of scrap 
metal, which corrodes instead of the structure. Photovoltaic solar cells are 
often used in remote locations to provide this voltage. 

 

Rural Electrification 

Storage batteries are widely used in remote areas to provide low-voltage 
electrical power for lighting and communications as well as for vehicles. A 
photovoltaic-powered battery charging system usually consists of a small solar 
cell array and a charge controller. These systems are widely used in rural 
electrification projects in developing countries. 

 

Water Treatment Systems 

In remote areas, electric power is often used to disinfect or purify drinking 
water. Photovoltaic cells are used to power a strong ultraviolet light that can be 
used to kill bacteria in drinking water. This can be combined with a solar-
powered water pumping system. Desalination of brackish water can be 
achieved via PV-powered reverse osmosis systems. 
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Video Links 

S.No Topic Link 

1. Solar Pond https://www.youtube.com/watch?v=advlU1kn0Uw&f
eature=youtu.be 

2. How PN Junction 
Created 

https://www.youtube.com/watch?v=grWuN8lKzT0&f
eature=youtu.be 

3. Working of Solar cell https://youtu.be/ywE6sW4NP38 
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Assignments 

Design your own 1Kw PV system for residential customer. 
Cost of each component with manufacture details. 

Technical details and features of all the components used. 

No of Panels needed with proper series parallel connection details. 

Wiring Materials Needed 

Case study on Battery choosing calculation for different load 
conditions 

Types of Batteries 

Load Calculation Details  

Backup Calculation details 
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Question Bank 

PART-A 

 
S.No Question & Answers 

K 
Level 

CO 

1 

Define Solar Irradiation 
Solar radiation that reaches earth surface after passing 
through the earth‟s atmosphere is known as Terrestrial 
Radiation. The terrestrial radiation expressed as energy per 
unit time per unit area (i.e. W/m2) is known as Solar 
Irradiation.  

K1 C403.3 

2 

Define Solar Insolation. 
The term Solar Insolation (incident solar radiation) is defined 
as solar radiation energy received on a given surface area in 
a given time (in J/m2 or kWh/m2) 

K1 C403.3 

3 
Write the Expression for Solar Constant. 
Iext=[1+0.033cos(360n/365)] W/m2 

K1 C403.3 

4 

Define Latitude. 
The latitude of a location on earth‟s surface is the angle 
made by radial line, joining the given location to the centre 
of the earth, with its projection on the equator plane. The 
latitude is positive for northern hemisphere and negative for 
southern hemisphere. 

K1 C403.3 

5 
Define declination. 
It is defined as the angular displacement of the sun from 
the plane of earth‟s equator.  

K1 C403.3 

6 
Define Zenith Angle,  
It is the angle between sun‟s ray and perpendicular (normal) 
to the horizontal plane 

K1 C403.3 

7 

Define solar Azimuth Angle. 
It is the angle on a horizontal plane, between the line due 
south and the projection of sun‟s ray on the horizontal 
plane. It is taken as +ve when measured from south 
towards west.  

K1 C403.3 

8 
Name some of the Instruments used for solar rotation 
measurements. 
Pyranometer, Pyrheliometer and Sunshine recorder  

K1 C403.3 
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S.No Question & Answers 
K 

Level 
CO 

9 

What is heliostats  
Heliostats are reflecting surfaces provided with a two-axis 
tracking system which ensures that the incident sunlight is 
reflected towards a certain target point throughout the day.  

K1 C403.3 

10 

List the components of Heliostats.  
The reflector surface (e.g. mirrors, mirror facets, other 
sunlight-reflecting surfaces)  
A sun-tracking system provided with drive motors 
foundations and control electronics.  

K1 C403.3 

11 
List the types of receiver used in solar tower plant. 
Water/steam receiver, Salt receiver, Open volumetric air 
receiver and Closed (pressurized) air receivers 

K1 C403.3 

12 

What is solar pond? 
A solar pond is a solar energy collector, generally fairly large 
in size, that looks like a pond. This type of solar energy 
collector uses a large, salty lake as a kind of a flat plate 
collector that absorbs and stores energy from the Sun in the 
warm, lower layers of the pond. These ponds can be natural 
or man-made, but generally speaking the solar ponds that 
are in operation today are artificial. 

K1 C403.3 

13 

List the components of solar pond. 
Pond collector  
Heat Exchangers 
Thermal Engine  

K1 C403.3 

14 

Disadvantages of Solar Pond. 
Relatively low temperatures achieved in these ponds.  
Solar-to-electricity conversion is fairly inefficient - generally 
less than 2%.  

As well, large amounts of fresh water are necessary to 
maintain the right salt concentrations all through the 
pond. This is an issue in places where fresh water is hard 
to come by, especially in desert environments.  

K1 C403.3 
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S.No Question & Answers 
K 

Level 
CO 

15 

Mention the Types of solar cells. 
(1) single crystal silicon solar cell,  
(2) polycrystalline and amorphous silicon cell,  
(3) cadmium sulphide-cadmium telluride cell,  
(4) copper indium diselenide cell  
(5) gallium arsenide cell.  

K1 C403.3 

16 

Define the efficiency of solar cell 
Energy conversion efficiency  is defined as the ratio of 
power output of cell (in watts) at its maximum power 
point (PMAX) and the product of input light power (E, in 
W/m2) and the surface area of the solar cell (S in m2) 
under standard conditions 
 η= maximum output power/(irradiance × area) = 
PMAX/(E × S) 

K1 C403.3 

17 

Define Fill Factor. 
 It is a measure of squareness of the I–V characteristics of 
the solar cell and is defined as 
FF = Maximum output power/(open-circuit voltage × short-
circuit current) 
 

K1 C403.3 

18 
List some of the applications of Solar system. 
Power Generation, Water Pumping, Solar Vehicles, Solar 
aircraft and Rural electrification. 

K1 C403.3 
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Question Bank 

PART-B 

69 

S.No Question 
K 

Level 
CO 

1 
What are the main problems associated with use of salt 
hydrate as phase change storage media? 

k2 C403.3 

2 
What are the basic features required in an ideal 
pyranometer? 

K1 C403.3 

3 Describe thermal energy storage system of solar energy. K2 C403.3 

4 
Define solar irradiance, solar constant, extraterrestrial and 
terrestrial radiations. What is the standard value of solar 
constant? 

K1 C403.3 

5 
Explain the depletion process of solar radiation as it passes 
through the atmosphere to reach at the surface of the earth. 

K2 C403.3 

6 
Define the terms: altitude angle, incident angle, zenith 
angle, solar azimuth angle, latitude angle, declination angle, 
and hour angle. 

K1 C403.3 

7 
Explain the construction and principle of operation of a 
sunshine recorder 

K2 C403.3 

8 Describe the working of solar thermal power plant. K2 C403.3 

9 
Describe the working of central receiver or tower power 
plant. 

k2 C403.3 

10 Explain the principle of working of solar pond. k2 C403.3 

11 
With the help of schematic diagram, explain the working of 
solar pond electric power plant 

k2 C403.3 

12 Write short notes on V-I characteristics on PV cell. k2 C403.3 

13 Explain the types of PV Cell. k2 C403.3 

14 Discuss the types of PV system. k2 C403.3 



Supportive Online Courses 

S.No 
Course 

Conducted 
By 

Course Name Link 

1 Coursera 
Introduction to solar 
cell 

https://www.coursera.org/learn/solar-
cells 

2 Coursera 
Solar Energy and 
Electrical System 
Design 

https://www.coursera.org/learn/solar-
energy-and-electrical-system-design 

70 



Real Time Applications 

 Solar Irrigation System 

 https://www.youtube.com/watch?v=QMoHB2BcZGw 

 https://www.youtube.com/watch?v=bPvPJuvLw9Q 

71 



Content Beyond the Syllabus 

Solar Cell Manufacturing Process 
https://www.youtube.com/watch?v=fZ1SC-vUe_I 

https://www.youtube.com/watch?v=yXxfw03ZaHE 

Solar System Installation (off Grid) 
https://www.youtube.com/watch?v=pZi4Bh6kYQM 

Future Application for PV technology 
https://www.youtube.com/watch?v=8S5hNYepw14 
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Mini Project 

Portable Solar Mobile Charger 

Drop Irrigation system for Watermelon using PV pumping system. 
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Course Objective 

 

EE8703- RENEWABLE ENERGY SYSTEM 

 

To Create awareness about renewable Energy Sources 
and technologies. 

To impart knowledge on a variety of issues in 
harnessing renewable Energy. 

Learn current and possible future role of renewable 
energy sources. 
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Pre Request 

ME8792- Power Plant Engineering 

EE8552- Power Electronics 
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Syllabus 

EE8703 RENEWABLE ENERGY SYSTEMS L T P C 

3 0 0 3 

UNIT I RENEWABLE ENERGY (RE) SOURCES 9 

Environmental consequences of fossil fuel use, Importance of renewable sources of 

energy, Sustainable Design and development, Types of RE sources, Limitations of RE 

sources, Present Indian and international energy scenario of conventional and RE 

sources 

UNIT II WIND ENERGY 9 

Power in the Wind – Types of Wind Power Plants (WPPs)–Components of WPPs-

Working of WPPs- Siting of WPPs-Grid integration issues of WPPs. 

UNIT III SOLAR PV AND THERMAL SYSTEMS 9 

Solar Radiation, Radiation Measurement, Solar Thermal Power Plant, Central Receiver 

Power Plants, Solar Ponds.- Thermal Energy storage system with PCM- Solar 

Photovoltaic systems : Basic Principle of SPV conversion – Types of PV Systems- 

Types of Solar Cells, Photovoltaic cell concepts: Cell, module, array ,PV Module I-V 

Characteristics, Efficiency & Quality of the Cell, series and parallel connections, 

maximum power point tracking, Applications. 

UNIT IV BIOMASS ENERGY 9 

Introduction-Bio mass resources –Energy from Bio mass: conversion processes-

Biomass Cogeneration-Environmental Benefits. Geothermal Energy: Basics, Direct 

Use, Geothermal Electricity. Mini/micro hydro power: Classification of hydropower 

schemes, Classification of water turbine, Turbine theory, Essential components of 

hydroelectric system. 

UNIT V OTHER ENERGY SOURCES 9 

Tidal Energy: Energy from the tides, Barrage and Non Barrage Tidal power systems. 

Wave Energy: Energy from waves, wave power devices. Ocean Thermal Energy 

Conversion (OTEC)- Hydrogen Production and Storage- Fuel cell : Principle of 

working- various types - construction and applications. Energy Storage System- 

Hybrid Energy Systems 
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Course Outcome 

Semester:07 

L
e

v
e

l 
o

f 
K

n
o

w
le

d
g

e
 

Year of Study:2020-21 (2017 Regulation) 

Course Name: Renewable Energy Systems (EE8703) 

C403.1 
Understand the current energy scenario, environment aspect and 

renewable energy resources in India 
K2 

C403.2 
Understand the basic concept of wind energy conversion system 

and basics of grid Integration. 
K2 

C403.3 
Understand the solar energy conversion system and different types 

of solar plants. 
K2 

C403.4 Experiment with stand alone and grid connected PV system. K3 

C403.5 
Explain the basic of renewable sources like Hydro, biomass and 

Geothermal 
K2 

C403.6 Explain the basic of different ocean energy system and Fuel cell. K2 
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CO-PO/PSO Mapping 

Semester: 07 

Year of Study: 2020-21 (2017 Regulation) 

Course Name: Renewable Energy Systems (EE8703) 

CO‘s PO‘s PSO‘s 

1 2 3 4 5 6 7 8 9 10 11 12 1 2 3 

C403.1 3 1 1 1 - 1 1 - - - - - 3 1 1 

C403.2 3 1 1 1 - 1 1 - - - - - 3 1 1 

C403.3 3 1 1 1 - 1 1 - - - - - 3 1 1 

C403.4 3 1 1 1 - 1 1 - - - - - 3 1 1 

C403.5 3 1 1 1 - 1 1 - - - - - 3 1 1 

C403.6 3 1 1 1 - 1 1 - - - - - 3 1 1 

C403 3 1 1 1 - 1 1 - - - - - 3 1 1 

10 



UNIT IV 
BIOMASS ENERGY  
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Lecture Plan 

S.N
O 

TOPIC 
No of 

Periods 

P
ro

p
o

s
e

d
 

D
a

te
 

D
e

li
v
e

re
d

 
D

a
te

 

M
o

d
e

 O
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D
e

li
v
e

ry
 

1 
Biomass Energy 

System 
2 

2 Geothermal Energy 2 

3 Hydropower 3 

 
4 
 

Turbines 2 
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Activity Based Learning 

Collect the data of different biomass plant in India. 
Following Data should be available 

Location 

Date of erection 

Capacity of the Plant 

Plant Component suppliers 

 

Collect the data of different biomass plant in China. 
Following Data should be available 

Location 

Date of erection 

Capacity of the Plant 

Plant Component suppliers 

Compare Any two Hydropower system in the world. 
Following Data should be available 

Location 

Date of erection 

Capacity of the Plant 

Plant Component suppliers 
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NOTES 

4.1 BIOMASS RESOURCES 

Biomass resources for energy production encompass a wide spectrum of materials 
ranging from silviculture (forest), agriculture (field), aquaculture (fresh and sea 
water) and industrial and social activities that produce organic wastes residues 
(food processing, urban refuse, etc.). When plants are cultivated especially for the 
purpose of energy, it is known as energy farming. 

 

1. Forests 

 Forests; natural as well as cultivated, serve as a source of fuel wood, 
charcoal and producer gas. Forest waste and residues from forest processing 
industries can be utilized at the mill itself. Forest resource is consumed, not just 
for firewood but also for sawn timber, papermaking and other industrial purposes. 
Some fast growing energy intensive trees such as eucalyptus, poplar, pine are 
specially cultivated for the purpose of energy.  

 Some plants produce seeds (or nuts) to yield vegetable oil on pressing. 
This serves as a liquid bio-fuel (bio-diesel). There are two categories of oil-
producing plants: (a) wild plants, e.g. Jojoba (a shrub, producing nuts), Karanj (a 
tree generally used on roadsides in India, produces seeds), etc., which takes care 
of themselves and (b) agricultural crops, e.g. Jatropha curcas (Ratanjyot, 
produces seeds) etc., which require common agricultural techniques. There are 
more than 300 different species of oil bearing trees; most of them are wild and do 
not require much care and effort. These plants are quite hardy, require little 
water, can resist severe drought and pest, can survive in hot and cold climates 
and can grow on most soil types. In India, the experience with a wild, oil-bearing 
tree, Karanj (Pongamia pinnata) has been encouraging. It is estimated that the 
plantation of Jatropha on 30 million-hectares would produce equivalent bio-fuel 
that can completely replace the current use of fossil fuels in the country. 

 

2. Agricultural Residues 

Crop residues such as straw, rice husk, coconut shell, groundnut shell, sugarcane 
bagasse etc., are gasified to obtain producer gas. Alternatively, these are 
converted to fuel pellets or briquettes and used as solid fuel. 

 

 3. Energy Crops 

Certain cultivated plants produce raw material for bio-fuels. The greatest potential 
for energy farming occurs in tropical countries, especially those with adequate 
rainfall and soil condition. 

(a)Sugar Plants Sugarcane is a major raw material source for bio-ethanol. 
Various products from sugarcane are shown in Fig. Alcohol represents only 
30 per cent of the total sugar cane energy. About 35 per cent is available in 
bagasse and another 35 per cent in leaves and tops of the sugarcane plant. 
Sweet sorghum also supplies raw material for ethanol production, especially 
during off-season supply for the sugar mills. Sugar beet supplies raw 
material for ethanol production.  
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Figure 4.1 

(b)Starch Plants Jerusalem artichoke provides raw material for bio-ethanol. It 
is a tubular plant and can be grown on marginal lands and relatively poor soil. 
It is able to withstand adverse conditions such as cold and draught 
conditions. Cassava is also a tubular plant. It is seen as complementary to 
sugarcane as it can be cultivated in areas with acidic infertile soils, whereas 
cane requires more amenable soil. It also provides raw material (starch) for 
bio-ethanol. Potato, sweet potato, etc. also fall in the same category. Grains, 
such as maize, barley, rice and wheat provide starch, which can be converted 
to ethanol. 

(c)Oil Producing Plants In a short-term diesel engine test, over 40 different 
plant derived oils have been evaluated including sunflower, rapeseed, palm 
oil, castor oil, soybean, groundnut and cottonseed 

4. Aquatic Plants 

Some water plants grow faster than land based plants and provide raw materials 
for producing biogas or ethanol. These are water hyacinth, kelp, seaweed and 
algae, etc. 

 

5. Urban Waste 

Urban waste is of two types:   

(a) Municipal Solid Waste (MSW or garbage)  

(b) sewage (liquid waste) 

Energy from MSW can be obtained from direct combustion (incineration) or as 
and fill gas. Sewage can be used to produce biogas after some processing. 
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4.2 ENERGY FROM BIOMASS 

There are a variety of ways of obtaining energy from biomass. These may be 
broadly classified as direct methods and indirect methods. 

 

I. Direct Methods 

Raw materials that can be used to produce biomass energy are available 
throughout the world in the following forms: 

1. Forest wood and wastes 

2. Agricultural crops and residues 

3. Residential food wastes 

4. Industrial wastes 

5. Human and animal wastes 

6. Energy crops 

  

Properly managed forests will always have more trees, and agricultural and 
energy crops management will always have crops; further, the residual biological 
matter are taken from those crops. Raw biomass has a low energy density based 
on their physical forms and moisture contents and their direct use are burning 
them to produce heat for cooking. The twin problems of traditional biomass use 
for cooking and heating are the energy inefficiency and excessive pollution. 

  

Inefficient way of direct cooking applications, inconvenient and inefficient 
methods of raw biomass transportation and storage and high environmental 
pollution problems made them unsuitable for efficient and effective use. This 
necessitated some kind of pre-processing and conversion technology for 
enhancing the usefulness of biomass. 

 II. Indirect Methods 

Biomass can also be used indirectly by converting it either into electricity and heat 
or into a convenient usable fuel in solid, liquid, or gaseous form. The efficient 
conversion processes are as follows: 

 1. Thermo-electrical conversion: The direct combustion of biomass material in 
the boiler produces steam that is used either to drive a turbine coupled with an 
electrical generator to produce electricity or to provide heat for residential and 
industrial system. However, the boiler equipment are very expensive and 
energy recovery is low. Fortunately, improved pollution controls and 
combustion engineering have advanced to the point that any emissions from 
burning biomass in industrial facilities are generally less when compared to the 
emissions produced when using fossil fuels (coal, natural gas, and oil). 
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2. Biomass conversion to fuel: Under present conditions, economic factors 
seem to provide the strongest argument of considering biomass conversion to 
fuel such as fermentation and gasification. In many situations, where the price 
of petroleum fuels is high or where supplies are unreliable, the biomass 
gasification can provide an economically viable system, provided the suitable 
biomass feedstock is easily available. Biomass conversion processes can be 
classified under two main types: 

  

(a) Thermo-chemical conversion includes processes such as destructive 
distillation, pyrolysis, and gasification. 

(b) Biological conversion includes processes such as fermentation and 
anaerobic digestion. 

  

Gasification produces a synthesis gas with usable energy content by heating 
the biomass with less oxygen than needed for complete combustion. Pyrolysis 
yields bio-oil by rapidly heating the biomass in the absence of oxygen. 
Anaerobic digestion produces a renewable natural gas (methane gas) when 
organic matter is decomposed by bacteria in the absence of oxygen. 

  

As a result, it is often advantageous to convert this waste into more readily 
usable fuel form like producer gas. Hence, it is the attractiveness of 
gasification. 

  

The efficiency of a direct combustion or biomass gasification system is 
influenced by a number of factors such as including biomass moisture content, 
combustion air distribution and amounts (excess air), operating temperature 
and pressure, and flue gas (exhaust) temperature. 

 4.3 BIOMASS ENERGY CONVERSION PROCESS 

There are a number of ways of converting biomass into electricity but the most 
common is to burn the material in a furnace, raising steam that is used to drive 
a steam turbine, an approach analogous to the use of coal in a coal-fired power 
plant. The main alternative to this is biomass gasification in which the fuel is 
converted into a combustible gas that can be burned to provide heat. The 
development of coal gasification systems is expected to drive improvements in 
biomass gasification. 
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Biomass plants tend to be small compared to conventional coal-fired plants and 
less efficient. However, efficiency can be improved if they can provide heat as well 
as electricity in a combined heat and power plant, and this configuration is 
common, particularly in industries that use their own biomass waste for power 
generation. A further method that allows for more efficient use of biomass is co-
firing. This involves adding a proportion of biomass to the coal in a coal fired 
power plant. Large modern coal plants can operate at high efficiency and, when 
co-fired, biomass is converted into electricity with similar efficiency. 

  

For some animal wastes it is also possible to generate a combustible gas using 
anaerobic digestion. This is the same process that occurs in landfill sites and 
generates methane. Digesters can be designed to generate methane from both 
animal and human wastes. The gas is then normally used to fire a gas engine to 
provide electric power. 

 

4.3.1 DIRECT FIRING 

The direct firing of biomass involves burning the fuel in an excess of air inside a 
furnace to generate heat. Aside from heat the primary products of the combustion 
reaction are carbon dioxide and a small quantity of ash. The heat is absorbed by a 
boiler placed above the main furnace chamber. Water flows through tubes within 
the boiler where it is heated and eventually boils, producing steam that is used to 
drive a steam turbine. Direct-firing technology was developed in the 19th century 
for coal combustion but has been adapted to other fuels including biomass. While 
the heat from a biomass furnace is normally used to generate steam in this way, it 
may be exploited directly in some industrial processes too. 

