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OEE351 / RENEWABLE ENERGY SYSTEM 

 

UNIT I - INTRODUCTION  

Primary energy sources, renewable vs. non-renewable primary energy sources, renewable energy 

resources in India, Current usage of renewable energy sources in India, future potential of 

renewable energy in power production and development of renewable energy technologies. 

UNIT II - SOLAR ENERGY  

Solar Radiation and its measurements, Solar Thermal Energy Conversion from plate Solar 

Collectors, Concentrating Collectors and its Types, Efficiency and performance of collectors,. Direct 

Solar Electricity Conversion from Photovoltaic, types of solar cells and its application of battery 

charger, domestic lighting, street lighting, and water pumping, power generation schemes. Recent 

Advances in PV Applications: Building Integrated PV, Grid Connected PV Systems, 

UNIT III - WIND ENERGY 

Wind energy principles, wind site and its resource assessment, wind assessment, Factors 

influencing wind, wind turbine components, wind energy conversion systems (WECS), 

Classification of WECS devices, wind electric generating and control systems, characteristics and 

applications. 

UNIT IV - BIO-ENERGY  

Energy from biomass, Principle of biomass conversion technologies/process and their 

classification, Bio gas generation, types of biogas plants, selection of site for biogas plant, 

classification of biogas plants, Advantage and disadvantages of biogas generation, thermal 

gasification of biomass, biomass gasifies, Application of biomass and biogas plants and their 

economics. 

UNIT V - OTHER TYPES OF ENERGY  

Energy conversion from Hydrogen and Fuel cells, Geo thermal energy Resources, types of wells, 

methods of harnessing the energy, potential in India.OTEC, Principles utilization, setting of OTEC 

plants, thermodynamic cycles. Tidal and wave energy: Potential and conversion techniques, mini- 

hydel power plants and their economics. 

TOTAL: 45 PERIODS  

COURSE OUTCOMES: 

At the end of the course students will be able to: 

CO1: Attained knowledge about various renewable energy technologies 

CO2: Ability to understand and design a PV system. 

CO3: Understand the concept of various wind energy system. 

CO4: Gained knowledge about various possible hybrid energy systems 

CO5: Attained knowledge about various application of renewable energy technologies  

REFERENCES 

1. Twidell&Wier,‘Renewable Energy Resources’ CRC Press( Taylor & Francis). 

2. Tiwari and Ghosal/ Narosa,‘Renewable energy resources’. 

3. D.P.Kothari, K.C.Singhal,‘Renewable energy sources and emerging technologies’, P.H.I. 

4. D.S.Chauhan, S.K. Srivastava, ‘Non - Conventional Energy Resources’, New Age Publishers, 

2006. 

5. B.H.Khan, ‘Non - Conventional Energy Resources’, Tata McGraw Hill, 2006. 
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UNIT I 

INTRODUCTION 

“Primary energy sources, renewable vs. non-renewable primary energy sources, renewable energy 

resources in India, Current usage of renewable energy sources in India, future potential of renewable 

energy in power production and development of renewable energy technologies. 

 

Renewable energy refers to energy derived from sources that are naturally replenished and do 

not run out over a human lifetime. Common examples include wind, solar, geothermal, biomass, and 

hydropower. In contrast, non-renewable energy comes from finite resources, such as fossil fuels, 

which are exhaustible and take millions of years to form. The use of fossil fuels significantly impacts 

the environment, contributing to global warming and climate change. Renewable energy, on the other 

hand, is sustainable because it relies on inexhaustible resources. However, despite its numerous 

benefits, renewable energy has certain limitations, such as high initial costs, intermittency issues, 

storage challenges, and geographic constraints, which pose unavoidable hurdles to its widespread 

adoption. 

PRIMARY ENERGY SOURCES 

Primary energy sources are the raw materials used to generate energy. They are the foundation 

of the energy sector and are used to produce various forms of energy, including electricity, heat, and 

transportation fuels. Primary energy sources can be broadly classified into two categories: renewable 

and non-renewable. 

RENEWABLE Vs NON-RENEWABLE PRIMARY ENERGY SOURCES 

Non-Renewable Primary Energy Sources 

1. Coal: Coal is a fossil fuel that forms from the remains of plants that have been buried for millions of 

years. It is a major source of energy for electricity generation and industrial processes. 

2. Oil: Oil is a liquid fossil fuel that is used to produce gasoline, diesel, and other petroleum products. It 

is a major source of energy for transportation and industrial processes. 

3. Natural Gas: Natural gas is a fossil fuel that is composed primarily of methane. It is used to 

generate electricity, heat homes and businesses, and power industrial processes. 

4. Nuclear: Nuclear energy is generated by splitting atoms in a reactor to produce heat, which is then 

used to generate electricity. 

5. Uranium: Uranium is a radioactive metal that is used as fuel in nuclear reactors to generate 

electricity. 

Renewable Primary Energy Sources 

1. Solar Energy: Solar energy is generated by harnessing the energy from the sun's rays. It can be 

used to generate electricity, heat water, and power homes and businesses. 

2. Wind Energy: Wind energy is generated by harnessing the energy from wind using turbines. It is 

used to generate electricity and power homes and businesses. 

3. Hydro Energy: Hydro energy is generated by harnessing the energy from moving water, such as 

rivers and ocean tides. It is used to generate electricity and power homes and businesses. 

4. Geothermal Energy: Geothermal energy is generated by harnessing the heat from the earth's core. 

It is used to generate electricity and power homes and businesses. 

5. Biomass Energy: Biomass energy is generated by burning organic matter, such as wood and crops, 

to produce heat and electricity. 

Characteristics of Primary Energy Sources 

1. Energy Density: Energy density refers to the amount of energy that can be generated per unit of 

fuel. Fossil fuels have high energy density, while renewable energy sources have lower energy 

density. 

2. Availability: Availability refers to the amount of a primary energy source that is available for use. 

Fossil fuels are abundant, but their availability is decreasing over time. Renewable energy sources are 

becoming increasingly available. 

3. Cost: Cost refers to the expense of extracting, processing, and using a primary energy source. The 

lOMoARcPSD|60579798

JAIRUBAA COLLEGE OF ENGINEERING TIRUPPUR

https://www.studocu.com/in?utm_campaign=shared-document&utm_source=studocu-document&utm_medium=social_sharing&utm_content=842875050-oee351-renewable-energy-system-1


2 
 

cost of fossil fuels is decreasing over time, while the cost of renewable energy sources is decreasing 

rapidly. 

4. Environmental Impact: Environmental impact refers to the effects of using a primary energy source 

on the environment. Fossil fuels have a significant environmental impact, while renewable energy 

sources have a lower environmental impact. 

Benefits and Challenges of Primary Energy Sources 

1. Fossil Fuels: 

    - Benefits: abundant, high energy density, well-established infrastructure 

    - Challenges: decreasing availability, high environmental impact, contributing to climate change 

2. Renewable Energy Sources: 

    - Benefits: sustainable, low environmental impact, decreasing cost 

    - Challenges: intermittent energy supply, high upfront costs, infrastructure development needed 

Primary energy sources are the foundation of the energy sector, and their characteristics, 

benefits, and challenges must be carefully considered when developing energy policies and strategies. 

As the world transitions to a low-carbon economy, the role of renewable energy sources will become 

increasingly important, while the use of fossil fuels will need to be phased out to mitigate climate 

change. 

RENEWABLE ENERGY RESOURCES IN INDIA 

India, being a rapidly growing economy, faces the dual challenge of sustaining economic growth 

while addressing environmental concerns. Renewable energy plays a pivotal role in addressing energy 

security, reducing carbon emissions, and ensuring sustainable development. 

  Key facts about India’s renewable energy sector: 

1. Global Ranking: 

 India ranks 3rd globally in renewable energy capacity addition and is a leading market for 

solar and wind energy. 

2. Installed Capacity: 

 As of 2023, India's renewable energy installed capacity is over 125 GW, contributing more 

than 40% to the total energy mix. 

3. Ambitious Goals: 

 Target of achieving 500 GW of renewable energy capacity by 2030 as part of its commitment 

to the Paris Agreement. 

4. Solar and Wind Energy: 

 India is home to the world's largest solar park in Bhadla, Rajasthan, and has extensive 

wind energy installations, particularly in Tamil Nadu and Gujarat. 

5. Government Initiatives: 

 Programs like the National Solar Mission and KUSUM (Kisan Urja Suraksha evam Utthaan 

Mahabhiyan) Scheme promote renewable energy adoption in rural and urban areas. 

 

 Types of Renewable Energy Resources in India 

A. Solar Energy 

India is endowed with vast solar potential, receiving around 300 sunny days annually. Solar 

energy is a key focus for the government, contributing significantly to the renewable energy mix. 

Key projects & initiatives: 

 Jawaharlal Nehru National Solar Mission (JNNSM) – Launched in 2010, targeting 100 GW of 

solar capacity by 2022 (achieved ~60 GW). 

 Ultra Mega Solar Power Projects in states like Rajasthan, Gujarat, and Andhra Pradesh. 

 KUSUM Scheme – Promotes the use of solar pumps for irrigation. 

Current capacity: ~70 GW (including rooftop solar). 

Challenges: 

 High initial capital costs. 

 Storage and grid integration issues. 

 Land acquisition for large-scale solar farms. 
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B. Wind Energy 

India is one of the world leaders in wind energy, with vast potential in the coastal and southern 

regions. 

Key projects & initiatives: 

 National Wind-Solar Hybrid Policy – Promotes hybrid power projects to enhance efficiency. 

 Leading states: Tamil Nadu, Gujarat, Maharashtra, Karnataka, and Rajasthan. 

Current capacity: ~45 GW. 

Challenges: 

 Fluctuating wind patterns. 

 High maintenance costs for offshore wind farms. 

 Land use and environmental concerns. 

 

C. Biomass Energy 

India has a vast potential for biomass energy due to its large agricultural base. Biomass includes 

agricultural residues, forestry waste, and urban waste, which can be converted into energy through 

direct combustion or anaerobic digestion. 

Applications: 

 Power generation. 

 Production of biogas and biofuels. 

 Industrial heating. 

Current capacity: ~10 GW. 

Challenges: 

 Collection and transportation of biomass. 

 Seasonal availability of biomass. 

 Competing uses of biomass (e.g., fodder, compost). 

 

D. Hydropower 

Hydropower is one of the oldest renewable energy sources in India. It is classified into two 

categories: 

 Large Hydro (>25 MW capacity) 

 Small Hydro (<25 MW capacity) 

Key projects: 

 Bhakra Nangal Dam (Punjab, Himachal Pradesh) 

 Tehri Dam (Uttarakhand) 

 Sardar Sarovar Dam (Gujarat) 

Current capacity: ~50 GW (including large hydro). 

Challenges: 

 Displacement of communities. 

 Ecological impact on rivers and aquatic life. 

 High construction costs and long gestation periods. 

 

E. Geothermal Energy 

India‘s geothermal potential is mainly concentrated in regions like the Himalayas, Western 

Ghats, and certain parts of Gujarat. However, geothermal energy is still in the nascent stages of 

development. 

Key potential sites: 

 Puga Valley (Ladakh) 

 Manikaran (Himachal Pradesh) 

 Tattapani (Chhattisgarh) 

Challenges: 

 High exploration costs. 
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 Limited technological expertise in India. 

 

F. Ocean Energy 

India, with its long coastline of over 7,500 km, has significant potential for ocean energy, 

including tidal energy, wave energy, and ocean thermal energy conversion (OTEC). 

However, ocean energy development is still at an experimental stage. 

Challenges: 

 High costs and limited commercial viability. 

 Environmental concerns regarding marine life. 

 

3. Government Policies and Initiatives 

1. National Action Plan on Climate Change (NAPCC) – Comprising eight missions, including the 

National Solar Mission and National Mission on Enhanced Energy Efficiency. 

2. Renewable Energy Certificates (REC) – Promotes trading of renewable energy credits to ensure 

mandatory renewable purchase obligations (RPOs). 

3. Accelerated Depreciation and Generation-Based Incentives (GBI) – Encourages private sector 

investment in renewable energy. 

4. Faster Adoption and Manufacturing of Hybrid and Electric Vehicles (FAME) – Promotes the use of 

electric and hybrid vehicles to reduce fossil fuel dependency. 

 

Challenges in Renewable Energy Development 

 Intermittent nature of renewable energy sources like wind and solar. 

 Storage and grid integration issues due to fluctuating power supply. 

 Land acquisition problems for large-scale projects. 

 High initial investment costs, though declining with technological advancements. 

 Regulatory and policy hurdles across different states. 

 

Future Prospects 

India has set ambitious renewable energy targets for 2030: 

 Achieving 500 GW of non-fossil fuel capacity. 

 Increasing the share of renewable energy in the total energy mix to 50%. 

 Promoting green hydrogen as an alternative fuel. 

 Scaling up investments in energy storage technologies like batteries and pumped hydro. 
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CURRENT USAGE OF RENEWABLE ENERGY SOURCES IN INDIA 

India is the world's third-largest consumer of electricity and the third-largest renewable energy producer 

globally. India has reached a significant milestone in its renewable energy journey, with the country's total 

renewable energy capacity crossing the 200 GW (gigawatt). This remarkable growth aligns with the country's 

ambitious renewable energy target of achieving 500 GW from non-fossil sources by 2030. As of October 2024, 

46.3% of India's total energy capacity (203.18 GW out of 452.69 GW) comes from renewable sources.  

Ernst & Young's (EY) 2021 Renewable Energy Country Attractiveness Index (RECAI) ranked India third, 

behind the USA and China. For the fiscal year 2023-24, India plans to issue 50 GW tenders for wind, solar, and 

hybrid projects. The country has set an ambitious goal of achieving 500 GW renewable energy capacity by 

2030. 

1. Solar Energy 

Overview: 

Solar energy has emerged as a key pillar of India‘s renewable energy sector. With abundant sunlight available 

throughout the year, India has significant potential for solar power generation. 

Installed Capacity: 

 As of October 2024, India has installed over 70 GW of solar capacity. 

 This includes large-scale solar parks, rooftop solar installations, and off-grid applications. 

Major Projects: 

 Bhadla Solar Park, Rajasthan: The world's largest solar park with a capacity of over 2.25 GW. 

 Pavagada Solar Park, Karnataka: Spanning over 13,000 acres. 

Government Initiatives: 

 National Solar Mission: Targeting 100 GW of solar capacity. 

 PM-KUSUM Scheme: Promoting solar-powered irrigation and off-grid solar systems. 

Challenges: 

 High initial costs for infrastructure and technology. 

 Need for advancements in energy storage systems. 

2. Wind Energy 

Overview: 

India‘s geographic location and coastline provide favorable conditions for wind energy production, making it the 

second-largest contributor to the renewable energy mix. 

Installed Capacity: 

 Over 42 GW of wind energy capacity as of October 2024. 

 Key states include Tamil Nadu, Gujarat, Maharashtra, Karnataka, and Rajasthan. 

Offshore Potential: 

 Promising sites in the Arabian Sea and the Bay of Bengal. 

 Projects like the Gujarat Offshore Wind Project are under development. 

Challenges: 

 Resource variability and infrastructure requirements. 

 Land acquisition and environmental concerns. 

3. Hydropower 

Overview: 

Hydropower remains a significant contributor to India‘s energy mix, especially for peak load management. 

Installed Capacity: 

 Approximately 47 GW, contributing 12% to the total energy mix. 

 Includes large hydropower projects (>25 MW) and small hydropower projects (<25 MW). 

Major Projects: 

 Tehri Dam, Uttarakhand: Multi-purpose dam for power generation and irrigation. 

 Bhakra Nangal Dam, Punjab/Himachal Pradesh: One of India‘s oldest and largest dams. 

Challenges: 

 Displacement of communities and ecological impacts. 
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 High costs and long gestation periods. 

4. Biomass Energy 

Overview: 

Biomass energy harnesses organic material, including agricultural and forestry waste, for energy production. 

Installed Capacity: 

 Over 10 GW, primarily through biomass power plants and bagasse-based cogeneration. 

Applications: 

 Rural electrification, cooking fuel, and industrial heating. 

Challenges: 

 Logistics of biomass collection and transportation. 

 Inefficiencies in small-scale combustion systems. 

5. Geothermal Energy 

Overview: 

Geothermal energy is still at a nascent stage in India but holds potential for localized energy production. 

Potential Sites: 

 Puga Valley, Ladakh: Identified as a promising site for geothermal energy development. 

Challenges: 

 High costs of exploration and drilling. 

 Limited technological advancements in the sector. 

6. Tidal Energy 

Overview: 

Tidal energy is another emerging source, with potential in coastal regions. 

Potential Sites: 

 Gulf of Kutch and Sundarbans have been identified as promising locations. 

Challenges: 

 High installation and maintenance costs. 

 Environmental concerns related to marine ecosystems. 

India‘s renewable energy sector is rapidly growing, with significant contributions from solar, wind, hydropower, 

biomass, and emerging sources like geothermal and tidal energy. Achieving the ambitious target of 500 GW 

renewable energy capacity by 2030 requires overcoming technological, financial, and infrastructural challenges, 

alongside sustained policy support and international collaborations. 

 

The top 5 states in India in terms of renewable energy installed capacity (as of March 31, 2024) are: 

1. Rajasthan: 29.98 GW 

o Rajasthan enjoys abundant sunshine, making it an ideal location for solar power plants. The 

state has aggressively pursued solar energy development, resulting in a large installed capacity. 

2. Gujarat: 29.52 GW 

o Gujarat has a strong focus on both solar and wind energy. It boasts several large-scale solar 

parks and wind farms, contributing significantly to its renewable energy capacity. 

3. Tamil Nadu: 23.70 GW 

o Tamil Nadu has a long history of wind power generation, benefiting from its coastal location and 

favorable wind conditions. 

4. Karnataka: 22.37 GW 

o Karnataka has a diverse renewable energy portfolio, with a significant presence of both solar and 

wind power projects. 

5. Maharashtra: 16.10 GW 

o Maharashtra has a growing renewable energy sector, driven by a combination of solar and wind 

power installations. 

Key Factors Contributing to High Renewable Energy Capacity: 

 Favorable Natural Resources: Abundant sunshine, strong wind resources, and availability of land for 

large-scale projects. 
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 Government Policies: Supportive policies and incentives, such as feed-in tariffs, subsidies, and land 

allocation, have encouraged private investment in renewable energy. 

 Technological Advancements: Improvements in solar panel efficiency and wind turbine technology have 

made renewable energy more cost-effective. 

 

FUTURE POTENTIAL OF RENEWABLE ENERGY IN POWER PRODUCTION AND DEVELOPMENT OF 

RENEWABLE ENERGY TECHNOLOGIES. 

FUTURE POTENTIAL OF RENEWABLE ENERGY IN POWER PRODUCTION 

1. Rapid Growth in Energy Demand: 

o As global energy demand increases, renewable energy is positioned to play a crucial role in 

meeting this demand sustainably. 

o Electrification of transportation, industry, and heating sectors will boost the need for renewable 

electricity. 

2. Decarbonization Goals: 

o Many countries have committed to net-zero emissions, necessitating a large-scale transition to 

renewable energy sources like solar, wind, hydropower, geothermal, and bioenergy. 

3. Cost Competitiveness: 

o The cost of renewable energy technologies (e.g., solar PV, wind turbines) has decreased 

significantly, making them more economically viable compared to fossil fuels. 

4. Energy Independence and Security: 

o Investing in renewables reduces dependency on imported fuels, enhancing energy security for 

nations. 

5. Integration with Energy Storage: 

o Advancements in energy storage systems (e.g., lithium-ion batteries, flow batteries) enable 

reliable power supply despite the intermittency of renewables. 

6. Distributed Generation: 

o Decentralized energy systems, such as rooftop solar panels and community wind farms, 

empower local communities and reduce transmission losses. 

 

Development of Renewable Energy Technologies 

The development of renewable energy technologies is at the forefront of efforts to combat climate 

change, improve energy access, and transition to a sustainable energy future. Significant advancements in 

various renewable energy technologies have enhanced their efficiency, scalability, and affordability. Here is a 

detailed look at the progress and innovations across key renewable energy domains: 

 

1. Solar Energy Technologies 

o Perovskite Solar Cells: These next-generation solar cells promise higher efficiency and lower 

production costs compared to traditional silicon-based cells. They are lightweight, flexible, and 

can be used in diverse applications. 

o Bifacial Solar Panels: These panels can capture sunlight on both sides, increasing energy 

output and efficiency. 

o Floating Solar Farms: Deployed on water bodies, these systems maximize land use, reduce 

water evaporation, and operate at cooler temperatures for higher efficiency. 

o Building-Integrated Photovoltaics (BIPV): Solar panels are integrated into building materials 

like windows, facades, and roofs, combining aesthetics with functionality. 

 

2. Wind Energy Technologies 
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o Offshore Wind Turbines: Larger turbines with capacities exceeding 15 MW are being deployed 

offshore, where wind speeds are higher and more consistent. Floating turbines allow deeper 

water installations. 

o Smart Turbines: Incorporating AI and IoT, smart turbines optimize performance by adjusting 

blade angles and rotation speeds in real-time based on wind conditions. 

o Modular and Recyclable Blades: New designs focus on sustainability, with modular 

components for easier transport and fully recyclable materials to reduce environmental impact. 