  

The simplest type of direct-firing system has a fixed grate onto which the fuel is 
piled and burned in air that enters the furnace chamber from beneath the grate 
(under fire air). Further air 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.2 
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(over fire air) is then added above the grate to complete the combustion process. 
This type of direct-firing system, called a pile burner, can burn wet and dirty fuel 
but its overall efficiency is only around 20% at best. The fixed grate makes it 
impossible to remove ash except when the furnace is shut down, so the plant 
cannot be operated continuously either, a further disadvantage for this design. 

  

An improvement over the pile burner is the stoker combustor. This type of 
combustor allows fuel to be added continuously, either from above (overfeed) or 
from below (underfeed), and has a mechanism for continuously removing ash. 
The stoker grate was first developed for coal combustion in the 1920s and in the 
1940s the Detroit Stoker Co. designed a stoker boiler for wood combustion. 

  

Fuel is distributed more evenly in a stoke grate than in a pile burner, allowing 
more efficient combustion. Air still enters the furnace from beneath the grate and 
this air flow cools the grate. The airflow determines that maximum temperature at 
which the grate and thus the furnace can operate and this in turn determines the 
maximum moisture content of the wood that can be burned, since the dampest 
wood will require the highest temperature if spontaneous combustion is to be 
maintained. 

  

For an underfeed stoker combustor, fuel is added from beneath and the grate 
behaves like a slowly erupting volcano. Ash, when it is formed, falls down the 
flanks of the fuel pile and is removed from the sides. In an overfeed stoker 
combustor, the grate itself normally moves via some form of chain mechanism 
allowing fuel to be added from one side and ash removed from the other. 

This type of design is called a mass-feed stoker. A second type, called a spreader 
stoker, disperses finely divided fuel pneumatically across the whole surface of the 
grate with finer particles burning in the region above the grate. There are a 
number of other refinements to the stoker combustor such as an inclined and 
water-cooled grate. Even so, maximum overall efficiency is only 25%. 

  

Most modern coal-fired power plants burn finely ground coal that is fed into the 
power plant furnace through a burner and then ignites in midair inside the 
furnace chamber, a process called suspended combustion. It is possible to burn 
biomass in this way but particle size must be carefully controlled and moisture 
content of the fuel should be below 15%. Suspended combustion of biomass, 
while it can provide a higher efficiency, is not widely used in dedicated biomass 
power plants. However, it does form the basis for co-firing, which is discussed at 
greater length in the following section. 

 

19 



 

 

 

 

 

 

 

 

 

 

 

Figure 4.3 

The main alternative to the stoker combustor for modern direct-fired biomass 
plants is the fluidized bed combustor. This type of combustor can cope with fuels 
of widely differing type and quality, making it much more versatile than a stoker 
combustor. The fluidized bed contains a layer of a finely sized refractory material, 
such as sand, that is agitated by passing air through it under pressure so that it 
becomes entrained and behaves much like a fluid. Fuel is mixed with this 
refractory material where it burns (when the bed is at its operating temperature) 
to release heat as in a conventional furnace. Depending on the pressure of the air 
that is blown through the fluidized bed it will be a bubbling bed, behaving much 
like a boiling fluid, or a circulating bed in which the particles are entrained with 
the air and those that escape the boiler are subsequently captured in a cyclone 
filter and recycled. Fuel content within the bed in usually maintained at around 
5%. 

  

Fluidized beds can burn a wide range of biomass fuels with moisture content as 
high as 60%. For low-quality fuels the bubbling bed is preferred, whereas the 
circulating bed is better for high-quality fuels. Overall efficiency is again only 25% 
at best, similar to a stoker combustor. 

  

Where the fuel quality is low, gas or coal can be used to raise the bed 
temperature sufficiently at startup for combustion to commence. An additional 
advantage of the fluidized bed is that material can be added to the bed to capture 
pollutants like sulfur that would otherwise result in atmospheric emissions. 
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Direct-fired biomass power plants typically have a generating capacity around 25–
50 MW. This small size, combined with the relatively low combustion temperature 
in the furnace (biomass is more reactive than coal and so tends to burn at a lower 
temperature), are the two main reasons for these plants‘ low efficiencies 
compared to coal plants where overall efficiencies above 40% are now common in 
new facilities. 

  

Improvements are possible. Increasing the size of the typical plant to 100–300 
MW would allow larger, more efficient steam turbines to be used, and several 300 
MW are being planned in Europe. New small steam turbines that incorporate 
advanced design features currently found only in large coal plant turbines will also 
improve efficiency. Adding the ability to dry the biomass fuel prior to combustion 
can result in a significant increase in performance. With these changes, direct-
fired biomass plants should be able to achieve 34% efficiency. 

 

4.3.2 CO-FIRING 

Much more efficient conversion of biomass into electricity can be achieved quite 
simply and on a relatively large scale in another way—by the use of co-firing. Co-
firing involves burning a proportion of biomass in place of some of the coal in a 
coal-fired power plant. Since most coal stations operate at much higher 
efficiencies than traditional direct-fired biomass plants, co-firing can take 
advantage of this to achieve conversion efficiency of 40% or more in a modern 
high-performance coal-fired facility. 

  

There is another form of co-firing in which a predominantly biomass combustion 
plant uses a fossil fuel, normally natural gas, to both stabilize and supplement the 
biomass fuel. This technique will normally be used in a dedicated biomass plant to 
increase performance and flexibility. 

Co-firing of the first type is attractive to coal plant operators because it allows 
them to burn biomass and therefore reduce their net carbon dioxide emissions 
with very little plant modification. Biomass co-firing can also reduce sulfur 
emissions because biomass contains virtually no sulfur. Since coal-fired plants can 
burn large quantities of biomass this also offers a means of establishing the 
biomass infrastructure needed to enable biomass power generation to develop 
into a large-scale industry. 

 The most efficient and common type of coal-fired power plant in operation is the 
pulverized coal (PC) plant that burns coal that has been ground to a fine powder. 
Plants of this design can burn up to 10% biomass with little modification to their 
plant. Biomass is simply mixed with the coal before it is delivered to the coal mills 
where the mixture is ground prior to injection into the combustion chamber. For a 
1000 MW power plant this would be equivalent to a 100 MW biomass plant, but 
with much higher efficiency than a dedicated plant. 
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Simple co-firing of this type is limited by the type of biomass fuel that can be used 
and by the proportion of co-firing possible. To overcome both these limits another 
approach is to have a dedicated biomass fuel delivery line. Fuel from this line can 
either be mixed with the powdered coal before combustion or delivered to 
dedicated biomass burners in the furnace. The latter are usually located lower 
down the combustion chamber allowing a longer transit time to completely burn 
the biomass fuel. This will allow a plant to burn up to 15% biomass by heat 
content. Higher proportions are possible but generally require greater plant 
adaptation and consequently more expense. 

  

An alternative to conventional co-firing involves gasification of the biomass in a 
dedicated biomass gasifier attached to the coal plant. The combustible gas is then 
burned in the coal-fired furnace. This approach is more expensive than the simple 
co-mixing of fuels but it avoids some of the problems that can be associated with 
conventional co-firing and allows a greater proportion of biomass to be burned. 

  

A third approach is called parallel co-firing. This involves having a separate 
biomass furnace, with the hot gases generated by combustion of biomass being 
mixed with the hot coal-flue gases. In a variation of this approach, the biomass 
has its own steam-raising boiler too with the steam flows blended before entering 
the steam turbine. Again this is more costly than conventional co-firing. 

  

Conventional co-firing remains the favored approach but it does have its 
problems. Some wastes such as sawdust can block fuel feed systems and need to 
be avoided. Other biomass fuels such as grasses have a high alkali content that 
can cause problems in coal-fired boilers. Biomass is also more volatile than coal 
when burned so much of the combustion takes place higher in the combustion 
chamber and more over fire air may be necessary to ensure complete 
combustion. 

  

Additionally, the ash from a co-fired boiler has a different composition to that from 
a plant that burns only coal. Coal plant ash is often used in various ways by the 
building industry but the reuse of the ash from a plant that burns biomass has led 
to regulatory difficulties in the past. 

4.4 BIOMASS COGENERATION 

Biomass fuels are typically used most efficiently and beneficially when generating 
both power and heat through biomass cogeneration systems (also known as 
combined heat and power or CHP system). Biomass conversion technologies 
transform a variety of wastes into heat, electricity and bio fuels by employing a 
host of strategies. Conversion routes are generally thermo hemical or biochemical, 
but may also include chemical and physical. 
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Figure 4.4 Cogeneration 

A typical biomass cogeneration system provides: 

Distributed generation of electrical and/or mechanical power. 

Waste-heat recovery for heating, cooling, or process applications. 

Seamless system integration for a variety of technologies, thermal 
applications, and fuel types into existing building infrastructure. 

 

Biomass cogeneration systems consist of a number of individual components—
prime mover (heat engine), generator, heat recovery, and electrical 
interconnection—configured into an integrated whole. The type of equipment that 
drives the overall system (i.e., the prime mover) typically identifies the CHP unit. 

Prime Movers 

Prime movers for biomass cogeneration units include reciprocating engines, 
combustion or gas turbines, steam turbines, microturbines, and fuel cells. These 
prime movers are capable of burning a variety of fuels, including natural gas, coal, 
oil, and alternative fuels to produce shaft power or mechanical energy. 

Key Components 

A biomass-fueled cogeneration facility is an integrated power system comprised of 
three major components: 

Biomass receiving and feedstock preparation. 

Energy conversion – Conversion of the biomass into steam for direct combustion 
systems or into biogas for the gasification systems. 

Power and heat production – Conversion of the steam or syngas or biogas into 
electric power and process steam or hot water 
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Figure 4.5 

 

 

4.5 EVIRONMENTAL BENEFITS  

The environmental benefits of biomass power generation using biomass fuel are 
clear. By Using waste material for fuel in our green energy plants, we prevent that 
waste from burdening our landfills even more, or being left to decay on the forest 
floor or urban lot. 

  

Biomass power is carbon neutral. Any carbon that is released into the atmosphere 
during combustion of biomass was absorbed from the atmosphere at one point in 
the tree‘s life. 

  

Biomass power does not threaten forests. It is not economically visible to clear 
forests or chop down trees solely for the purpose of getting wood to create the 
green power. The only economically viable fuel for biomass facilities come from 
waste byproducts. 

 

24 



 

4.6 GEO THERMAL ENERGY - BASICS 

Geothermal energy refers to heat energy stored under the ground for millions of 
years through the earth formation. It utilizes a rich storage of unutilized thermal 
energy that exists under the earth‘s crust. 

Geothermal energy is site specific but can be very cheap especially when used 
for direct heating. It is a challenge to estimate power from this source since it 
occurs underground at extremely high temperatures. 

The earth‘s crust has immense heat (thermal) energy stored over millions of 
years. There exists a huge temperature difference between the earth‘s crust and 
the surface. The temperature difference is known as geothermal gradient.  

This energy is sufficient to melt rock. The molten rock, called magma, at times 
erupts through cracks on earth surface as volcanoes. Geothermal energy is 
converted to produce to electricity. 

The presence of geothermal deposits in form of hot geothermal fluid is a sign of 
a good site. The site should have a shallow aquifer to allow injection of water. 
The inherent geothermal product should be about 300o F. 

 

4.6.1 Advantages of Geothermal Energy 

• No fuel is burnt since heat is derived from an abundant underground reservoir. 
The renewable energy source could solve the risk of running out of fossil fuels. 

• It has no emissions and produces 10% carbon dioxide, which is very little 
compared to the amount consumed by plants. 

• Unlike other sources of renewable energy (solar, wind and water), it is not 
affected by whether and will always be available throughout the year. 

• Geothermal energy is relatively less expensive especially when directly used, for 
example, as source of heat in greenhouses. 

 

4.6.2 Disadvantages of Geothermal Energy 

 

The only disadvantage of geothermal energy is the release of hydrogen sulfide 
identified by the signature rotten egg smell. 

 

 



4.6.3 Enhanced Geothermal Sources (EGS) 

In some geothermal sources, water is injected into the wells containing 
geothermal deposits. Inside these deposits, water gets superheated and hence 
changes into steam.  

Water is pumped down under very high pressure to expend rock fissures. 

Some lower temperature geothermal energy is utilized directly as heat. Green 
houses may be supplied with this energy as temperature regulator. This 
technique is also used in fisheries and mineral recovery. 

The principle is to use heat energy through heating of water to steam. 
Geothermal energy utilizes high temperatures below the earth‘s crust.  

The hot steam or water heats a fluid that in turn expands to turn turbines that 
generate electricity. 

 

Figure 4.6 GEO THERMAL POWER PLANT  



4.6.4 CLASSIFICATIONS  

From the improved scientific study of different geothermal systems developed     
so far, these systems have been grouped under the following two categories:  

 

1.Vapour-dominated (dry steam) geothermal systems:  

 

This system are uncommon and poorly understood when compared to liquid-
dominated system.  

Vapour-dominated system requires relatively potent heat supplies and low 
initial permeability. After an early hot water stage, a system becomes vapour 
dominated; that is, when net discharge starts to exceed recharge, steam 
boils from a declining water table and some steam escapes to the 
atmosphere.  

However, most of the steam condenses below the surface, where its surface 
of vaporization can be conducted upwards. The main vapour-dominated 
reservoir actually is a very deep water table, where the transmission is in the 
upward direction.  

Most liquid condensate flows down to the water table, but some may be 
swept out with steam in channels of principal upflow.  

Liquid water favours small pores and channels because of the high surface 
tension relative to that of steam.  

Steam is largely excluded from smaller spaces, but greatly dominates the 
larger channels and discharge from the wells.  

 

2. Liquid-dominated (hot waters) geothermal systems:  

 

Many parts of the world consist of only hot water geothermal field at 
comparatively modest temperatures and low enthalpies. Despite the 
unsuitability of hot water for use in power production, there have been direct 
heating applications far exceeding in total heat equivalent of existing 
geothermal electricity generating facilities.  

The geothermal steam contains 1%–3% of various gases, consisting of 
carbon dioxide principally, but with large amounts of hydrogen sulphide and 
less amounts of hydrogen, methane, nitrogen, etc.  

These gases may pose severe corrosion problems. However, these have 
been considered in some cases as a gaseous by-product of electric 
generation; further, the feasibility of commercial production of carbon 
dioxide, sulphur, ammonium sulphate, and ammonium carbonate in certain 
geothermal fields have already been demonstrated. 



Geophysics is a field of science that deals with the properties of the earth and 
its environments. It is the study of magnetic and gravitational fields, internal 
properties of the earth, water cycles, mineral deposit formation, and the solar 
terrestrial relations. 

Geophysics specializes in finding resources under the earth‘s crust and 
determining the potential threats such as earthquakes. It also entails qualitative 
analysis to identify the best sites for mining, oil drilling and geothermal deposits. 

Branches of Geophysics 

• Study of solid earth − Solid earth properties range from tectonic study to 
seismic analysis for earthquakes. This branch studies the oil and mineral 
deposits. The soils samples are analyzed for any unusual deposits or textures. 

• Study of water − This is the study of fresh water as well as water under the 
earth surface. Study of water is done by hydrologists who analyze water cycles 
and water tables. Oceanography, the study of the oceans and the ground 
beneath, also falls under this category. 

• Study of air − Air is a major component of the earth. The study of air helps in 
predicting weather conditions and guard against extreme conditions such as 
hurricanes. 

• Life and geophysics − The interaction of organisms and the earth is an 
important factor. It is important to note that oil deposits mainly result from 
decaying matter. Conditions below the ground are studied to assess their effect 
on the existence of organisms. 

Aquifers 

Some rocks, called aquifers, provide a good environment for water to flow 
through naturally. These rocks are porous and filter water running through. 
Aquifers are best sites where wells are drilled to provide constant water flow. 
Rocks that make good aquifers are sand, granite, conglomerate, sandstone, and 
fractured lime. 

Aquifers lie underneath the water table such that precipitation immediately 
replenishes water pumped from wells. Aquifers are very important in sustaining 
the earth‘s water cycle. Wells are drilled into aquifers surrounded by non-porous 
rock. These rocks generate pressure that helps in pumping the water. These kinds 
of wells are known as artesian wells. 

 



Hydrogeology Tests 

Hydrogeology utilizes several tests in aquifers to capture their characteristics. 
These tests are conducted in controlled environments called control wells. 

The three major tests are 

• Pumping test − Water is extracted and pumped back into the well at 
constant intervals. Behavior of neighboring wells is recorded as a result 
of the changes. This test helps in determining the permeability of the 
aquifers surrounding the well. 

• Slug test − Slug means a swift change in water level. In this test, the 
effect on the neighboring wells and the duration it takes to recover its 
original level is measured. This could be achieved by drawing from the 
lake or water could be pumped into the well to drastically change the 
level. 

• Constant-head test − This is done using an experimental well called 
a control well. In a control well the thermal drawdown can be 
maintained at a level. The effect is recorded for the neighboring wells. 
Drawing from the well regularly may dent the water table. This may 
cause depression and cause abnormal flow. 

 



4.7 GEO THERMAL ELECTRICITY 

It provides not just heat and steam, but electricity itself. Geothermal power 
generation is completely clean, and releases no harmful gas emissions 
whatsoever. Geothermal fluid is a good electricity generator as well. Conversion 
technology for electricity generation is as follows: 

Dry steam plants: These plants rely on the natural steam that comes from 
the underground reservoirs to generate electricity. 

Flashed Steam Plants: The water ‗flash‘ boils and the steam is used to turn 
turbines. 

Binary power plants: These plants use the water to heat a ‗secondary 
liquid‘ that vaporizes and turns the turbines. The vaporized liquid is then 
condensed and reused. 

Hybrid power plants: In these plants, binary and flash techniques are 
utilized simultaneously 

 

 Dry-steam power stations 

Steam plants use hydrothermal fluids that are primarily steam.  

The steam goes directly to a turbine, which drives a generator that produces 

electricity. The steam eliminates the need to burn fossil fuels to run the turbine. 

(Also eliminating the need to transport and store fuels)  

The expansion of the secondary fluid produces mechanical energy needed for 

turning the turbines to generate electricity. 

These plants emit only excess steam and very minor amounts of gases. 

 

 

 

 

 

 

 

 

 

                                           Figure 4.7 Dry-steam power stations 

 



Single Flash and Double Flash Cycle 

Hydrothermal fluids above 360°F (182°C) can be used in flash plants to make 
electricity. 

Fluid is sprayed into a tank held at a much lower pressure than the fluid, 
causing some of the fluid to rapidly vaporize, or "flash."  

The vapor then drives a turbine, which drives a generator. 

(Water in wells under high pressure is drawn to a region of lower pressure. This 
pressure shift vaporizes the water emitting steam at high temperature. This 
steam is separated from the water and used to heat up the fluid that turns the 
turbines in the generator. At this pressure, the gas is at a very high temperature) 

If any liquid remains in the tank, it can be flashed again in a second tank 
(double flash) to extract even more energy. 

 

Figure 4.8 Single Flash steam power stations 

 Figure 4.9 Double Flash steam power stations 



Binary Cycle 

Most geothermal areas contain moderate-temperature water (below 400°F). 
Energy is extracted from these fluids in binary-cycle power plants. 

Hot geothermal fluid and a secondary (hence, "binary") fluid with a much lower 
boiling point than water pass through a heat exchanger. Heat from the 
geothermal fluid causes the secondary fluid to flash to vapor, which then drives 
the turbines. 

Because this is a closed-loop system, virtually nothing is emitted to the 
atmosphere. Moderate-temperature water is by far the more common 
geothermal resource, and most geothermal power plants in the future will be 
binary-cycle plants. 

(Exploiting the difference in boiling points, as determined by density, is the most 
recent method used. A fluid with a much lower boiling point than water is used 
in the system. This method uses water at temperatures 58 degrees to heat a 
secondary fluid of a lower boiling point. Water heats up the fluid and causes it to 
vaporize, due to lower boiling point, and turns the turbines to generate 
electricity) 

 

 

 

 

 

 

Figure 4.10 Binary cycle power stations 



4.8 GEO THERMAL ENERGY – DIRECT USE 

Direct Use of Low Grade Geothermal Energy  

 

1. Aquaculture and horticulture:  

 

Geothermal renewable energy is used in aquaculture and horticulture in 
order to raise plants and marine life that require a tropical environment.  

The steam and heat are all supplied by geothermal energy. Many farmers 
use geothermal power to heat their greenhouses. In Tuscany, Italy, farmers 
have used water heated by geothermal energy for hundreds of years to grow 
vegetables in the winter.  

Hungary is also a major user of geothermal power. Eighty percentage of the 
energy demand from vegetable growers is met by using geothermal energy. 
It is also used in fishing farms.  

The warm water spurs the growth of animals ranging from alligators, 
shellfish, tropical fish, and amphibians to catfish and trout. Fish growers from 
countries like Oregon, Idaho, China, Japan, and even Iceland use geothermal 
power.  

 

2. Industry and agriculture:  

 
Industries are another consumers of geothermal energy. Their uses vary 
from drying fruits, vegetables, and wood, dying wool to extracting gold and 
silver from ore.  

It is also used to heat sidewalks and roads to prevent freezing in the winter. 
Thus, geothermal power generation is playing a major role in industry and 
agriculture.  

Timber is dried using heat acquired from geothermal energy, and paper mills 
use it for all stages of processing. There are many potential uses of 
geothermal energy in the industry.  

 

3. Food processing:  

 

The earth naturally contains an endless supply of heat and steam, which can 
be utilized to sterilize equipment and rooms. This would put an end to the 
use of chemicals for this purpose.  

There are many potential uses of geothermal energy in food processing, but 
as yet, this renewable energy source has yet to be utilized to a large degree 
in this sector.  

 



 

4. Providing heat for residential use:  

 

The most common use of geothermal energy is for heating residential 
districts and businesses. The first uses of geothermal fluid for heating a 
district in United States dates back to 1893.  

However, the French dominance, by almost 500 years as per the records, 
indicates that they were using geothermal energy in the 15th century. In the 
last few years, this renewable energy has caught the interest of an 
increasing number of house owners.  

Geothermal power generation provides more than just heat in summer; but 
a complete temperature control system that enables you to cool your home 
in winter as well. This significantly reduces heating and cooling bills, and 
keeps the home at a comfortable temperature year round. 

Direct geothermal heating systems contain pumps and compressors, which 
may consume energy from a polluting source. This parasitic load is normally a 
fraction of the heat output, so it is always less polluting than electric heating.  

However, if the electricity is produced by burning fossil fuels, then the net 
emissions of geothermal heating may be comparable to directly burning the 
fuel for heat. For example, a geothermal heat pump powered by electricity 
from a combined-cycle natural gas plant would produce about as much 
pollution as a natural gas condensing furnace of the same size  

Therefore, the environmental value of direct geothermal heating applications 
is highly dependent on the emissions intensity of the neighboring electric grid. 
Low temperature means temperatures of 149°C or less.  

Low-temperature geothermal resources are typically used in direct-use 
applications, such as district heating, greenhouses, fisheries, mineral recovery, 
and industrial process heating. Approximately 70 countries made direct use of 
270 petajoules (PJ) of geothermal heating in the beginning of this century.  

More than half went for space heating, and another third for heated pools. 
The remainder supported industrial and agricultural applications. Global 
installed capacity was 28 GW, but capacity factors tend to be low (30% on 
average) since heat is mostly needed in winter.  



The abovementioned figures are dominated by 88 PJ of space heating extracted 
by an estimated 1.3 million geothermal heat pumps with a total capacity of 15 
GW.  

Heat pumps for home heating are the fastest growing means of exploiting 
geothermal energy, with a global annual growth rate of 30% in energy 
production.  

Direct heating appliances of geothermal energy are more efficient than electricity 
generation, as the former requires low temperature heat resources.  

Heat may come from co-generation via a geothermal electrical plant or from 
smaller wells or heat exchangers buried in shallow ground.  

As a result, geothermal heating is economic at many more sites than geothermal 
electricity generation. Where natural hot springs are available, the heated water 
can be piped directly into radiators.  

If the ground is hot and dry, heat exchangers can collect the heat. However, even 
in areas where the ground is colder than room temperature, heat can still be 
extracted with a geothermal heat pump more cost-effectively and cleanly than by 
conventional furnaces.  

These devices draw on much shallower and colder resources than traditional 
geothermal techniques, and they frequently combine a variety of functions, 
including air conditioning, seasonal energy storage, solar energy collection, and 
electric heating.  

Geothermal heat pumps can be used for space heating essentially anywhere. 
Geothermal heat supports many applications. District heating applications use 
networks of piped hot water to heat many buildings across entire communities. In 
the USSR, the energy that is represented by geothermal hot water is used for 
heating of buildings, soil warming, green houses, and medical baths, and it is 
amounted to 15 million tons coal equivalent in 1970. 

 In Hungarian basin, district heating, animal husbandry, and industrial processes 
benefit from geothermal heat. In Iceland, the principal uses are for space heating. 

 In Reykjavík, Iceland, spent water from the district heating system is piped below 
the pavement and sidewalks to melt the snow.  

Geothermal desalination has been demonstrated. At Rotorua (New Zealand), 
lithium bromide absorption units enable air conditioning to be applied to a 100-
room hotel. 



4.9 HYDROPOWER  

Hydropower was the only source of mechanical energy (other than wind) until the 
development of the steam engine in the nineteenth century. The early hydraulic 
units were relatively small and their outputs rarely exceeded few hundred 
kilowatts.  

Hydropower is the most established renewable resource for electricity generation. 
Large-scale hydropower is a well-established, mature and proven technology. 
However the concept of small hydro resources is recent and is expanding very 
fast.  

In large-scale surveys and studies the potential for small-scale generation from 
rivers has been greatly neglected due to techno-economic reasons.  

Recently, due to advancements in the design of low head turbines, improvements 
in construction technology and availability of better control techniques, small 
hydro resources have also become viable.  

Environmental factors are also important and cannot be judged by global surveys 
but only by evaluating local conditions.  

About 18 per cent of potential large-scale hydropower sites have already been 
developed and there is strong opposition from environmentalists for the 
development of remaining sites.  

Small hydro resources are largely free from such environmental effects and, 
therefore, their potential is increasingly being utilized. Small hydro plants (SHPs) 
projects include those installations that have low head (generally under 40 m) and 
small capacity.  

There is no international consensus on the definition of small hydropower. 
Different countries are following different norms keeping the upper limit ranging 
from 5 to 50 MWe.  

In India, hydropower projects of ratings less than about 25 MWe are regarded as 
SHPs. They are considered as nonconventional as they have been conceived and 
built after oil crisis of 1973.  

Major differences between a small and large hydro plants are that the former can 
be designed and built by local staff and smaller organizations using ‗off-the-shelf‘ 
components or locally made machinery.  

It has standard designs for plant components, and often not connected to grid 
and usually meant for local use. The later on the other hand is grid connected and 
requires a tailor made design for each particular scheme, often have very 
expensive equipment and staff cost to maintain the grid.  

Depending on the capacities these plants are classified as, micro (less than 100 
kWe), mini (100 kWe-1 MWe) and small (1 MWe-25 MWe). These boundaries 
however, are not very rigid.  



At the low end of the range, simplicity of design and control is usually essential 
for economic viability, even at the expense of efficiency of operation. However, at 
the high end of the range, the magnitude of the investment is likely to warrant 
fairly sophisticated protection and control devices.  

Micro, hydro schemes are used in remote areas where the grid does not exist. 
Typically it provides power to just one rural industry or one rural community with 
power as small as 200 W. Mini and small schemes sometimes make small 
contribution to national grid supplies. 

 

The small/mini/micro schemes are further classified as:  

(i) storage and  

(ii) run-of the-river schemes.  

 

A storage scheme makes use of a dam to stop river flow, building up a reservoir 
of water behind the dam. The water is then released through turbines when 
power is needed.  

The advantage of this approach is that rainfall can accumulate during the wet 
season of the year and then release power during some or all of the drier periods 
of the year.  

 

A run-of-the-river scheme does not stop the river flow, but instead diverts a 
part of the flow into a channel and pipe and then through a turbine. Micro-hydro 
schemes are almost always run-of-the-river type.  

The disadvantage of this approach is that water is not carried over from rainy to 
dry seasons of the year and generation depends on availability of flow.  

The advantages are: (i) the scheme can be built locally at low cost, and its 
simplicity gives rise to better long-term reliability, (ii) the environmental damage is 
negligible, as river flow pattern downstream of the plant is not affected, (iii) also 
there is no flooding upstream of the plant, (iv) the scheme does not displace large 
number of people as large projects with big dams sometimes do.  

 



4.9.1 Advantages  

(i) Hydroelectric energy is a continuously renewable energy source.  

(ii) It is a much more concentrated energy resource than either wind or solar 
power.  

(iii) Hydroelectric energy is non-polluting—no heat or noxious gases are 
released.  

(iv) Hydroelectric energy has low operating and maintenance costs, it is 
essentially inflation proof.  

(v) Hydroelectric energy technology is a proven technology that offers 
reliable and flexible operation.  

(vi) Small hydro plants can be tailored to the needs of the end use market 
within the limits of water resources available.  

(vii) It serves to enhance economic development and living standards, 
especially in remote areas with limited or no electricity at all.  

(viii) For small hydro plants the civil work does not need elaborate 
construction work. Also, no expensive powerhouse or highly optimized 
electromechanical equipment are required.  

(ix) It has short gestation period.  

(x) A small hydro plant requires few operating personnel, some of them 
being operated entirely by remote control. 

 (xi) There is no need of long transmission lines because the output is 
consumed near the source.  

(xii) High performing electrical equipment (alternator, control circuit, battery 
storage, regulator, etc.) can be easily found in the market.  

(xiii) The possibility of retrofits and additional turbines and generators makes 
the upgrading of existing installations attractive. 

 



4.9.2 Disadvantages  

(i) Hydro systems, unlike solar components for example do require some 
maintenance.  

(ii) The quality of small power station is not as good as that of bigger one as 
these power plants are generally designed on the basis of short term raw 
data. Thus the ground conditions of operation are much different from those 
considered for the design.  

(iii) Majority of SHPs are located in remote places and not connected with 
the grid. Therefore, transmission of surplus power to other places is not 
possible. Therefore, during low demand period, they continue to operate at 
low load factor that leads to loss of power generation which in turn results in 
poor revenue collection.  

(iv) In the absence of adequate hydrological and geological data there are 
always uncertainties about its potential as a resource. Also, once 
commissioned there is no surety of a buyer at a rate that is comparable to 
the outcome of the investment. Due to these reasons private developers 
avoid to have a stake in small hydro.  

(v) The rotation of turbines can kill fishes, especially young fishes swimming 
downstream.  

(vi) Spilling of water over spillways can result in super saturation of water 
with gases from the air. The gas bubbles, absorbed into fish tissue, may 
cause damage and ultimately kill the fish.  

(vii) Most hydroelectric facilities require construction of dam. Dams present a 
migratory barrier that can affect the free movement of fish species and their 
reproduction cycle. However, the effects upon stream ecology are minor 
compared to those caused by large hydroelectric facilities.  

(viii) The existence of a reservoir can make the water becoming stratified, 
with warmer water collecting at the surface and cooler water lying at the 
bottom. In this way, the cold water is isolated from aeration and it loses its 
oxygen. Many species of fish cannot  live in such environment due to low 
oxygen content and temperature. 



4.9.3 Classification of Hydro Power (By Size) 

 

Hydropower installations can be classified by size of power output, although the 
power output is only an approximate diversion between different classes. There is 
no international consensus for setting the size threshold between small and large 
hydropower. 

 

 

 

 

 

 

 

 

 

 

4.9.4 Classification of Hydro Power (according to operation 
and type of flow) 

 

1. Run-of-river (RoR), 
Small and micro hydropower utilizes water that runs of a river and avoids big 
environmental impacts. 

2. Storage (reservoir) 

3. Pumped storage hydro power plants (HPPs) work as energy buffer and do 
not produce net energy. 

4. In-stream Hydropower Schemes use a rivers natural elevation drop without to 
dam a river. 

 

 

Mini (MH) 

 

< 1 MW grid connected special know how required 

Micro < 100 kW partially grid con. 
 

professional know how required 

Pico (PH) < 10 kW island grids small series units produced locally; 
professional equipment available 

Family (FH) < ~1 kW single 
households/clust

ers 

often locally handmade solutions; 
professional equipment available 

Small hydro can be further subdivided into mini, micro and pico: 



Figure 4.11 Run-of-river (RoR) 
 Figure 4.12 Storage (reservoir) 

Figure 4.13  Pumped storage 
hydro power plants 

Figure 4.14 In-stream Hydropower 
Schemes  



• 1. Run-of-river (RoR) 
• RoR plant produce energy from the available flow and the natural elevation 

drop of a river 
 

• It is suitable for rivers that have at least a minimum flow all year round. 
 

• The water to powers th turbine is diverted and channeled into a penstock 
and then returned to the river 

• RoR plants usually have no or only small storage, allowing for some 
adaptations to the demand profile. 

• As bigger the storage capacity is as higher the environmental impacts are 

• Power generation is dictated by local river flow conditions and thus depends 
on precipitation and runoff and may have substantial daily, monthly or 
seasonal variations 

 

2. Storage (reservoir) 

 

• Hydropower projects with a reservoir (storage hydropower) store water 
behind a dam for times when river flow is low 
 

• Therefore power generation is more stable and less variable than for RoR 
plants 

• The generating stations are located at the dam toe or further downstream, 
connected to the reservoir through tunnels or pipelines 

• Type and design of reservoirs are decided by the landscape and in many 
parts of the world are inundated river valleys where the reservoir is an 
artificial lake 

• Reservoir hydropower plants can have major environmental and social 
impacts due to the flooding of land for the reservoir 

 

3. Pumped storage hydro power plants (HPPs)  

• Pumped storage plants are not energy sources, instead they are storage 
devices 

• Water is pumped from a lower reservoir into an upper reservoir, usually 
during off-peak hours, while flow is reversed to generate electricity during 
the daily peak load period or at other times of need 

• Although the losses of the pumping process make such a plant a net energy 
consumer, the plant provides large-scale energy storage system benefits 

• Pumped storage is the largest capacity form of grid energy storage now 
readily available worldwide 

 

 

 



In-stream Hydropower Schemes 

 

• Basically in-stream Hydropower functions like a RoR scheme, but the turbine 
is mostly built within the dam in the riverbed. Usually the river flow is not 
diverted. 

• To optimize existing  weirs, barrages, canals or falls, small turbines or 
hydrokinetic turbines can be installed 

• At rivers close to the sea the technologies may operate bi-directional (tidal) 

 

 

SIZES OF HYDROELECTRIC POWER PLANTS 

 

Facilities range in size from large power plants that supply many consumers 
with electricity to small and micro plants that individuals operate for their 
own energy needs or to sell power to utilities. 

 

Large Hydropower 

Although definitions vary, DOE defines large hydropower as 
facilities that have a capacity of more than 30 megawatts (MW). 

Small Hydropower 

Although definitions vary, DOE defines small hydropower as 
projects that generate 10 MW or less of power. 

Micro Hydropower 

A micro hydropower plant has a capacity of up to 100 kilowatts. A 
small or micro-hydroelectric power system can produce enough 
electricity for a home, farm, ranch, or village. 

 

 

 

 



 
4.9.5 COMPONENTS OF  SMALL HYDROPOWER PLANT 
 
 The components or features of the micro hydel schemes and their layout are 

shown in figure below. The components of the scheme and their features are 
explained below: 

Diversion structure: Small dams, barrages, solid boulder structures or trench 
type weirs are usually constructed to divert the required flow from the water 
streams into the intake structures. The diversion structure should be designed in 
such a way that it can be supplied water in all seasons and it should be 
reasonably safe against large floods. 

Desilting tank: It is necessary to remove and trap the suspended matters, silt 
and pebbles so that no erosion or damage to the turbine can take place by these 
matters. The desilting tank is provided in the initial length of water channel. The 
velocity of water flow is reduced considerably in desilting tank for desilted matters 
to settle down. These are flushed out whenever required using spillway drain. 

Water channel or conductor system: It is designed to ensure that the water 
flow can take place with least loss of head and loss of water. RCC duct, steel pipe 
and open tiled channel can be used as water conductor system. 

Forebay tank: Forebay is provided as a reservoir to hold sufficient water so that 
it can meet the water requirement to run the turbine for 4-6h. It is also meant to 
ensure minimum head over the penstock intake is maintained so as to prevent 
any air entry into penstock. An overflow arrangement in the forebay tank is 
provided to discharge surplus water when water is not required by the turbine. 

Penstock: The water from forebay tank is carried through penstock or pipeline to 
the turbine. MS pipes or RCC pipes can be used as the penstock. 

Powerhouse: It houses turbine with coupled generator. 

Tail race channel: The water exiting from the turbine is discharged through the 
tail race channel to water stream. 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.15 

 

 



4.10 CLASSIFICATION OF WATER TURBINES   

Turbines convert available energy in the form of falling water into rotating shaft 
power. They operate on the principle of either ‗impulse‘ (equal pressure on each 
side of the runner) or ‗reaction‘ (pressure drops across the runner). A brief 
description of most common types of turbine is given here. 

I. Impulse Turbines 

 In impulse turbines pressure energy is converted first in a nozzle into the kinetic 
energy of a high-speed jet of water, which is then converted to rotation in contact 
with the runner blades by deflection of water and change of momentum. The 
runner can operate in air and the water remains at atmospheric pressure before 
and after making contact with runner blades. It needs casing only to control 
splashing and to protect against accidents. The three impulse turbines considered 
here are the (i) Pelton, (ii) Turgo and (ii) cross flow (also known as Banki, Mitchell 
or Ossberger turbine). 

 

1. Pelton Turbine 

 The Pelton Turbine consists of a wheel with a series of split buckets set around its 
rim as shown in figure. A high velocity jet of water is directed tangentially at the 
wheel. The jet hits each bucket and is split in half, so that each half is turned and 
deflected back almost through 180°. Nearly all the energy of the water goes into 
propelling the bucket and the deflected water falls into a discharge channel below. 
Care must be taken to allow plenty of space on either side of a Pelton runner to 
allow deflected water to exit without splash interference. For optimum efficiency 
the jet velocity needs to be about twice the speed of the bucket. The runner of 
such a turbine is large for the power produced. The use of two or more jets 
placed symmetrically around the rim will allow a smaller runner for a given flow of 
water and hence an increased rotational speed. The required power can still be 
attained. 

Following options are available for control: 

Replacement of nozzles: It is possible to divide the yearly flow variation in two, 
three or more parts and make a nozzle for each flow. The turbine operator can 
then remove one nozzle and replace it with the desired nozzle. This is very low 
cost method of controlling the flow. 

Spear valves: A needle valve or spear valve, which is so called because 
streamlined spearhead, is arranged to move within the nozzle, allowing variation 
in effective orifice cross section area without introducing energy loss. 

Varying the number of jets: If multi-jet turbine has shut off valves fitted on each 
of its jets, it can be run at different flow rates by simply altering the number of 
jets playing on the runner 

Deflector plate: The water jet can be deflected away from the buckets of the 
runner if a jet deflector plate is rotated into its path. This is very quick and does 
not require the shutdown of the flow in the penstock, with consequent pressure 
surge danger. 

 



  

Shut-off valves: It is usual to place a valve, either a gate valve or a butterfly 
valve, in the turbine manifold. However, certain precautions are to be observed on 
its use. Pelton wheels are often driven by long penstocks in which surge pressure 
effects, due to valve closure, can be very dangerous and lead to damage caused 
by bursting of the penstock. The valve must always be closed slowly, particularly 
during the last phase just before shutoff. Gate valves are sometimes used 
mistakenly to regulate flow, by partially closing them. This causes damage on the 
valve plate due to cavitation effects. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.16 

2. Turgo Turbine 

 

 The Turgo turbine is similar to the Pelton but the jet is designed to strike the 
plane of the runner at an angle (typically 20°) so that the water enters the runner 
on one side and exits on the other. Therefore, the flow rate is not limited by the 
spent fluid interfering with the incoming jet (as is the case with Pelton turbines). 

 



 As a consequence, a Turgo turbine can have a smaller diameter runner than a 

Pelton for an equivalent power. It, therefore, runs at a higher speed. It shares the 
general characteristics of impulse turbines listed for Pelton. Turgo does have 
certain disadvantages also. Firstly it is more difficult to fabricate it as compared to 
a Pelton wheel, since the buckets (or vanes) are complex in shape, overlapping 
and more fragile than Pelton buckets. Secondly, the Turgo experiences a 
substantial axial load on its runner which must be met by providing a suitable 
bearing on the end of the shaft. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.17 

 



3. Crossflow Turbine 

 Crossflow turbines are also called Banki, Mitchell or Ossberger turbines. A 
Crossflow turbine, has a drum-shaped runner consisting of two parallel discs 
connected together near their rims by a series of curved blades. The shaft of the 
runner is always kept horizontal in all cases (unlike Pelton and Turgo turbines 
which can have horizontal as well as vertical orientations). In operation a 
rectangular nozzle directs the jet to the full length of the runner. The water enters 
the top of the runner through the curved blades imparting most of its kinetic 
energy. It then passes through the runner and strikes the blades again on exit, 
imparting a smaller amount of energy before falling away with little residual 
energy. 

  The effective head driving the cross flow runner can be increased by 

inducement of a partial vacuum inside the casing. This is done by fitting a draught 
tube below the runner which remains full of tail water at all times. Careful design 
of valve and casing is necessary to avoid conditions where water might back up 
and submerge the runner. Because of symmetry of a crossflow turbine the runner 
length can theoretically be increased to any value without changing the hydraulic 
characteristics of the turbine. Hence, doubling runner length merely doubles the 
power output at the same speed. The lower the head, the longer the runner 
becomes, and conversely on high heads the crossflow runner tends to be 
compact. There are, however, practical limits to length in both cases. If the blades 
are too long they will flex, leading quickly to fatigue failure at the junction of 
blade and disc. In case of short runner operating on high head, efficiency losses 
at the edges become considerable. 

   

 



  Two major attractions in the crossflow have led to a considerable interest 
in this turbine. Firstly, it is a design suitable for a wide range of heads and power 
ratings. Secondly, it lends itself easily to simple fabrication techniques, a feature 
which is of interest in developing countries. The runner blades, for instance, can 
be fabricated by cutting a pipe lengthwise in strips. 

 

II. Reaction Turbines 

  Reaction turbines exploit the oncoming flow of water to generate 

hydrodynamic lift forces to propel the runner blades. They are distinguished from 
the impulse type by having a runner that always functions within a completely 
water-filled casing. All reaction turbines have a diffuser known as a ‗draft tube‘ 
below the runner through which the water discharges. The draft tube slows the 
discharged water and reduces the static pressure below the runner and thereby 
increases the effective head. The two main types of reaction turbine are: (a) 
Francis turbine and (b) the propeller turbine (with Kaplan variant). 

  In general, reaction turbines will rotate faster than impulse types given 
the same head and flow conditions. The propeller type will rotate even faster than 
Francis. These high speeds have the very important implication that the reaction 
turbines can often be directly couple to a generator without any speed-increasing 
drive system. Significant cost savings are made in eliminating the drive and the 
maintenance of the hydro unit becomes very much simpler. 

  On the whole, reaction turbines need more sophisticated fabrication than 
impulse types, because they involve the use of large, more intricately profiled 
blades. The extra expense involved is offset by high efficiencies and the 
advantage of high running speeds at low heads from relatively compact machines. 
However, for use in micro-hydro in developing countries, these turbines are less 
attractive due to fabrication constraints. All reaction turbines are subject to the 
danger of cavitation, and tend to have poor part flow efficiency characteristics. 