 

3. Hydropower Technologies 

o Pumped Storage Systems: These systems act as large-scale batteries, storing excess energy 

by pumping water uphill and generating electricity during peak demand by releasing it downhill. 

o Run-of-River Systems: These generate power with minimal disruption to river ecosystems, 

offering a low-impact alternative to large dams. 

o Turbine Upgrades: Modern turbines with higher efficiency and lower ecological impacts are 

being developed for existing and new plants. 

 

4. Bioenergy Technologies 

o Second-Generation Biofuels: Produced from non-food biomass like agricultural residues, 

lignocellulosic materials, and algae, these biofuels reduce competition with food crops. 

o Anaerobic Digesters: Advanced systems efficiently convert organic waste into biogas and 

nutrient-rich slurry, offering solutions for waste management and energy generation. 

o Biomass Gasification: Converting biomass into syngas provides a cleaner and more versatile 

energy source for power and industrial use. 

 

5. Geothermal Energy Technologies 

o Enhanced Geothermal Systems (EGS): EGS involves artificially enhancing geothermal 

reservoirs by injecting water into hot rocks, enabling power generation in locations without 

natural geothermal sources. 

o Hybrid Systems: Combining geothermal with solar or biomass enhances overall system 

efficiency and reliability. 

o Direct-Use Applications: Geothermal heat is increasingly being used for district heating, 

greenhouse cultivation, and industrial processes. 

 

6. Energy Storage and Integration 

o Battery Storage: Lithium-ion batteries dominate, but alternatives like solid-state batteries, flow 

batteries, and sodium-ion batteries are emerging for higher capacity and safety. 

o Hydrogen Storage: Excess renewable energy is used to produce green hydrogen, which can be 

stored and utilized for energy or industrial applications. 

o Gravity-Based Storage: Innovative systems use gravitational potential energy to store and 

release electricity, offering an alternative to chemical batteries. 

o Smart Grids and Microgrids: AI and IoT technologies enable dynamic energy management, 

integrating diverse renewable sources into the grid efficiently. 

 

7. Marine Energy Technologies 

 Advancements: 

o Tidal Power: New designs for tidal turbines and barrages improve energy capture while 

minimizing ecological impact. 

o Wave Energy: Floating devices and oscillating water columns are being developed to harness 

ocean wave energy. 

o Ocean Thermal Energy Conversion (OTEC): This technology utilizes temperature differences 

between surface and deep ocean water to generate electricity. 
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8. Cross-Cutting Innovations 

 Digitalization: AI, machine learning, and big data analytics optimize renewable energy systems, from 

predicting energy demand to improving maintenance schedules. 

 Recyclable Materials: Efforts are being made to reduce waste in renewable energy technologies by 

developing fully recyclable components, particularly for solar panels and wind turbine blades. 

 Modular and Scalable Designs: Modular designs for wind and solar farms enable quicker installation 

and adaptation to different scales. 

 

Challenges and Opportunities 

1. Challenges: 

o Intermittency of solar and wind resources. 

o High upfront costs for some technologies. 

o Land use and environmental concerns. 

2. Opportunities: 

o Global collaboration on research and development. 

o Financial incentives, carbon pricing, and green financing models. 

o Public-private partnerships to accelerate deployment. 

 

The future of renewable energy is bright, with the potential to transform the global energy landscape. Continued 

innovation, supportive policies, and sustainable practices will drive the sector forward. 
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UNIT II 

SOLAR ENERGY 

Solar Radiation and its measurements, Solar Thermal Energy Conversion from plate Solar Collectors, 

Concentrating Collectors and its Types, Efficiency and performance of collectors,. Direct Solar Electricity 

Conversion from Photovoltaic, types of solar cells and its application of battery charger, domestic lighting, street 

lighting, and water pumping, power generation schemes. Recent Advances in PV Applications: Building 

Integrated PV, Grid Connected PV Systems. 

==================================================================================== 

SOLAR RADIATION 

Solar radiation refers to the energy emitted by the sun, which reaches the Earth in the form of 

electromagnetic radiation. This radiation is essential for life on earth, influencing climate, weather, and energy 

systems. Solar radiation can be categorized into different types based on wavelength, including ultraviolet (UV), 

visible light, and infrared radiation.Some factors such as time of day, latitude, season, cloud cover, weather 

conditions and altitude which will affect the solar radiation. 

RADIATION MEASUREMENT  

The amount of solar radiation on the earth surface can be instrumentally measured, and precise 

measurements are important for providing background solar data for solar energy conversion applications.Solar 

radiation can be measured by Watt per square meter (W/m²) and Langley (Ly).  

There are two important types of instruments to measure solar radiation:  

 Pyrheliometer 

 Pyranometer 

 

Pyrheliometer is a device used for measuring direct beam radiation at normal incidence. Its outer structure 

looks like a long tube, projecting the image of a telescope and we have to point the lens to the sun to measure 

the radiance. 

 
 

Pyrheliometer 

Measurement and working of solar radiation by Pyrheliometer 

The lens is pointed towards the sun and the radiation will pass through the lens, hollow tube and at the 

end falls on to the black object present at the bottom. In the circuit, it can be seen that the black body absorbs 

the radiation falling from the lens and a perfect black body completely absorbs any radiation falling on it, so the 

radiation falling into the tube gets absorbed by the black object entirely. Once the radiation gets absorbed the 

atoms in the body gets excited because of the increasing temperature of the entire body.  
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This temperature increase will also be experienced by the thermocouple junction ‗A‗. Now with junction 

‗A‗ of the thermocouple at high temperature and junction ‗B‗ at low temperature, a current flow takes place in 

its loop.(Thermocouple action) This current in the loop will also flow through the galvanometer which is in series 

and thereby causing a deviation in it. This deviation is proportional to current, which in turn is proportional to 

temperature difference at junctions. The deviation in the galvanometer can be reduced by adjusting the rheostat 

to change the current in the Metal conductor. 

Now by adjusting the rheostat until the galvanometer deviation becomes completely void. Once this 

happens we can obtain voltage and current readings from the meters and do a simple calculation to determine 

the heat absorbed by the black body. This calculated value can be used to determine the radiation, as heat 

generated by the black body is directly proportional to the radiation. 

Deviation∞ current in loop ∞ temperature difference at junctions 

Pyranometer working and Construction  

Pyranometer is a device that can be used to measure both beam radiation and diffused radiation. In 

other words, it is used to measure total hemispherical radiation (beam plus diffuse on a horizontal surface). The 

device looks like a saucer which is the best shape suited for its purpose. This device is more popular than the 

others and most of the solar resource data nowadays are measured using it. The original picture and internal 

structure of the Pyranometer is shown in Fig. 

 
 

Pyrometer 

Here the radiation from the surrounding atmosphere passes through the glass dome and falls onto the 

blackbody situated at the centre of the instrument. The temperature of the body rises after absorbing all the 

radiation and this rise will also be experienced by the Thermocouple chain or Thermocouple module present 

directly beneath the blackbody. So one side of the module will be hot and another will be cold because of the 

heat sink. The thermocouple module generates a voltage and this can be seen at the output terminals. This 

voltage received at the output terminals is directly proportional to temperature difference according to the 

principle of a thermocouple.  

Since we know that the temperature difference is related to radiation absorbed by the black body, we 

can say the output voltage is linearly proportional to the radiation. Similar to the previous calculation, the value 

of total radiation can be easily obtained from this voltage value. Also by using the shade and following the same 
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procedure, we can also obtain the diffused radiation. With total radiation and diffused radiation value, beam 

radiation value can also be calculated. 

SOLAR THERMAL ENERGY CONVERSION FROM PLATE SOLAR COLLECTORS 

Plate solar collectors are one of the most common types of solar thermal collectors used to convert solar 

energy into heat. This technology is widely used in domestic, commercial, and industrial applications for space 

heating, hot water production, and even for powering industrial processes. 

Basic Working Principle of Plate Solar Collectors: 

A plate solar collector works by absorbing solar radiation and converting it into heat. This heat is then 

transferred to a working fluid, which could be water or a mixture of water and antifreeze, circulating through the 

collector.  

 
 

The basic components of a plate solar collector are: 

 Absorber Plate: The flat, typically black plate made of materials with high thermal conductivity (e.g., 

copper or aluminum) that absorbs solar radiation. 

 Glazing: Transparent cover(s), usually made of glass or plastic, placed above the absorber plate to 

reduce heat loss due to convection and radiation. 

 Insulation: Material placed beneath the absorber plate to minimize heat loss to the environment. 

 Fluid Circuit: A network of pipes through which the heat transfers fluid circulates and carries the 

absorbed heat away from the collector. 

 Housing: The frame that encloses the collector, ensuring its structure and proper sealing. 

The fluid in the collector is heated as it absorbs the energy from the absorber plate. This heated fluid is then 

pumped through a system (such as a heat exchanger or storage tank) where the heat is transferred for use, 

either for direct heating or for storage. 

Types of Plate Solar Collectors: 

 Flat-Plate Collectors: This is most common type of solar thermal collectors, characterized by a large, 

flat absorber plate with a transparent cover (glazing).These collectors are cost-effective and easy to 

manufacture, making them suitable for domestic and commercial applications for hot water production 

and space heating. 

 Evacuated Tube Collectors:These consist of multiple glass tubes with a vacuum inside, which 

insulates the absorber. They are more efficient than flat-plate collectors, especially in colder climates, as 

they reduce heat loss due to the vacuum between the tube layers. 

Solar Thermal Energy Conversion Process: 

 Absorption of Solar Energy:Solar radiation strikes the absorber plate, which absorbs the energy and 

heats up.The blackened surface of the absorber plate is designed to absorb the maximum amount of 

sunlight. 

 Heat Transfer to Fluid:The heated absorber plate transfers the thermal energy to the heat transfer 

fluid (water or antifreeze) circulating through the collector. The heat is transferred through convection 

and conduction within the fluid. 

 Heat Transfer to the Storage Tank:The heated fluid is transported through insulated pipes to a 

storage tank, where the heat is stored for later use.In some systems, a heat exchanger is used in the 
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storage tank to transfer heat from the circulating fluid to a secondary water system (for example, for 

domestic hot water). 

 Thermal Output:The heated fluid can then be used for various applications, such as providing hot water 

for households, space heating, or in industrial processes.In some cases, the heat may be stored for later 

use, especially in cases where the solar radiation is intermittent (e.g., nighttime or cloudy days). 

Applications of Plate Solar Collectors: 

 Domestic Hot Water: Plate solar collectors are widely used in residential applications to provide hot 

water for bathing, cooking, and cleaning. 

 Space Heating: Solar thermal collectors can be integrated with heating systems in homes or buildings 

to provide space heating during cooler months. 

 Industrial Heating: Plate solar collectors can be used in industries for processes that require low- to 

medium-temperature heat, such as in food processing, textile manufacturing, or desalination. 

 Pool Heating: Solar collectors can be used to heat swimming pools by circulating pool water through 

the collectors, utilizing solar heat. 

Advantages and Disadvantages of Plate Solar Collectors: 

Advantages: 

 Once installed, the cost of maintaining and operating solar thermal systems is relatively low. 

 Solar thermal energy is clean, renewable, and does not emit greenhouse gases. 

 Systems can be sized according to the specific energy needs, whether for residential, commercial, or 

industrial use. 

Disadvantages: 

 Installation of solar thermal systems can require a significant upfront investment. 

 Performance is affected by weather conditions and sunlight availability. 

 To maximize efficiency, storage tanks are needed to store heat for use when the sun is not shining, 

adding complexity and cost to the system. 

 

CONCENTRATING COLLECTORS are devices designed to focus or concentrate solar energy to achieve 

higher temperatures. This is essential in solar thermal power generation, where the heat gathered is used for 

various purposes, such as electricity generation, water heating, or industrial heating. Concentrating collectors 

are commonly used in large-scale solar power plants, and they work by collecting sunlight over a large area and 

then concentrating it onto a smaller area to achieve a higher intensity of solar radiation. 

TYPES OF CONCENTRATING SOLAR COLLECTORS 

Primarily there are four types of concentrating solar collectors, which are: 

 Parabolic trough collector 

 Power tower receiver 

 Parabolic dish collector 

 Fresnel lens collector. 

Parabolic Trough Collector 

A parabolic trough comprises a linear parabolic reflector that concentrates sunlight on a receiver that is 

positioned along the focal line of the reflector. The receiver is a tube placed directly over the middle of the 

parabolic mirror and filled with a working fluid. The heat absorbed by the working fluid transfers to water for 

producing steam. The focus of solar radiation changes with the change in the Sun‘s elevation. The reflector 

keeps following the sun during the day by tracking along a single axis. A working fluid (e.g., molten salt is 

heated between 150 and 350°C (302–662°F) as it flows through the receiver and is then used as a source of 

heat for generating electricity. Among all the concentrated solar collectors, trough systems are the most 

developed technology.  
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Solar Power Tower 

  In this collector, the receiver is located at the top of the tower. It has a large number of independently-

moving flat mirrors (heliostats) spread over a large area of ground to focus the reflected solar radiations on the 

receiver. The heliostats are installed all around the central tower. Each heliostat is rotated into two directions so 

as to track the sun. The solar radiations reflected from heliostats are absorbed by the receiver mounted on a 

tower of about 500 m height. The tower supports a bundle of vertical tubes containing the working fluid. The 

working fluid in the absorber receiver is converted into the high-temperature steam of about 600oC – 700oC. 

This steam is supplied to a conventional steam power plant coupled to an electric generator to generate electric 

power.  

 

 

 
 

Fresnel Reflectors 

Fresnel reflectors contain many thin, flat mirror strips to concentrate sunlight on tubes through which 

working fluid is pumped. Flat mirrors accommodate more reflective surfaces in the same amount of space than 

a parabolic reflector. They capture more available sunlight and also much cheaper than parabolic reflectors. 

Fresnel reflectors can be used in various sizes of CSPs.Fresnel reflectors are often said to be a technology with 

the lowest output than other methods.Some new models of Fresnel reflectors with ray tracing capacity have 

recently been tested and initially proved to provide higher output than the standard version. 
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Parabolic Dish Collector 

In these collectors, the receiver is placed at the focal point of the concentrator. The solar beam 

radiations are focused at a point where the receiver (absorber) is placed. The solar radiations are collected in 

the receiver.   A small volume of fluid is heated in the receiver to a high temperature. This heat is used to run a 

prime mover coupled with a generator.  A typical parabolic dish collector has a dish of 6 m diameter. This 

collector requires two-axis tracking. It can yield temperatures up to 3000⁰C.  Due to the limitations of size and 

the small quantity of fluid, dish type solar collectors are suitable for only small power generation (up to few kW).  

 
 

 

 

Advantages of Concentrated Solar Collectors 

 Zero Fuel Cost: Concentrated solar collectors do not need any fuel like most other renewable 

energy sources.  

 Can Produce Both Electricity and Heat: Concentrating solar collectors deliver heat at a much higher 

temperature. Due to higher temperatures, it is possible for the power generation equipment to generate 

both electricity and heat. 

 Round-the-Clock Availability of Electricity: Concentrated solar collectors make it possible to produce 

electricity 24-hours a day by storing the energy. Other forms of Renewable energy, like wind energy, are 

intermittent. 

 No Carbon Emission: Concentrated solar collectors do not cause any carbon emission, which is a 

great advantage.  

 Job Creation: Concentrated solar power production can create more permanent jobs and boost the 

economy as compared to other types of renewable energy resources.  

 Economy of Scale: The effects of a significant economy of scale can be observed when shifting to 

large a concentrating system, which makes the technology cost-effective. 

Disadvantages of Concentrated Solar Collectors 

 High Costs: The average production cost of concentrated solar thermal energy is much higher than 

other renewable resources.  

 Future Technologies can potentially make CSP obsolete: Solar energy is witnessing new 

innovations quite frequently. Companies all over the world are experimenting to find more efficient and 

cost-effective ways to produce solar energy by making technological breakthroughs.  

 May Aggravate Water Shortage: CSP plants use significant amounts of water, and that may pose a 

major problem in dry regions.  

 Environmental Issue: Using massive arrays of mirrors may negatively impact the wildlife in the dry 

regions, especially endangering the rare species.  

 

EFFICIENCY AND PERFORMANCE OF SOLAR COLLECTORS 

It is mainly concentrating collectors; depend on several factors, including the design of the collector, the 

materials used, the quality of the solar resource, and the operating conditions. These factors determine how 

effectively the collector can convert sunlight into useful heat. 
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Efficiency of Solar Collectors 

Efficiency is defined as the ratio of the useful energy output from the collector (the energy that is 

absorbed and 

delivered as heat) to the total solar energy incident on the collector's surface. 

Factors Affecting Efficiency: 

 Optical Efficiency: This refers to how well the collector reflects and concentrates the incoming solar 

radiation. It is influenced by the quality of mirrors, lenses, or other optical elements and the design of the 

collector. 

 Thermal Efficiency: This is the ability of the collector to capture and retain heat. It depends on the 

quality of the heat transfer fluid, the insulation of the collector, and how effectively the heat is transferred 

from the receiver to the working fluid. 

 Heat Loss: Energy losses occur due to convection, conduction, and radiation. The rate of heat loss 

increases with higher temperatures, so collectors working at higher temperatures (such as those in 

concentrating systems) need to minimize these losses. 

 Tracking: Tracking systems, which keep the collector oriented towards the sun, can significantly 

improve efficiency compared to fixed collectors. Tracking allows for a better capture of solar radiation 

throughout the day. 

 Temperature Difference: The greater the temperature difference between the collector and the 

environment, the more heat loss occurs, which can reduce efficiency. 

Performance of Concentrating Collectors 

The performance of a concentrating collector depends on how well it can focus sunlight onto the 

receiver and how efficiently it converts and transfers that heat. Key parameters include: 

Thermal Output 

 Concentration Ratio: This is the ratio of the area of the collector to the area of the receiver. A higher 

concentration ratio leads to higher temperatures but may also increase the difficulty in managing heat 

losses and thermal stresses. 

 Temperature Gain: Concentrating collectors can achieve higher temperatures than non-concentrating 

collectors. For example, parabolic troughs can achieve temperatures of up to 400°C, while dish 

concentrators can reach temperatures above 1000°C. 

 Energy Output: The thermal energy output of a collector is influenced by the solar radiation it receives 

and the efficiency with which it converts that energy into heat. The total energy output is typically 

measured in kWh or MJ over a specific period. 

Efficiency and Performance Comparison by Collector Type 

Collector Type 

Typical 

Efficiency 

Range 

Temperature 

Range 
Features 

Parabolic Trough  

Collectors 
50% - 70% 150°C - 400°C 

Efficient for large-scale power generation. High 

optical and thermal efficiency. 

Central Receiver 

 (Heliostat) Systems 
60% - 80% 400°C - 1000°C 

High-temperature operation; uses a field of 

mirrors to focus sunlight onto a central receiver. 

Parabolic Dish 

Collectors 
60% - 85% 500°C - 1000°C 

Very high concentration, typically used for small-

scale applications. Can achieve the highest 

temperatures. 

Fresnel Reflectors 50% - 70% 200°C - 500°C 

Similar to parabolic troughs but lighter and 

cheaper to manufacture. Lower efficiency than 

troughs. 

CPC (Compound 

Parabolic Concentrators) 
40% - 60% 100°C - 200°C 

Non-tracking, simple, cost-effective collectors. 

Used for low- to medium-temperature 

applications. 
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Factors Affecting the Performance of Collectors 

Solar Resource Availability 

 The intensity of sunlight in the region (solar irradiance) directly affects the performance of solar 

collectors. Regions with higher solar irradiance will yield better performance from concentrating 

collectors. 

Collector Orientation and Tracking 

 Fixed vs. Tracking: Tracking collectors follow the sun's movement across the sky, which increases the 

amount of sunlight captured and improves performance. For example, parabolic troughs and dishes with 

2-axis tracking systems generally achieve higher performance than those with fixed positioning. 

 Single-Axis vs. Dual-Axis Tracking: Dual-axis tracking collectors can follow the sun in both horizontal 

and vertical directions, improving energy capture compared to single-axis tracking systems, which only 

track the sun in one direction. 

Temperature and Heat Loss 

 Operational Temperature: Higher operational temperatures tend to decrease the efficiency of a 

collector due to increased heat losses. However, concentrating collectors are designed to operate at 

higher temperatures, and the efficiency of the system can be optimized by using high-quality insulation 

and heat transfer fluids. 

 Heat Transfer Fluid (HTF): The type of fluid used to absorb and transfer heat also affects performance. 

Common HTFs include water, oils, molten salts, and synthetic fluids. The HTF needs to have good 

thermal properties (high specific heat, low viscosity) and stability at high temperatures. 

Maintenance and Durability 

 The longevity and performance of a collector are influenced by its construction and maintenance. 

Regular cleaning of mirrors or lenses, proper inspection, and maintenance of the mechanical 

components (like tracking systems) are essential to ensure consistent performance. 

 

DIRECT SOLAR ELECTRICITY CONVERSION FROM PHOTOVOLTAIC (PV) 

Photovoltaic (PV) technology converts sunlight directly into electricity through a process known as the 

photoelectric effect. In this process, solar radiation is absorbed by semiconductor materials (like silicon), 

generating electric current.  

Photovoltaic cell concepts: Layers of a PV Cell  

A photovoltaic cell is comprised of many layers of materials, each with a specific purpose. The most 

important layer of a photovoltaic cell is the specially treated semiconductor layer. It is comprised of two distinct 

layers of p-type and n-type, and is what actually converts the Sun's energy into useful electricity through a 

process called the photovoltaic effect. On either side of the semiconductor is a layer of conducting material 

which "collects" the electricity produced. Note that the backside or shaded side of the cell can afford to be 

completely covered in the conductor, whereas the front or illuminated side must use the conductors sparingly to 

avoid blocking too much of the Sun's radiation from reaching the semiconductor.  