1. Francis Turbine 

  Figure below illustrates the construction of Francis turbine. The inlet has a 
spiral shape. Casing is scrolled to distribute water around the entire perimeter of 
the runner. The guide vanes, direct the water tangentially to the runner. The 
runner blades are profiled in a complex manner. In operation, water enters 
around the periphery of the runner through guide vanes, passes through the 
runner blades before exiting axially from the centre of the runner. This radial flow 
acts on the runner vanes (blades), causing the runner to spin. The guide vanes 
(or wicket gate) may be adjustable to allow efficient turbine operation for a 
range of water flow conditions. As the water moves through the runner its 
spinning radius decreases, further acting on the runner. The water imparts most 
of its ‗pressure‘ energy to the runner and leaves the turbine via a draught tube. 
The guide vanes regulate the water flow as it enters the runner, and usually are 
linked to a governor system which matches the flow to turbine loading. 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.19 

 

2. The Propeller Turbine and Kaplan 

 

  Propeller type turbines are similar in principle to the propeller of a ship, 
but operating in reversed mode. Typical construction is shown figure. It is often 
fitted inside a continuation of the penstock tube. Water flow is regulated by use of 
swivelling gates (wicket gates) just upstream of the runner (propeller). The part 
flow efficiency characteristic tends to be poor. This kind of propeller turbine is 
known as a ‗fixed blade axial-flow‘ turbine, since the geometry of the turbine does 
not change. Although traditionally the propeller is profiled to optimize the effect of 
pressure lift force acting on it, designs have been produced with flat section 
blades which offer less efficiency but are more easily fabricated. This kind of 
design can be considered seriously for micro hydro applications where low cost 
and ease of fabrication are priorities. It is also possible to consider casting the 
propeller casing in concrete. 



 

 

 

 

 

 

 

 

 

 

Figure 4.20 

   

 

  Large-scale hydro sites make use of more sophisticated versions of 
propeller  turbine. Varying the pitch of propeller blades simultaneously with wicket 
gates adjustment has the effect of maintaining high efficiency under part flow 
conditions. Such turbines are known as ‗variable pitch‘ propeller types or Kaplan 
turbines. Wicket gates are carefully profiled to induce tangential velocity or ‗whirl‘ 
in the water. Water enters radially or axially through these guide vanes. Variable 
pitch designs involve complex linkages and are usually not cost effective in any 
except the largest of micro hydro applications. 

  Propeller (Kaplan) turbine can be installed in vertical, horizontal or inclined 
positions. A number of installation designs and arrangement of drives are 
possible. Three typical designs for horizontal and inclined installation of the 
turbine. In ‗bulb type‘ design the generator (and gear box if any) is contained in a 
waterproof bulb, submerged in the flow. Only electric cable duly protected leaves 
the bulb. The ‗cross‘ design requires a complex right angle drive to transmit 
power to the generator, which is placed in a separate chamber. ‗S‘ design requires 
the bend in the water passage to link the turbine with the generator. A typical 
design for vertical installation of the turbine is shown in figure below. 

 

 



 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.22 

3. Reverse Pumps or Pumps-as-Turbines (PATs) 

  

  Centrifugal pumps can also be used as turbines. Potential advantages are: 
low cost owing to mass production, availability of spare parts and wider 
dealer/support networks. Because of high speed they can be directly coupled to 
generator without requiring coupling drive. A PAT closely coupled to an induction 
motor sometimes referred to as ‗monobloc‘ pump, is commercially available. The 
motor runs as an induction generator. 

  The disadvantages of PATs are: as yet poorly understood characteristics, 
no direct correlation between pump characteristics and turbine characteristics, 
lower typical efficiencies, unknown wear characteristics and poor part flow 
efficiency. In general, PATs are most appropriate for medium head sites. In many 
countries pumps are manufactured in large quantities for water supply and 
irrigation purposes, whereas there may be no local manufacturer for water 
turbines. In these countries PATs may be economical for a wide range of heads 
and flows. 

 

 



 
4.10.1 TURBINE CLASSIFICATION, CHARACTERISTICS AND 
SELECTION 
 
  Turbines can be crudely classified as high-head, medium-head, and low-

head machines. But this is relative to the size of machine: what is low head for a 
large turbine can be high head for a small turbine; for example a Pelton Turbine 
might be used at 50 m head with a 10 kW system but would need a minimum 
head of 150 m to be considered for a 1 MW system. 

Turbine classification 

 

 

 

 

 

 

 

  Small turbines designed for micro hydro applications often will have no 
method of altering the flow rate of water. On larger machines, some method of 
altering the flow is normal. If flow control devices are fitted to the turbine, then 
the same head of water can be maintained above the turbine while flow reduces. 
Different turbine types respond differently to changed flow at constant head. 
Therefore an important aspect of their characteristics is their performance at part 
flow conditions. Typical efficiency characteristics are shown below. 

 

 



  An important point to notice is that the Pelton and cross flow turbines 
retain high efficiency when running below designed flow. In contrast the Francis 
drops in efficiency, producing very poor power output if run at below half the 
normal flow. Fixed pitch propeller turbines perform very poorly except at 80 to 
100 per cent of full flow. 

  Francis is one of the few turbines which turns at a reasonable speed at 
certain power and head combination. An impulse turbine operated under these 
conditions of head and flow would be much larger, expensive, cumbersomely slow 
turning and would need a greater speed increasing transmission. 

  In addition to giving high speed at low head-to-power ratios, reaction 
turbines are particularly suited to low head applications for a second reason. Since 
power conversion is caused partly by pressure difference across the blades, the 
drop in head below the blades (known as ‗suction head‘) is as effective in 
producing power as the head above the turbine. It is generally difficult or 
expensive to place micro hydro turbine lower than about 2 meters above the 
surface level of water down steam of the turbine. On a low head site of, say, 10 
meters the suction head then represent 20 per cent of the power available at the 
site. This is likely to be very significant in terms of the overall economy of the 
scheme. 

  In contrast, impulse turbines do not usually make use of any suction head 
as their casing runs at atmospheric pressure. However, sophisticated cross flows 
on low heads often use suction heads. Having noted the advantage of using a 
suction head, it should also be observed that the magnitude of the usable suction 
is limited. This is because very low water pressures are induced on the blades of a 
reaction turbine running under high suction. These can be low enough to vaporize 
the water in pockets (or ‗cavities‘) of vapour attached to the internal surfaces of 
the turbine. The cavities form and collapse at a very high rate which after a 
period of time can cause serious pitting and cracking of the blades. The 
phenomenon is known as ‘cavitation‘. In practical terms great care must be 
taken to situate the runner at a position which prevents the possibility of damage 
to cavitation. 

  Appropriate turbine is selected based on the guidelines depending mainly 
on the available head (H), discharge (Q) and power required (P). For a particular 
head they will tend to run most efficiently at a particular speed, and require a 
particular flow rate. The required speed at the generator shaft is achieved using 
speed-increasing gear or pulley and belt drive. The approximate ranges of head, 
flow and power applicable to the different turbine types are summarized in the 
chart of figure below (up to 500 kW power). These are approximate and 
dependent on the precise design of each manufacturer. 

 



 

 

 

 

 

 

 

 

 

Figure 4.23 

TURBINE THEORY 

The turbines can work on the principles of impulse and reaction. In impulse 
turbine, the complete potential energy or head of water is firstly converted into 
kinetic energy using a nozzle outside the turbine. The fast jet of water emerging 
from the nozzle is used to strike the vanes of the turbine to impart motion. In 
reaction turbine, nozzle is not used and vanes (guide or stationary vanes and 
movable vanes on the rotor) are shaped in the form of nozzles to convert 
potential energy of water into kinetic energy when water flows from the inlet to 
the outlet of the turbine. The turbines can be (i) water wheel (ii) impulse turbine 
(iii) Francis turbine and (iv) Kaplan turbine 

 



Suitability of Turbines 

 The turbines are classified according to their specific speeds. The selection of 

turbine on the basis of specific speed is made in the following ways: 

Low specific speed – Impulse turbines have a low value of specific speeds and 
these turbines are suitable to work under high head and large discharge 
conditions. The specific speeds of these turbines vary from 8 to 50. 

Medium specific speeds – Reaction turbines such as Francis turbines have 
specific speeds varying from 51 to 225. These turbines are suitable to work under 
moderate head and discharge conditions. 

High specific speeds – Reaction turbines such as Kaplan turbines have high 
specific speeds varying from 250 to 850. These turbines are suitable to work 
under low head and large discharge conditions. 

 

 

 

 

 

 

 

 

 

 

 

 



 

Problems: 

1. The effective head of water in a Pelton wheel is 40 m from forebay to the turbine 
runner. Calculate the velocity of water in the jet. 

  Solution: 

 Potential energy of water at height h between intake level and  

 turbine runner = mgh 

 This energy is converted to kinetic energy on the buckets = ½ (mv2) 

 where v is velocity of water jet 

 Thus:   mgh = ½ (mv2) 

 

 

 

2. A Pelton wheel consists of two jets each of 5 cm diameter. Estimate the power 
developed for the jet velocity of 10 m/s. 

 Solution 

 Volume of water flowing through each jet per second = π *(0.1/2)2*10  

 =0.07854 m3/s 

 Mass of water flowing through each jet per second = 0.07854 × 1000  

 = 78.54 kg/s 

 (assuming density of water as 1000 kg/m3) 

 The associated energy per second = ½ (78.54 × 102) = ½ × 7854 W 

 Therefore, power in two jets = 7.854 kW 

 



3. Estimate the power available from a proposed micro hydro scheme at a site 
having a small stream with 100 litres per second flow at a head of 30 m. Assume 
density of fresh water as 996 kg/m3 and overall efficiency of the whole system as 
55%. 

 Solution 

 Given: 

 density of fresh water, ρ = 996 kg/m3 

 overall efficiency of the system ηo = 0.55 

 water discharge rate, Q = 100 litres per second = 0.1 m3/s 

 gross head, h = 30 m 

 The available gross power may be estimated as: 

 Pnet = ηomgh Watts 

 where m is flow rate of water in kg/s 

 m may be written as: ρQ 

 Therefore, the available gross power may be estimated as 

 Pnet = ηoρQgh Watts 

 = 0.55 × 996 × 0.1 × 9.81 × 30 Watts 

 = 16.121 kW 

 



Video Links 

S.No Topic Link 

1. Working of Biomass https://youtu.be/4sy0Nh8pi44 

2. How Does Biomass Energy 
Work 

https://youtu.be/Lt9BD7KMDzE 

3. Working of Hydroelectric 
power plants 

https://youtu.be/pLq3n2vgvjg 
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Assignments 

Draw the layout of a pumped hydro system in Tamilnadu and 
discuss about it in all technical aspect. 

Case study on Different pumped hydro system in India. 
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Question Bank 

PART-A 

 
S.No Question & Answers 

K 
Level 

CO 

1 

List the different fuel sources for biomass plant. 
Forests, Agricultural Residues, Energy Crops, Aquatic 
Plants and Urban Waste 

K1 C403.4 

2 
Give the classifications of biomass energy 
Direct and Indirect Methods 

K1 C403.4 

3 

What is geothermal Energy? 
Geothermal energy refers to heat energy stored under the 
ground for millions of years through the earth formation. It 
utilizes a rich storage of unutilized thermal energy that 
exists under the earth’s crust. 

K1 C403.4 

4 

Give the advantages of geothermal energy. 
No fuel is burnt since heat is derived from an abundant 
underground reservoir.  
It has no emission  
Unlink other renewable energy, it is not affected by 
weather 

K1 C403.4 

5 

Give the disadvantages of geothermal energy. 
The only disadvantage of geothermal energy is the release 
of hydrogen sulfide identified by the signature rotten egg 
smell. 

K1 C403.4 

6 

 Give the classifications of geothermal energy. 
Vapour-dominated (dry steam) geothermal systems 
Liquid-dominated (hot waters) geothermal systems 

K1 C403.4 

7 

Give the types of geothermal conversion technology used 
electricity generation  
Dry steam plants, Flashed Steam Plants, Binary power 
plants and Hybrid power plants  

K1 C403.4 

8 

List the applications of geothermal energy. 
Aquaculture and horticulture, Industry and agriculture, 
Food processing and providing heat for residential use. 

K1 C403.4 
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S.No Question & Answers 
K 

Level 
CO 

9 

Discuss the advantages of hydropower. 
Hydroelectric energy is non-polluting—no heat or noxious 
gases are released.  
Hydroelectric energy has low operating and maintenance 
costs, it is essentially inflation proof.  
Hydroelectric energy is a continuously renewable energy 
source.  
It is a much more concentrated energy resource than 
either wind or solar power.  

K1 C403.4 

10 

Mention classifications of hydropower 
Based on Capacity: micro (less than 100 kWe), mini (100 
kWe-1 MWe) and small (1 MWe-25 MWe).  
The small/mini/micro schemes are further classified based 
mode of operation: (i) Storage and (ii) run-of the-river 
schemes.  

K1 C403.4 

11 

Discuss the advantages of run of the river schemes. 
(i) The scheme can be built locally at low cost, and its 
simplicity gives rise to better long-term reliability, 
(ii) The environmental damage is negligible, as river flow 
pattern downstream of the plant is not affected,  
(iii) Also there is no flooding upstream of the plant, 
(iv)The scheme does not displace large number of 
people as large projects with big dams sometimes do.  

K1 C403.4 

12 

List the disadvantages of hydropower. 
The rotation of turbines can kill fishes, especially young 
fishes swimming downstream.  
Spilling of water over spillways can result in super 
saturation of water with gases from the air. The gas 
bubbles, absorbed into fish tissue, may cause damage and 
ultimately kill the fish.  
Most hydroelectric facilities require construction of dam. 
Dams present a migratory barrier that can affect the free 
movement of fish species and their reproduction cycle. 
However, the effects upon stream ecology are minor 
compared to those caused by large hydroelectric facilities.  

K1 C403.4 

63 



S.No Question & Answers 
K 

Level 
CO 

13 
 Mention the two main classification of turbines. 
Impulse and Reaction  

K1 C403.4 

14 
 List the types of Impulse turbine. 
Pelton, Turbo and Crossflow. 

K1 C403.4 

15 
 List the types of Reaction turbine. 
Francis turbine and propeller turbine (with Kaplan variant) 

K1 C403.4 

64 



Question Bank 

PART-B 

65 

S.No Question 
K 

Level 
CO 

1 Write short notes on Biomass Resources. k2 C403.4 

2 Explain the Biomass Energy Conversion process. K1 C403.4 

3 Write short notes on cogeneration in Biomass. K2 C403.4 

4 What do you understand by geothermal energy?  K1 C403.4 

5 What are the merits and demerits of geothermal energy?  K1 C403.4 

6 Explain various types of geothermal resources.  K1 C403.4 

7 
Describe various energy extraction technologies used with 
hydrothermal resources.  

K2 C403.4 

8 What are the environmental impacts of geothermal energy? K2 C403.4 

9 What are the principles on which turbines work? k2 C403.4 

10 
What are the various components of a small hydropower 
plant or a micro hydel scheme? 

k2 C403.4 

11 
Explain various types of turbines considered for use in micro 
hydro resources. 

k2 C403.4 

12 
Compare the relative advantages and disadvantages of 
Pelton and Turgo turbines. 

k2 C403.4 



Supportive Online Courses 

S.No 
Course 

Conducted 
By 

Course Name Link 

1 

Advance 
World of 
Petroleum 
Geosciences 

Biomass Energy 
Basics: A Renewable 
Energy Certificate 
Course 

https://www.aapg.org/career/trainin
g/online/certificate-
courses/details/articleid/1449/bioma
ss-energy-basics-a-renewable-
energy-certificate-course 
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Real Time Applications 

 Growing Forest using Geothermal Energy 

 https://www.youtube.com/watch?v=pnRNdbqXu1I&t=193s 

 Growing Fruits using Geothermal Energy 

 https://youtu.be/9XlGyvA1Cg0 
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Content Beyond the Syllabus 

16 Inventions Getting Us Off Fossil Fuels 
https://www.youtube.com/watch?v=zfz52w7znEw 
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Prescribed Text and Reference Books: 

TEXT BOOKS: 

1. Joshua Earnest, Tore Wizeliu, ‗Wind Power Plants and Project 
Development‘, PHI Learning Pvt.Ltd, New Delhi, 2011. 

2. D.P.Kothari, K.C Singal, Rakesh Ranjan ―Renewable Energy Sources and 
Emerging Technologies‖, PHI Learning Pvt.Ltd, New Delhi, 2013. 

3. Scott Grinnell, ―Renewable Energy & Sustainable Design‖, CENGAGE 
Learning, USA, 2016. 

REFERENCES 

1. A.K.Mukerjee and Nivedita Thakur,‖ Photovoltaic Systems: Analysis and 
Design‖, PHI Learning Private Limited, New Delhi, 2011 

2. Richard A. Dunlap,‖ Sustainable Energy‖ Cengage Learning India Private 
Limited, Delhi, 2015. 

3. Chetan Singh Solanki, ― Solar Photovoltaics : Fundamentals, Technologies 
and Applications‖, PHI Learning Private Limited, New Delhi, 2011 

4. Bradley A. Striebig,Adebayo A.Ogundipe and Maria Papadakis,‖ 
Engineering  Applications in Sustainable Design and Development‖, Cengage 
Learning India  Private Limited, Delhi, 2016. 
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Course Objective 

 

EE8703- RENEWABLE ENERGY SYSTEM 

 

To Create awareness about renewable Energy Sources 
and technologies. 

To impart knowledge on a variety of issues in 
harnessing renewable Energy. 

Learn current and possible future role of renewable 
energy sources. 
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Pre Request 

ME8792- Power Plant Engineering 

EE8552- Power Electronics 
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Syllabus 

EE8703 RENEWABLE ENERGY SYSTEMS L T P C 

3 0 0 3 

UNIT I RENEWABLE ENERGY (RE) SOURCES 9 

Environmental consequences of fossil fuel use, Importance of renewable sources of 

energy, Sustainable Design and development, Types of RE sources, Limitations of RE 

sources, Present Indian and international energy scenario of conventional and RE 

sources 

UNIT II WIND ENERGY 9 

Power in the Wind – Types of Wind Power Plants (WPPs)–Components of WPPs-

Working of WPPs- Siting of WPPs-Grid integration issues of WPPs. 

UNIT III SOLAR PV AND THERMAL SYSTEMS 9 

Solar Radiation, Radiation Measurement, Solar Thermal Power Plant, Central Receiver 

Power Plants, Solar Ponds.- Thermal Energy storage system with PCM- Solar 

Photovoltaic systems : Basic Principle of SPV conversion – Types of PV Systems- 

Types of Solar Cells, Photovoltaic cell concepts: Cell, module, array ,PV Module I-V 

Characteristics, Efficiency & Quality of the Cell, series and parallel connections, 

maximum power point tracking, Applications. 

UNIT IV BIOMASS ENERGY 9 

Introduction-Bio mass resources –Energy from Bio mass: conversion processes-

Biomass Cogeneration-Environmental Benefits. Geothermal Energy: Basics, Direct 

Use, Geothermal Electricity. Mini/micro hydro power: Classification of hydropower 

schemes, Classification of water turbine, Turbine theory, Essential components of 

hydroelectric system. 

UNIT V OTHER ENERGY SOURCES 9 

Tidal Energy: Energy from the tides, Barrage and Non Barrage Tidal power systems. 

Wave Energy: Energy from waves, wave power devices. Ocean Thermal Energy 

Conversion (OTEC)- Hydrogen Production and Storage- Fuel cell : Principle of 

working- various types - construction and applications. Energy Storage System- 

Hybrid Energy Systems 
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Course Outcome 

Semester:07 

L
e

v
e

l 
o

f 
K

n
o

w
le

d
g

e
 

Year of Study:2020-21 (2017 Regulation) 

Course Name: Renewable Energy Systems (EE8703) 

C403.1 
Understand the current energy scenario, environment aspect and 

renewable energy resources in India 
K2 

C403.2 
Understand the basic concept of wind energy conversion system 

and basics of grid Integration. 
K2 

C403.3 
Understand the solar energy conversion system and different types 

of solar plants. 
K2 

C403.4 Experiment with stand alone and grid connected PV system. K3 

C403.5 
Explain the basic of renewable sources like Hydro, biomass and 

Geothermal 
K2 

C403.6 Explain the basic of different ocean energy system and Fuel cell. K2 
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CO-PO/PSO Mapping 

Semester: 07 

Year of Study: 2020-21 (2017 Regulation) 

Course Name: Renewable Energy Systems (EE8703) 

CO‟s PO‟s PSO‟s 

1 2 3 4 5 6 7 8 9 10 11 12 1 2 3 

C403.1 3 1 1 1 - 1 1 - - - - - 3 1 1 

C403.2 3 1 1 1 - 1 1 - - - - - 3 1 1 

C403.3 3 1 1 1 - 1 1 - - - - - 3 1 1 

C403.4 3 1 1 1 - 1 1 - - - - - 3 1 1 

C403.5 3 1 1 1 - 1 1 - - - - - 3 1 1 

C403.6 3 1 1 1 - 1 1 - - - - - 3 1 1 

C403 3 1 1 1 - 1 1 - - - - - 3 1 1 
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UNIT V 
OTHER ENERGY 
SOURCES  
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Lecture Plan 
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1 Tidal Energy 2 

2 
Wave 
Energy 

2 

3 

Hydrogen 

Production and 

Storage 

2 

 
4 
 

Fuel cell 3 
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Activity Based Learning 

Collect the data of different Tidal power plant in India. 
Following Data should be available 

Location 

Date of erection 

Capacity of the Plant 

Plant Component suppliers 

Cost of the Plant 

Future Plan in Tidal Power 

Challenges in running Plant 

 

Collect the data of any two OTEC system. 
Compare and infer the following Data  

Location 

Date of erection 

Capacity of the Plant 

Plant Component suppliers 

Operational Difference 

Cost of erection 

Running cost 
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NOTES 
Energy naturally present in ocean water bodies or in their movement can be used 
for the generation of electricity. This is achieved broadly in the following ways: 

Tidal energy: During the rising period of tides, water is stored in a water 
reservoir constructed behind dams on shore. The potential energy of stored water 
body is used to generate electrical energy similar to that in a conventional 
hydropower plant. For the tidal energy method to work effectively, the tidal 
difference (difference in the height of the high and low tides) should be at least 
4m. 

Wave energy: Using the kinetic (dynamic) energy of the ocean, waves is utilized 
to rotate an underwater power turbine and generate electricity thereon as an 
underwater wind farm.  

Ocean thermal energy: The temperature difference between warm ocean 
surface water and deep sea cold water is used to generate electricity. This is 
similar to geothermal power generation where heat trapped in the earth surface is 
converted into electrical energy. 

5.1 TIDAL ENERGY 

Tides are periodic rises and falls of large bodies of water. Gravity is one major 
force that creates tides. Ocean tides result from the gravitational attraction of the 
sun and moon on the oceans of the earth.  

Spring tides are especially strong tides that occur when the earth, the sun, and 
the moon are in a line. The gravitational forces of the moon and the sun both 
contribute to the tides. Spring tides occur during the full moon and the new 
moon. 

 Neap tides are especially weak tides. They occur when the gravitational forces of 
the moon and the sun are perpendicular to one another with respect to the earth. 
Neap tides occur during quarter moons.  

 

 

 

 

 

 

 

 

 

 

Fig. 5.1. Types of Tide 
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Tidal energy is a form of hydropower that converts the energy of the tides into 
electricity or other useful forms of power. The tide is created by the gravitational 
effect of the sun and the moon on 

The earth causing cyclical movement of the seas. Therefore, Tidal energy is an 
entirely predictable form of renewable energy. Until recently, the common plant 
for tidal power facilities involved erecting a tidal dam, or barrage, with a sluice 
across a narrow bay or estuary. As the tide flows in or out, creating uneven water 
levels on either side of the barrage, the sluice is opened and water flows through 
low-head hydro turbines to generate electricity. For a tidal barrage to be feasible, 
the difference between high and low tides must be at least 5m 

5.1.1.TIDAL ENERGY RESOURCE 

Tides are the waves caused due to the gravitational pull of the moon and also the 
sun (although its pull is very low). The rise of seawater is called high tide and fall 
in seawater is called low tide and this process of rising and receding of water 
waves happen twice a day and cause enormous movement of water. 

Thus, enormous rising and falling movement of water is called tidal energy, which 
is a large source of energy and can be harnessed in many coastal areas of the 
world. Tidal dams are built near shores for this purpose in which water flows 
during high tide and water flows out of dam during low tides. Thus, the head 
created results in turning the turbine coupled to electrical generator. 

Tidal energy has been developed on a commercial scale among the various forms 
of energy contained in the oceans. When the moon, the earth, and the sun are 
positioned close to a straight line, the highest tides called spring tides occur. 
When the earth, moon, and sun are at right angles to each other (moon 
quadrature), the lowest tides called neap tides occur. 

The water mass moved by the moon‟s gravitational pull when moon is very close 
to ocean and results in dramatic rises of the water level (tide cycle). The tide 
starts receding as the moon continues its travel further over the land, away from 
the ocean, reducing its gravitational influence on the ocean waters (ebb cycle) 

 

5.1.2.TIDAL POWER GENERATION IN INDIA 

Long coastline with the estuaries and gulfs in India has a strong tidal range and 
height to move turbines for electrical power generation. Important site location 
and estimated power potential of a few Indian tidal energy plant is given in Table 
below 
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Table 5.1 Tidal Potential in India 

Many organizations and government agencies are busy in the construction of tidal 
power plants on all those location and harnessing tidal energy at full capacity. 
There is an ample prospect for tidal power development in India. It has been 
investigated that Gulf of Cambay may prove the biggest tidal energy reservoir for 
India. Extensive exploration on the western coast in Gulf of Kutch (at Mandva), 
Gulf of Combay (at Hazira), Maharashtra (at Janjira and Dharmata) and also in 
Hoogali, Chhatarpur, and Puri on Eastern coast may be worth attempting.  

Nevertheless, the possibility of developing tidal power scheme in India may be 
examined in the following all aspects: 

1. Economic aspects of tidal power schemes when compared to the conventional 
schemes. 

 2. Problems associated with the construction and operation of plant. 

 3. Problems related to the hydraulic balance of the system in order to minimize 
the fluctuation in the power output. 

 4. Environmental effects of the schemes. 

 

5.1.3.ENERGY AVAILABILITY IN TIDES 

Potential energy and kinetic energy are the two energy components of energy of 
the tide waves. The potential energy is the work done in lifting the mass of water 
above the ocean surface. 

This energy can be calculated as 

E=ρ g A 𝑍𝑑𝑧=0.5 ρ g A h2 

where E = the energy; g = acceleration of gravity; ρ = the seawater density 
(which equals its mass per unit volume); A = sea area under consideration; z = 
vertical coordinate of the ocean surface; and h = the tide amplitude. 
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Site Location Tide 
Heights(m) 

Estimated Power 
Potential (MW) 

The Gulf of Cambay, Gujarat 11 7000 

Gulf of Kutch, Gujarat 8 12000 

The Ganges Delta in the 
Sundarban, West Bengal 

5 8000 



Taking an average of the product of (ρg) = 10.15 kN/m3 for seawater, energy for 
a tidal cycle per m2 of ocean surface can be approximated as: 

 E=1.4 h2 Watt-hour 

Since extracting all the available stream power could be environmentally 
damaging, it is necessary to use a factor that expresses the usable power 
percentage with apparently no damaging consequences. It is called  (significant 
extraction factor) that may vary from 0.2 to 0.6. 

The kinetic energy (KE) of the water mass (m) is its capacity to do work by virtue 
of its velocity (V). It is defined by 

 KE=0.5mV2 

The total energy of tide waves equals the sum of its potential and kinetic energy 
components. 

Estimation and understanding of the potential energy availability of the tides are 
key for designing conventional tidal power plants using water dams for creating 
artificial upstream water heads. Such power plants exploit the potential energy of 
vertical rise and fall of the water. 

The kinetic energy of the tide has to be known for designing other types of tidal 
power plants (like Soating), which harness energy from tidal currents or horizontal 
water. They do not involve the installation of water dams. 

5.1.4.CALCULATION OF TIDAL POWER 

Potential tidal power can be calculated based on a mathematical calculation. Let 
us assume that the surface area of the reservoir as stable between the full stored 
water level and the emptied floor, the energy produced by the ebbing water could 
be expressed as 

  d(w)=ρghd(v)=ρgAhd(h) 

Here, d(w) = energy unit; ρ = density of seawater (about [1.02–1.04] × 103 
kg/m3); g = acceleration of gravity (9.8 m/s2); A = surface area of the reservoir 
(m2) assumed as a constant from high tide to low tide; h = instant water level 
height (m); v = volume of reservoirs (m3).  

Therefore, its power could be written as 

  P=
 𝑑(𝑊)

 𝑑𝑡
=ρgAH2/2T 

Here, P = potential power (W); T = tidal period (s); and H = tidal ranges (m). 

Let us assume ρ= 1.04 ×103 kg/m3 and T = 6 h. 

  This formula can be simplified as P = 0.226AH2 (W) 
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5.1.5. TIDAL POWER BASIN 

The basin system is the most practical method of harnessing tidal energy. It is 
created by enclosing a portion of sea behind erected dams. The dam includes a 
sluice that is opened to allow the tide to flow into the basin during tide rise 
periods and the sluice is then closed. When the sea level drops, traditional 
hydropower technologies (water is allowed to run through hydro turbines) are 
used to generate electricity from the elevated water in the basin. From tidel 
power Equation (P = 0.226AH2 ),we can observe that the tidal power varies as the 
square of the head and since the head varies with the tidal range, the power 
available at different sites shows very wide variation. In order to overcome this 
wide variation in availability of tidal power, various tidal basin systems have, 
therefore, been developed. They are discussed in the following sections. 

 

5.1.6 SINGLE-BASIN SYSTEM 

This is the simplest way of power generation and the simplest scheme for 
developing tidal power is the single-basin arrangement as shown in Figure 5.2 . 
Single water reservoir is closed off by constructing dam or barrage. Sluice (gate), 
large enough to admit the water during tide so that the loss of head is small, is 
provided in the dam. 

The single-basin system has two configurations, namely: 

 1. One-way single-basin system: The basin is filled by seawater passing 
through the sluice gate during the high tide period. When the water level in the 
basin is higher than the sea level at low tide period, then power is generated by 
emptying the basin water through turbine generators. This type of systems can 
allow power generation only for about 5h and is followed by the refilling of the 
basin. Power is generated till the level of falling tides coincides with the level of 
the next rising tide. 

 

 

 

 

 

 

 

 

Fig. 5.2. Single basin System 
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2. Two-way single basin: This system allows power generation from the water 
moving from the sea to the basin, and then, at low tide, moving back to the sea. 
This process requires bigger and more expensive turbine. 

Single-basin system has the drawbacks of intermittent power supply and 
harnessing of only about 50% of available tidal energy. 

5.1.7.TWO-BASIN SYSTEMS 

An improvement over the single-basin system is the two-basin system. In this 
system, a constant and continuous output is maintained by suitable adjustment of 
the turbine valves to suit the head under which these turbines are operating. 

A two-basin system regulates power output of an individual tide, but it cannot 
take care of the great difference in outputs between spring and neap tides. 
Therefore, this system provides a partial solution to the problem of getting a 
steady output of power from a tidal scheme. 

This disadvantage can be overcome by the joint operation of tidal power and 
pumped storage plant. During the period, when the tidal power plant is producing 
more energy than required, the pumped storage plant utilizes the surplus power 
for pumping water to the upper reservoir. When the output of the tidal power 
plant is low, the pumped storage plant generates electric power and feeds it to 
the system. This arrangement, even though technically feasible, is much more 
expensive, as it calls for high installed capacity for meeting a particular load. 

This basic principle of joint operation of tidal power with steam plant is also 
possible when it is connected to a grid. In this case, whenever tidal power is 
available, the output of the steam 

 

 

 

 

 

 

 

 

 

 

 

Fig 5.3. Two Basin Systems 
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plant will be reduced by that extent that leads to saving in fuel and reduced wear 
and tear of steam plant. This operation requires the capacity of steam power 
plant to be equal to that of tidal power plant and makes the overall cost of power 
obtained from such a combined scheme very high. In the system shown in Figure 
5.3, the two basins close to each other, operate alternatively. One basin generates 
power when the tide is rising (basin getting filled up) and the other basin 
generates power while the tide is falling (basin getting emptied). The two basins 
may have a common power house or may have separate power house for each 
basin. In both the cases, the power can be generated continuously. The system 
could be thought of as a combination of two single-basin systems, in which one is 
generating power during tiding cycle, and the other is generating power during 
emptying. 

5.1.8. CO-OPERATING TWO-BASIN SYSTEMS 

This scheme consists of two basins at different elevation connected through the 
turbine. The sluices in the high- and low-level basin communicate with seawater 
directly, as shown in Figure 5.4 . The high-level basin sluices are called the inlet 
sluices and the low level asoutlet sluices. 

 The basic operation of the scheme is as follows: 

 1. The rising tide fills the high-level basin through the sluiceways. 

 2. When the falling seawater level is equal to the water level in the high-level 
basin, the sluiceways are closed to prevent the outflowing high-level basin water 
back to the sea. 

3. The water from high-level basin is then allowed to flow through the turbine 
generators to the low-level basin. 

 4. When the falling seawater level becomes lower than the rising water level in 
the low-level basin, the sluiceways are opened to allow water to flow into the sea 
from the low-level basin. This process continues until the water level in the low-
level basin equals to the rising sea level. Then, the sluiceways are closed to 
prevent the filling of low-level basin from the sea water.  

 

 

 

 

 

 

 

 

 

Fig 5.4 Co-Operating Two Basin Systems 
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Fig 5.5 Co-Operating Two Basin Systems 

5. When the seawater again rises during the next rising tide equals to low level of 
high-level basin, sluices of high-level basin is again open for filling of water in 
high-level basin. Thus, the cycle is repeated. 

Figure 5.5. gives another schematic diagram of co-coordinating two-basin tidal 
power stations. With two basins, one is filled at high tide and the other is emptied 
at low tide. Turbines are placed between the basins and between the basin and 
the sea. This two basin systems allow continuous power generation. However, 
they are very expensive to construct due to the cost of the extra length. 

5.1.9. ADVANTAGES OF TIDAL POWER 

The following are the advantages of tidal power: 

 1. About two-third of earth‟s surface is covered by water, there is scope to 
generate tidal energy on large scale. 

 2. Techniques to predict the rise and fall of tides as they follow cyclic fashion and 
prediction of energy availability is well established.  

 3. The energy density of tidal energy is relatively higher than other renewable 
energy sources. 

 4. Tidal energy is a clean source of energy and does not require much land or 
other resources as in harnessing energy from other sources. 

 5. It is an inexhaustible source of energy. 

 6. It is an environment friendly energy and does not produce greenhouse effects. 

 7. Efficiency of tidal power generation is far greater when compared to coal, 
solar, or wind energy. Its efficiency is around 80%. 

 8. Despite the fact that capital investment of construction of tidal power is high, 
running and maintenance costs are relatively low. 

 9. The life of tidal energy power plant is very long. 

The following are the disadvantages of tidal power: 
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5.1.10.DISADVANTAGES OF TIDAL POWER: 

1.Capital investment for construction of tidal power plant is high. 

2.Only a very few ideal locations for construction of plant are available and they 
too are localized to coastal regions. 

3.Unpredictable intensity of sea waves can cause damage to power generating 
units. 

4.Aquatic life is influenced adversely and can disrupt the migration of fish. 

5.The energy generated is not much as high and low tides occur only twice a day 
and continuous energy production is not possible. 

6. The actual generation is for a short period of time. The tides only happen twice 
a day so electricity can be produced only for that time, approximately for 12 h and 
25 min. 

7.This technology is still not cost effective and more technological advancements 
are required to make it commercially viable. 

5.2 WAVE ENERGY 

Waves get their energy from the solar energy through the wind. Wave energy will 
never be depleted as long as the sun shines. Energy intensity may, however, have 
variation but it is available 24 h a day in the entire year. They are caused by the 
wind blowing over the surface of the ocean with enough consistency and force in 
many areas of the world to provide continuous waves along the shore line. It 
contains tremendous energy potential and wave power devices extract energy 
from either the surface motion of ocean waves or from pressure fluctuations 
below the surface. The movement of the ocean water and the changing water 
wave heights and speed of the swells are the main sources of wave energy. 
Kinetic energy in the wave motion is tremendous that can be extracted by the 
wave power devices from either the surface motion of ocean waves or from 
pressure fluctuations below the ocean surface.  

5.2.1 MOTION IN THE SEA WAVES 

When the wind blows across smooth water surface, air particles from the wind 
grab the water molecules they touch. Stretching of the water surface by the force 
or friction between the air and the water creates capillary waves (small wave 
ripples). Surface tension acts on these ripples to restore the smooth surface, and 
thereby, waves are formed. 
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The combination of forces due to the gravity, sea surface tension, and wind 
intensity are the main factors of origin of sea waves as shown in Figure 5.6 , 
which illustrates the formation of sea waves by a storm. Wave size is determined 
by wind speed and fetches (defined as the distance over which the wind excites 
the waves) and by the depth and topography of these abed (which can focus or 
disperse the energy of the waves). Sea waves have a regular shape at far 
distance from the fetch and this phenomenon is called swell. Wave formation 
makes the water surface further rough and the wind continuously grips the 
roughened water surface, and thus, waves are intensified. 

A wave is a forward motion of energy and not the water in deep sea. In true 
sense, the seawater does not move forward with a wave. Waves are characterized 
by the following parameters, as shown in Figure 5.7. 

1. Crest: The peak point (the maximum height) on the wave is called the 
crest. 

2. Trough: The valley point (the lowest point) on the wave is called the 
trough. 

3. Wave height (H): Wave height is a vertical distance between the wave 
crest and the next trough (m). 

4. Amplitude (a): It is defined as H/2 (m). 

5. Wave length ( ): It is the horizontal distance either between the two 
successive crests or troughs of the ocean waves (m) 

6.Wave propagation velocity (v): The motion of seawater in a direction 
(m/s). 

7.Wave period (T): It measures the size of the wave in time(s). It is the time 
required for two successive crests or two successive troughs to pass a point 
in space. 

8.Frequency (f ): The number of peaks (or troughs) that pass a fixed point 
per second is defined as the frequency of wave and is given by f = 1/T 
(cycle/s). 

 

 

 

 

 

 

 

 

 

 

 

 

Fig 5.6. Sea Wave Formation by Wind Fig 5.7. Sea Wave Propagation 
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5.2.2.POWER ASSOCIATED WITH SEA WAVES 

It has been concluded by researchers through linear wave motion theory that the 
kinetic and potential energy (E) of a wave per meter of crest and unit of surface 
can be approximated as 

 E=ρga2/2 

where ρ = density of water; g = gravitational acceleration; and a = amplitude of 
the wave (approximately equals to half its wave height H). 

The power that a meter of crest holds can be obtained by multiplying the amount 
of energy 

Transported by the group velocity. 

In deep water, dispersion relation (k) is given as 

k = ω2/g,  

Further, group velocity   (Vg) = ω /2k = g/2ω     

 The total power (P) is obtained as  P = EVg = [ρga2/2](g/2 ω ) = ρg2a2/4 ω   

Further, wave period   (T) = 2/ ω  or ω = 2 /T and a = H/2 

Therefore,    P =ρg2a2/4ω   = ρg2H2T/32 

For irregular waves of height H (m) and period T(s), an equation for power per 
unit of wavefront can be derived as 

Pirregular = 0.4 (kW/m) of wavefront 

 

From the abovementioned equations, it is seen that the wave power is directly 
proportional to the square of wave height. 

 

5.2.3 DEVICES FOR HARNESSING WAVE ENERGY 

There are three basic technologies for converting wave energy to electricity. They 
are as follows: 

 1. Terminator devices: It is a wave energy device oriented perpendicular to the 
direction of the wave and has one stationary and one moving part. The moving 
part moves up and down like a car piston in response to ocean waves and 
pressurizes air or oil to drive a turbine. An oscillating water column (OWC) 
converter is an example of terminator device. These devices generally have power 
ratings of 500 kW to 2 MW, depending on the wave parameters and the device 
dimensions. 
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 2. Attenuator devices: These devices are oriented parallel to the direction of the 
waves and are long multi-segment floating structures. It has a series of long 
cylindrical floating devices connected to each other with hinges and anchored to 
the seabed. They ride the waves like a ship, extracting energy by using restraints 
at the bow of the device and along its length. The segments are connected to 
hydraulic pumps or other converters to generate power as the waves move 
across. Pelamis wave energy converter is one of the known examples of 
attenuator devices. 

3.Point absorber: It is a floating structure with parts moving relative to each other 
owing to wave action but it has no orientation in any defined way towards the 
waves instead absorbs the wave energy coming from any direction. It utilizes the 
rise and fall of the wave height at a single point for energy conversion. The 
pressurized water creates up and down bobbin type motion and drives a built-in 
turbine generator system to generate electricity. AquaBuOY WEC is an example of 
point absorber devices. 

4. Overtopping devices: These devices have reservoirs like a dam that are filled by 
incoming waves, causing a slight build-up of water pressure. Gravity causes 
released water from reservoir to flow back into the ocean through turbine coupled 
to an electrical generator. Salter Duck WEC is the example of overtopping devices. 

5.2.4. ADVANTAGES AND DISADVANTAGES OF WAVE POWER 

Advantages 

1.Sea waves have high energy densities and provide a consistent stream of 
electricity generation capacity. 

2.Wave energy is clean source of renewable energy with limited negative 
environmental impacts. 

3.It has no greenhouse gas emissions or water pollutants. 

4.Operating cost is low and operating efficiency is optimal. 

5.Damage to ocean shoreline is reduced. 

Disadvantages 

1.High construction costs. 

2.Marine life is disrupted and displaced. 

3.Damage to the devices from strong storms and corrosion create problems. 

4.Wave energy devices could have an effect on marine and recreation 
environment. 
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5.3. OCEAN THERMAL ENERGY CONVERSION 

Ocean thermal energy conversion (OTEC) is a method to produce electricity by 
using the temperature differences between warm ocean surface and cool deep 
ocean water to run a heat engine. If temperature difference is greater, then more 
energy will be produced. About 70% of the earth‟s surface is covered by oceans, 
which are continuously heated by the sun. Extracting the solar energy stored in 
an ocean is carried out by exploiting the temperature difference between warm 
surface water and cold deep sea water.  

 

OTEC sites that are located between the Tropic of Cancer and Tropic of Capricorn 
(23.5°N and 23.5°S of equator) found to be best locations. Ocean water with 
temperature gradient of 5°C and more is known as ocean thermal energy. 
However, significant amount of electric power can be generated in the location 
where a temperature difference of 20°C and above exists between warm surface 
water and cold deep water. In many regions, ocean surface water is generally 
maintained at 25°C or above and more than 1,000 metres below the surface is 
generally at about 5°C.Since average temperature in Baltic Sea is about 10°C, 
setting up of OTEC electrical power plant is not profitable. Therefore, OTEC is an 
energy technology that converts solar radiation to electric power through heat of 
ocean water. These systems use ocean‟s natural thermal gradient. As long as the 
temperature difference between the warm surface water and the cold deep water 
below 600 metres by about 20°C, an OTEC system can produce a significant 
amount of power. Thus, oceans are vast renewable resources with the potential to 
produce thousands of kW of electric power. The cold deep sea water used in the 
OTEC system is also rich in nutrients, and it can be used to cultivate plant and 
marine organism near the shore or on land. 