The final layer which is applied only to the illuminated side of the cell is the anti-reflection coating. Since 

all semiconductors are naturally reflective, reflection loss can be significant. The solution is to use one or 

several layers of an anti-reflection coating (similar to those used for eyeglasses and cameras) to reduce the 

amount of solar radiation that is reflected off the surface of the cell. 
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Photovoltaic Effect   

The photovoltaic effect is a process that generates voltage or electric current in a photovoltaic cell when 

it is exposed to sunlight. These solar cells are composed of two different types of semiconductors—a p-type 

and an n-type that are joined together to create a p-n junction. By joining these two types of semiconductors, an 

electric field is formed in the region of the junction as electrons move to the positive p-side and holes move to 

the negative n-side. This field causes negatively charged particles to move in one direction and positively 

charged particles in the other direction.  

Light is composed of photons, which are simply small bundles of electromagnetic radiation or energy. 

When light of a suitable wavelength is incident on these cells, energy from the photon is transferred to an 

electron of the semiconducting material, causing it to jump to a higher energy state known as the conduction 

band. In their excited state in the conduction band, these electrons are free to move through the material, and it 

is this motion of the electron that creates an electric current in the cell.  

Cell: A photovoltaic cell is the most basic unit of a solar PV system - solar cells can be either monocrystalline or 

polycrystalline, and their key characteristic is that they produce a voltage output when exposed to light. It is 

important to note that although they are normally called "solar cells", they can respond to any type of light. Each 

cell produces approximately 1/2 a volt and a solar module can have any number of solar cells.  

Module: A photovoltaic module consists of multiple PV cells connected in series to provide a higher voltage 

output. PV modules are manufactured in standard sizes. A solar module designed for charging a 12 volt battery 

will typically have 36 solar cells while the typical residential grid connected system uses solar modules with 60 

solar cells. For large commercial and utility scale solar systems, solar modules will have typically 72 solar cells. 

By increasing the number of solar cells the module voltage and wattage increases. The term solar panel is 

sometimes used interchangeably with solar module. The main difference is that some solar panels models are 

composed of multiple modules mounted together.  

Array: A photovoltaic array is a system composed of multiple PV modules. They can be connected in one or 

more series circuits, which are connected to a combiner box to provide a single direct-current output. This 

output can be used to charge batteries, power DC loads, or fed to an inverter to provide an AC voltage for home 

appliances or exporting to the electric grid.  
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Cell module and array 

Operation of PV Systems  

Solar cells produce direct current (DC), therefore they are only used for DC equipments. If alternating 

current (AC) is needed for AC equipment or backup energy is needed, solar photovoltaic systems require other 

components in addition to solar modules. These components are specially designed to integrate into solar PV 

system.  

Components of Photovoltaic system 

 Solar or Photovoltaic Module is the essential component of any solar PV system that converts sunlight 

directly into DC electricity.  

 Solar Charge Controller regulates voltage and current from solar arrays, charges the battery, prevents 

battery from overcharging and also performs controlled over discharges.  

 Battery stores the energy produced from solar arrays for using when sunlight is not visible, night time or 

other purposes.  

 Inverter is a critical component of any solar PV system that converts DC power output of solar arrays 

into AC for AC appliances.  

 Lightning protection prevents electrical equipment from damages caused by lightning or induction of 

high voltage surge. It is required for the large size and critical solar PV systems, which include efficient 

grounding.  

 

 

 

 

 

 

 

 

 

 

Types of Solar Cells 

There are different types of photovoltaic cells, each with specific characteristics that make them suited 

for different applications. Here are the main types of solar cells: 

Monocrystalline Silicon Solar Cells 

 Material: Made from a single, continuous crystal structure of silicon. 

 Efficiency: Typically ranges from 18% to 22%, making them the most efficient type of silicon 

solar cells. 

 Cost: More expensive due to the high quality of silicon used and the complex manufacturing 

process. 

 Applications: Residential rooftop solar panels, commercial installations, and high-performance 

systems. 

Polycrystalline Silicon Solar Cells 

 Material: Made from silicon crystals that are melted and cast into molds. 

 Efficiency: Slightly lower than monocrystalline cells, typically around 15% to 18%. 

 Cost: Less expensive than monocrystalline cells, making them a cost-effective choice for large-

scale installations. 

 Applications: Residential and commercial installations, especially where cost is a consideration. 

Thin-Film Solar Cells 

o Material: Made by depositing thin layers of semiconductor material (like cadmium telluride, 

amorphous silicon, or copper indium gallium selenide) onto a substrate. 

o Efficiency: Typically lower, ranging from 10% to 12%. 

o Cost: Cheaper to produce than silicon-based solar cells. 

o Applications: Large-scale commercial and utility projects, building-integrated photovoltaics 

(BIPV), and areas with less intense sunlight. 
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Perovskite Solar Cells 

o Material: Made from a synthetic, crystalline material called perovskite. 

o Efficiency: Rapidly increasing, with lab efficiencies exceeding 25%. 

o Cost: Promising to be very low due to cheap and abundant materials. 

o Applications: Still in research and development, but could be used for commercial solar power 

in the near future. 

Organic Photovoltaic Cells (OPVs) 

 Material: Made from organic polymers and small molecules. 

 Efficiency: Currently lower than silicon-based cells, but research is ongoing to improve this. 

 Cost: Potentially very low due to cheap and abundant materials and simpler manufacturing 

processes. 

 Applications: Flexible, lightweight solar applications such as portable chargers and integration 

into textiles or surfaces. 

APPLICATIONS OF PHOTOVOLTAIC TECHNOLOGY 

Photovoltaic cells are used in a wide variety of applications, from small-scale portable devices to large-

scale power generation. Below are some key applications: 

Battery Charger 

Function: Photovoltaic cells can be used to charge batteries for devices such as mobile phones, laptops, and 

electric vehicles. Solar chargers capture sunlight, convert it into electricity, and store it in a battery for later use. 

Advantages: 

 Provides a renewable and independent power source, especially in remote or off-grid locations. 

 Can reduce dependence on the electrical grid, lowering electricity bills and reducing 

environmental impact. 

Application Example: Portable solar-powered chargers for smartphones and camping gear. 

Domestic Lighting 

Function: PV systems can power domestic lighting, particularly in remote homes or off-grid locations where 

connecting to the grid is expensive or impractical. PV-powered lighting systems consist of solar panels, a 

battery storage system, and LED lights. 

Advantages: 

 Energy independence and lower utility costs. 

 Suitable for rural areas with no access to the electrical grid. 

 Environmentally friendly and reduces reliance on fossil fuels. 

Application Example: Solar-powered lighting for homes, especially in rural or off-grid areas. 

Street Lighting 

Function: Solar street lighting systems use photovoltaic cells to power streetlights. A PV panel is used to 

charge batteries during the day, and the stored energy powers streetlights at night. 

Advantages: 

 Reduces energy costs and the need for grid electricity. 

 Easy to install in remote or poorly serviced areas, and requires minimal maintenance. 

 Can be integrated with motion sensors to save energy by only lighting up when needed. 

Application Example: Solar-powered street lights for urban and rural roads, highways, and public parks. 

Water Pumping 

Function: Solar-powered water pumping systems are used in agricultural, rural, and off-grid locations for 

irrigation, drinking water, and livestock watering. PV panels directly power the water pumps, eliminating the 

need for grid electricity or fossil fuels. 

Advantages: 

 Ideal for remote agricultural locations where grid power is not available. 

 Reduces operating costs, especially in areas with abundant sunlight. 

 Environmentally friendly, with zero emissions. 

Application Example: Solar water pumps for irrigation systems, rural water supply projects, and pumping 

water from wells. 

Power Generation Schemes 
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Function: Large-scale photovoltaic power generation systems, often referred to as solar farms, convert 

sunlight into electricity to be supplied to the grid. These large-scale systems can generate substantial amounts 

of electricity to meet the needs of homes, businesses, and industries. 

Advantages: 

 Contributes to renewable energy generation and reduces reliance on fossil fuels. 

 Can be deployed in large, open areas with high solar irradiance, such as deserts or rooftops of 

large buildings. 

 Reduces greenhouse gas emissions and mitigates climate change. 

Application Example: Utility-scale solar power plants, large solar farms installed in desert areas, or on rooftops 

of commercial and industrial buildings. 

 

SOLAR POWER GENERATION SCHEMES 

1. Grid-Connected Solar Systems 

 Description: These systems are connected to the national or local electricity grid, allowing 

excess electricity generated by the solar panels to be fed back into the grid (net metering). They 

provide power when sunlight is available and rely on grid electricity during cloudy days or at 

night. 

 Applications: Residential, commercial, and utility-scale solar power plants. 

 Benefits: Reduces electricity bills, provides energy security, and supports the transition to 

renewable energy. 

2. Off-Grid Solar Systems 

 Description: Off-grid solar systems are standalone systems that are not connected to the 

electricity grid. They typically include solar panels, a battery storage system, and an inverter to 

provide power for remote locations or communities. 

 Applications: Remote rural areas, islands, and emergency backup power. 

 Benefits: Provides energy independence and can be set up in areas where grid access is 

unavailable or unreliable. 

3. Hybrid Solar Systems 

 Description: Hybrid systems combine solar PV with other power generation sources like wind, 

diesel generators, or battery storage. They provide reliable power supply in areas where sunlight 

may not always be sufficient or during periods of high demand. 

 Applications: Remote areas with unreliable solar resources, industrial installations, or off-grid 

homes. 

 Benefits: Increases reliability and energy security by integrating multiple sources of power. 

 

RECENT ADVANCES IN PHOTOVOLTAIC (PV) APPLICATIONS 

Photovoltaic (PV) technology has seen significant advancements in recent years, both in terms of 

efficiency and application areas. Two notable areas of progress are Building Integrated Photovoltaics (BIPV) 

and Grid-Connected PV Systems. These innovations aim to integrate solar energy into everyday infrastructure 

while improving energy efficiency, reducing reliance on fossil fuels, and enhancing the overall sustainability of 

buildings and power grids. 

Building Integrated Photovoltaics (BIPV) 

Building Integrated Photovoltaics (BIPV) refers to the integration of photovoltaic technology into the 

building‘s structure, such as rooftops, facades, windows, or walls, eliminating the need for traditional separate 

solar panel installations. These systems combine the dual functions of power generation and building 

envelope protection (such as roofing or glazing), creating more energy-efficient buildings. 

1. Key Features of BIPV 

 Dual Functionality: Acts as a structural element of the building while generating electricity. 

 Aesthetic Appeal: Enhances the visual appeal of buildings without the bulky look of traditional solar 

panels. 

 Space Efficiency: Utilizes building surfaces that would otherwise go unused for power generation. 

 Energy Savings: Reduces dependence on grid electricity and lowers energy costs. 
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 Eco-Friendly: Supports sustainable building practices by reducing carbon emissions. 

2. Applications of BIPV 

BIPV can be integrated into various parts of a building, such as: 

a. Rooftop Systems 

 Replaces conventional roofing materials with photovoltaic (PV) materials. 

 Examples: Solar shingles, solar tiles, and standing-seam solar roofs. 

 Suitable for residential and commercial buildings. 

b. Facade Systems 

 Solar panels are embedded into the building‘s external walls or curtain walls. 

 Can be opaque, semi-transparent, or fully transparent. 

 Helps regulate indoor temperatures by reducing heat gain. 

c. Window Systems 

 Solar glass replaces standard windows, allowing natural light while generating electricity. 

 Examples: Semi-transparent photovoltaic glass or thin-film solar cells. 

 Used in high-rise buildings, offices, and shopping malls. 

d. Shading Devices 

 Solar louvers, canopies, and pergolas provide shade while producing electricity. 

 Reduces cooling loads in buildings by limiting direct sunlight exposure. 

3. Advantages of BIPV 

a. Cost and Energy Efficiency 

 Eliminates the need for separate solar panel installation, saving space and material costs. 

 Reduces electricity bills by generating on-site renewable energy. 

 Some governments offer incentives, tax credits, and subsidies for BIPV adoption. 

b. Environmental Benefits 

 Decreases carbon footprint by replacing fossil-fuel-based power sources. 

 Supports green building certification programs (e.g., LEED, BREEAM). 

c. Aesthetic and Architectural Flexibility 

 Available in various designs, colors, and transparency levels to match architectural needs. 

 Enhances the appearance of buildings compared to traditional solar panels. 

4. Challenges of BIPV 

a. Higher Initial Cost 

 More expensive than standard building materials due to the integration of solar technology. 

b. Efficiency Dependence 

 Performance varies based on building orientation, shading, and local sunlight conditions. 

c. Installation Complexity 

 Requires specialized installation expertise and coordination with architects and engineers. 

5. Future of BIPV 

 Advancements in thin-film solar technology and organic photovoltaic cells are improving BIPV 

efficiency and affordability. 

 Smart BIPV systems integrated with energy storage solutions and smart grids are gaining traction. 

 Many cities are adopting net-zero energy buildings (NZEBs), increasing demand for BIPV solutions. 

 

Recent Advances in BIPV: 

1. Aesthetic Integration: 

o Architectural Design: The latest BIPV systems emphasize aesthetics, with solar panels 

designed to blend seamlessly with the architectural elements of the building. For example, solar 

glass can now be integrated into windows, facades, and even skylights, offering both 

transparency and energy production. 

o Color and Transparency: Advances in tandem perovskite solar cells and transparent PV 

panels are making it possible to produce solar cells that are semi-transparent, colored, or even 

integrated into glass windows. This allows for more versatile integration into building designs, 

preserving both the aesthetics and functionality of the building. 
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Increased Efficiency: 

o BIPV with High-Efficiency Solar Cells: Newer BIPV systems often employ monocrystalline or 

perovskite-based cells, which offer higher conversion efficiencies. These advancements help 

BIPV systems generate more energy despite the limited surface area available for PV 

installation. 

o Hybrid BIPV Systems: Some innovative systems combine solar cells with thermal collectors 

(such as PVT systems, where PV and thermal solar technologies are integrated), providing both 

electricity and heating for buildings, making the systems more efficient. 

Integration into Building Materials: 

o Solar Roof Tiles and Shingles: New developments have led to the creation of solar roof tiles 

(e.g., Tesla‘s Solar Roof) that integrate solar cells directly into the roofing material. These roof 

tiles are designed to look like traditional roofing materials, providing both aesthetic appeal and 

solar power generation. 

o Solar Facades: Solar panels are integrated into the building‘s exterior facades, especially in 

large commercial or residential buildings. These panels not only produce electricity but can also 

be designed to act as protective shields against heat gain, contributing to the building‘s energy 

efficiency. 

Smart BIPV Systems: 

o Energy Storage and Management: Recent advancements in battery storage and smart grid 

systems allow BIPV systems to store excess energy generated during the day for use at night or 

during cloudy periods. These systems are being integrated with energy management systems 

(EMS) to optimize power usage and minimize reliance on the grid. 

o Building Energy Management Systems (BEMS): Advanced software tools help manage the 

energy generation, storage, and consumption of energy from BIPV systems. They also integrate 

BIPV with other energy sources, such as wind and grid power, creating a hybrid energy system 

that maximizes energy efficiency. 

Applications of BIPV: 

 Residential: Solar-integrated roofs, windows, and shading devices. 

 Commercial and Industrial Buildings: Solar glass facades, roof tiles, and energy-efficient window 

coatings. 

 Urban Infrastructure: Integrating solar panels into public buildings, stadiums, and transportation 

facilities (e.g., bus stops, train stations). 

 

Grid-Connected PV Systems 

Grid-connected PV systems, also known as utility-scale PV systems, are photovoltaic systems that are 

connected to the electricity grid. These systems supply electricity not only to the building or facility where the 

solar panels are installed but also to the broader grid, providing power to other users. These systems offer 

significant benefits in terms of both renewable energy generation and stability to the electricity grid. 

1. Introduction 

A Grid-Connected Photovoltaic (PV) System is a solar power system that is directly connected to the 

electrical grid. These systems generate electricity from solar panels and either use it for on-site consumption or 

export excess power to the grid. Grid-connected PV systems are commonly used in residential, commercial, 

and industrial applications as they provide a cost-effective way to reduce electricity bills and utilize renewable 

energy. 

2. Components of a Grid-Connected PV System 

a. Solar Panels (PV Modules) 

 Convert sunlight into direct current (DC) electricity. 

 Made of crystalline silicon (monocrystalline or polycrystalline) or thin-film solar cells. 

b. Inverter (Grid-Tied Inverter) 

 Converts DC electricity from solar panels into alternating current (AC), which is used in homes and 

businesses. 

 Synchronizes the power output with the grid‘s voltage and frequency. 
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c. Net Metering or Bi-Directional Meter 

 Measures both the power consumed from the grid and the excess solar power sent back to the grid. 

 Helps users receive credits for the extra energy they supply to the grid. 

d. Grid Connection 

 Allows seamless transfer of electricity between the PV system and the local utility grid. 

 Ensures uninterrupted power supply even when solar generation is low (e.g., at night or during cloudy 

weather). 

e. Monitoring System (Optional) 

 Tracks energy production and consumption in real-time. 

 Uses IoT-based tools and mobile apps for remote monitoring and system optimization. 

3. Working Principle of Grid-Connected PV Systems 

1. Solar panels generate DC electricity when exposed to sunlight. 

2. The grid-tied inverter converts DC electricity to AC, making it suitable for use in appliances and 

feeding into the grid. 

3. The system first supplies power to the home or building to meet its energy needs. 

4. Any excess power is sent back to the grid, and the user gets credits through net metering. 

5. At night or when solar production is low, electricity is drawn from the grid, ensuring an uninterrupted 

power supply. 

4. Types of Grid-Connected PV Systems 

a. Grid-Tied Without Battery Storage 

 The simplest and most common type. 

 Directly connected to the grid without energy storage. 

 Excess energy is sent to the grid, and electricity is drawn when needed. 

b. Grid-Tied with Battery Backup (Hybrid System) 

 Includes a battery bank to store excess solar energy. 

 Provides power during grid outages. 

 More expensive due to battery costs but offers backup power security. 

5. Advantages of Grid-Connected PV Systems 

a. Cost Savings 

 Reduces electricity bills by utilizing solar power. 

 Net metering allows users to earn credits for excess energy fed into the grid. 

b. No Need for Batteries (Lower Initial Cost) 

 Unlike off-grid systems, grid-connected PV systems don‘t require expensive batteries for energy 

storage. 

c. High Efficiency 

 The grid acts as a virtual storage system, preventing energy losses associated with batteries. 

d. Reliability and Uninterrupted Power Supply 

 Users can draw power from the grid when solar generation is insufficient. 

e. Environmental Benefits 

 Reduces reliance on fossil fuels and lowers carbon emissions. 

6. Challenges of Grid-Connected PV Systems 

a. No Power During Grid Outages (Without Battery Backup) 

 If the grid fails, a standard grid-tied system shuts down for safety reasons. 

 A hybrid system with battery storage can provide backup power. 

b. Dependence on Grid Stability 

 Grid voltage fluctuations can impact the efficiency of solar power exports. 

c. Net Metering Policies Vary 

 Some regions have limited or no net metering, reducing financial benefits. 

 Feed-in tariffs may change based on government regulations. 

d. High Initial Installation Cost 

 Although operational costs are low, the initial setup cost can be significant. 

7. Future Trends in Grid-Connected PV Systems 
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a. Smart Grid Integration 

 Advanced grid infrastructure will enable better solar energy management. 

 Smart grids will allow dynamic energy pricing and demand-response programs. 

b. AI and IoT-Based Energy Optimization 

 AI-powered energy management systems will enhance efficiency and reduce wastage. 

c. Increased Use of Battery Storage (Hybrid Systems) 

 Falling battery prices will make grid-connected PV systems with storage more common. 

d. Peer-to-Peer Energy Trading 

 Blockchain-based systems may allow users to sell excess solar energy directly to neighbors. 

8. Real-World Applications of Grid-Connected PV Systems 

 Residential Homes: Reduces electricity bills and provides sustainable energy. 

 Commercial Buildings & Factories: Lowers operational costs and improves green credentials. 

 Large-Scale Solar Farms: Contributes solar power to national grids, reducing dependence on fossil 

fuels. 

 Educational Institutions & Hospitals: Ensures energy efficiency and sustainability in public buildings. 

 

Recent Advances in Grid-Connected PV Systems: 

1. Smart Inverters and Advanced Grid Integration: 

o Smart Inverters: Modern inverters are designed with advanced features that improve grid 

stability and help integrate solar power more efficiently. Smart inverters can communicate with 

the grid to adjust voltage, frequency, and power factor, helping to balance supply and demand in 

real time. They also help with voltage regulation and reactive power support, improving the 

grid‘s reliability. 

o Grid-Forming Inverters: A recent development is grid-forming inverters, which enable PV 

systems to operate autonomously and even create a microgrid. These inverters can stabilize the 

grid in case of disruptions and allow for seamless integration of intermittent renewable sources 

like solar and wind. 