5.3.1. PRINCIPLE OF OCEAN THERMAL ENERGY CONVERSION 

The basic principle of ocean thermal energy conversion (OTEC) is explained as 
follows: 

The warm water from the ocean surface is collected and pumped through the 
heat exchanger to heat and vaporize a working fluid, and it develops pressure in a 
secondary cycle. Then, the vaporized working fluid expands through a heat 
engine (similar to a turbine) coupled to an electric generator that generates 
electrical power. Working fluid vapour coming out of heat engine is condensed 
back into liquid by a condenser. Cold deep ocean water is pumped through 
condenser ere the vapour is cooled and returns to liquid state. The liquid (working 
fluid) is pumped again through heat exchanger and cycle repeats. It is known as 
closed-cycle OTEC. 

If ocean surface water is high, enough propane or similar material is used as 
working fluid; otherwise, for low-temperature surface water, fluid such as 
ammonia with low boiling point is used. 

In an open-cycle OETC, warm ocean surface water is pumped into a low-pressure 
boiler to boil and produce steam. Then, the steam is used in steam turbine to 
drive an electrical generator for producing electrical power. The cold deep sea 
water is used in condenser to condense steam. 
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Some fractions of electrical power generated by OTEC plants are used for 
operating and controlling equipment's involved in power plants, and high electrical 
power is used for feeding to several other energy consumers. 

5.3.2 OCEAN THERMAL ENERGY CONVERSION PLANTS 

There are two different kinds of OTEC power plants, namely land-based power 
plant and floating power plant. 

Land-based Power Plant 

The land-based power plant will consist of a building as shown in Figure 5.8. 

It is constructed on shore and accommodates all parts of OTEC plants. It requires 
laying down long pipes from plant site on shore to two extreme points of 
necessary temperature gradient. One pipe is used to collect warm ocean surface 
water through screened enclosure near the shore. Another long pipe lay down on 
the slope deep into the ocean to collect cold water. 

A third pipe is used as outlet to discharge used water again in ocean via marine 
culture ponds deep down the ocean. Cost of pipe installation and maintenance is 
very expensive, and land based plant is also very expensive. Since large electricity 
is used to pump water through long pipes, the net electricity reduces 
considerably. 

Land-based OTEC plant has the advantage of savings on electrical transmission 
line and connectivity to electrical power grid. 

 

 

 

 

 

 

 

 

 

 

 

 

Fig 5.8. Land Based OTEC power Plant 
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Floating Power Plant 

 

 

 

 

 

 

 

 

Fig 5.9. Floating power Plant 

 

Floating power plant is built on a ship platform exactly where required 
temperature gradient sufficient for OTEC plant is available. The working principle 
of ocean Thermal energy conversion.(OTEC) is same as that of land-based power 
plant. Undoubtedly, the cost savings exist on piping system, but long transmission 
line is required to transmit electrical power from plant to sea shore. 

Owing to high installation cost of long Underwater power cables and its 
inefficiency and Many other associated problems, floating OTEC plants are 
considered for the production of fuels, such as hydrogen, on the platform itself by 
the electrolysis of water. 

Cold water pipe is the largest single item in the land-based plant design, as the 
slopes are seldom larger than 15° or more. If 1,000-metres-long vertical pipe with 
10 to 15 m diameter used in floating plant, the length of land-based plant 
considering slope will be about three times. 

 

5.3.3. BASIC RANKINE CYCLE AND ITS WORKING 

Working of OTEC power plant is based on Rankine Cycle let us know the basics of 
Rankine cycle shown in Figure 5.10  consists of the following: 

 1. An evaporator 

 2. A turbine expander 

 3. A condenser 

 4. A pump 

 5. A working fluid 
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Fig 5.10. OTEC Rankine Cycle 

In open-cycle OTEC, warm sea water is used as working fluid, whereas in closed-
cycle type, low-boiling point ammonia or propane is used. 

Warm ocean surface water flows into the evaporator which is the high-
temperature heat source. A fluid pump is utilized to force the fluid in a heat 
evaporator where liquid fluid vapourizes. Then, the vapour of boiling fluid enters 
the turbine expander coupled with an electrical generator to generate electrical 
power. The vapour released from the turbine enters into condenser where it 
condenses. The cold deep sea water is pumped through the condenser for heat 
rejection from vapour fluid and condenses it as liquid fluid. The liquid fluid is 
again pumped through evaporator and cycle repeats. 

As temperature difference between high- and low-temperature ends is large 
enough, the cycle will continue to operate and generate power. 

5.3.4. SELECTION OF WORKING FLUIDS 

The steam Rankine cycle and organic Rankine cycle are the two main types used 
in OTEC systems, and the choice of working fluids plays an important role in 
design and performance of OTEC. Water is the only working fluid for steam 
Rankine cycle, but a large number of working fluid is available for organic Rankine 
cycle. The working fluid has the following properties: 

1.Chemical stability and compatibility: Certain organic fluids are more prone 
to decompose when subjected to high pressure and temperature which 
results in material corrosion of different parts of plants explosion etc. Thus, 
working fluid should be chemically stable and compatible with materials and 
structures of OTEC plants. 

2.Heat transfer coefficient: Low-thermal resistance of working fluids 
improves heat transfer. 
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3.Flash point: A working fluid with a high flash point should be used in order 
to reduce flammability. 

4.Specific heat: A working fluid with a low specific heat should be used to 
reduce load on the condenser. 

5.Latent heat: A working fluid with a high latent heat should be used in 
order to raise the efficiency of heat recovery. 

6.Safety: Working fluid should be non-corrosive, non-toxic, and non-
inflammable having maximum allowable concentration and explosion limit for 
safe and efficient operation of OTEC plants. 

7.Environmental acceptability: Low-toxicity working fluid minimizes water 
contamination. The environmental risk of OTEC plant is low. 

8.Cost and availability: The ease of availability and low cost of working fluid 
is also important. 

5.3.5. CLOSED CYCLE, OPEN CYCLE, AND HYBRID CYCLE 

There are three types of OTEC cycle designs, namely open cycle, closed cycle, 
and hybrid cycle. 

 1. In an open cycle, warm sea water is pumped into a flash evaporator as 
working fluid where it boils at low pressure and converts into steam. This steam 
expands through low-pressure turbine which drives an electrical generator and 
generates electricity. The steam released from turbine condensed in a condenser 
by deep sea cold water as non-saline water. When non-condensable gases are 
separated and exhausted, the non-saline water is either pumped in marine culture 
ponds for freshwater applications or finally discharged in sea surface water. 

 2. In closed cycle, organic fluid flows in a separate closed-cycle loop called 
organic Rankine cycle. Warm sea surface water pumped through another pipe 
vapourizes working fluid in heat exchangers to drive turbine generator, The fluid 
vapour condenses into liquid form by deep sea water pumped in condenser by a 
separate pumping system, The process of pumping liquid fluid in an evaporator 
cycle is repeated. 

 3. A hybrid cycle is a combination of both closed and open cycle. 

OPEN-CYCLE OTEC 

An open-cycle OTEC uses the warm ocean surface water as working fluid. It is a 
non-toxic and environment friendly fluid. The major components of this system 
are shown in Figure 5.11 . It consists of evaporator, low-pressure turbine coupled 
with electrical generator, condenser, marine culture ponds, non-condensable gas 
exhaust, and pumps. Evaporator used in an open-cycle system is a flash 
evaporator in which warm sea water instantly boils or flash in the chamber that 
has reduced pressure than atmosphere or vacuum. 
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Fig 5.11 Open Cycle OTEC 

It results in reduced vapourization pressure of warm sea water. A large turbine is 
required to accommodate large volumetric flow rates of low-pressure steam, 
which is needed to generate electrical power, and is used with other plant 
components in a similar manner. During vapourization process in an evaporator, 
oxygen, nitrogen, and carbon dioxide dissolved in sea water are separated and 
are non-condensable. They are exhausted by non-condensable gas exhaust 
system. Condenser is used to condense vapour or steam released from steam 
turbine is condensed by cold deep sea water and returned back to sea. If a 
surface condenser is used, condensed steam (desalinated water) remains 
separated from cold sea water and is pumped into marine culture ponds. To avoid 
leakage of air in atmosphere and to prevent abnormal operation of plants, perfect 
sealing of all components and piping systems is essential. The working principles 
of open-cycle OTEC plants are explained as follows with the help of Figure 5.11 . 

1.The warm ocean surface water is pumped into flash evaporator where it is 
partially flashed into steam at a very low pressure. The remaining warm sea water 
is discharged into the sea. 

2.The low-pressure vapour (steam) expands in turbine to drive a coupled 
electrical generator to produce electricity. A portion of electricity generated is 
consumed in plants to run pumps and for other work, and the remaining large 
amount of electricity is stored as net electrical power. 

3.The steam with many gases (such as oxygen, nitrogen, and carbon dioxide) 
released from the turbine separated from sea water in an evaporator is pumped 
into condenser. The steam is cooled in a condenser by cold deep sea water. 

4.The condensed non-saline water is discharged either directly in deep sea cold 
water or through the marine culture pond. 

5.The non-condensable gases are compressed to pressure and exhausted 
simultaneously. 

6.The warm ocean surface water is continuously pumped into evaporator and 
cycle repeats. 
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CLOSED-CYCLE OTEC 

 

 

 

 

 

 

 

 

 

 

Fig 5.12. Closed Cycle OTEC Plant 

The schematic of closed-cycle OTEC is shown in Figure 5.12 . It has different 
arrangement when compared to open-cycle OTEC. Organic fluid with low boiling 
point is used as working fluid. Ammonia liquid is the most widely used working 
fluid. Working fluid flows in a closed loop and perfectly sealed piping system. 
Working fluid circulates around the loop continuously. Warm ocean surface water 
flows through completely separate piping system and discharges in upper surface 
of ocean. Warm surface sea water and working fluid piping are placed very closely 
to each other in a heat exchanger to transfer warm sea water heat into working 
fluid. The cold deep sea water piping system is in contact with working fluid 
piping system in a condenser where working fluid condenses to its liquid state. 
Other components of both open- and closed-cycle OTECs are similar. Working 
principles of closed-cycle OTEC are as follows: 

1.Working fluid is pumped through heat exchangers in a closed loop cycle 
which is perfectly leakage proof. 

2.Warm sea surface water is pumped through separate pipe in heat 
exchanger in close contact with fluid closed loop cycle 

3.Warm sea water transfer its heat energy to working fluid in heat 
exchanger and working fluid vapourizes. 

4.The fluid vapour makes the turbine to rotate and drive an electrical 
generator to produce electricity. 

5.Fluid vapour leaving the turbine is cooled and condensed as liquid fluid 
and is pumped again to repeat cycle. 

6.Cold deep sea water is pumped through a separate pipe in condenser for 
providing efficient cooling of working fluid. 
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OTEC HYBRID CYCLE 

 

 

 

 

 

 

 

 

Fig 5.13. OTEC Hybrid Cycle 

As shown in Figure 5.13, a hybrid cycle combines the features of both closed-
cycle and open-cycle systems. Warm sea water is pumped into a vacuum chamber 
where it is used to flash and produces steam. Working fluid in another closed 
cycle loop is evaporated and vapourized by steam in vacuum chamber. The fluid 
vapour rotates the turbine and drive an electric generator to produce electricity. 

5.3.6.ADVANTAGES, DISADVANTAGES AND BENEFITS OF 
OTEC 

Advantages 

1.Ocean thermal energy is a renewable, clean natural resource available in 
abundance. 

2.It is pollution-free and has no greenhouse effects. 

3.It is a good source of freshwater and portable water. 

Disadvantages 

1.High cost: Electricity generated by OTEC plants is more expensive than 
electricity produced by chemical and nuclear fuels.  

2.Complexity: OTEC plants must be located where a difference of about 20°C 
occurs year round. Ocean depths must be available fairly close to shore-based 
facilities for economic operation. Floating plant ships could provide more flexibility. 

3.Acceptability: For the large-scale production of electricity and other products, 
OTEC plants are poorly acceptable due to their high costs. 

4.Ecosystem damage: It is obvious by setting OTEC plants. 

5.Lower efficiency: A higher temperature difference between ocean surface warm 
water and cold deep ocean water is required for highly efficient operation of plant. 
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5.4 Hydrogen Production and Storage 

 
  Hydrogen is the simplest element. An atom of hydrogen consists of only 

one proton and one electron. It is also the most plentiful element in the universe. 
Despite its simplicity and abundance, hydrogen does not occur naturally as a gas 
on the Earth – it is always combined with other elements. Water, for example, is a 
combination of hydrogen and oxygen (H2O). 

  Hydrogen holds the potential to provide clean, reliable and affordable 
energy supply that can enhance economy, environment and security. It is flexible 
and can be used by all sectors of economy. It is non-toxic and recyclable. Due to 
these qualities it is considered to be an ideal energy carrier in the foreseeable 
future. An energy carrier moves and delivers energy in a usable form to 
consumers. 

  Hydrogen can be produced by using a variety of energy sources, such as 
solar, nuclear and fossil fuels and can be converted to useful energy forms 
efficiently and without detrimental environmental effects. When burned as fuel or 
converted to electricity it joins with oxygen to produce energy with water as the 
only emission. When air is used for combustion instead of oxygen, some NOx is 
also produced, which can be reduced by lowering the combustion temperature. 

  Despite all these benefits, realization of hydrogen economy faces multiple 
challenges.  Unlike gasoline and natural gas, hydrogen has no existing, large scale 
supporting infrastructure. Building of such an infrastructure will require major 
investment. Although hydrogen production, storage and delivery techniques are 
currently in commercial use by the chemical and refining industries, existing 
hydrogen storage and conversion technologies are too costly for widespread use 
in energy applications. The individual segments of hydrogen energy system; 
production, delivery, storage conversion and end use applications are closely 
interrelated and interdependent as shown in figure below. Design and application 
of a hydrogen economy must carefully consider each of these segments as well as 
the whole system.   

 

 

 

 

 

 

 

 

 

Fig 5.14 Hydrogen energy system 

 



  Hydrogen can be produced in centralized facilities and distributed to an 
energy conversion site via pipeline or stored and shipped via rail or road. It can 
also be produced at decentralized locations onsite where it will be stored and/or 
fed directly into conversion device for stationary, mobile or portable applications. 

5.4.1. PRODUCTION 

  Although hydrogen is the third most abundant element on the earth, it 
does not exist in Free State, except for small quantities in the upper atmosphere. 
It is, therefore, not a primary energy source. However, large amounts of 
combined hydrogen are present in compounds such as water, fossil fuels and 
biomass. It can therefore, be produced through two routes: 

 (a) Fossil fuels, such as natural gas, coal, methanol, gasoline etc., and biomass 
are decomposed by thermo-chemical (steam reforming or partial oxidation) 
methods to obtain hydrogen. The CO produced in the process is eliminated by 
water gas shift reaction. This route of hydrogen production causes CO2 emission. 
The energy content of the produced hydrogen is less than the energy content of 
the original fuel, some of it being lost as excessive heat during production. 

 (b) Hydrogen can also be produced by splitting water into hydrogen and oxygen 
by using energy from nuclear or renewable sources such as solar, wind, 
geothermal, etc., through electrical or thermal means (i.e. electrolysis and 
thermolysis respectively). Water splitting is also possible through biophotolysis 
process using solar radiation. 

  Splitting of water is thus possible at the expense of renewable energy to 
produce secondary fuel H2. On use, H2 and O2 recombine to produce water again 
and energy is released. This route is therefore a clean and sustainable route of 
energy supply. 

 1. Thermo-chemical Methods 

  Steam reforming of methane is the most energy efficient, commercialized 
technology currently available and most cost effective when applied to large, 
constant loads. The method accounts for 95 per cent of the hydrogen production 
in USA.   

 2. Electrolysis of Water 

  Electrolysis is the simplest method of hydrogen production. Currently, this 
method is not as efficient or cost effective as thermo-chemical method using fossil 
fuels or biomass. But it would allow for more distributed hydrogen generation and 
open the possibilities for use of electricity generated from renewable and nuclear 
resources for hydrogen production. 

  An electrolysis cell essentially consists of two electrodes, commonly flat 
metal  or carbon plates, immersed in an aqueous conducting solution called 
electrolyte, as shown in figure below. A direct current decomposes water into H2 
and O2, which are released at cathode (–ve electrode) and anode (+ve electrode) 
respectively. As water itself is poor conductor of electricity, an electrolyte, 
commonly aqueous KOH is used. 

 

 



 

 

 

 

 

 

Fig 5.15 Electrolytic cell 

  Ideally, a decomposition voltage of 1.23 V per cell should be sufficient at 
normal temperature and pressure; however, due to various reasons a voltage of 
about 2 V per cell is applied in practice. The energy required is 3.9–4.6 kWh per 
m3 of hydrogen produced. About 60–70 per cent of this energy is actually utilized 
in electrolysis. Therefore, the efficiency of electrolysis process is about 60–70 per 
cent, which can be improved up to 80 per cent by using catalyst such as porous 
platinum or nickel. A diaphragm (usually woven asbestos) prevents electronic 
contact between the electrodes and passage of gas or gas bubbles. Electrolysis 
method is most suitable when primary energy is available as electrical energy, e.g. 
solar photovoltaic energy. It is also suitable where cheap electricity is available 
from other sources such as wind, geothermal, etc. 

 3. Thermolysis of Water 

  When primary energy is available in the form of heat (e.g. solar thermal), 
it is more logical to produce hydrogen by splitting water directly from heat energy 
using thermolysis. This would be more efficient than conversion of heat, first to 
electricity (using heat engine – generator) and then producing hydrogen through 
electrolysis. The efficiency of thermal plant is usually in range 32–38 per cent and 
that of electrolysis is 80 per cent. The overall efficiency through thermal-electrical-
hydrogen route would thus be only 25–30 per cent. 

  Direct thermal decomposition of water is possible but it requires a 
temperature of at least 2500 °C; because of temperature limitations of conversion 
process equipment, direct single-step water decomposition cannot be achieved. 
However, sequential chemical reactions at substantially lower temperature can be 
devised to split water into H2 and O2. In the reaction series, water is taken up at 
one stage and H2 and O2 are produced in different stages. The energy is supplied 
as heat at one or more stages and partly released at some stage in the cycle. 
Apart from decomposition of water, all other materials are recovered when the 
cycle is completed. Therefore, the method is known as thermo-chemical cycle. 
The efficiency of conversion from heat energy to hydrogen is better than its 
conversion through electrolysis route only when the upper temperature of 
thermo-chemical cycle is above 700 °C. For the upper temperature of 950 °C the 
efficiency of conversion is about 50 per cent. This is a marked improvement over 
what is possible through electrolysis route. Several thermo-chemical cycles have 
been proposed and are under investigation. One such cycle is given below: 



 

 

 

 

 At present, no commercial process for thermal splitting of water using 
thermochemical cycle is in operation.  

 4. Biophotolysis  

  In this method the ability of the plants (especially algae) to split water 
during photosynthesis process is utilized. An artificial system is devised, which 
could produce hydrogen and oxygen from water in sunlight using isolated 
photosynthetic membrane and other catalysts. Since this process is essentially a 
decomposition of water using photons in the presence of biological catalysts, the 
reaction is called photolysis of water. There are three distinct functional 
components coupled together in the system as shown in figure below:  

 (i) Photosynthetic membrane, which absorbs light, split water to generate oxygen,   
electrons and protons 

 (ii) an electron mediator, which is reducible by photo-synthetically generated 
electrons and 

 (iii) a proton activator that will accept electrons from the reduced mediator and 
catalyze the reaction:  

    2 H + + 2 e –   H2 

  A system with chloroplast (small bodies containing the chlorophyll in green 
plants) as a photosynthetic membrane to split hydrogen and oxygen, ferredoxin 
as e– mediator and hydrogenase (an enzyme) or finely dispersed platinum as 
proton activator, has been successfully tested.   

 

 

 

 

 

 

 

 

Fig 5.16 Functional Components of biophotolysis 

 



 5.4.2.STORAGE  

  Hydrogen can be stored as a discrete gas or liquid or in a chemical compound. 
For a given amount of energy, hydrogen weighs about one third of the fossil fuels, but 
it is bulkier. In gaseous form it occupies 3.6 times the volume occupied by natural gas 
and in liquid form it occupies 3.8 times the volume occupied by gasoline. However, in 
practice the volume penalty is 20 to 50 per cent less, since hydrogen can be converted 
to other forms of energy at the user end more efficiently than fossil fuels. 

  Large amounts of hydrogen for subsequent distribution would probably be 
stored in the underground facilities similar to those used for natural gas, e.g. depleted 
oil and gas reserves and aquifers. On low or moderate scale, hydrogen is frequently 
stored in strong steel tank or cylinder. The storage of compressed hydrogen gas in 
tanks is the most mature technology though the very density of hydrogen translates to 
inefficient use of space. The inefficiency can be mitigated with high compression such 
as 350–700 atm. However, further improvement in cost, weight and volume efficient 
storage is required in order to make it more acceptable by the end user. 

  Hydrogen can also be stored as compact storage in liquid form at low 
temperature. It takes up low storage volume but requires cryogenic containers, as 
boiling point of hydrogen is 20 K. Furthermore, the liquefaction of hydrogen is energy 
intensive process and results in large evaporative losses. About one third of the energy 
content of hydrogen is lost in the process. 

  Hydrogen can be stored at high densities in reversible metal hydrides. When 
required, it can be released by heating the hydride and original metal (or alloy) is 
recovered for further recycling. The chemical equations are: 

 Charging   

 H2 + Metal  hydride + heat (hydrogen is stored and heat is released)  

 Discharging  

 hydride + heat  H2 + Metal (heat is stored and hydrogen is released)   

 The pressure of gas released by heating depends mainly on temperature. At fixed 

temperature, the pressure remains essentially constant until the hydrogen content is 

almost exhausted. Metal hydrides offer the advantage of lower pressure storage, 

comfortable shape and reasonable volumetric store efficiency but have weight 

penalties and thermal management issues. It is also very safe. In case of accidental 

breakdown of storage, the gas remains in hydride and does not escape. To be suitable 

as a storage medium, metal hydride should have following desirable properties: 

 (i) The metal (or alloy) should be inexpensive. 

 (ii) The hydride should contain a large amount of hydrogen per unit volume 

      and per unit mass. 

 (iii) Formation of hydride from metal by reaction with hydrogen should be easy 

       and the hydride should be stable at room temperature. 

 (iv) The gas should be released from hydride at significant pressure and  

          moderately high temperature (preferably below 100 °C) 

 



 The reactions with three more promising hydrides of alloys are given below: 

 

 

 

 

 

  

  These hydrides contain somewhat more hydrogen then an equal volume. 
In theory (La Ni5) H6 contains 1.35 per cent of hydrogen by weight, (Fe Ti) H2 
contains 1.9 percent and (Mg2 Ni) H4 contains 3.6 per cent. Due to heavy weight, 
hydride storage is not suitable for mobile storage such as vehicles. Some 
complex-based reversible hydrides such as aluminates have recently 
demonstrated improved weight performances over metal hydrides along with 
modest temperatures for hydrogen recovery. 

  Chemical hydrides are emerging as another alternative to direct hydrogen 
storage. The chemicals considered for store applications are class of compounds 
that can be stored in solution as an alkaline liquid. Since the hydrogen is 
chemically bound in compound and released by catalytic process, chemical 
hydrides present an inherent safer option than direct storage of volatile and 
flammable fuel. It is also volumetric efficient, however, cost and recycling issues 
are to be addressed. Hydrogen can, in principle, be reversibly adsorbed on carbon 
structures (e.g. carbon nanotubes). However, the design of practical system 
requires a better understanding of the fundamental adsorption/desorption process 
and development of high volume manufacturing process for the material. 

 



 5.4.3.DELIVERY 

  A key element in the overall hydrogen energy infrastructure is the delivery 
system that moves hydrogen from its point of production to an end use device. 
Delivery system requirements vary with production method and end use 
application. Hydrogen is very efficient energy carrier. For distances greater than 
300 km, it is cheaper to transmit energy as hydrogen than electricity via overhead 
transmission lines. The transport of energy through a gas network is done with 
much less loss (<0.1 per cent) than in a power network (8 per cent). 
Infrastructure includes the pipelines, trucks, storage facilities, compressors, and 
dispensers involved in the process of delivering hydrogen. 

  Hydrogen produced in centralized locations can be delivered: (i) via pipe 
line or (ii) stored in tanks, cylinders, tubes, etc., that are  loaded onto truck and 
rail cars and transported to consumers. For high demand areas pipeline is 
cheapest. For low demand areas it is transported via road/rail. In the range of 
about 300 km hydrogen is being transported via high-pressure cylinders. For very 
long distances in range 1500 km, hydrogen is usually transported as liquid in 
super insulated, cryogenic tanker on road or rail. 

  Hydrogen is relatively difficult to store and transport in comparison with 
petroleum fuels. Gaseous hydrogen has two principle drawbacks. Firstly, the 
unusually low volumetric energy density of gaseous hydrogen means that the gas 
must be compressed to extremely high pressure to be used as a transport fuel. 
Secondly, the tiny molecules have a higher propensity to leak than other gases 
and require particularly complex storage materials. One method of avoiding these 
two difficulties is to compress the hydrogen into a liquid, but this is energetically 
expensive and difficult to handle because liquid hydrogen boils at around –253 °C. 

  At present, the hydrogen delivery technologies cost more than the 
conventional fuel delivery. Improvements are needed in areas such as: fuelling 
components (like compressors, seals, valves, hosepipes and hydrogen detectors), 
material selection for pipelines and transportation containers for hydrogen. Key 
challenges to hydrogen delivery include reducing delivery cost, increasing energy 
efficiency, maintaining hydrogen purity, and minimizing hydrogen leakage. The 
existing high-pressure natural gas pipelines are not suitable for hydrogen 
transport. At ambient temperature and pressures below 100 bar, the principal 
concern for high-strength steel is hydrogen embrittlement and corrosion. 
Hydrogen has an active electron, and therefore behaves somewhat like a halogen. 
For this reason, hydrogen pipes have to resist corrosion.  

  The problem is compounded because hydrogen can easily migrate into the 
crystal structure of most metals. Hydrogen will diffuse into any surface flaws that 
occur due to material defects, construction defects or corrosion, resulting in a loss 
of ductility, increased crack growth or initiation of new cracks. These will 
ultimately lead to material failure. Higher pressures are thought to increase the 
likelihood of material failure although no threshold value has been defined 
independently of other factors. Hydrogen can be transported at high pressures 
using pipes constructed of softer steels that reduce the rate of embrittlement, and 
there is much industrial experience in this area spanning many decades. For metal 
piping at pressures up to 480 bar, high-purity stainless steel piping with a 
maximum hardness of 80 HRB is preferred 

 



5.5.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.  

A fuel cell consists of two electrodes, namely an anode and a cathode. Anode is 
positively charged and cathode is negatively charged in an electrolytic cell.  

The reactions that produce electricity take place at the electrodes. Every fuel has 
an electrolyte, which carries electrically charged particles from one electrode to 
the other, and a catalyst, which speeds the reactions at the electrodes.  

In fuel cells, hydrogen is used as 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 continuously as long as these 
inputs are supplied.  

In other words, it can be stated that both batteries and fuel cells are 
electrochemical devices.  

Similarly, both have a positively charged anode, a negatively charged cathode, 
and an ion-conducting material called an electrolyte.  

Fuel cells are classified by the nature of electrolyte material.  

Electrochemical devices generate electricity without combustion of the fuel and 
oxidizer, as opposed to what occurs with traditional methods of electricity 
generation.  

Generally, fuel cell construction consists of a fuel electrode (anode) and an 
oxidant electrode (cathode) separated by an ion-conducting membrane. Oxygen 
passes over one electrode and hydrogen over the other, generating electricity, 
water, and heat.  

Fuel cells chemically combine the molecules of a fuel and oxidizer without burning 
or having to dispense with the inefficiencies and pollution of traditional 
combustion.  

A single fuel cell generates a tiny amount of direct current (DC) electricity. 

 



5.5.1. INTRODUCTION OF FUEL CELLS 
A fuel cell is an electrochemical device that generates electricity from an 
electrochemical reaction from fuel such as hydrogen and oxygen or another 
oxidizing agent.  

Other fuels used are hydrocarbons such as natural gas and alcohols. They 
are similar to battery but require constant input of fuel and oxygen for 
continuous electricity generation. 

 Fuel cells are available in very small size (single fuel cell) with electricity-
generating capacity of a few watts up to a big size (fuel cell stack) producing 
megawatts.  

All types of fuel cells have similar component parts in their design as they 
utilize two electrodes separated by a solid or liquid electrolyte that carries 
electrically charged particles between them.  

A catalyst is often used to speed up the reactions at electrodes. In addition, 
they are classified based on electrolyte material used.  

As they are static equipment and do not involve any intermediary steps of 
energy conversion, they are highly efficient and environmentally acceptable 
direct energy conversion method.  

The by-products of fuel cell apart from electricity generation are water, heat, 
and small amount of nitrogen oxide and other emission depending upon fuel 
source used. 

 

The schematic diagram of fuel cell is given in Figure. It consists of the 
following parts: 

1. Anode 

2. Cathode 

3. Electrolyte 

Anode 

It is a positive electrode and facilitates electrochemical oxidation of 
fuel. 

Cathode 

It is a negative electrode and promotes electrochemical reduction 
of oxidant. 

Electrolyte 

It is a solution of liquid, gases with salts and carries electrically 
charged particles between them. 

Any substance having free ions to make the substance electrically 
conductive is called electrolyte. 

When a salt, such as normal salt, is placed into a solvent, such as 
water, electrolyte solutions are formed. The salt dissolves into its 
ion components by dissociation or dissolving by the following 
dissociation reaction, 

 

                    NaCl(s) → Na+ (aq) + Cl− (aq) 

 



 

 

 

 

 

 

 

 

Fig 5.17. Schematic of fuel cell 

 

• Many substances, such as carbon dioxide gas, dissolve into water, react with it, 
and produce ions.  

• Apart from various methods involved in the formation of electrolytes, the 
electrolyte liquid conducts electricity when electrodes are connected to an 
external load.  

• Electrolytes with high concentration of ion are called concentrated, whereas 
electrolytes with low ion concentration are called dilute. Electrolytes also act as a 
barrier between fuel and oxidant, and they never mix with each other and no 
combustion occurs.  

• The fuel cell efficiency is, therefore, not limited by Carnot efficiency and has very 
high efficiency of about 40%–60% or (extended to 80% or so if waste heat is 
efficiently removed).  

• Electron generated by oxidation reaction at the anode moves through external 
load circuit (flow of electricity generated) to the cathode and completes the 
reduction reaction.  

• Polyelectrolytes and molten salt electrolytes have also been developed. Ions 
generated during oxidation or reduction are transported from one electrode to the 
other through ionically conductive but electronically insulating electrolyte.  

• Electrolyte used determines the operating temperature and dictates the 
classification of fuel cell. 



S. 
No 

Fuel Cells Temperature Efficiency Electrolyte Catalyst Charge 
Carriers 

1  Alkaline 
fuel cell 

60°C–90°C  50%–60% 35%–50% 
KOH  

Nickel Hydroxyl 
ions(OH−) 

2 Polymer 
electrolyte 
fuel cell 

50°C–80°C 50%–60%  Polymer 
membrane  

Platinum  H− 

3 Phosphoric 
acid fuel 
cell 

160°C–220°C  40%–50%  Phosphoric 
acid  

Platinum H− 

4 Molten 
carbonate 
fuel cell 

620°C–660°C  60%–65%  Molten 
carbonate  

Nickel  CO2 

5 Solid oxide 
fuel cell 

800°C–1000°C  55%–65%  Solid oxide 
CO, ZrO2/ 
Y2O3  

Platinum 
(Pt) 
Catalyst 
No 
precious 
costly 
metal 
catalyst 
required  

O− 

6 Direct 
methanol 
fuel cell 

0°C–60°C  30%–40% Polymer 
membrane  

Platinum– 
Ruthenium 
Pt–Ru  

H+ 

Table 5.2 Types of Fuel Cells 



The following basic characteristics together with the aforementioned general 
characteristics differentiate between fuel cell types:  

1. Charge carrier  

2. Performance degradation by contamination  

3. Fuels  

4. Factors affecting the fuel cell performance  

5. Fuel reforming 

 

1. Charge Carrier  

It is the ion that passes through electrolyte from the anode to cathode or 
vice versa.  

A single proton hydrogen ion (H+) is the charge carrier for several types of 
fuel cell, such as PEMFC, DMFC, and PAFC but differ for many types of fuel 
cell, such as OH− for AFC, CO2 − for MCFC, and O− for SOFC.  

 

2. Performance Degradation by Contamination  

Fuel cell contamination means the effect of impurities, and it is an important 
issue in fuel cell operation and applications.  

Severe performance degradation is caused in fuel cell because of different 
molecules behaviour exhibited.  

Sulphur-containing compounds, such as hydrogen sulphides and carbonyl 
sulphides are the major containment of performance degradation for all 
types of fuel cells.  

All fossil fuels are the natural sources of sulphur compounds. The presence 
of several other gases, such as carbon monoxide, methane, etc., adversely 
affects the fuel cell performances.  

3. Fuels  

The primary fuels used in fuel cells are hydrogen. Hydrocarbons, such as 
methanol, methane, and carbon monoxide, when used as a fuel have 
additional effects on the performance of fuel cells.  

Since solid oxide fuel cell operating temperature is high, carbon monoxide 
(CO) is dangerous and poisonous for fuel cells, such as PEMFC, operating at 
low temperature.  

In general, electrolyte and catalyst of fuel cell determine the acceptability of 
gases as fuel with due regards to fuel cell performance. 



4. Factors Affecting the Fuel Cell Performance  

 

Fuel cell performance is largely affected by the following:  

1. Choice and composition of electrolytes  

2. Operating temperatures.  

3. Geometry of fuel cell, area, and shape of electrodes and their    

       coatings  

4. Catalyst used  

5. Gas pressure  

 

5. Fuel Reforming  

 

Fuel reforming refers to transformation of fossil fuels to hydrogen. Steam 
reforming is one of the methods in which steam is mixed with fossil fuels at 
about 750°C.  

The reforming reaction for natural gas composed primarily of methane (CH4) 
is given as follows:  

                            CH4 + 2H2O → CO2 + 4H2 

 

Carbon monoxide (CO) is the fuel used in high-temperature fuel cell, such as 
MCFC and SOFC, and the water–gas shift reaction is given as follows: 

                                      CO + H2O → CO2 + H2 

The ultimate fuel is hydrogen itself. The fuel reforming is performed immediately 
before it is inputted in fuel cell either on large or on intermediate or on small 
scales.  

Hydrogen is the most widely used fuels for low-temperature fuel cells, but there is 
neither ready availability of bulk hydrogen source and storage system nor 
infrastructure is available for hydrogen transportation and delivery.  

The fuel reforming is also conducted at both intermediate (Gasoline station) and 
small scale (fuel cell-powered vehicle). Reforming of fossil fuels produces a 
mixture of hydrogen and other molecular components such as nitrogen and 
carbon dioxide.  

The purity of this hydrogen will depend on developments in techniques to cost-
effectively separation of H2 from other gases. This hydrogen would probably be 
delivered to customers as a high-pressure gas.  

 

 

 



In the longer term, most, if not all, of the hydrogen used to power fuel cells could 
be generated from renewable resources such as wind or solar energy. The 
electricity generated at a wind farm could be used to split water into hydrogen 
and oxygen.  

This electrolysis process would produce pure hydrogen and oxygen. If hydrogen 
energy technology for bulk production, pipeline transportation, and effective 
utilization is commercialized, hydrogen will be the energy of future. 

 

5.5.2. FUEL CELL FUNCTIONALITY  

For a typical fuel cell (e.g., H2–O2 cell) as shown in Figure, an oxidizer (oxygen of 
air) and a fuel (hydrogen) combine in a simple electrochemical reaction to form 
water and generate electricity which flows in an electrical load connected across 
the two electrodes.  

Oxidizer and fuel is continuously supplied to cathode and anode, respectively, of 
fuel cell. It is a quiet, efficient, and reliable source of power as there are no 
moving parts.  

An ion-conducting material is used as electrolyte that separates the two 
electrodes. Anode reaction takes place at the anode, and electrons and protons 
(hydrogen ions) are separated.  

The protons pass through the electrolytes, and electrons pass through external 
load circuit and reaches cathode.  

At the cathode, electrons and protons recombine to form water by cathode 
reaction. Electron flow in external circuit is DC that supplies power to electrical 
loads.  

These two reactions are given as follows:  

At anode 2H2 → 4H+ + 4e                                                      − (1)  

At cathode O2 + 4H+ + 4e− → 2H2O                                       − (2)  

Overall cell reaction 2H2 + O2 → 2H2O                                      − (3)  
 

 

1. Electrical Output  

The DC electrical output parameters of fuel cells are DC voltage, current, and 
power.  

A single fuel cell gives very low voltage of about 0.6 V to 0.9 V.  

During fuel cell operation to supply electrical load, the output voltage further 
reduces to a lower value because of the internal impedance drops caused in fuel 
cell with increase in load currents. A large numbers of individual fuel cells are 
combined in a stack to obtained desire voltage.  



2. Output Current  

A single fuel cell also gives low output current which is directly proportional to the 
areas of electrodes.  

The current carrying capability of fuel cell is increased either by increasing the 
size of electrodes or by making the electrodes surface porous or selecting the 
electrodes materials of very fine particle size.  

 

3. Output Power  

The output power of a typical single fuel cell is very low and is about 1 W/cm2. 

 DC power of fuel cell is calculated by the following formula:  

                      Power (watts) = Voltage (volts) × Current (amps)  

By using multiple stack of fuel cells, power output can be obtained in megawatt 
range. 

 

5.5.3 FUEL CELLS VERSUS TRADITIONAL ELECTRICITY 
GENERATION  

Fuel cells work on the principle of direct energy conversion in single stage to 
obtain electrical energy from chemical energy as follows:  

                       Chemical energy → Electrical energy  

It does not involve the burning of fuel, but electrical energy is directly obtained 
from chemical energy by electrochemical process.  

Traditional or conventional method of electrical energy conversion is an indirect 
method of energy conversion and involves intermediary conversion to energy 
forms and finally to electrical energy as follows:  

         Chemical energy → Heat → Mechanical energy → Electrical energy  

Fossil fuels and nuclear fuels are burnt to produce heat and high-pressure steam. 
The high pressure steam expands in a turbine which starts rotating and ultimately 
drives the coupled electrical generator to convert mechanical energy into electrical 
energy. 

 

 



5.5.4.PERFORMANCES OF FUEL CELLS VERSUS OTHERS  

The single-stage direct energy conversion of chemical energy to electrical energy 
in fuel cell is a highly efficient process than three-stage conversion of chemical 
energy into electrical energy in traditional methods that involve combustion or 
burnings.  

The energy release by chemical reaction in fuel cell is a function of change in 
Gibbs free energy. The Carnot law and efficiency of heat engine is not applicable 
to fuel cell.  

The maximum theoretical efficiency of fuel cells is much higher than conventional 
indirect methods of conversion Fuel cells have less environmental damage than 
conventional methods of electrical generation.  

 

5.5.5.FUEL CELL CONSTRUCTION  

The conceptualization of a fuel cell was demonstrated by Humphry Davy in 1801. 
This was followed by pioneering work of Christian Friedrich Schönbein in 1838 
and discovered the operating principle of fuel cells.  

In 1839, William Grove, a chemist, physicist, and lawyer, developed a crude 
device known as gas voltaic battery. He conducted a series of experiments on his 
gas voltaic battery and proved that electric current could be produced from an 
electrochemical reaction between hydrogen and oxygen over a platinum catalyst. 

 The term fuel cell was first used in 1889 by Charles Langer and Ludwig Mond, 
who researched fuel cells using coal gas as a fuel.  

Fuel cells are widely used as main electrical energy source or backup power for 
commercial, industrial, and residential buildings and in remote or inaccessible 
areas. They also find wide application in automobiles, buses, forklifts, airplanes, 
boats, motorcycles, and submarines. 

 

1. William Grove’s Fuel Cell  

In 1839, the operating principle of fuel cell was discovered by a German scientist 
Christian Friedrich Schonbein. His principle was improved into a practical shape by 
Sir William Robert Grove of Walsh by developing the first fuel cell prototype, 
namely gas voltaic cell, in February 1839.  

The schematic diagram of his fuel cell stack, as sketch by himself, is shown in 
Figure, which is very similar to the present phosphoric acid fuel cell.  

The above original fuel cell design was improved by W. Thomas Grubb in 1955 by 
using sulphonated polystyrene ion-exchange membrane as the electrolyte. In 
1991, the first hydrogen–oxygen fuel cell automobile was developed by Roger 
Billings. 



 

 

 

 

 

 

 

 

 

2. Hydrogen–Oxygen Fuel Cell  

This type of fuel cells was developed in 1960. As the electrolyte used for this 
device is aqueous alkaline solution such as potassium hydroxide, the procedure 
for electricity consumption is rather expensive.  

They were used in Apollo space programme for producing drinking water in 
addition to electricity. The operating efficiency of this fuel cell is higher of the 
order of 60%.  

Although they are inexpensive, their power output is low and the catalyst is 
degraded by the carbon dioxide present in the atmosphere. The basic 
construction and operating principle of the fuel cell is illustrated in Figure. 

 Hydrogen is continuously routed to anode electrode where it splits into proton 
ions (H+) and electrons (e−) on the catalyst layer by the anode reaction given by 
the Eq. (1).  

The electrons flow out through the external load circuit to generate electricity and 
reaches cathode electrode. The proton ions separated at anode by anode reaction 
move through potassium hydroxide (KOH) electrolyte to the cathode electrode, 
where oxidizer (oxygen or air) is continuously supplied.  

At the cathode, oxygen, electrons, and protons recombine to form water by 
cathode reaction given by the Eqs (2) and (3). 

Therefore, a fuel cell combines hydrogen and oxygen to produce electricity. Water 
is the only by-product of this cell.  

The theoretical open circuit voltage of hydrogen–oxygen fuel cell is 1.23 V at 25°C 
and considering internal voltage drop of fuel cell it reduces to about 1 V. It further 
reduces to value in between 0.5 to 0.8 under loaded condition. 

     Fig 5.18.  Sketch of William Grove‟s fuel cell  



 

 

 

 

 

 

 

 

 

 

 

 

EMF of Fuel Cell  

In hydrogen–oxygen fuel cell, hydrogen is the fuel and oxygen is the oxidant. 
Electrodes are porous and are connected to the load.  

At anode, the hydrogen fuel split into positive hydrogen ions and electrons as per 
the following chemical reaction:  

                  H2 → 2H+ + 2e−                                                                   (5)  

After flowing through the load circuit, electrons and hydrogen ions combine with 
oxygen at the cathode as per the following reaction:  

                   2H+ + 2e− + 1/2O2 → H2O                                                 (6)  

The overall cell reaction is given as follows:  

                   2H2 + O2 → H2O                                                                    (7)  

The oxidation product is water, which is removed from the cell. The input/output 
model of a fuel cell is shown in Figure.  