2. Enhanced Energy Storage Integration: 

o Battery Storage: The integration of battery storage systems with grid-connected PV systems 

has become a major trend. These storage systems allow excess solar energy generated during 

the day to be stored and used during the night or cloudy days, thus improving the reliability and 

flexibility of the PV systems. 

o Virtual Power Plants (VPP): VPPs aggregate energy from multiple distributed solar systems 

(along with storage) and feed the energy into the grid as a single, controlled resource. This helps 

manage the energy supply and optimize consumption on a larger scale. 

o Grid Balancing and Demand Response: Storage systems and smart grids help balance the 

supply and demand for electricity, which is critical when there is a higher penetration of 

renewable energy. PV systems can provide energy during peak demand periods, while batteries 

can store excess energy during low-demand periods. 

3. Advanced Monitoring and Control: 

o IoT and Cloud-Based Monitoring: The Internet of Things (IoT) and cloud-based software allow 

for real-time monitoring of grid-connected PV systems. Operators can track energy production, 

system performance, and detect faults or inefficiencies, improving system reliability and 

maintenance. 

o Predictive Analytics: Advanced predictive analytics use machine learning algorithms to forecast 

solar energy production based on weather data, enabling better planning and optimization of 

energy dispatch to the grid. 

4. High-Efficiency Solar Panels: 

o Tandem Solar Cells: The development of tandem solar cells (combining perovskite and 

silicon) is expected to push the efficiency of grid-connected PV systems beyond 30%. These 

cells capture a broader spectrum of sunlight, thus improving energy production. 
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o Bifacial Solar Panels: Bifacial solar panels, which capture sunlight from both the front and the 

back of the panel, can increase energy generation by up to 30%. These panels are particularly 

effective when installed on tracking systems that follow the sun‘s movement. 

5. Solar Tracking Systems: 

o Single-Axis and Dual-Axis Tracking: Recent advancements in tracking systems have led to 

more efficient solar arrays that follow the sun‘s movement. Single-axis trackers move panels on 

one axis (north-south), while dual-axis trackers move them in both directions (east-west and 

north-south), optimizing the amount of sunlight captured throughout the day. 

o Reduced Costs: With advances in tracking technology and materials, the cost of solar trackers 

has decreased, making them more accessible for large-scale grid-connected PV installations. 

Applications of Grid-Connected PV Systems: 

 Utility-Scale Solar Power Plants: Large solar farms that supply electricity to the grid, often in sunny 

regions such as deserts. 

 Commercial and Industrial: Solar panels installed on rooftops of factories, warehouses, or large 

commercial buildings to supply power to the grid. 

 Residential: Homeowners install PV systems to supply energy for their homes while feeding excess 

energy into the grid for compensation (net metering). 
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UNIT III 

WIND ENERGY 

Wind energy principles, wind site and its resource assessment, wind assessment, Factors influencing 

wind, wind turbine components, wind energy conversion systems (WECS), Classification of WECS devices, 

wind electric generating and control systems, characteristics and applications. 

==================================================================================== 

INTRODUCTION 

Wind is simple air in motion. It is caused by the uneven heating of the earth‘s surface by the sun. Energy 

derived from wind velocity is wind energy. It is a nonconventional type of energy, which is renewable with 

suitable devices. This energy can be used as a perennial source of energy. Wind energy is obtained with the 

help of wind mill. The minimum wind speed of 10kmph is considered to be useful for working wind mills for 

agricultural purpose. 

The wind energy over earth is estimated to be 1.6×107 M.W, which is equivalent to the energy 

consumed. But, the wind energy is available in dilute form. The conversion machines are large. The wind 

energy varies from time to time and place to place. Due to this reason some storage facility is required. The 

kinetic energy of wind is converted into useful shaft power by wind mills. General applications of wind mills are 

pumping water, fodder cutting, grain grinding, generation of power etc. In India, wind speed lies between 5 

kmph-20 kmph. The high wind velocity is seasonal. The wind energy, if used for power generation. In India, 

wind power can be used for lifting water in rural areas for drinking and for irrigation purpose. 

Factors affecting the wind 

 Latitude of the place 

 Altitude of the place. 

 Topography of the place  

Wind Energy Principles 

 Definition: Wind energy is the energy derived from the motion of air (wind) and is a renewable source of 

energy. 

 Basic Principle: Wind energy is harnessed by converting the kinetic energy of moving air (wind) into 

mechanical or electrical energy. 

 Energy Conversion: The kinetic energy of wind can be expressed as:  E=1/2 mv2 

whereE is energy, m is mass, and v is wind velocity. 

 Wind Power: The amount of power available in the wind is proportional to the cube of wind speed. 

                                     P= ½ ρπ R2v3 

where:  ρ = air density (approximately 1.225 kg/m³ at sea level) 

R = swept area of the wind turbine blades (m²) 

v = wind velocity (m/s) 

 

WINDSITE AND RESOURCE ASSESSMENT 

Wind energy resource assessment and site evaluation are crucial steps in determining the viability and 

efficiency of a wind energy project. Proper assessment ensures that the site selected for wind turbine 

installation has favorable wind conditions, optimal geographical features, and access to the required 

infrastructure.  

1.WIND RESOURCE ASSESSMENT: Wind resource assessment is the process of evaluating the wind 

characteristics in a specific location over a period of time to determine the potential for harnessing wind energy. 

This involves: 

                   i) Wind Data Collection         ii) Measurement Equipment 

iii) Data Duration                  iv)Wind Resource Maps 

i) Wind Data Collection: 

Wind Speed: The most important parameter in assessing wind resources. Wind speed determines the amount 

of kinetic energy available to be captured. Typically, wind speeds are measured at various heights (e.g., 10m, 

50m, 100m) to determine how wind varies with altitude. 
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Wind Direction: It‘s important to understand the prevailing wind direction, as wind turbines need to be aligned 

optimally to capture the most wind energy. 

Turbulence Intensity: Wind turbulence can affect the performance of wind turbines. Areas with high turbulence 

are less ideal for turbine installation. 

Seasonal Variability: Wind conditions vary over the year. It's crucial to assess the seasonal changes in wind 

speed and direction to understand the consistency of the resource. 

Wind Power Density: This refers to the energy available per unit area and is typically measured in watts per 

square meter (W/m²). High wind power density indicates a strong wind resource. 

ii) Measurement Equipment: 

Anemometers: Devices used to measure wind speed. 

Wind Vanes: Instruments that measure wind direction. 

LIDAR and SODAR: Remote sensing technologies that measure wind speed and direction at various altitudes 

above the ground. 

Met Towers: Meteorological towers equipped with anemometers, wind vanes, and other sensors, often installed 

for long-term monitoring at a specific site. 

iii) Data Duration: 

Long-Term Monitoring: Wind data is typically collected over a period of 1 to 3 years to get a representative 

average. Short-term data (less than 6 months) is usually not reliable for large-scale energy generation projects. 

iv)  Wind Resource Maps: 

Wind Maps: These are often used as a preliminary tool to identify regions with favorable wind resources. Wind 

maps classify areas based on the average annual wind speed and other wind characteristics. These maps 

provide an overview but should be complemented with on-site measurements. 

2.SITE EVALUATION CRITERIA 

Once wind data is collected, the next step is to evaluate the site based on several criteria to determine 

its suitability for wind turbine installation: 

A. Wind Conditions 

Average Wind Speed: For effective power generation, the average wind speed at the proposed height for 

turbine installation should generally be at least 5-6 m/s (meters per second). However, the wind speed must be 

high enough to ensure cost-effectiveness and profitability. 

Wind Shear: Wind shear is the variation in wind speed with height. A large wind shear can impact the 

performance of the wind turbine. Wind turbines perform better when wind speed increases smoothly with height. 

Wind Direction: The location must be chosen such that the prevailing wind direction is consistent and stable. 

This helps in optimizing turbine alignment for maximum energy capture. 

Wind Variation: Low seasonal variation and minimal short-term fluctuations in wind speed are ideal for 

ensuring a consistent energy supply. 

B. Terrain and Topography 

Flat Terrain: Flat, unobstructed areas are ideal for wind turbine installations as they allow the wind to flow 

smoothly, leading to higher energy capture. 

Elevated Locations: Hills and ridges often have higher wind speeds due to the way wind flows over higher 

ground. However, these locations may require more complex installation techniques and have higher costs. 

Obstructions: Large buildings, forests, or other obstacles can disrupt wind flow and reduce the efficiency of 

wind turbines. The area should be free of such obstructions or located far enough from them to avoid turbulent 

air. 

C. Accessibility 

Infrastructure: The site should have easy access to transportation routes for the delivery of equipment, 

including turbines, foundations, and other materials. Proximity to roads and ports can significantly reduce 

construction and maintenance costs. 

Grid Connection: The site should be close to the electrical grid for easy integration of the wind-generated 

electricity. The distance to transmission lines or substations is crucial for minimizing costs related to grid 

connectivity. 

Land Ownership: The legal and ownership aspects of the land must be clear. Long-term leases or ownership 

rights are required to ensure project feasibility. 
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D. Environmental and Social Impact 

Environmental Impact Assessment (EIA): An environmental impact study must be carried out to assess the 

potential effects of the wind project on local wildlife, ecosystems, and water resources. 

Wildlife Concerns: Areas with significant bird or bat populations may have to be avoided, as wind turbines can 

pose a threat to wildlife. Noise, shadow flicker, and other factors should be considered as well. 

Local Community: The social impact of a wind farm is important. Local communities need to be consulted 

about potential disruptions and benefits (e.g., job creation, renewable energy generation,etc). 

E. Regulatory and Permitting Requirements 

Zoning: Wind farms must comply with local zoning laws, which may restrict where turbines can be installed. 

Permitting: Legal permits for wind turbine installation, construction, and operation must be obtained. These 

permits may vary by country, region, and type of wind project (onshore vs. offshore). 

3.RESOURCE ASSESSMENT MODELS 

After gathering data and evaluating the site, advanced wind resource models are used to simulate and 

predict the wind energy potential: 

A. Power Curve: A wind turbine‘s power curve is a graph that shows how much power the turbine will produce 

at various wind speeds. Wind resource assessment involves comparing the expected wind speeds at the site 

with the turbine‘s power curve to estimate the energy production over time. 

B. Energy Production Estimate: Based on wind speed data, capacity factor can be estimated. The capacity 

factor is the ratio of the actual output to the maximum possible output. A higher capacity factor means the 

turbine is running more efficiently. 

C. Computational Tools:Software tools like WindPro, WindFarmer, and WAsP are used for modeling and 

simulation. These tools incorporate wind data, topography, and other factors to provide accurate predictions of 

energy output and identify optimal turbine configurations. 

4. FINAL EVALUATION AND FEASIBILITY STUDY 

Once the data has been collected and analyzed, a feasibility study is conducted to determine whether 

the wind resource is sufficient to make the project economically viable. This includes: 

Cost-Benefit Analysis: Estimating the total cost of the wind farm (including land, turbines, installation, and 

maintenance) and comparing it with the potential revenue generated by the wind farm. 

Return on Investment (ROI): Assessing the potential returns from the sale of electricity, taking into account 

government subsidies, incentives, and energy prices. 

 

WIND ASSESSMENT 

Wind assessment is a critical process for determining the potential of harnessing wind energy at a 

specific location. It involves measuring and analyzing various wind characteristics over a period of time to 

assess whether the site is suitable for wind power generation.  

1. Overview of Wind Assessment: Wind assessment is the process of evaluating the wind resource (i.e., wind 

speed, direction, and variability) at a specific site to determine its potential for producing energy. It plays a vital 

role in the planning and development of wind energy projects and typically includes: 

 Data Collection: Gathering data on wind speed, direction, turbulence, and other meteorological factors. 

 Data Analysis: Interpreting the collected data to understand the wind potential. 

 Resource Evaluation: Estimating the energy generation potential and assessing the feasibility of the 

site for a wind energy project. 

2. Key Parameters in Wind Resource Assessment:Several key parameters need to be measured and 

analyzed during the wind assessment process. These include: 

a. Wind Speed: 

 Definition: Wind speed refers to the rate at which air moves across a given area. It is the most 

important factor in determining the amount of energy that can be generated from wind. 

 Measurement Units: Wind speed is typically measured in meters per second (m/s) or kilometers per 

hour (km/h). 

 Importance: Wind speed is crucial because power generation in wind turbines increases with the cube 

of the wind speed. Therefore, even small increases in wind speed can lead to significant increases in 

energy output. 
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 Wind Speed Distribution: The distribution of wind speeds at a site is often represented by the Weibull 

distribution or Rayleigh distribution, which helps in assessing the overall wind resource. 

b. Wind Direction: 

 Definition: Wind direction refers to the direction from which the wind is blowing. 

 Importance: Wind direction helps in determining the optimal alignment of wind turbines. Consistent and 

predictable wind direction at the site is necessary to maximize the efficiency of the turbines. 

 Measuring Wind Direction: Wind vanes are used to measure the prevailing wind direction over a 

period of time. 

c.Turbulence Intensity 

 Definition: Turbulence intensity refers to the degree of irregularity in the wind flow, including fluctuations 

in wind speed and direction. 

 Importance: High turbulence can lead to reduced efficiency in wind turbine operation and increased 

wear and tear on turbine components. Areas with low turbulence are preferred. 

 Measurement: Turbulence intensity is typically expressed as a percentage and is measured using 

sensors such as anemometers or LIDAR (Light Detection and Ranging) technology. 

d. Wind Power Density 

 Definition: Wind power density is the amount of energy available per unit area of wind. It is a critical 

factor in determining the potential of a site for wind energy generation. 

 Calculation: It is calculated using wind speed and air density. 

 Units: Wind power density is typically measured in W/m² (Watts per square meter). 

 Importance: Higher wind power density indicates a stronger wind resource, which translates to better 

energy production potential for wind turbines. 

e. Wind Shear 

 Definition: Wind shear refers to the variation in wind speed with height above the ground. It is an 

important factor for determining the ideal height for placing wind turbines. 

 Importance: Wind speed generally increases with height above the ground due to reduced friction from 

the Earth's surface. Wind shear can significantly affect turbine performance if not considered when 

selecting turbine hub heights. 

 Measurement: Wind shear can be measured using anemometersat different heights and using remote 

sensing technologies like LIDAR and SODAR. 

3. Data Collection Methods:Wind data collection is the foundation of wind resource assessment. The more 

data is collected over time, the more reliable the assessment will be. Common methods include: 

a. Ground-Based Measurement 

 Meteorological Towers (Met Towers): These are tall structures equipped with anemometers, wind 

vanes, and temperature sensors placed at various heights. They provide accurate long-term wind speed 

and direction data. 

o Anemometers: These devices measure wind speed and are commonly mounted on met towers 

or other structures. Types: Cup anemometers and ultrasonic anemometers are commonly used. 

o Wind Vanes: Wind vanes are used to measure wind direction, and they are often installed 

alongside anemometers on met towers. 

o Advantages: Met towers offer high accuracy, long-term data, and real-time monitoring. 

o Disadvantages: Installation and maintenance of met towers can be costly, and they are subject 

to environmental and logistical constraints. 

b. Remote Sensing Technologies 

 LIDAR (Light Detection and Ranging): LIDAR uses laser beams to measure wind speed at various 

heights above the ground. It provides high-resolution data for wind resource assessment. 

o Advantages: Can measure wind speed at various heights without the need for physical 

infrastructure. 

o Disadvantages: Expensive and requires clear skies for optimal performance. 

 SODAR (Sonic Detection and Ranging): SODAR uses sound waves to measure wind speed and 

direction at various altitudes. It is often used in areas where installing towers is difficult. 

o Advantages: Can measure wind profiles at higher altitudes. 
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o Disadvantages: Sensitive to temperature inversions and may not be as precise as LIDAR. 

c. Wind Maps 

 Preliminary Wind Resource Maps: These maps provide a general overview of the wind resource 

across a large area and help identify potential sites for detailed measurements. 

 Wind Atlas: A wind atlas is a collection of maps that provide detailed wind resource data for specific 

regions or countries. 

4. Data Analysis and Evaluation:Once the data is collected, it needs to be analyzed to determine the site‘s 

wind energy potential. Key components of this analysis include: 

a. Wind Speed and Power Distribution 

 Weibull Distribution: Wind speed at a site is often modeled using the Weibull distribution, which 

provides a statistical representation of wind speeds over time. 

 Rayleigh Distribution: The Rayleigh distribution is often used for sites with more uniform wind 

conditions, especially when limited data is available. 

Using these distributions, the average wind speed, wind power density, and capacity factor can be 

estimated. 

b. Energy Production Estimates 

 Power Curve: A wind turbine's power curve shows how much power the turbine will generate at various 

wind speeds. By comparing the site‘s wind speeds with the turbine‘s power curve, an estimate of 

potential energy production can be made. 

 Capacity Factor: The capacity factor is a measure of how efficiently a wind turbine or wind farm 

operates, considering factors like wind speed variability and turbine downtime. 

c. Wind Resource Map and Site Suitability 

 Suitability Analysis: After evaluating the wind data, a final resource map is created that represents the 

best locations for wind turbine installation. The map helps in identifying the most optimal locations in 

terms of wind speeds, wind direction, and terrain suitability. 

5. Long-Term Wind Monitoring and Maintenance 

Wind assessment is an ongoing process, and long-term monitoring is essential for accurate predictions. 

Data should be updated regularly to account for any changes in the wind resource over time. Additionally, 

periodic maintenance of monitoring equipment, such as met towers and remote sensing devices, is crucial to 

ensure data accuracy. 

 

FACTORS INFLUENCING WIND 

Wind is caused by the movement of air from regions of high pressure to regions of low pressure, influenced 

by several factors. Understanding these factors is essential for wind energy assessment, weather prediction, 

and climate study.  

1. Solar Radiation and Temperature Differences: The primary driver of wind is the uneven heating of the 

Earth's surface by the Sun. The Sun's energy heats the Earth's surface at varying rates due to factors such as 

geography, time of day, and season. This heating causes differences in air pressure, which generates wind. 

a. Differential Heating 

 Land vs. Water: Land heats up and cools down faster than water. During the day, the air over land 

becomes warmer and lighter (lower pressure), while air over the ocean or large bodies of water remains 

cooler (higher pressure), causing wind to blow from the ocean to the land. This phenomenon is known 

as sea breezes. At night, the land cools rapidly, and the cycle reverses, creating land breezes. 

 Urban Heat Islands: Urban areas, with their buildings, roads, and concrete surfaces, absorb more heat 

during the day, creating localized high-pressure zones. This can affect wind patterns in urban settings, 

causing stronger winds and altering natural airflow. 

b. Latitudinal Differences 

 Equator vs. Poles: The Sun heats the Earth more intensely near the equator, creating a warm, low-

pressure zone. Conversely, near the poles, the Sun's energy is spread over a larger area, leading to 

cooler, higher-pressure regions. 
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 Temperature Gradients: The differences in temperature between the equator and the poles are the 

primary drivers of large-scale wind patterns, including the Trade Winds, Westerlies, and Polar 

Easterlies. 

2. Pressure Differences and Wind Formation:Wind is essentially the movement of air from regions of high 

pressure to low pressure, seeking to balance these differences. 

a. Atmospheric Pressure 

 High-Pressure Systems: Areas of high pressure are regions where the air is descending and 

compressing, leading to clear skies and light winds. These are usually associated with fair weather. 

 Low-Pressure Systems: In low-pressure areas, air is rising, creating clouds and stormy weather. Wind 

flows toward these areas from high-pressure zones, resulting in storm systems and other weather 

phenomena. 

 

b. Coriolis Effect 

 The Coriolis effect is caused by the Earth's rotation, which deflects moving air to the right in the 

northern hemisphere and to the left in the southern hemisphere. This effect influences the direction of 

wind flow and plays a role in the formation of major wind patterns like trade winds, westerlies, and polar 

easterlies. 

 Coriolis Deflection: In the northern hemisphere, winds are deflected to the right of their path, and in the 

southern hemisphere, they are deflected to the left. 

3. The Earth’s Rotation and the Coriolis Effect: As the Earth rotates, it causes the Coriolis effect, which 

influences the direction of wind at different latitudes. 

a. Rotation and Wind Deflection:The Coriolis effect deflects wind patterns and creates major wind systems 

like trade winds, westerlies and polar easterlies. 

b. Wind Direction:The Coriolis effect is responsible for the rotation of wind around high- and low-pressure 

systems. 

4. Terrain and Topography: Geographical features play a significant role in influencing local wind patterns. 

The landscape can accelerate, decelerate, or redirect wind flows. 

a. Mountains and Hills 

 Orographic Lift: When winds encounter mountains, the air is forced to rise. As the air rises, it cools, 

potentially causing clouds and precipitation on the windward side of the mountain. The air then 

descends on the leeward side, creating dry, often warmer conditions, known as a rain shadow. 

 Mountain Passes and Valleys: Wind tends to funnel through mountain passes and valleys, where 

winds can become faster and stronger due to the venturi effect (narrowing of the wind path increases 

wind speed). 

b. Coastal Areas 

 Coastal Winds: Coastal areas often experience sea breezes during the day, where cooler air from the 

ocean moves inland, and land breezes at night, where cooler air from the land flows toward the sea. 

 Cliff Effects: In coastal regions, cliffs can cause strong winds as air is funneled through gaps or around 

large rock formations. 

c. Urban Areas 

 Urban Heat Island Effect: Cities tend to be warmer than surrounding rural areas due to human activity 

and the heat-absorbing properties of concrete, which can alter local wind patterns. 

 Wind Channeling: Skyscrapers and buildings can channel winds between them, causing wind speeds 

to increase in narrow passages or streets, a phenomenon known as the urban canyon effect. 