The energy change theoretically available from the fuel cell is ΔG, which is 
referred to as Gibbs free energy charge. 

Figure 5.19 - Hydrogen–oxygen fuel cell  



 

 

 

 

 

 

The ideal e.m.f. (E) of a fuel cell is given as follows.  

                          E = −∆G /23.06n volts 

Where ΔG = Gibbs free energy, kilocalories per gram mole = −56.7 kcal at 25°C. 

                n = the number of electrons transferred per molecule of fuel oxidized.  

The net amount of energy liberated is the change in enthalpy (ΔH)  

   ΔH = difference between the enthalpy of reactants and the enthalpy of products.    

        = 68.3 kcal  

Figure 5.20 -  Input/output model of a fuel cell 



 

5.5.6.TYPES OF FUEL CELLS: DESIGN  

 

A range of fuel cell designs using the necessary electrochemical conversion has 
been developed to meet different design or operating criteria.  

It includes the following performance criteria:  

1. Less expensive construction  

2. More efficient fuel utilization  

3. Faster start-ups  

4. Use of more convenient or less expensive fuels  

5. Achieving higher power outputs  

6. Operating temperatures  

7. Choice of catalyst  

8. Electrodes design  

Based on the above design specifications, large number of fuel cells have been 
developed and used for commercial applications. There are six major groups of 
fuel cells that are classified based on fuel and electrolyte used in fuel cells as 
mentioned in Table.  

Their operating temperature, costs, efficiency, and applications are different from 
each other. They all are, however, made up of three common segments that are 
sandwiched together and placed in a tank.  

They are as follows:  

1. Anode  

2. Electrolyte  

3. Cathode 



5.5.7.SCHEMATIC AND WORKING OF DIFFERENT TYPES OF 
FUEL CELL 

 

1. Alkali Fuel Cells  

Alkali fuel cell is shown in Figure 5.21. It operates on compressed hydrogen and 
oxygen. They use aqueous electrolytes of potassium hydroxide. They were some 
of the earliest practical cells developed in 1960 and were used in the Apollo space 
programme for producing drinking water and generating electrical power.  
Although they are inexpensive compared with PEM cells, operating efficiencies of  
60% are possible.  Unfortunately, they have a low power output, and the catalyst 
is prone to poisoning from carbon dioxide in the atmosphere. They require pure 
hydrogen as a fuels and expensive platinum electrode catalyst.  

Power output of these cell stacks ranges from about 300 W to 5 kW.  

A few salient features of alkaline cells are as follows:  

1. There is an excess of OH+ ions and these play a key role in the  

        reaction in cell. 

 2. At the anode, hydrogen gas reacts with OH+ ions, producing water 

        and releasing electrons.  

3. The electrons go round the external electrical circuit and reach the 

       cathode.  

4. At the cathode, they react with the oxygen and water, thereby 

        producing more OH+ ions. 

 

         Figure 5.21.  Alkali fuel cell  



5. The OH+ ions move through electrolyte and electrons move round the electric 
circuit.  

6. Water is produced at the anode twice as fast as it is used at the anode.  

Fuel cell reaction is given as follows:  

Anode reaction : 2H2 + 4OH+ → 4H2O + 4e−  

Cathode reaction : O2 + 2H2O + 4e− → 4OH+  

Cell reaction : 2H2 + O2 → 2H2O 

2. Molten Carbonate Fuel Cells  

Molten carbonate fuel cell (MCFC) is represented in Figure 5.22.  

It uses high-temperature compounds of salt (such as sodium or magnesium) 
carbonates (chemically, CO3) as the electrolyte.  

Efficiency ranges from 60% to 80%, and operating temperature is about 650°C. 

 1. When heated to about above temperature, these salts melt and become 
conductive to carbonate ions ( CO3 − ).  

2. These ions flow from the cathode to the anode.  

3. At anode, they combine with hydrogen to give electrons, carbon dioxide, 
and water.  

4. Electrons flow through external circuit and reaches to cathode.  

5. Therefore, electricity is generated and heat is produced.  

The chemical reaction taking place in the fuel cell is given as follows:  

Anode reaction : CO3 − + H2 → H2O + CO2 + 2e−  

Cathode reaction : CO2 + ½O2 + 2e− → CO3 −−  

Cell reaction : H2 (g) + ½ O2 (g) + CO2 (Cathode) → H2O (l) + CO2 (Anode) 

 

 

 

 

 

 

 

 

 

Fig 5.22 Molten Carbonate fuel cell 

 



Molten alkaline carbonate such as sodium bicarbonate is used as the electrolyte. 
The nickel electrode catalysts are inexpensive compared to the platinum used in 
other cells.  

Their unique chemistry needs carbon dioxide from the air as a part of the process. 
They can produce high powers up to 100 MW and can also be operated at high 
temperatures range of 650°C to 1,000°C.  

Because of their high working temperature, they can operate directly with 
hydrocarbon gases which are reformed that less expensive within the cell and do 
not need a separate hydrogen supply.  

They are not so expensive in production and hence can be used for commercial 
uses. They have an efficiency of about 45%–55%. 

 

 3. Phosphoric Acid Fuel Cells  

Phosphoric acid fuel cells (PAFC) shown in Figure 14.8 use phosphoric acid 
(H3PO4) as the electrolyte. The ionic conductivity of phosphoric acid is poor at 
low temperature.  

Other salient features are as follows:  

1. The charge carrier is hydrogen ions.  

2. At anode, hydrogen molecule is split into hydrogen ions (protons) and 
electrons.  

3. The electrons flow through external circuit and produce electric power.  

4. On the other hand, protons travel through electrolyte and combine with 
oxygen (usually from air) at the cathode.  

5. At cathode, water is released.  

6. Reactions in this fuel cell gives electricity and generate heat. In this cell, 
following chemical reaction takes place.  

At anode 2H2 → 4H + 4e− At cathode O2 + 4H+ + 4e− → 2H2O Cell 
reaction 2H2 + O2 → 2H2O 

 

Their name is derived from the high concentration phosphoric acid, which is used 
as the electrolyte material, and they became the first fuel cells to be sold 
commercially in the 1970s.  

The efficiency is in the range of 40%–80%, and they operate at temperatures up 
to 220°C. Unlike other fuel cells that operate at this temperature, they are not 
susceptible to small amounts of carbon dioxide impurities in the hydrogen fuel. 



  

 

 

 

 

 

 

 

Fig 5.23 Molten Carbonate fuel cell 

 

This makes them better suited for large-scale usage.  

The primary application of these fuel cells is power supply for individual buildings, 
such as small businesses, hospitals, nursing homes, hotels, schools, and utility. 

 Their advantages include high efficiency, low susceptibility to carbon dioxide 
poisoning, and stability over extended periods of time.  

The main disadvantage is that start-up is difficult because phosphoric acid is solid 
at room temperature but liquid at operating temperature. 

 

4. Proton Exchange Membrane Fuel Cells  

They have been in development since the 1960s and are available in the stack of 
output range of 50–250 kW and operating efficiency of 40%–50%.  

As they operate at about 100°C, they widely preferred fuel cell for the automobile 
industry and hand-held equipment's.  

Low operating temperature allows for much faster start-up time. Advantages 
include fast start-up, compact design, and easy sealing.  

The main disadvantage is that cogeneration is not beneficial at such a low 
operating temperature.  

In addition, platinum catalyst used on both sides of the membrane, however, 
increases the cost of fuel cells. Schematic arrangement of hydrogen–oxygen 
proton-exchange membrane fuel cell (PEMFC) is given in Figure 5.24.  

 

 



 

 

 

 

 

 

 

 

 

 

 

Fig 5.24 Proton Exchange Membrane Fuel Cells  

 

Its working principle can be understood as follows:  

1. Hydrogen is pumped to anode electrode where it diffuses to the 
anode catalyst and dissociates into protons and electrons.  

2. Oxygen is pumped into cathode from air for reaction with hydrogen. 

 3. Multi-facilitated proton membranes are created when protons react 
with oxidants. The protons are conducted through the membrane to the 
cathode.  

4. Electrically insulating property of membrane forced the electrons to 
flow through external load circuit and go to cathode.  

5. Oxygen molecules with electrons and protons to form water at 
cathode electrode.  

The chemical reaction of cell is as follows:  

At anode 2H2 → 4H+ + 4e−  

At cathode O2 + 4H+ + 4e− → 2H2O  

Cell reaction 2H2 + O2 → 2H2O 

 



5. Solid Oxide Fuel Cells  

Schematic arrangement of solid oxide fuel cells (SOFC) is shown in Figure 5.25.  

It uses calcium or zirconium oxide (hard ceramic compound of metal) as 
electrolyte and oxygen as charge carrier.  The oxygen from air joins with electrons 
in the cathode to create oxygen anions. The oxygen ions are transported through 
the solid electrolyte to the anode. At anode, the oxygen ions combine with 
hydrogen to create water and release electrons. The electrons go through the 
circuit to power the load and then go back to the cathode to restart the cycle.  

Advantages include high efficiency when combined with a turbine and a high 
tolerance to impurities in the fuel. Disadvantages include expensive materials and 
failure of seal materials at the high operating temperatures. They deliver power 
output up to about 100 kW at the operating efficiency of about 60%. They are 
used in big, high-power industrial applications and in large scale, central 
electricity-generating stations.  

Its working principle is explained as follows:  

1. Oxygen molecules from air are broken into oxygen ions with the addition of 
electrons at the cathode electrode.  

2. The oxygen ions are conducted through electrolytes and reach the anode.  

3. At anode, oxygen ion combines with hydrogen and electrons are released.  

4. Free electrons travel through external load circuit and produce electric power 
and heat.  

Chemical reaction taking place in fuel cell is given as follows:  

At anode 2H2 + 2O− → 2H2O + 4e−  

At cathode O2 + 4e− → 2O−  

Cell reaction 2H2 + O2 → H2O 

 

 

 

 

 

 

 

 

Fig 5.25 Solid Oxide Fuel Cell 



5.5.8. ADVANTAGES AND DISADVANTAGES OF FUEL CELL  

ADVANTAGES 

The main advantages of fuel cells are as follows:  

1. It is highly reliable, compact in size, light weight, long operational operating life 
and has no moving parts. 

 2. This has the lowest pollution rate (almost pollution-free) when compared to 
batteries and gasoline-powered devices.  

3. Efficiency of fuel cells are higher (60%–85%) as compared to battery, 
combustion engines, and other power-converting equipment.  

4. Modular installations are very flexible and can be used to match the load and 
increase reliability of the system.  

 

DISADVANTAGES  

 

The main disadvantages are as follows:  

1. High cost  

2. Less durability and bad infrastructure  

3. Available sources of fuel for fuel cells 

 

 



5.5.9. APPLICATIONS 

 

• Providing power for base stations or cell sites 

• Electric vehicles 

• Automobiles 

• Airplanes, boats, submarine systems 

• Distributed generation 

• Emergency power systems are a type of fuel cell system, which may include 
lighting, generators and other apparatus, to provide backup resources in a crisis 
or when regular systems fail. They find uses in a wide variety of settings from 
residential homes to hospitals, scientific laboratories, data centers 

• Telecommunication equipment and modern naval ships. 

• An uninterrupted power supply (UPS) provides emergency power and, depending 
on the topology, provide line regulation as well to connected equipment by 
supplying power from a separate source when utility power is not available. Unlike 
a standby generator, it can provide instant protection from a momentary power 
interruption. 

• Base load power plants 

• Solar Hydrogen Fuel Cell Water Heating 

• Hybrid vehicles, pairing the fuel cell with either an ICE or a battery. 

• Notebook computers for applications where AC charging may not be readily 
available. 

• Portable charging docks for small electronics (e.g. a belt clip that charges a cell 
phone or PDA). 

• Smartphones, laptops and tablets. 

• Small heating appliances 

• Food preservation, achieved by exhausting the oxygen and automatically 
maintaining oxygen exhaustion in a shipping container, containing, for example, 
fresh fish. 

• Breathalyzers, where the amount of voltage generated by a fuel cell is used to 
determine the concentration of fuel (alcohol) in the sample.  

• Carbon monoxide detector, electrochemical sensor. 

 



Video Links 

S.No Topic Link 

1. Tidal Power Generation https://www.youtube.com/watch?
v=VkTRcTyDSyk 

2. Fuel Cell https://www.youtube.com/watch?
v=imV_ufIzxPY 

3. Wave Power Generation https://www.youtube.com/watch?
v=gcStpg3i5V8 
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Assignments 

Draw the single line diagram for Hybrid energy (solar and 
portable wind) system that can be used in Indian Residential 
also give cost estimation for 1Kw Plant. 

Case study on Aqua Culture Problems related to Tidal Power 
plants and Methods to Improve it. 
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Question Bank 

PART-A 

 
S.No Question & Answers 

K 
Level 

CO 

1 

Define tides. 
Tides are periodic rises and falls of large bodies of water. 
Gravity is one major force that creates tides. Ocean tides result 
from the gravitational attraction of the sun and moon on the 
oceans of the earth. 

K1 C403.5 

2 

What is tidal energy? 
During the rising period of tides, water is stored in a water 
reservoir constructed behind dams on shore. The potential 
energy of stored water body is used to generate electrical 
energy similar to that in a conventional hydropower plant. For 
the tidal energy method to work effectively, the tidal difference 
(difference in the height of the high and low tides) should be at 
least 4m. 

K1 C403.5 

3 

Tell about Spring tides. 
Spring tides are especially strong tides that occur when the 
earth, the sun, and the moon are in a line. The gravitational 
forces of the moon and the sun both contribute to the tides. 
Spring tides occur during the full moon and the new moon. 

K1 C403.5 

4 

Tell about neap tides. 
Neap tides are especially weak tides. They occur when the 
gravitational forces of the moon and the sun are perpendicular 
to one another with respect to the earth. Neap tides occur 
during quarter moons.  

K1 C403.5 

5 
Give the classification of tidal power basin. 
Single basin system, and Two basin systems 

K1 C403.5 

6 
Give the classification of single basin system 
One way single basin system, Two way single basin 

K1 C403.5 

7 

Write any two advantages of Tidal energy system. 
It is an inexhaustible source of energy. 
It is an environment friendly energy and does not produce 
greenhouse effects. 

K1 C403.5 

64 



S.No Question & Answers 
K 

Level 
CO 

8 

Write any two disadvantages of Tidal energy system. 
Capital investment for construction of tidal power plant is 
high. 
Only a very few ideal locations for construction of plant are 
available and they too are localized to coastal regions. 
Unpredictable intensity of sea waves can cause damage to 
power generating units. 
Aquatic life is influenced adversely and can disrupt the 
migration of fish. 

K1 C403.5 

9 

Mention the devices that are used for wave energy 
generation. 
Terminator devices, Attenuator devices, point absorber and 
overtopping devices. 

K1 C403.5 

10 

List the advantages of wave energy. 
Sea waves have high energy densities and provide a 
consistent stream of electricity generation capacity. 
Wave energy is clean source of renewable energy with 
limited negative environmental impacts. 
It has no greenhouse gas emissions or water pollutants. 

K1 C403.5 

11 

List the disadvantages of wave energy. 
High construction costs. 
Marine life is disrupted and displaced. 
Damage to the devices from strong storms and corrosion 
create problems. 

K1 C403.5 

12 

What is Ocean thermal energy? 
The temperature difference between warm ocean surface 
water and deep sea cold water is used to generate 
electricity. This is similar to geothermal power generation 
where heat trapped in the earth surface is converted into 
electrical energy. 

K1 C403.5 

13 
Give the types of OTEC power plant. 
Land based and floating power plant. 

K1 C403.5 

14 
Name the components of Rankine cycle. 
Evaporator, turbine expander,   condenser, pump and 
working fluid. 

K1 C403.5 
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S.No Question & Answers 
K 

Level 
CO 

15 

Mention the properties for working fluid in OTEC power 
plant. 
Chemical stability and compatibility, Heat transfer 
coefficient, Flash point, Specific heat, Latent heat, Safety, 
environmental acceptability, Cost and availability. 

K1 C403.5 

16 

List the advantages of OTEC. 
Ocean thermal energy is a renewable, clean natural 
resource available in abundance. 
It is pollution-free and has no greenhouse effects. 
It is a good source of freshwater and portable water. 

K1 C403.5 

17 

List the disadvantages of OTEC. 
High cost, Complexity, Acceptability, Ecosystem damage 
and Lower efficiency. 

K1 C403.5 

18 

What is 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. A fuel cell consists of two 
electrodes, namely an anode and a cathode. 

K1 C403.5 

19 

What are the types of fuel cell? 
Alkali Fuel Cells, Molten Carbonate Fuel Cells, Phosphoric 
Acid Fuel Cells Proton Exchange Membrane Fuel Cells and 
Solid Oxide Fuel Cells 

K1 C403.5 

20 
What are the sources of overvoltage in a fuel cell? 
Mixed potential electrodes, Activation losses, Ohmic losses 
and Mass transport losses 

K1 C403.5 

21 

What is Mixed potential electrodes ? 
Unavoidable parasitic reactions, such as the crossover of fuel 
through the electrolyte from anode to cathode or vice versa, 
that tend to lower the equilibrium electrode potential are the 
primary cause of mixed potential at electrodes. 

K1 C403.5 

66 



S.No Question & Answers 
K 

Level 
CO 

22 

What is Activation Losses? 
Kinetics at the electrodes (such as sluggish oxygen reduction 
kinetics at the cathodes of polymer electrolyte and 
phosphoric acid fuel cells or sluggish methanol oxidation 
kinetics at the anode of a direct methanol fuel cell) are the 
main cause of activation losses and they are more 
pronounced at low current densities. 

K1 C403.5 

23 

What is Ohmic Losses? 
The resistance losses in the electrodes and electrolytes are 
the main causes of ohmic losses. Intermediate current 
densities largely increase losses. 

K1 C403.5 

24 

What is Mass Transport Losses? 
Mass transportation losses are highly pronounced at high 
current densities. They occur either by reacting diffusion in 
the electrode layers or by non-reacting diffusion in the gas 
diffusion layer.  

K1 C403.5 

25 

What are the advantages of fuel cell? 
It is highly reliable, compact in size, light weight, long 
operational operating life and has no moving parts. 
This has the lowest pollution rate (almost pollution-free) 
when compared to batteries and gasoline-powered devices.  
Efficiency of fuel cells are higher (60%–85%) as compared 
to battery, combustion engines, and other power-converting 
equipment.  

K1 C403.5 

26 
What are the disadvantages of fuel cell? 
High cost, Less durability and bad infrastructure, Available 
sources of fuel for fuel cells 

K1 C403.5 

27 

What are the applications of fuel cell? 
Providing power for base stations or cell sites 
Electric vehicles 
Automobiles 
Airplanes, boats, submarine systems 
Distributed generation 
Tele communication 
Hybrid Vehicles 

K1 
 

C403.5 
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Question Bank 

PART-B 

68 

S.No Question 
K 

Level 
CO 

1 Explain single basin system in tidal power plant. k2 C403.5 

2 Explain two basin system in tidal power plant. K1 C403.5 

3 Explain cooperating two basin system in tidal power plant. K2 C403.5 

4 
Discuss the advantages and disadvantages of tidal power 
plant. 

K1 C403.5 

5 Discuss about the motion in sea waves. K1 C403.5 

6 Determine power equation for Wave energy. K1 C403.5 

7 
Discuss about the energy harnessing devices in wave 
energy. 

K2 C403.5 

8 Explain the principle of operation OTEC K2 C403.5 

9 Explain the OTEC plants. k2 C403.5 

10 Explain open and closed cycle OTEC plants. k2 C403.5 

11 Write short notes hydrogen production and storage system. k2 C403.5 

12 
What is a fuel cell? Mention the basic principle of fuel cells 
with the reference to H2–O2 fuel cells. 

k2 C403.5 

13 
Explain the essential features of a hydrogen–oxygen cell. 
Draw a suitable diagram of this cell and give the reactions 
took place at the electrodes. 

k2 C403.5 

14 
Explain the principle and functioning of a typical fuel cell. 
What are the various reactions tried in experimental cells? 

k2 C403.5 



Supportive Online Courses 

S.No 
Course 

Conducted 
By 

Course Name Link 

1 
CED 
Engineering 

Renewable Energy 
from the Ocean 
 

https://www.cedengineering.com/co
urses/renewable-energy-from-the-
ocean 
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Real Time Applications 

Ultra-Small Water Power Generator 

https://www.youtube.com/watch?v=XjEgFlngZ04 
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Content Beyond the Syllabus 

 Blue Energy - Ocean Power (Piston Pump & Racks) 

 https://www.youtube.com/watch?v=fYfs-qYGzvs 

 Underwater Turbines 

 https://www.youtube.com/watch?v=CIYA6Jwwp4s 
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Prescribed Text and Reference Books: 

TEXT BOOKS: 

1. Joshua Earnest, Tore Wizeliu, „Wind Power Plants and Project 
Development‟, PHI Learning Pvt.Ltd, New Delhi, 2011. 

2. D.P.Kothari, K.C Singal, Rakesh Ranjan “Renewable Energy Sources and 
Emerging Technologies”, PHI Learning Pvt.Ltd, New Delhi, 2013. 

3. Scott Grinnell, “Renewable Energy & Sustainable Design”, CENGAGE 
Learning, USA, 2016. 
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2. Richard A. Dunlap,” Sustainable Energy” Cengage Learning India Private 
Limited, Delhi, 2015. 

3. Chetan Singh Solanki, “ Solar Photovoltaics : Fundamentals, Technologies 
and Applications”, PHI Learning Private Limited, New Delhi, 2011 
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Engineering  Applications in Sustainable Design and Development”, Cengage 
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