5. Friction and Surface Roughness: The Earth's surface has varying roughness due to natural and man-

made features, such as vegetation, buildings, and hills. This roughness influences wind speed and direction. 

a. Surface Roughness 

 Rough Surfaces: Urban areas, forests, and hilly terrain create more friction, slowing down the wind and 

causing it to change direction. 

 Smooth Surfaces: Open plains, oceans, and flat deserts have less friction, allowing wind to move more 

freely and at higher speeds. 
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b. Wind Shear: Wind Shear refers to the change in wind speed or direction with height above the surface. Near 

the ground, wind speed is slowed due to friction with the surface, but it increases with altitude. This is why wind 

speeds are generally stronger at higher elevations. 

6. Seasonal Variations: Wind patterns can vary seasonally due to changes in temperature, atmospheric 

pressure, and the position of the Earth relative to the Sun. 

a. Monsoons:  

 Monsoon Winds: In some regions, such as South Asia, seasonal shifts in wind direction lead to the 

monsoon winds, where winds blow from the ocean to land during the summer (wet season) and reverse 

in the winter (dry season). 

b. Seasonal Changes in Temperature 

 Changes in temperature between winter and summer affect local wind patterns, with more pronounced 

temperature differences creating stronger winds. 

6. Weather Systems and Atmospheric Disturbances: Large-scale weather systems, such as high- and 

low-pressure areas, storms, and fronts, can significantly influence wind patterns. 

 

a. Cyclones and Anticyclones 

 Cyclones: Low-pressure systems (e.g., hurricanes or typhoons) generate powerful winds that spiral 

inward toward the center of the storm, influenced by the Coriolis Effect. 

 Anticyclones: High-pressure systems (e.g., subtropical highs) create light winds as the air sinks and 

diverges outward, leading to clear, dry conditions. 

b. Fronts 

 Cold Fronts: These occur when a mass of colder air replaces warmer air.  

 Warm Fronts: These occur when warm air moves into an area of colder air. 

8. Local Wind Phenomena: Certain localized wind phenomena arise due to specific conditions or geographical 

features: 

a. Local Winds 

 Foehn Winds: A type of dry, warm wind descending from mountains, often causing rapid temperature 

increases on the leeward side. 

 Katabatic Winds: These are cold winds that flow downhill due to the cooling of air at night in valleys or 

areas with steep terrain. 

b. Storms and Tornadoes 

 Tornadoes: These are small, violent rotating columns of air that form in severe thunderstorms. They 

have a very high wind speed and can cause extensive damage. 

 Thunderstorms: Thunderstorms generate strong updrafts and downdrafts, leading to gusty winds, 

sometimes producing straight-line winds or microbursts. 

 

WIND TURBINE COMPONENTS 

A wind turbine is a complex machine that converts the kinetic energy of the wind into mechanical energy, 

which can then be used to generate electricity. It is composed of several critical components, each playing a 

vital role in the turbine‘s operation. The key components of a wind turbine are as follows: 

1. Rotor (Blades and Hub) 

The rotor is the most visible part of the wind turbine and consists of the blades and the hub. The rotor captures 

the kinetic energy from the wind and converts it into rotational mechanical energy. 

a. Blades 

 Function: The blades are designed to capture the wind's energy and convert it into rotational motion. 

The wind‘s force on the blades causes them to rotate around the hub. 

 Design: Modern wind turbine blades are typically made from lightweight, durable composite materials 

such as fiberglass, epoxy resins, or carbon fiber. The blades are aerodynamically designed to optimize 

energy capture. 
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 Length: Blade length typically ranges from 30 meters to 80 meters, depending on the turbine‘s size and 

power rating. 

 Shape and Angle (Pitch): The blades are shaped like an airfoil, with the front edge being blunt and the 

back edge tapered. They are attached to the hub at an angle, and the angle of the blades can be 

adjusted (known as pitch control) to control the rotor speed and energy output. 

b. Hub 

 Function: The hub is the central component to which the blades are attached. It is connected to the 

main shaft that drives the generator. 

 Design: The hub is typically made of steel or cast iron and is designed to be sturdy to withstand the 

forces exerted by the rotating blades. 

 Yaw Mechanism: The hub also houses the yaw mechanism, which allows the turbine to turn and face 

the wind. 

2. Nacelle 

The nacelle is the housing that sits on top of the tower and contains most of the components responsible for 

the turbine's mechanical and electrical operation. It is a critical part of the wind turbine structure. 

 
 

 Components of the Nacelle: 

 Main Shaft: The main shaft connects the rotor to the gearbox and transmits the rotational energy from 

the blades to the rest of the turbine. 

 Gearbox: The gearbox increases the rotational speed of the main shaft to the speed required by the 

generator. Wind turbines typically operate at low rotor speeds (10-20 RPM), while the generator requires 

higher speeds (typically 1500-2000 RPM). 

 Generator: The generator converts the mechanical energy from the rotating shaft into electrical energy. 

Synchronous Generators and Asynchronous Generators are different types of generators used in wind 

turbines. 

 Yaw System: The yaw system ensures that the rotor is always aligned with the wind direction. It uses a 

motorized mechanism to rotate the nacelle so that the blades face the wind. This system is controlled by 

wind direction sensors. 

 Brake System: Wind turbines have a mechanical brake system that can stop the turbine in case of 

emergencies or for maintenance. Additionally, there are pitch brakes used to control the angle of the 

blades. 

 Cooling and Lubrication Systems: These are used to maintain the optimal operating temperature of 

the generator and other moving components. Cooling systems prevent overheating, and lubrication 

minimizes wear and tear. 

3. Tower 

The tower supports the nacelle and rotor, positioning them at a height where wind speeds are higher and more 

consistent. 

a. Design 
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 Height: The height of the tower is a critical factor for optimizing energy production, as wind speeds 

increase with altitude. Towers generally range from 60 meters to 120 meters, with larger turbines 

requiring taller towers. 

 Materials: Towers are generally made from steel, concrete, or a combination of both. Steel is the most 

common material due to its strength and flexibility. 

 Types of Towers: 

o Lattice Towers - These are made of steel beams and form a lattice structure. They are lighter 

but require more maintenance. 

o Tubular Towers: The most commonly used type, these are solid, cylindrical towers made of 

steel. 

o Concrete Towers: Increasingly used for offshore turbines, concrete towers are more stable and 

can withstand the harsh offshore environment. 

b. Function 

 The primary function of the tower is to elevate the nacelle and rotor to a height where wind speeds are 

more consistent and powerful. 

 It also serves to provide structural stability to the turbine, allowing it to withstand wind loads, vibrations, 

and extreme weather conditions. 

4. Electrical System 

The electrical system is responsible for converting and transmitting the electrical energy produced by the 

turbine to the grid or load center. 

a. Power Converter 

 Function: The power converter is responsible for converting the alternating current (AC) produced by 

the generator into a stable form of electricity suitable for the grid (typically a 50 Hz or 60 Hz frequency). 

 Types: Wind turbines typically use either induction generators (which produce AC) or synchronous 

generators (which produce DC) with power converters. 

b. Transformer 

 Function: Wind turbines usually produce electricity at a lower voltage, which needs to be stepped up to 

a higher voltage for efficient transmission. A transformer is used for this purpose. 

c. Electrical Cables 

 Function: These cables carry the electrical energy from the turbine‘s generator to the substation, where 

it is distributed to the grid. 

 Types: High-voltage cables are used to transfer the power efficiently over long distances. 

5. Control System 

The control system is responsible for managing the operation of the wind turbine. It ensures that the turbine 

operates efficiently and safely under varying wind conditions. 

a. Supervisory Control and Data Acquisition (SCADA) 

 SCADA systems monitor the performance of the wind turbine and collect data such as power output, 

wind speed, turbine health, and temperature. This data is sent to operators for analysis and decision-

making. 

b. Turbine Controller 

 The turbine controller adjusts the settings of the wind turbine, including blade pitch, rotor speed, and 

yaw angle, to optimize performance. It also shuts down the turbine during extreme weather events. 

c. Pitch Control 

 Function: The pitch control system adjusts the angle of the blades to control their speed and the power 

output of the turbine. When wind speeds are high, the blades can be pitched (turned) to reduce the 

power produced and prevent damage. 

d. Anemometers and Wind Direction Sensors 

 These sensors are placed on the turbine or nacelle to measure wind speed and direction. They provide 

real-time data that helps the control system optimize turbine operation. 

6. Safety and Protection Systems 

Wind turbines are equipped with safety systems to protect against extreme weather, mechanical failure, and 

operational hazards. 
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a. Emergency Brake 

 An emergency brake is a safety system that stops the turbine if it is over-speeding or in danger of 

damaging itself due to mechanical issues or extreme wind conditions. 

b. Over-speed Protection 

 Wind turbines are designed to shut down automatically if wind speeds exceed the maximum safe 

operating limits (typically around 25 m/s or 90 km/h). 

c. Lightning Protection 

 Wind turbines are fitted with lightning rods and grounding systems to protect the turbine from 

lightning strikes. 

7. Other Components 

There are other additional components that contribute to the turbine‘s functionality and maintenance. 

a. Anemometers and Wind Direction Sensors: These sensors measure wind speed and direction to provide 

real-time data for controlling the turbine‘s pitch, yaw, and braking systems. 

b. Vibration Monitoring System: Vibration monitoring systems are employed to detect mechanical issues in 

the turbine‘s components, such as the gearbox, generator, or rotor. These systems help in predictive 

maintenance and avoid unexpected failures. 

c. Hydraulic Systems: Some wind turbines use hydraulic systems to adjust the pitch of the blades or to control 

the yaw mechanism. 

 

 

WIND ENERGY CONVERSION SYSTEMS (WECS) 

The working principle of Wind Energy Conversion Systems (WECS) is based on converting the kinetic 

energy of moving air (wind) into mechanical energy and then into electrical energy. This process involves 

several stages and components working together efficiently. Here's a detailed explanation of how WECS 

operates: 

1. Capturing Wind Energy 

 Wind is moving air that possesses kinetic energy due to its mass and velocity. 

 The rotor blades of a wind turbine are designed to capture this kinetic energy. The blades are shaped 

like airfoils (similar to airplane wings) to create lift when wind flows over them. 

 As the wind blows, it exerts a force on the blades, causing them to rotate. This rotation is the first step in 

the energy conversion process. 

2. Converting Kinetic Energy to Mechanical Energy 

 The rotating blades are connected to a hub, which is attached to a main shaft. 

 The rotational motion of the blades is transferred to the shaft, converting the kinetic energy of the wind 

into mechanical energy (rotational energy). 

 In many turbines, a gearbox is used to increase the rotational speed of the shaft to a level suitable for 

the generator. However, some modern turbines use direct-drive systems that eliminate the need for a 

gearbox. 

3. Generating Electrical Energy 

 The rotating shaft is connected to a generator, which converts the mechanical energy into electrical 

energy. 

 The generator operates based on the principle of electromagnetic induction, where a conductor 

(usually copper coils) moves through a magnetic field, inducing an electric current. 

 The type of generator used depends on the turbine design: 

o Synchronous Generators: Produce electricity at a fixed frequency, often used in large-scale 

wind turbines. 

o Asynchronous (Induction) Generators: More common in smaller turbines, allowing variable 

speed operation. 

4. Power Conditioning and Grid Integration 

 The electricity generated by the turbine is typically in the form of alternating current (AC) but may have 

variable voltage and frequency. 
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 Power electronics (such as inverters and converters) are used to condition the electricity, ensuring it 

matches the grid's voltage, frequency, and phase requirements. 

 The conditioned electricity is then fed into the power grid or used locally. 

5. Control Systems for Optimization 

 Modern WECS are equipped with advanced control systems to maximize efficiency and ensure safe 

operation: 

o Pitch Control: Adjusts the angle of the rotor blades to optimize energy capture and protect the 

turbine during high winds. 

o Yaw Control: Rotates the nacelle to keep the turbine aligned with the wind direction. 

o Speed Control: Regulates the rotational speed of the rotor to prevent damage and maintain 

optimal performance. 

 

CLASSIFICATION OF WECS DEVICES 

Wind Energy Conversion System (WECS) devices can be classified based on several parameters such 

as the axis of rotation, the number of blades, their operational configuration, and power output. This 

classification is essential for selecting the appropriate technology for different applications. Below is a detailed 

classification of WECS devices: 

1. Classification Based on Axis of Rotation 

This is the most common way to classify wind turbines, based on the orientation of the rotor axis. 

A. Horizontal Axis Wind Turbines (HAWTs) 

 Description: In horizontal axis wind turbines, the axis of rotation is parallel to the ground. The rotor 

spins around a horizontal axis, with blades similar to the wings of an airplane, and the turbine is 

designed to face the wind directly for optimal energy capture. 

Horizontal axis wind turbines have the main rotor shaft and electrical generator at the top of a tower,and they 

must be pointed into the wind. Small turbine are pointed by a simple wind vane placed square withthe rotor 

(blades), while large turbines generally use a wind sensor coupled with a servo motor to turn theturbine into the 

wind. Most large wind turbines have a gearbox, which turns the slow rotation of the rotorinto a faster rotation 

that is more suitable to drive an electrical generator.Since a tower produces turbulence behind it, the turbine is 

usually pointed upwind of the tower. 

Wind turbine blades are made stiff to prevent the blades from being pushed into the tower by high 

winds.Additionally, the blades are placed a considerable distance in front of the tower and are sometimes tilted 

upa small amount.Downwind machines have been built, despite the problem of turbulence, because they don‗t 

need anadditional mechanism for keeping them in line with the wind. Additionally, in high winds the blades can 

beallowed to bend which reduces their swept area and thus their wind resistance. Since turbulence leads 

tofatigue failures, reliability is so important and hence most HAWTs are upwind machines. 
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 Key Characteristics: 

o Orientation: Rotor axis is horizontal. 

o Yaw Mechanism: Requires a yaw mechanism to orient the rotor towards the wind. 

o Common Use: HAWTs are the most commonly used type for large-scale wind energy 

generation, both onshore and offshore. 

 Advantages: 

o High energy efficiency. 

o Easier to scale up for large power generation. 

o Robust and proven technology. 

 Examples: 

o Upwind turbines (where the blades face into the wind). 

o Downwind turbines (where the blades face away from the wind). 

 Disadvantages: 

o Massive tower construction is required to support the heavy blades, gearbox, and generator. 

o Require an additional yaw control mechanism to turn the blades towards the wind. 

o Generally require a braking or yawing device in high winds to stop the turbine from spinning and 

destroying or damaging itself. 

B. Vertical Axis Wind Turbines (VAWTs) 

 Description: In vertical axis wind turbines, the rotor axis is perpendicular to the ground. These turbines 

can capture wind from any direction, so they do not require a yaw mechanism. 

Vertical wind turbines (VAWTs), have the main rotor shaft arranged vertically .The main advantage of this 

arrangement is that the wind turbine does not need to be pointed into the wind. This makes them suitable in 

places where the wind direction is highly variable or has turbulent winds. With a vertical axis, the generator and 

other primary components can be placed near the ground, so the tower does not need to support it, also makes 

maintenance easier. The main drawback of a VAWT is that, it generally creates drag when rotating into the 

wind.  

It is difficult to mount vertical-axis turbines on towers, meaning they are often installed nearer to the base on 

which they rest, such as the ground or a building rooftop. The wind speed is slower at a lower altitude, so less 

wind energy is available for a given size turbine. Air flow near the ground and other objects can create turbulent 

flow, which can introduce issues of vibration, including noise and bearing wear which may increase the 

maintenance or shorten its service life. However, when a turbine is mounted on a rooftop, the building generally 

redirects wind over the roof and this can double the wind speed at the turbine. If the height of the rooftop 

mounted turbine tower is approximately 50% of the building height, this is near the optimum for maximum wind 

energy and minimum wind turbulence. 

 
 

 Key Characteristics: 

o Orientation: Rotor axis is vertical. 

o No Yaw Mechanism: Can capture wind from any direction, simplifying design. 
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o Common Use: VAWTs are often used for small-scale applications or in areas where wind 

direction changes frequently. 

 Advantages: 

o Ability to capture wind from any direction. 

o Less complex design, particularly in terms of mechanical components. 

o Suitable for urban and small-scale applications. 

 Examples: 

o Darrieus Turbine: A type of VAWT with curved blades, typically shaped like a ―H‖. 

o Savonius Turbine: A VAWT with scoop-shaped blades, often used in small-scale or educational 

projects. 

 

2. Classification Based on Number of Blades 

Wind turbines can also be classified based on the number of blades on the rotor. The number of blades affects 

the turbine's efficiency, noise levels, and overall performance. 

A. Single-Blade Wind Turbines 

 Description: These turbines have a single rotor blade, often designed with a counterweight or a second 

blade to balance the rotor. 

 Advantages: 

o Simple design. 

o Lower material cost. 

 Challenges: 

o Low energy efficiency. 

o Vibrations can cause wear and tear. 

B. Two-Blade Wind Turbines 

 Description: Two-blade wind turbines are a compromise between performance and cost. They are 

lighter than three-blade turbines, with a reduced weight on the tower. 

 Advantages: 

o Simpler design than three-blade systems. 

o Reduced cost of construction. 

 Challenges: 

o Increased mechanical stress and vibration compared to three blades. 

o Slightly lower efficiency. 

C. Three-Blade Wind Turbines 

 Description: Three-blade turbines are the most commonly used design for large-scale wind energy 

generation. They offer a balance between efficiency, stability, and noise levels. 

 Advantages: 

o High energy efficiency. 

o Smooth operation with minimal vibration. 

o Proven technology with high reliability. 

 Challenges: 

o More material is needed than for two-blade turbines. 

o Higher initial cost. 

D. Multi-Blade Wind Turbines 

 Description: These turbines use more than three blades, typically four to six blades. 

 Advantages: 

o Can operate at lower wind speeds. 

o Higher torque and better start-up characteristics. 

 Challenges: 

o Higher drag and reduced efficiency at higher wind speeds. 

o Larger and heavier blades require more materials and maintenance. 

 

3. Classification Based on Power Output 
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The classification based on power output is essential when determining the suitability of a turbine for 

different applications. Power output is generally classified into two categories: small-scale and large-scale 

turbines. 

A. Small-Scale Wind Turbines 

 Description: These are typically used for residential, agricultural, or remote applications. They generate 

power ranging from 50 watts to 100 kW. 

 Applications: 

o Powering homes, farms, and small businesses. 

o Remote or off-grid applications. 

 Example: Rural or residential wind turbines that supplement or replace conventional electricity 

sources. 

B. Large-Scale Wind Turbines 

 Description: These turbines are used in commercial wind farms and are capable of generating 100 kW 

to several megawatts (MW) of electrical power. 

 Applications: 

o Large wind farms for grid-connected electricity generation. 

 Example: Offshore wind farms or large onshore wind farms providing renewable energy to national 

grids. 

 

4. Classification Based on Application 

Wind energy devices can be classified according to their primary application: 

A. Grid-Connected Wind Turbines 

 Description: These turbines are connected to the main electrical grid, feeding power to the grid, which 

is distributed to homes and businesses. 

 Advantage: Large-scale turbines that generate significant amounts of electricity for commercial and 

residential use. 

B. Off-Grid Wind Turbines 

 Description: These turbines are used in isolated or remote locations where there is no connection to 

the power grid. Off-grid systems often rely on battery storage to provide continuous electricity. 

 Application: Rural and remote areas or small-scale applications like farms, homes, or communities. 

 Example: Stand-alone wind systems for powering remote research stations or communication towers. 

 

5. Classification Based on Operation Mode 

Wind energy devices can also be classified according to their operational modes, which determine how the wind 

turbine responds to changes in wind speed and how the turbine is controlled. 

A. Constant-Speed Wind Turbines 

 Description: These turbines operate at a constant rotational speed under normal operating conditions. 

They are typically connected to the grid and are designed to operate efficiently at specific wind speeds. 

 Characteristics: 

o Simple design. 

o Fixed pitch and speed control. 

 Challenges: 

o Less efficient at variable wind speeds. 

B. Variable-Speed Wind Turbines 

 Description: These turbines are designed to operate at variable rotational speeds, adjusting according 

to changes in wind speed. This allows the turbine to capture more energy and operate more efficiently 

across a wider range of wind conditions. 

 Characteristics: 

o Higher efficiency in fluctuating wind conditions. 

o Requires advanced control systems. 

 Applications: 

o Large-scale wind farms or advanced turbine designs that maximize energy capture. 
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6. Classification Based on Mounting Type 

The way the turbine is mounted also influences the classification. 

A. Land-Based Wind Turbines 

 Description: These turbines are located on land and are typically part of large wind farms. 

 Advantages: Lower installation costs compared to offshore turbines. 

 Challenges: Land availability and local opposition due to aesthetic concerns or environmental impact. 

B. Offshore Wind Turbines 

 Description: Offshore turbines are located in bodies of water, typically on the continental shelf. They 

take advantage of higher and more consistent wind speeds over the sea. 

 Advantages: Better wind resources and fewer land-use issues. 

 Challenges: High installation and maintenance costs due to harsh marine environments. 

 

WIND ELECTRIC GENERATING AND CONTROL SYSTEMS (WEGS) 

Wind Electric Generating Systems (WEGS) are the systems designed to convert the kinetic energy of 

the wind into electrical energy. The wind turbine (or wind generator) captures the energy and converts it into 

mechanical energy, which is then transformed into electrical energy through various components. Along with 

generating the electricity, the system includes control systems to ensure smooth operation, optimize 

performance, and protect the turbine from damage in extreme conditions.  

1. Wind Electric Generating System (WEGS) Components  

A typical wind electric generating system includes several key components working together to capture 

and convert wind energy into usable electrical power. 

A. Wind Turbine 

 Rotor (Blades and Hub): The rotor is the primary component that converts the kinetic energy of the 

wind into mechanical energy. The rotor consists of the blades and the hub: 

o Blades: Usually made of composite materials, blades capture the wind‘s energy and rotate to 

generate mechanical power. 

o Hub: The central part of the rotor, which connects the blades to the main shaft. 

 Yaw Mechanism: The yaw mechanism ensures that the rotor is always facing into the wind to maximize 

efficiency. It consists of a motorized system that adjusts the direction of the turbine in response to 

changing wind directions. 

 Pitch Control: This system adjusts the angle of the blades (pitch) to control the turbine‘s rotational 

speed and power output. It helps to prevent damage during high winds by reducing the blade angle to 

"feather" the rotor. 

B. Nacelle 

 The nacelle is a protective casing that houses the mechanical and electrical components necessary to 

generate power. It is located atop the tower and includes: 

o Main Shaft: Transfers the mechanical energy from the rotor to the gearbox or generator. 

o Gearbox: Increases the rotational speed of the low-speed main shaft to the high-speed required 

by the generator (typically around 1,500 RPM). 

o Generator: Converts the mechanical energy into electrical energy. It can be an induction 

generator or a synchronous generator. 

C. Tower 

 The tower provides structural support to the nacelle and rotor. It elevates the turbine to a height where 

wind speeds are optimal. Towers are often made of steel, concrete, or hybrid materials. 

D. Electrical System 

 The electrical system is responsible for converting the mechanical energy into usable electrical power. It 

includes: 

o Power Converter: Converts the alternating current (AC) produced by the generator to a form 

compatible with the electrical grid or local use. This could be a frequency converter or rectifier. 

o Transformer: Steps up the voltage of the electrical power to the appropriate level for grid 

transmission. 
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o Cables: Carry the electrical power from the generator to the load or grid. 

E. Brake System 

 The brake system is essential for stopping the rotor in cases of emergency, high winds, or when 

maintenance is needed. It can include mechanical brakes, hydraulic brakes, or electromagnetic 

brakes. 

 

2. Wind Electric Generating System Operations 

The operation of a wind electric generating system involves the following key stages: 

A. Wind Energy Capture 

 The wind turbines capture the kinetic energy of the wind using the rotor blades. As wind blows over the 

blades, the air pressure difference created by the aerodynamic shape of the blades causes them to 

rotate. 

 The rotor blades convert the wind energy into mechanical rotational energy. 

B. Mechanical Energy Conversion 

 The mechanical energy from the rotating rotor is transferred through the main shaft to the gearbox, 

which increases the rotational speed. 

 The high-speed rotation of the shaft is then transferred to the generator. 

C. Electrical Energy Generation 

 The generator converts the mechanical energy into electrical energy through electromagnetic induction. 

Depending on the type of generator (induction or synchronous), the process varies slightly: 

o Induction Generator: Typically used for smaller systems, these generators produce alternating 

current (AC) by using a rotating magnetic field. 

o Synchronous Generator: More commonly used in larger turbines, these generators are 

synchronized with the electrical grid and produce a steady output frequency. 

D. Power Regulation 

 The controller manages the overall system and ensures that the turbine operates within the optimal 

wind speed range. The system may also include mechanisms to control the speed of the rotor and 

adjust the blade angle (pitch control). 

 Variable-Speed Operation: Modern wind turbines use variable-speed operation to optimize efficiency 

across a range of wind speeds. The rotor speed adjusts to maintain a stable power output while 

minimizing mechanical stress. 

 

 

3. Control Systems in Wind Electric Generating Systems 

Control systems are critical for the effective and safe operation of wind turbines. They regulate the 

turbine's performance, optimize power generation, and protect the system from damage due to wind conditions 

or other factors. The primary control systems in wind turbines are: 

A. Supervisory Control and Data Acquisition (SCADA) 

 Function: SCADA systems are used for monitoring and controlling wind turbines or wind farms 

remotely. They collect data from turbines (e.g., wind speed, power output, blade pitch) and allow 

operators to make informed decisions about performance, maintenance, and troubleshooting. 

 Components: 

o Sensors: Measure various parameters like wind speed, rotor speed, power output, and 

component health. 

o Control Center: Provides a central interface for monitoring and controlling the turbines. 

o Data Logging: Collects and stores performance data for analysis and reporting. 

B. Pitch Control System 

 Function: The pitch control system adjusts the angle of the rotor blades to optimize energy production, 

protect the system from over-speeding, and ensure smooth operation. 

 Operation: 

o Low Wind Speeds: The blades are pitched to capture maximum wind energy. 
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o High Wind Speeds: The blades are pitched to reduce the angle and prevent overloading of the 

turbine. 

 Types: 

o Passive Pitch Control: The blades automatically adjust in response to wind conditions without 

the need for external control systems. 

o Active Pitch Control: A more sophisticated system that uses motors to actively adjust the pitch 

angle in real-time. 

C. Yaw Control System 

 Function: The yaw system ensures that the wind turbine always faces the direction of the wind. It 

consists of a motorized mechanism that rotates the nacelle to align with the wind direction. 

 Operation: The yaw system typically uses wind sensors that detect the direction of the wind. If the wind 

changes direction, the yaw control system automatically reorients the nacelle to face the new wind 

direction. 

D. Brake Control System 

 Function: The brake system is used to stop the turbine in cases of emergencies or high winds that 

could damage the turbine. 

 Types: 

o Mechanical Brakes: Physical brakes that act on the rotor or main shaft to stop rotation. 

o Hydraulic Brakes: Brakes that use hydraulic fluid to create pressure on the braking 

components. 

o Electromagnetic Brakes: Brakes that use magnetic forces to apply braking torque without 

physical contact, reducing wear. 

E. Over-Speed Protection System 

 Function: This system prevents the turbine from spinning at dangerously high speeds, which could lead 

to mechanical failure. Over-speed protection can be achieved through the pitch control system 

(feathering the blades) or using mechanical brakes. 

F. Power Electronic Control Systems 

 Function: Power electronics are used to control the electrical output of the wind turbine. This includes 

the conversion of AC to DC (if necessary), regulation of power output, and integration with the grid. 

 Components: 

o Inverters: Convert the DC power produced by the generator into AC power for the grid. 

o Rectifiers: Convert AC power to DC for use in storage systems or for specific applications. 

o Frequency Converters: Adjust the output frequency to match the grid standards (e.g., 50 Hz or 

60 Hz). 

 

 

4. Protection Systems for Wind Electric Generating Systems  

Wind turbines are subjected to harsh environmental conditions, so protection systems are essential for ensuring 

longevity and preventing failures. 

A. Overload Protection 

 Protects the turbine from exceeding maximum operational limits, preventing damage to the generator, 

gearbox, and other critical components. 

B. Lightning Protection System 

 Wind turbines, especially those on tall towers, are vulnerable to lightning strikes. Lightning protection 

systems use lightning rods and grounding mechanisms to safely discharge electrical energy. 

C. Thermal Protection 

 Protects sensitive components (like the generator and gearbox) from overheating by regulating 

temperature through cooling systems or automatic shutdown. 

D. Vibration Monitoring 

 Wind turbines are equipped with vibration sensors to detect abnormal vibrations that could indicate wear 

or malfunction. Excessive vibrations can lead to mechanical failure if not addressed promptly. 
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CHARACTERISTICS OF WIND ENERGY 

Wind energy has various physical and operational characteristics that define its performance and 

suitability for power generation. These characteristics include the nature of the resource itself (wind), how it can 

be converted into mechanical and electrical energy, and how it behaves under different environmental 

conditions. 

A. Renewable and Clean Energy Source 

 Renewable: Wind energy is a renewable energy source, meaning it is inexhaustible and will not deplete 

over time. Wind is generated by the movement of air caused by the sun's heating of the Earth's surface. 

 Environmentally Friendly: Unlike fossil fuels, wind energy produces no greenhouse gases or pollutants 

during operation, contributing to reducing carbon emissions and mitigating climate change. 

 Sustainability: Wind is sustainable as long as weather patterns and wind currents remain unchanged, 

making it a reliable source of energy in regions with consistent wind conditions. 

B. Intermittency and Variability 

 Intermittent: Wind energy is not available constantly. Wind speeds vary throughout the day and year, 

depending on seasonal weather patterns and local conditions. This intermittent nature can affect the 

consistency of energy generation. 

 Variable: The amount of wind energy produced can fluctuate due to changes in wind speed and 

direction. Wind turbines typically have a cut-in wind speed (the minimum speed at which they start 

generating power) and a cut-out wind speed (the maximum speed at which they stop to avoid damage). 

C. Wind Speed and Power Generation 

 Power-Dependent on Wind Speed: The power output of a wind turbine is highly dependent on wind 

speed. Wind power is proportional to the cube of wind speed. This means that a slight increase in wind 

speed can significantly increase power output. 

o Power P=1/2ρAv3 

where:P = Power, ρ = Air density, A = Area swept by the blades&v = Wind velocity 

 Optimal Wind Speeds: The optimal wind speeds for power generation are typically between 6 m/s 

(13.4 mph) and 25 m/s (56 mph). Below 6 m/s, turbines generate little to no power, and above 25 m/s, 

turbines are designed to shut down to prevent damage. 

D. Land Use and Spatial Considerations 

 Land Footprint: Wind farms require significant land area for installation, though wind turbines 

themselves only occupy a small portion of the land. The land between the turbines can often be used for 

other purposes, such as farming or grazing. 

 Spacing and Interference: Wind turbines must be spaced adequately to avoid aerodynamic 

interference. The typical distance between turbines is approximately 7 to 9 rotor diameters to maximize 

efficiency and minimize turbulence between turbines. 

E. Noise and Visual Impact 

 Noise Generation: Wind turbines generate noise during operation, mainly from the rotor blades passing 

through the air and from mechanical components like the gearbox. However, modern turbines are 

designed to minimize noise. 

 Aesthetic Concerns: Some people find wind turbines visually intrusive, especially in areas of scenic 

beauty or residential zones. This can sometimes lead to opposition to their installation. 

F. Offshore vs. Onshore Wind 

 Onshore Wind: Onshore wind farms are located on land and are the most common type of wind farms. 

They are less expensive to install but may face land-use challenges, such as opposition from local 

communities. 

 Offshore Wind: Offshore wind farms are located in bodies of water, typically on the continental shelf. 

These turbines benefit from stronger and more consistent winds but are more expensive to install and 

maintain due to the harsh marine environment. 

G. Efficiency 

 Energy Conversion Efficiency: Wind turbines can convert about 35-45% of the available wind energy 

into usable electrical energy, depending on the design and the wind conditions. The efficiency is limited 

by factors like turbulence, mechanical losses, and aerodynamic inefficiencies. 
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 Capacity Factor: The capacity factor of a wind turbine refers to the ratio of actual output to the 

maximum possible output. This is typically between 25% and 40% for most wind farms, though it can be 

higher for sites with consistent, strong winds. 

APPLICATIONS OF WIND ENERGY 

Wind energy has diverse applications, ranging from small-scale residential use to large-scale power 

generation in wind farms. The following are the primary applications of wind energy: 

A. Large-Scale Power Generation 

 Wind Farms: Large wind farms, consisting of multiple turbines, are the primary method of harnessing 

wind energy for grid power generation. These can be either onshore or offshore and provide electricity to 

the national grid or regional networks. 

 Grid-Connected Systems: Wind farms are often connected to the power grid, where they contribute to 

the overall electricity supply. These systems help diversify the energy mix and reduce dependence on 

fossil fuels. 

B. Distributed Generation for Residential and Commercial Use 

 Small-Scale Wind Turbines: Small wind turbines are used in residential or commercial applications 

where wind resources are adequate. These systems can help power homes, farms, or small businesses 

by supplementing or replacing conventional power sources. 

 Standalone Systems: Small-scale turbines, often paired with battery storage systems, can be used for 

remote locations or off-grid applications, providing electricity where it might be difficult or expensive to 

connect to the grid. 

C. Hybrid Power Systems 

 Wind-Solar Hybrid Systems: In some cases, wind turbines are integrated into hybrid systems with 

solar panels. These systems combine the strengths of both renewable sources, as wind and solar 

energy often complement each other (e.g., wind is often stronger when solar energy is less available). 

 Energy Storage: Wind energy is often coupled with energy storage systems like batteries or pumped 

hydro storage to mitigate its intermittent nature. This allows for stored energy to be used when the wind 

is not blowing. 

D. Remote Area Electrification 

 Off-Grid Solutions: Wind energy is ideal for providing electricity to remote and rural areas that are not 

connected to the electrical grid. By installing small wind turbines, rural communities can gain access to 

clean, renewable electricity without the need for expensive infrastructure. 

 Telecommunication Towers: Wind turbines are used to power remote communication towers, such as 

those used for radio, television, and cellular networks, providing energy to these systems in places 

where traditional power sources may not be available. 

E. Agricultural Applications 

 Pumping Water: Wind turbines can be used to power water pumps for irrigation or livestock watering in 

rural or agricultural areas. This application is particularly useful in regions with limited access to 

electricity. 

 Windmills for Milling and Grinding: Historically, windmills have been used for milling grain or grinding 

other materials. Although less common today, some agricultural windmills still operate in certain regions. 

F. Offshore Wind Energy 

 Offshore Wind Farms: Offshore wind turbines are designed to take advantage of the stronger and 

more consistent winds found at sea. These systems are capable of generating large amounts of power, 

and the energy produced can be transmitted to the shore via subsea cables. 

 Marine Applications: Offshore wind energy is increasingly being used for large-scale commercial 

projects, with many countries, especially in Europe, investing heavily in offshore wind farms. 

G. Pumped Storage and Wind Energy Storage 

 Energy Storage: Wind energy can be used in combination with energy storage systems to provide 

consistent power generation, even during periods of low wind speeds. Technologies like pumped hydro 

storage or battery storage systems can store excess wind energy when production exceeds demand. 
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 Hydrogen Production: Wind energy can be used for electrolysis to produce hydrogen, which can be 

stored and used as a clean fuel for various applications, including transportation and industrial 

processes. 

 

Advantages and Challenges of Wind Energy 

Advantages of Wind Energy 

 Renewable and Abundant: Wind is an inexhaustible resource, and its availability is widespread across 

the globe. 

 Low Operating Costs: Once a wind turbine is installed, the ongoing operational costs are relatively low 

compared to fossil fuel power plants. 

 Environmental Benefits: Wind energy generates no emissions during operation, contributing to the 

reduction of greenhouse gases and air pollution. 

 Job Creation: The wind industry supports jobs in manufacturing, installation, and maintenance, 

stimulating local economies. 

 Energy Security: Wind energy helps diversify the energy mix, reducing dependence on imported fuels. 

Challenges of Wind Energy 

 Intermittency: Wind energy is variable and not always available when it‘s needed. This can cause 

challenges in meeting demand and requires solutions like energy storage or backup power systems. 

 High Initial Costs: The capital investment required to install wind turbines, particularly offshore turbines, 

can be high. However, the operational costs are lower in comparison. 

 Land and Space Requirements: Wind farms require significant amounts of land, especially in the case 

of large-scale installations. 

 Environmental and Aesthetic Concerns: Wind farms can have local impacts on wildlife, particularly 

bird populations and can be considered visually intrusive by some communities. 
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UNIT IV 

BIOMASS ENERGY 

Energy from biomass, Principle of biomass conversion technologies/process and their classification, Bio 

gas generation, types of biogas plants, selection of site for biogas plant, classification of biogas plants, 

Advantage and disadvantages of biogas generation, thermal gasification of biomass, biomass gasifies, 

Application of biomass and biogas plants and their economics. 

==================================================================================== 

Introduction  

Biomass is a clean and renewable energy resource. It refers to the organic material that is used for the 

production of energy referred to as Bioenergy. Biomass is primarily found in the form of living plants and 

biological wastes from industrial and domestic use. Biomass contains stored chemical energy from the sun. 

Plants produce biomass through photosynthesis. Biomass can be burned directly for heat or converted to 

renewable liquid and gaseous fuels through various processes. Biomass provides 32% of all the primary energy 

use in the country at present.  

Bio mass resources  

Biomass resources, sometimes referred to as bio-renewable resources are all forms of organic 

materials, including plant matter both living and in waste form, as well as animal matter and their waste 

products. Biomass resources are generally classified as being either waste materials or dedicated energy 

crops.  

A waste material can be any municipal solid waste and industrial waste material that has been discarded 

because it no longer has any apparent value to the user or which represents a nuisance or even a potential 

pollutant to the local environment. If the organic waste products from one process, was used as primary source 

of feedstock in another process, for example, waste cardboard, wood and paper recycled into newspapers, 

books and magazines, then if these waste materials were economically converted into electricity, heat, liquid 

biofuels, or chemicals, then they could be considered as a biomass resource rather than an unwanted waste 

stream. Waste materials that would qualify as a bio-renewable resource include agricultural residues, yard and 

garden waste, municipal solid waste, food processing waste, animal manure, etc.,  

Solid Biomass Resources  

Agricultural Residues are the non-edible stalk type materials that remain after the harvest of the edible 

portions of the crops, such as corn, wheat, grain and sugar cane. Agricultural residues also includes plant 

leaves, husks, some roots and stems. The residues of dedicated bioenergy non-food crops are grown for their 

starches, sugars, or oils for the conversion into bioethanol and bio-lubricants. The advantage of agricultural 

residues is that they do not require the use of additional land space because they are grown together with the 

food crops.  

Food Processing Waste is the effluent wastes from a wide variety of industrial processes ranging from 

breakfast and cereal bar manufacturers to fresh and frozen vegetable manufacturers to alcohol breweries. 

These residues and wastes can be in the form of either dry solids or watery liquids. Fermentation of liquid 

wastes and oils from food processing can produce Ethanol.  

Municipal Solid Waste is the items that are thrown away in the garbage and trash and is collected by the 

dustbin men or sent to the recycling centre. Municipal solid waste such as particularly paper, cardboard, and 

discarded food products, is an attractive source of endless biomass feedstock. However, not all municipal waste 

is suitable as a biomass resource, especially metallic and plastic waste.  

Animal Waste from farms, ranches, slaughterhouses, fisheries and dairies or any concentration of animals into 

giant livestock farming facilities produces large amounts of manure and sewage sludge. Liquid sewage, animal 

wastes, and also human waste from urban areas, provides a constant source of chemical energy and gases 

which can be converted into electrical power at wastewater treatment plants. The treatment of animal waste 

produces combustible methane and biogas which can then be used for heating and transportation. 

Biomass conversion technologies refer to processes that transform biomass (organic materials derived from 

plants, animals, or microorganisms) into usable forms of energy, chemicals, or materials. The principle behind 

biomass conversion is to harness the energy stored in organic matter and convert it into a more convenient and 

useful form, such as heat, electricity, biofuels, or bio products. These technologies are critical in addressing 

energy needs sustainably and reducing dependence on fossil fuels. 
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Principle of Biomass Conversion Technologies 

The fundamental principle behind biomass conversion technologies is to harness the energy stored in plant 

and animal matter and convert it into usable forms, such as heat, electricity, biofuels (like bioethanol and 

biodiesel), and bioproducts. This can be done by: 

1. Chemical processes: Biomass can be subjected to chemical reactions such as fermentation or 

transesterification to produce liquid fuels and chemicals. 

2. Thermal processes: Biomass can be heated in the presence of limited or no oxygen (pyrolysis) or in 

the presence of air (combustion) to generate heat or convert it into other valuable products. 

3. Biological processes: Microorganisms are used to decompose organic matter to generate biogas or 

convert sugars into biofuels like ethanol or methane. 

4. Physical processes: Techniques such as mechanical compression or torrefaction are used to enhance 

biomass properties for fuel production. 

Classification of Biomass Conversion Technologies 

Biomass conversion technologies can be classified into four main categories based on the mechanism of 

conversion and the final product: 

1. Biological Conversion: 

Fermentation: Biomass is converted into bioethanol or other biofuels by using microorganisms (e.g., yeast) to 

ferment sugars or starches present in the biomass. 

Anaerobic Digestion (Biogas Production): Microorganisms break down organic material in the absence of 

oxygen, producing biogas (methane, carbon dioxide) that can be used for energy production. 

Composting: Organic matter decomposes naturally through microbial action to create compost, which can be 

used as a fertilizer. 

2. Thermal Conversion: 

Combustion: Biomass is burned in the presence of oxygen to generate heat and produce electricity or steam. 

Gasification: Biomass is heated in a low-oxygen environment, producing a mixture of gases (syngas), including 

carbon monoxide, hydrogen, and methane, which can be used for electricity generation or converted into liquid 

fuels. 

Pyrolysis: Biomass is heated in the absence of oxygen to produce biochar, bio-oil, and syngas. This process is 

useful for creating high-value chemicals, biofuels, and solid fuel. 

Torrefaction: Biomass is heated in a low-oxygen environment at a moderate temperature to create a more 

energy-dense and stable fuel. 

3. Chemical Conversion: 

Transesterification: A chemical reaction that converts oils (usually vegetable oils or animal fats) into biodiesel, 

which can be used as a renewable alternative to diesel. 

Hydrolysis: Biomass (especially lignocellulosic biomass) is treated with heat and chemicals to break down 

complex carbohydrates into sugars, which can then be fermented to produce bioethanol or other biofuels. 

Hydrogenation: A chemical process used to convert liquid biomass oils into fuels and chemicals by adding 

hydrogen in the presence of a catalyst. 

4. Physical Conversion: 

Briquetting and Pelletizing: Biomass is mechanically compressed into dense forms such as pellets or 

briquettes, which can be used as a renewable solid fuel. 

Mechanical Processing: Biomass can be shredded or milled to alter its size and structure, making it more 

suitable for further processing or combustion. 

Applications of Biomass Conversion Technologies 

These technologies are applied in a variety of sectors: 

Power Generation: Biomass can be burned in power plants or converted to gas for generating electricity. 

Transportation Fuels: Biomass-based fuels like ethanol, biodiesel, and biogas can replace petroleum-based 

fuels. 

Heating: Biomass can be directly combusted for residential, commercial, and industrial heating. 
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Chemical Production: Biomass can be processed to produce bioplastics, bio-based chemicals, and other 

value-added products. 

Biogas Generation is a process by which organic materials (such as agricultural waste, animal manure, food 

waste, and sewage) are broken down by microorganisms in the absence of oxygen (anaerobic conditions). This 

process occurs naturally in environments like swamps or landfills but can also be controlled in biogas plants to 

produce renewable energy. The resulting biogas primarily contains methane (CH₄), carbon dioxide (CO₂), and 

trace amounts of other gases like hydrogen sulfide (H₂S) and ammonia (NH₃). 

 

Principle of Biogas Generation 

The process of biogas generation involves anaerobic digestion, where complex organic materials are 

broken down by bacteria and other microorganisms under anaerobic (without oxygen) conditions. The main 

stages of anaerobic digestion are: 

Hydrolysis: Complex organic matter (such as fats, proteins, and carbohydrates) is broken down into simpler 

compounds like sugars, amino acids, and fatty acids by enzymes produced by microorganisms. 

Acidogenesis: The simple organic molecules (like sugars and amino acids) are further broken down by 

acidogenic bacteria into volatile fatty acids (VFAs), hydrogen (H₂), and carbon dioxide (CO₂). 

Acetogenesis: The volatile fatty acids and alcohols produced in acidogenesis are converted into acetic acid, 

hydrogen, and CO₂ by acetogenic bacteria. 

Methanogenesis: Methanogenic bacteria finally convert the acetic acid and hydrogen into methane (CH₄) and 

carbon dioxide (CO₂), which are the main components of biogas. 

 

Composition of Biogas 

Biogas is a mixture of gases, with the following approximate composition: 

Methane (CH₄): 50-70% (this is the primary component that can be used as a fuel). 

Carbon Dioxide (CO₂): 30-50%. 

Hydrogen Sulfide (H₂S): 0-1% (may need to be removed as it is corrosive). 

Ammonia (NH₃): Trace amounts. 

Nitrogen (N₂): Trace amounts. 

The high methane content makes biogas a good fuel for heating, electricity generation, and even vehicle 

fuel after upgrading. 

 

Biogas Generation Process (Anaerobic Digestion) Steps 

Feedstock Collection: Organic waste materials like agricultural residues, animal dung, food waste, or sewage 

sludge are collected. 

Pre-Treatment: Some feedstocks may need to be shredded, chopped, or heated to improve the digestion 

process and break down the complex structures (e.g., cellulose in plant material). 

Anaerobic Digestion: The pre-treated feedstock is placed in an anaerobic digester, a sealed vessel where 

microorganisms break down the organic material without oxygen. The temperature can be controlled to 

enhance the activity of the microorganisms: 

Mesophilic digestion: Operates at 30-40°C (preferred for moderate temperatures). 

Thermophilic digestion: Operates at 50-60°C (faster, but requires more energy). 

Biogas Production: As digestion occurs, biogas is produced and collected at the top of the digester. The 

methane-rich gas is then separated and stored for use. 

Post-Digestion (Digestate): The remaining material, called digestate, is a nutrient-rich substance that can be 

used as organic fertilizer for agricultural purposes. 

 

Types of Anaerobic Digesters 

Batch Digesters: Organic waste is added in batches, and the system is sealed for digestion until the process is 

completed, after which the biogas is collected, and the digestate is removed. 

Continuous Digesters: Organic material is continuously added, and the digested material is also continuously 

removed. This type allows for a steady production of biogas. 
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Plug Flow Digesters: Waste is added at one end and moves through the system (like a ―plug‖). This type is 

commonly used for high-solids feedstocks like manure. 

Upflow Anaerobic Sludge Blanket (UASB) Digesters: In this type, wastewater is treated, and biogas is 

produced as the liquid waste passes through a blanket of sludge. This type is efficient in treating liquid waste 

like sewage. 

 

Applications of Biogas 

 Electricity Generation: Biogas can be used to power generators that convert the energy from methane 

into electricity. 

 Heat Generation: Biogas can be burned directly in boilers or furnaces to produce heat for industrial 

processes or for district heating systems. 

 Vehicle Fuel: After upgrading (removing impurities like CO₂ and H₂S), biogas can be compressed and 

used as compressed natural gas (CNG) for vehicles, providing an alternative to fossil fuels. 

 Biogas for Cooking: In rural areas, biogas is commonly used for cooking and heating, replacing 

traditional biomass fuels like wood or charcoal. 

 Fertilizer: The digested material (digestate) is rich in nutrients like nitrogen and phosphorus, making it 

an excellent organic fertilizer for agricultural use. 

Advantages of Biogas Generation 

 Renewable Energy: Biogas is a renewable source of energy, helping to reduce dependence on fossil 

fuels and contributing to energy security. 

 Waste Management: Biogas production helps in managing organic waste, reducing landfill use, and 

decreasing greenhouse gas emissions from decaying organic waste. 

 Reduction of Greenhouse Gases: Methane is a potent greenhouse gas, but when captured and 

utilized as biogas, it prevents its release into the atmosphere. 

 Nutrient-Rich Fertilizer: The digestate produced in the process is a valuable organic fertilizer that 

improves soil quality. 

 Sustainable Agriculture: Integrating biogas production in agricultural systems can help close nutrient 

cycles and make farms more self-sufficient. 

 Challenges of Biogas Generation 

 Feedstock Availability: The availability and consistency of biomass feedstocks are crucial for stable 

biogas production. Seasonal variations in waste generation can affect the process. 

 Initial Investment: Setting up a biogas plant requires a significant upfront investment in equipment and 

infrastructure. 

 Technology & Maintenance: Biogas plants require skilled operation and maintenance, particularly in 

the management of the anaerobic digester and biogas production systems. 

 Impurity Removal: The presence of impurities (such as hydrogen sulfide) in biogas requires purification 

and upgrading before it can be used for certain applications, such as vehicle fuel. 
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There are several types of biogas plants, each designed for different purposes and settings. Here are some 

common types: 

Balloon Plants 

A balloon plant consists of a heat-sealed plastic or rubber bag (balloon), combining digester and gas-

holder. The gas is stored in the upper part of the balloon. The inlet and outlet are attached directly to the skin of 

the balloon. Gas pressure can be increased by placing weights on the balloon. If the gas pressure exceeds a 

limit that the balloon can withstand, it may damage the skin. Therefore, safety valves are required. If higher gas 

pressures are needed, a gas pump is required. Since the material has to be weather- and UV resistant, 

specially stabilized, reinforced plastic or synthetic caoutchouc is given preference. Other materials which have 

been used successfully include RMP (red mud plastic), Trevira and butyl. The useful life-span does usually not 

exceed 2-5 years. 

Advantages: 

 Standardized prefabrication at low cost, 

 low construction sophistication, 

 ease of transportation, 

 shallow installation suitable for use in areas with a high groundwater table; 

 high temperature digesters in warm climates; 

 uncomplicated cleaning, 

 emptying and maintenance; 

 difficult substrates like water hyacinths can be used 

Balloon biogas plants are recommended, if local repair is or can be made possible and the cost advantage is 

substantial. 

Disadvantages: 

 Low gas pressure may require gas pumps; 

 scum cannot be removed during operation; 

 the plastic balloon has a relatively short useful life-span and is susceptible to mechanical damage 

and usually not available locally. In addition, local craftsmen are rarely in a position to repair a 

damaged balloon. There is only little scope for the creation of local employment and, therefore, 

limited self-help potential. 

Variations: A variation of the balloon plant is the channel-type digester, which is usually covered with plastic 

sheeting and a sunshade (fig.1-E). Balloon plants can be recommended wherever the balloon skin is not likely 

to be damaged and where the temperature is even and high. 

 
Fixed Dome Biogas 

The Chinese developed and built the fixed dome biogas system in the 1930s. The unit consists of an 

underground brick masonry compartment (fermentation chamber) with a dome for gas storage. 

A fixed-dome biogas plant consists of an enclosed digester with a fixed, non-movable gas space. The 

gas is stored in the upper part of the digester. When gas production commences, the slurry is displaced into the 

compensating tank. Gas pressure increases with the volume of gas stored. Therefore the volume of the digester 

should not exceed 20 m³. The gas pressure is low if there is little gas in the holder. A gas pressure regulator or 
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a floating gasholder is needed if the gas is required at constant pressure (e.g., for engines). Engines require a 

great deal of gas, and hence large gasholders. The gas pressure then becomes too high if there is no floating 

gasholder. 

Advantages: 

 Fixed dome biogas units have low construction costs, no moving parts, and no rusting steel parts. 

Hence long life (20 years or more), underground construction, affording protection from winter cold and saving 

space creates employment locally. 

Disadvantages: 

 Plants often do not gaslight (porosity and crack; gas pressure fluctuates substantially and is usually very 

high, low digester temperatures.  

These plants can only be recommended where experienced biogas technicians can supervise construction. 

 
 

FLOATING DRUM PLANT 

 A floating drum plant typically refers to a type of biogas plant that uses a floating drum to collect and 

store the biogas produced from organic waste. The concept is used in various biogas systems to capture 

methane gas produced through anaerobic digestion of organic matter like food waste, manure, or sewage 

sludge. 

How it works: 

 Fermentation Process: Organic waste is placed in a large, sealed container (digester), where it 

decomposes in the absence of oxygen. This decomposition produces methane gas. 

 Floating Drum: The digester is designed with a floating drum on top. As methane is produced, the gas 

accumulates in the drum, causing it to rise. The floating drum acts as a storage container for the gas. 

 Gas Collection: The gas is then directed from the floating drum to be used as fuel for cooking, heating, 

or even generating electricity. 

 Slurry Removal: After the fermentation, the remaining liquid (slurry) is removed from the digester and 

can be used as a fertilizer for agricultural purposes. 

Advantages: 

 Energy Production: The methane gas can be used for cooking or electricity generation. 

 Waste Management: Helps in managing organic waste and converting it into useful resources. 

 Environmental Benefits: Reduces the release of methane into the atmosphere (a potent greenhouse 

gas) and provides a renewable energy source. 

 Floating drum plants are often used in rural areas, especially in developing countries where they can 

serve as an affordable energy solution, while also managing waste. 
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Selection of construction site Selection of construction sites are mainly governed by the following 

factors: 

 The site should facilitate easy construction works. The selected site should be such that the construction 

cost is minimized. The selected site should ensure easy operation and maintenance activities like feeding of 

plant, use of main gas valve, composing and use of slurry, checking of gas leakage, draining condensed water 

from pipeline etc. The site should guarantee plant safety.To make plant easier to operate and avoid wastage of 

raw materials, especially the dung/swine manure, plant must be as close as possible to the cattle shed.  

The site should be in slightly higher elevation than the surrounding. This helps in avoiding water logging. This 

also ensures free flow of slurry from overflow outlet to the composting pit. For effective functioning of bio-

digesters, right temperature (20-35°C) has to be maintained inside the digester. Therefore it is better to avoid 

damp and cool place – Sunny site is preferable.To mix dung and water or flush swine manure to the digester, 

considerable quantity of water is required. If water source is far, the burden of fetching water becomes more. 

 The well or ground water source should be at least 10 meter away from the biodigester especially the 

slurry pit to avoid the ground water pollution.  

If longer gas pipe is used the cost will be increased as the conveyance system becomes costly. Furthermore, 

longer pipeline increases the risk of gas leakage. The main gas valve which is fitted just above the gas holder 

should be opened and closed before and after the use of biogas. Therefore the plant should be as near to the 

point of application as possible.  

 The site should be at sufficient distance from trees to avoid damage of biodigester from roots. Type of 

soil should have enough bearing capacity to avoid the possibility of sinking of structure. Location of biogas plant 

A biogas plant should not be located further than 5 meters from the field. The digester chamber must be in an 

open area and should not be near any water source or natural water as animal excrement may seep into 

underground water. The plant should also be situated on a slope and not on the low land to avoid the danger of 

floods.  

Advantages of Biogas Generation: 

 Renewable Energy Source: 

o Biogas is a renewable source of energy, derived from organic waste materials (such as 

agricultural residues, food waste, and animal manure). Unlike fossil fuels, biogas production is 

sustainable and can be replenished continuously. 

 Waste Management: 

 Biogas plants help manage organic waste by converting it into useful energy, reducing the need for 

landfills and incineration. This contributes to better waste management and reduces environmental 

pollution. 

 Reduction in Greenhouse Gas Emissions: 

o Biogas generation helps reduce the emission of methane from decomposing organic waste in 

landfills. Instead of methane being released directly into the atmosphere (which is a potent 

greenhouse gas), it is captured and used as an energy source. 

 Reduction in Odor: 

o Organic waste, when left untreated, can produce unpleasant odors. Biogas production in 

controlled environments (such as digesters) helps mitigate these odors. 
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 Produces Fertilizer (Digestate): 

o The byproduct of biogas generation is a nutrient-rich organic slurry known as digestate. This can 

be used as a high-quality organic fertilizer for agriculture, enriching the soil and reducing the 

need for chemical fertilizers. 

 Decentralized Energy Production: 

o Biogas plants can be built on a small scale, making them suitable for rural areas or agricultural 

operations. This decentralization allows for local energy production, reducing the need for large 

infrastructure and long-distance energy transportation. 

 Energy Security: 

o Biogas provides a local and dependable source of energy, helping to increase energy security for 

communities, particularly in areas where traditional energy infrastructure is limited. 

 Economic Benefits: 

o Biogas plants create local employment opportunities in construction, operation, and 

maintenance. They also provide farmers and waste generators with a way to monetize their 

organic waste. 

Disadvantages of Biogas Generation: 

 High Initial Capital Cost: 

o The setup cost for a biogas plant, including infrastructure, digester tanks, and other equipment, 

can be quite high. This might be a barrier for small-scale operators or communities without 

access to funding or financing. 

 Land and Space Requirements: 

o Biogas plants require significant space for digesters, storage tanks, and other infrastructure. For 

small or densely populated areas, land availability can be an issue. 

 Complex Operation and Maintenance: 

o Biogas plants require careful monitoring and management to ensure optimal performance. The 

digestion process needs to be carefully controlled in terms of temperature, moisture, and 

feedstock composition. This may require skilled labor and ongoing maintenance. 

 Dependence on Feedstock Availability: 

o The efficiency of biogas production depends on the constant availability of organic waste. 

Seasonal variations in feedstock, such as crop residues, can lead to fluctuations in biogas 

production. If feedstock supply is inconsistent, the plant may struggle to operate at full capacity. 

 Methane Emissions Risk: 

o While biogas plants can reduce methane emissions, improper handling, leaks, or poor 

maintenance could result in methane being released into the atmosphere. Methane is a potent 

greenhouse gas, so any leakage can offset the environmental benefits of the plant. 

 Limited Energy Output: 

o Biogas plants typically generate lower amounts of energy compared to large-scale energy 

production facilities. This makes biogas a suitable solution for small-scale or decentralized 

energy needs but less viable for large-scale grid production without significant expansion. 

 Long Payback Period: 

o Despite the economic benefits, the return on investment for biogas plants can take time. The 

capital-intensive nature of the infrastructure, combined with fluctuating feedstock availability, may 

lead to a longer payback period. 

 Health and Safety Concerns: 

o There are health and safety risks associated with biogas production, especially if handling 

hazardous materials or operating large equipment. Biogas is flammable, so there is a risk of 

explosion if not managed carefully. Additionally, exposure to harmful gases and pathogens from 

the waste can pose health risks to workers. 

 Limited Public Awareness: 
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o Biogas technology is still relatively unknown or underutilized in many regions. The lack of 

awareness or knowledge about its benefits may hinder the adoption of biogas plants in certain 

areas. 

 Dependency on Government Policy: 

o The success of biogas projects can be influenced by government policies, subsidies, or 

incentives. In regions where biogas generation is not supported or incentivized, the feasibility 

and profitability of such projects may be reduced. 

Thermal gasification of biomass  

It is an important process used to convert biomass into usable forms of energy, such as synthetic gas 

(syngas), which can be further used to produce electricity or heat. Thermal gasification is a high-temperature 

process that involves converting biomass into a combustible gas mixture known as syngas or producer gas. 

This process occurs in the presence of limited oxygen or air at temperatures typically ranging from 600 to 

1000°C.The primary goal is to break down complex organic materials (e.g., wood, agricultural waste, animal 

waste) into simpler gaseous components, which can then be used for energy generation. 

 

Stages in Biomass Gasification 

 Drying: The biomass is heated to remove moisture. This step reduces the energy required in later 

stages and makes the material more suitable for gasification. 

 Pyrolysis (Thermal Decomposition): At temperatures between 300°C and 500°C, the biomass 

undergoes pyrolysis, breaking down into volatile gases, solid residues (biochar), and liquids (tar). 

Pyrolysis is an essential step for converting the organic matter into syngas. 

 Gasification (Partial Oxidation): In the gasification reactor, biomass undergoes partial oxidation in the 

presence of a controlled amount of oxygen or air. The process generates syngas (a mixture of carbon 

monoxide (CO), hydrogen (H2), carbon dioxide (CO2), methane (CH4), and small amounts of other 

gases) and leaves behind a solid residue (ash). 

 Cooling and Cleaning: The produced syngas contains impurities such as tar, particulate matter, and 

water vapor. The syngas is cooled and cleaned through various processes like filtration, condensation, 

and scrubbing to remove these impurities before it can be used for energy production. 

Components of Biomass Gasification System 

Gasifier: The core component where the biomass is converted into syngas. Gasifiers are typically classified into 

three types: 

 Fixed-bed gasifiers (countercurrent and cocurrent flow types) 

 Fluidized-bed gasifiers 

 Entrained-flow gasifiers 

Air Supply System: Provides controlled amounts of air or oxygen to the gasifier for partial oxidation. The air 

supply is crucial for regulating the temperature and composition of the syngas. 

Gas Cleanup System: Removes contaminants from the syngas, which could otherwise damage downstream 

equipment or reduce efficiency. Common systems include cyclone separators, scrubbers, and filters. 

Syngas Utilization Unit: The cleaned syngas can be used for various applications, such as: 

Power Generation: Syngas can be burned in an internal combustion engine or a gas turbine to generate 

electricity. 

Chemical Production: Syngas can serve as a feedstock for producing chemicals like methanol, ammonia, or 

synthetic fuels. 

Heating: The syngas can be used directly in boilers or furnaces for industrial or residential heating. 

Reaction of Gasification 

The reactions involved in biomass gasification are complex and depend on temperature, pressure, and the type 

of gasifier used. Some of the key reactions include: 

Dehydration (Drying): Biomass moisture is vaporized. 
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Pyrolysis (Devolatilization): Organic biomass decomposes into gases, tars, and char. 

 

Gasification Reactions: 

Endothermic and Exothermic Reactions: Gasification is an endothermic process (requires heat input), but 

reactions like partial oxidation and combustion are exothermic, providing the necessary heat for the process. 

 

Types of Biomass Gasifiers 

 Fixed-Bed Gasifier: 

 Biomass is fed into a bed, and air or oxygen is introduced at the bottom. It is one of the simplest types of 

gasifiers. 

 Updraft Fixed-Bed: The gas moves upwards through the bed. This design is more suited for lower-

quality biomass. 

 Downdraft Fixed-Bed: The gas moves downward through the bed. This type produces cleaner syngas 

but requires uniform feedstock. 

 Fluidized-Bed Gasifier: 

 In this type, the biomass is fed into a bed of small particles (often sand) that are suspended by an 

upward flow of gas. This design allows better heat and mass transfer and is suited for biomass with high 

moisture content. 

 Entrained-Flow Gasifier: 

 The biomass is introduced as a fine mist, and the gasification occurs at high temperatures. This system 

is efficient for high-quality feedstocks and is used for large-scale industrial applications. 

Advantages of Biomass Gasification 

 Renewable Energy Source: Biomass is a renewable resource and using it for energy production 

reduces dependency on fossil fuels. 

 Carbon Neutral: The carbon dioxide released during combustion is offset by the carbon absorbed 

during the biomass's growth. 

 Waste Management: Biomass gasification provides a way to use agricultural, forest, and municipal 

waste for energy production. 

 Flexibility: Biomass gasifiers can process a variety of feedstocks, including wood chips, agricultural 

residues, and even certain waste materials. 

Applications of Biomass Gasification 

 Power Generation: Biomass gasifiers are used in combined heat and power (CHP) systems to produce 

electricity and heat in industries. 

 Fuel Production: Syngas can be used as a feedstock to produce synthetic fuels (e.g., bioethanol, 

synthetic diesel). 

 Industrial Heating: Gasified biomass can be used as a direct fuel for industrial heating, reducing 

reliance on fossil fuels. 

Biomass plants convert organic materials such as agricultural residues, wood, and waste into energy, 

typically in the form of heat, electricity, or biofuels. 

Power Generation 

Electricity Production: Biomass can be used to generate electricity through direct combustion, gasification, or 

by producing syngas. Power plants equipped with steam turbines or gas engines can utilize biomass as a 

renewable source of energy. 

Combined Heat and Power (CHP): Many biomass power plants operate in CHP mode, where both heat and 

electricity are generated simultaneously, making the process more efficient. This is especially useful for 

industrial applications, district heating, and in remote areas. 

 Industrial Heating 

Biomass plants can be used to provide thermal energy for industries like paper mills, food processing, 

and textiles. These industries consume large amounts of heat and can significantly reduce their reliance on 

fossil fuels by switching to biomass-based heating systems. 
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Biofuels Production 

Biomass can be converted into biofuels such as bioethanol, biodiesel, and bio-oil. These fuels can be used 

in transportation (bioethanol in gasoline engines, biodiesel in diesel engines) or for industrial applications. 

 Bioethanol: Produced primarily from starches or sugars (like corn, sugarcane, or wheat), bioethanol is 

used as an alternative to gasoline in many countries. 

 Biodiesel: Made from vegetable oils, animal fats, or waste oils, biodiesel serves as a renewable 

substitute for conventional diesel. 

 

Waste Management 

Biomass plants play a role in waste-to-energy conversion by utilizing organic waste from agriculture, 

forestry, and municipal sources. This not only reduces the volume of waste but also produces energy, reducing 

reliance on landfills. 

 

Carbon Offset and Environmental Benefits 

Biomass helps reduce greenhouse gas emissions compared to fossil fuels. The carbon released during 

biomass combustion is balanced by the carbon absorbed by plants during their growth, making biomass a more 

sustainable energy source. 

Biogas Plants: Applications 

Biogas is produced through the anaerobic digestion of organic matter like agricultural waste, animal manure, 

food waste, and municipal solid waste. It is a valuable renewable energy resource. 

Power Generation 

 Electricity Production: Biogas can be used in gas engines, internal combustion engines, or turbines to 

generate electricity. Biogas plants are commonly used in rural areas where other forms of power 

generation are unavailable. 

 Combined Heat and Power (CHP): Like biomass plants, biogas plants can operate in CHP mode, 

generating both electricity and heat. This is particularly beneficial for farming communities or small-scale 

industries that require both energy forms. 

Cooking and Heating 

Biogas can be used for cooking purposes, especially in rural households or communities with abundant 

organic waste. Biogas stoves replace the use of wood, coal, or LPG, offering a cleaner and more sustainable 

cooking solution. 

It can also be used for industrial heating in small-scale processes, where natural gas would typically be 

used. 

Transportation Fuel 

Biogas as CNG (Compressed Natural Gas): Biogas can be purified to remove impurities and then 

compressed to be used as a vehicle fuel (bio-CNG). It is an eco-friendly alternative to conventional fossil fuels 

used in transportation. 

Wastewater Treatment 

Biogas plants are often integrated with wastewater treatment facilities, where organic waste and sludge 

from sewage treatment processes are anaerobically digested. The biogas produced can then be used for power 

generation or heating. 

 Organic Fertilizer 

The byproduct of anaerobic digestion is digestate, which is rich in nutrients and can be used as a 

natural fertilizer for agricultural fields, helping to close the nutrient loop and reduce the need for chemical 

fertilizers. 

 

Economics of Biomass and Biogas Plants 

Biomass Plants Economics 

Capital Investment: Setting up a biomass power plant requires significant capital investment due to the cost of 

equipment (boilers, turbines, gasifiers, etc.), land, and infrastructure. The cost can range from $1,000 to $5,000 

per installed kW depending on the technology used and plant scale. 
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Feedstock Costs: The cost of biomass feedstock varies depending on the location, availability, and type of 

material used. Agricultural residues, forest waste, and dedicated energy crops are common sources. In many 

cases, biomass feedstock can be sourced locally, reducing transportation costs. 

Operating Costs: Operating costs for biomass plants include labor, maintenance, fuel, and administrative 

costs. Biomass plants are often more expensive to operate compared to fossil fuel-based plants due to 

feedstock handling, storage, and pre-processing costs. 

Revenue Generation: Biomass plants generate revenue through the sale of electricity (for grid-connected 

systems), heat, or biofuels. Additionally, governments often offer subsidies, feed-in tariffs, and tax incentives to 

promote renewable energy generation, making biomass plants economically viable. 

Payback Period: The payback period for biomass plants can range from 5 to 10 years, depending on the scale 

of the plant and the local regulatory environment. Larger plants typically achieve faster payback periods due to 

economies of scale. 

Biogas Plants Economics 

Capital Investment: Biogas plants can range from small-scale systems for individual households to large-scale 

industrial plants. The capital cost for a biogas plant depends on factors like size, feedstock type, and 

technology. A small biogas plant for rural households could cost around $1,000–$5,000, while larger industrial 

plants may cost several million dollars. 

Feedstock Costs: The feedstock for biogas plants, such as agricultural residues, manure, and food waste, is 

often low-cost or free. In many cases, the waste materials are considered a disposal cost, and biogas plants 

can convert them into valuable energy, providing a financial benefit. 

Operating Costs: Operating costs include the maintenance of the anaerobic digesters, the labor to manage the 

plant, and costs associated with cleaning and upgrading the biogas. Biogas plants also require monitoring 

systems to ensure efficient gas production and ensure safety. 

Revenue Generation: Biogas plants generate revenue from the sale of electricity, cooking gas, or vehicle fuel. 

The byproductdigestate is a valuable fertilizer, which can also be sold. Additionally, some governments provide 

incentives, feed-in tariffs, or grants to support biogas energy production. 

Payback Period: The payback period for biogas plants can vary depending on plant size, location, and 

regulatory support. Small-scale biogas plants may achieve payback within 3 to 5 years, while larger plants may 

take longer but generate higher returns over time. 
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UNIT V 

OTHER TYPES OF ENERGY 

Energy conversion from Hydrogen and Fuel cells, Geo thermal energy Resources, types of wells, methods of 

harnessing the energy, potential in India. OTEC, Principles utilization, setting of OTEC plants, thermodynamic 

cycles. Tidal and wave energy: Potential and conversion techniques, mini- hydel power plants and their 

economics. 

==================================================================================== 

ENERGY CONVERSION FROM HYDROGEN AND FUEL CELLS 

 Introduction to Hydrogen as an Energy Carrier 

Hydrogen is a clean and efficient energy carrier with potential applications in various sectors, including 

transportation, power generation, and industry. 

Properties of Hydrogen 

 Lightest element (Atomic Number: 1) 

 High energy density (33.3 kWh/kg) 

 Can be produced from various sources (water, hydrocarbons, biomass) 

 Zero emissions when used in fuel cells (only water as a byproduct) 

Hydrogen Production Methods 

Hydrogen can be obtained from several sources using different techniques: 

A. Conventional Methods 

1. Steam Methane Reforming (SMR) 

Steam Methane Reforming (SMR) is the most common method to produce hydrogen from natural gas 

(methane, CH₄) using steam (H₂O) and a catalyst. 

How does it work? 

Methane + Steam ------> Carbon Monoxide + Hydrogen  

CH4+H2O→CO+3H2 

Carbon Monoxide + Steam --------> Carbon Dioxide + More Hydrogen  

CO+H2O→CO2+H2 

Hydrogen is separated and purified. 

Pros: 

 Produces a lot of hydrogen 

 Cheaper than other methods 

 Well-established technology 

Cons: 

 Produces CO₂ emissions (unless captured) 

 Uses fossil fuels (natural gas) 

 Needs a lot of energy to heat the reaction 

 

Future Improvements: 

1. Carbon Capture (CCS): Reduces emissions (Blue Hydrogen) 

2. Using Renewable Energy: Makes the process greener 

3. Better Catalysts: Improves efficiency 

 

2. Coal Gasification 

Coal gasification is a process that converts coal into synthetic gas (syngas) by reacting it with oxygen (O₂), 

steam (H₂O), and heat under high pressure. This syngas contains hydrogen (H₂), carbon monoxide (CO), 

and carbon dioxide (CO₂), which can be further processed to extract hydrogen. 

`Process Reactions 

1. Coal + Oxygen + Steam --------> Syngas (CO + H₂) 

C+O2+H2O→CO+H2 

2. Carbon Monoxide + Steam → Hydrogen + Carbon Dioxide 

CO+H2O→CO2+H2 
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3. Hydrogen is separated and purified. 

This process produces gray hydrogen if CO₂ is released, or blue hydrogen if CO₂ is captured and stored. 

 

3. Types of Hydrogen from Coal Gasification 

 Gray Hydrogen: If CO₂ is not captured, it is released into the atmosphere, contributing to climate 

change. 

 Blue Hydrogen: If CO₂ is captured and stored (CCS - Carbon Capture & Storage), emissions are 

reduced, making it cleaner. 

Advantages of Coal Gasification 

 Uses Abundant Coal Resources: Coal is widely available. 

 Produces Large Amounts of Hydrogen: Suitable for industrial-scale hydrogen production. 

 Can Enable Carbon Capture (Blue Hydrogen): Helps reduce CO₂ emissions when CCS is used. 

 Disadvantages of Coal Gasification 

 High CO₂ Emissions (if untreated): Contributes to global warming (gray hydrogen). 

 Energy-Intensive Process: Requires high temperatures and pressure. 

 Dependence on Coal: A non-renewable, polluting fossil fuel. 

 

Future Improvements 

 Carbon Capture and Utilization (CCU): Converts captured CO₂ into useful products instead of 

releasing it. 

 Integration with Renewable Energy: Using clean energy sources to power the gasification process. 

 Advanced Gasification Technologies: Developing more efficient reactors to reduce waste and 

emissions. 

 

B. Green Hydrogen Production 

1. Electrolysis of Water 

o Splitting water (H₂O) into hydrogen (H₂) and oxygen (O₂) using electricity. 

2H₂O → 2H₂ + O₂ 

o If powered by renewable energy (solar, wind), it produces green hydrogen. 

2. Biological Hydrogen Production 

o Uses bacteria and algae to generate hydrogen from organic materials. 

Hydrogen Storage and Transportation 

 Compressed Gas: Stored at high pressures (350–700 bar). 

 Liquid Hydrogen: Stored at cryogenic temperatures (-253°C). 

 Metal Hydrides & Chemical Carriers: Hydrogen absorbed into metals or converted into 

ammonia/formic acid for transport. 

 

Fuel Cells – Basics & Working Principle 

A fuel cell is a device which generates electricity from a chemical reaction. A fuel cell converts chemical 

energy of the fuels directly into electrical energy without undergoing combustion process. Hydrogen is the most 

common fuel used. In recent research many hydrocarbons such as methanol and natural gas are used as fuels. 

Fuel cells require source of fuel and oxygen in a constant manner to sustain the chemical reaction. A single fuel 

cell produces tiny amount of electricity. An array of fuel cells connected in series forms a fuel battery. 

Hydrogen - Oxygen fuel cell 

 Hydrogen – Oxygen fuel cell is one of the successful fuel cell with simple construction. Hydrogen acts as 

fuel and oxygen present in air as oxidizer. KOH is used as electrolyte. Hydrogen fuel cell discharges only water 

so it is called as a zero-emission fuel cell.  

Construction 

 There are two electrodes present in a fuel cell. The electrodes are made up of compressed carbon that 

are coated or doped with platinum, palladium or silver. An electrolytic solution like as KOH or NaOH is filled in 

between the two electrodes. A typical fuel cell produces a voltage from 0.6 V to 0.7 V, when the two electrodes 
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are connected with a voltammeter. (Fig. 9.5.). Oxygen (air) is bubbled through the cathode compartment where 

it gets reduced.  

 
 

Hydrogen – Oxygen Fuel Cell 

Working 

At anode 

 Hydrogen gas which is stored in a closed safe container is bubbled on the electrode that is present in 

the anode compartment, here it gets oxidized.  

H2 -----------→ 2H+ + 2e− 

2H+ + 2OH− --------→ 2H2O 

H2 + 2OH− ----------→ 2H2O + 2e− 

 

At cathode 

 The electrons that are produced at the anode move through an external wire to the electrode that acts 

as a cathode. Here the electrons get absorbed by oxygen (air) that is passed through another cylinder near the 

cathode. Water is produced during this reaction.  

O2 + 4e−   ----------→ 2 O2− 

2 O2−+ 2H2O   --------→ 4OH− 

O2 + 2H2O + 4e−  ---------→ 4OH− 

 

Overall reactions 

 

2H2 + 4OH− --------→ 4H2O + 4e− 

O2 + 2H2O + 4e− ----------→ 4OH− 

2H2 + O2    ---------→ 4H2O 

 

Applications 

1. They provide power for space vehicles and serve as a source of fresh water for astronauts. 

2. Solar Hydrogen Fuel Cell is used in water heating apparatus 

3. They are used in hybrid vehicles and submarines. 

 Advantages 

1. They are more efficient and consume much lesser time for operation. 

2. No harmful chemicals are involved in the setup of a fuel cell. 

3. No carbon emission and hence pollution free 

4. Produces drinking water as by-product. 

5. Renewable energy source 

6. They are used in ships as oxygen exhaustion in a shipping container. 
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7. It is also used in Fuel cell vehicle or Hydrogen vehicle. 

 Disadvantages 

1. Cannot store energy 

2. Expensive to set up 

3. Hydrogen gas storage is dangerous because it is explosive. 

 

Types of Fuel Cells 

Fuel Cell Type Electrolyte 
Operating 

Temperature 
Efficiency Applications 

PEMFC (Polymer 

Electrolyte) 
Polymer membrane 60-80°C 40-60% Vehicles, portable power 

SOFC (Solid Oxide) Ceramic 700-1000°C 50-60% Power plants 

AFC (Alkaline Fuel Cell) KOH solution 90-100°C 60-70% Space applications 

MCFC (Molten Carbonate) 
Molten carbonate 

salts 
600-700°C 45-50% Power plants 

PAFC (Phosphoric Acid) Phosphoric acid 150-200°C 40-50% Stationary power 

 

Polymer Electrolyte Membrane (PEM) Fuel Cell 

 These cells are also known as proton exchange membrane fuel cells (or PEMFCs).  

 The temperature range that these cells operate in the temperature range of 50 °C to 100 °C 

 The electrolyte used in PEMFCs is a polymer which has the ability to conduct protons.  

 A typical PEM fuel cell consists of bipolar plates, a catalyst, electrodes, and the polymer membrane. 

 Despite having eco-friendly applications in transportation, PEMFCs can also be used for the stationary 

and portable generation of power. 

 
Solid Oxide Fuel Cell 

 These cells involve the use of a solid oxide or a ceramic 

electrolyte (such as yttria- stabilized zirconia).  

 These fuel cells are highly efficient and have a relatively 

low cost (Theoretical efficiency can even approach 85 

%). 

 The operating temperatures of these cells are very high 

(lower limit of 600 °C, standard operating temperatures 

lie between 800 and 1000 °C).  

 Solid oxide fuel cells are limited to stationary applications 

due to their high operating temperatures. 
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Alkaline Fuel Cell 

 This was the fuel cell which was used as the primary source of electricity in the Apollo space program.  

 In these cells, an aqueous alkaline solution is used to saturate a porous matrix, which is in turn used to 

separate the electrodes. 

 The anode and cathode are made of lower-cost, nonprecious metals such as nickel. 

 The electrolyte is a solution of potassium hydroxide (KOH) in water, which ionizes to form potassium 

ions (K ) and hydroxyl (OH ) ions.  

 In the AFC, hydrogen gas is oxidized to hydrogen ions and combines with the hydroxide ions, which 

produces water (H2O) and releases two electrons. The electrons flow through the external circuit and 

return to the cathode, where they reduce'oxygen to form more hydroxide ions and water.  

 The operating temperatures of these cells are quite low (approximately 90 °C).  

 These cells are highly efficient. They also produce heat and water along with electricity. 

 
 

Molten Carbonate Fuel Cell 

• The electrolyte used in these cells is lithium potassium carbonate salt. This salt becomes liquid 

at high temperatures, enabling the movement of carbonate ions.  

• Similar to SOFCs, these fuel cells also have a relatively high operating temperature of 650 °C. 

• The anode and the cathode of this cell are vulnerable to corrosion due to the high operating 

temperature and the presence of the carbonate electrolyte.  

• These cells can be powered by carbon-based fuels such as natural gas and biogas. 
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Phosphoric Acid Fuel Cell 

• These fuel cells involve the use of phosphoric acid as an electrolyte in order to channel the H+. 

• The working temperatures of these cells lie in the range of 150 °C - 200 °C.  

• Electrons are forced to travel to the cathode via an external circuit because of the non-

conductive nature of phosphoric acid.  

• Due to the acidic nature of the electrolyte, the components of these cells tend to corrode or 

oxidize over time. 

 
 

Advantages of Hydrogen and Fuel Cells 

 High efficiency - Most fuel cells are 60 % - 80 % energy efficient. However, this efficiency 

can increase to 85 %, when these fuel cells are used in a cogeneration system. 

 Clean - Fuel cells work with no emissions, the only products being electricity, heat and water. 

They are thus, much cleaner than traditional power generation, producing 97 % less nitrogen 

oxide emissions than the thermal power plants.  

 Scalable - Can be stacked on one another.  

 No Noise - More silent in operation when compared to the conventional sources of power 

generators. There are no moving parts in a fuel cell stack, making them quieter. 

 Low Maintenance - Though the initial cost is higher, fuel cell technology does not involve 

much maintenance. Fuel cells do not degrade over time, unlike batteries, and can, therefore, 

provide electricity continuously. 

 

Disadvantages of fuel cell 

 One of the major drawbacks of this technology is the challenge in production, transportation, 

flammability and storage of hydrogen gas, which is the main constituent in the fuel cells.  

 Lack of proper infrastructure in the form of recharging stations also stunts the growth of fuel 

cell vehicles.  

 The absence of proper hydrogen infrastructure to supply hydrogen fuel is a major 

disadvantage too. 

 

Applications of fuel cell 

 Fuel cell technology has a wide range of applications. Currently, heavy research is being 

conducted inorder to manufacture a cost-efficient automobile which is powered by a fuel cell. A 

few applications of this technology are listed below,  

 Fuel cell electric vehicles, or FCEVs, use clean fuels and are therefore more eco- friendly than 

internal combustion engine-based vehicles.  
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 They have been used to power many space expeditions including the apollo space program. 

 Generally, the byproducts produced from these cells are heat and water.  

 The portability of some fuel cells is extremely useful in some military applications.  

 These electrochemical cells can also be used to power several electronic devices. 

 Fuel cells are also used as primary or backup sources of electricity in many remote areas. 

 

Challenges & Future Prospects 

 Cost: High production and storage costs. 

 Infrastructure: Limited refueling stations. 

 Hydrogen Leakage: Potential safety hazards. 

 Efficiency Improvements: Need for better catalysts and storage materials. 

Future Developments 

 Advancements in green hydrogen production via renewable energy. 

 Development of low-cost fuel cell catalysts. 

 Expansion of hydrogen economy and infrastructure. 

 

GEOTHERMAL POWER PLANT (GTE) 

Origin 

Geothermal energy is the thermal energy found in the earth‘s crust which originates from the formation 

of the planet and from radioactive decay of materials. The high temperature and pressure in earth‘s interior 

cause some rock to melt and solid mantle to behave plasmically. 

This results in parts of the mantle convecting upward since it is lighter than the surrounding rock. Temperatures 

at the core mantle boundary can reach over 400°C. 

Concept 

Geothermal technology extracts the heat found within the subsurface of the earth, which can be used 

directly for heating and cooling (or) converting it to electricity. 

The steam comes from the reservoirs of hot water, found a few miles (or) more below the earth‘s surface, 

rotates a turbine that activates a generator, which produces electricity. 

Examples of Geothermal Energy 

Naturally occurring sources of geothermal energy are as follows: 

 Hot Springs: These are formed when geothermally heated groundwater rises to the surface. 

 Lava Fountains: Such fountains are found in active volcanic regions where magma is ejected from 

the surface. 

 Geysers: Similar to hot springs, geysers also eject groundwater to the surface; the only difference is 

that geysers are characterized by a turbulent ejection of heated water from the surface. 

 Mudpot or Mud pool: These are acidic hot springs in areas of limited water. The acid and 

microorganisms decompose the rocks and form a bubbling mud pool. 

 Hydrothermal vent: It is a narrow opening on the seafloor which discharges geothermally heated 

water. When hot water comes into contact with cold seawater, a huge cloud of smoke is formed. 

Power plants of GTE 

Geothermal power plant uses hydrothermal resources that have both water (hydro) and heat (thermal). 

Geothermal power plants requires high temperature (300°F to 700°F) hydrothermal resources that come from 

either dry steam wells (or) from hot water wells. Generally we use these resources by drilling wells into the earth 

and then piping steam (or) hot water to the surface. The hot water (or) steam rotates a turbine that generates 

electricity. The depth of the geothermal wells is as much as 2 miles. 

Types of geothermal power plants 

There are three basic types of geothermal power plants. 

1. Dry steam power plant 

The Geysers dry steam power plant in Northern California, depend on high temperature steam formations to 

directly provide the energy to drive power generator turbines. This type of formation is called a "dry steam" 
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power plant because the steam is released from the pressure of a deep reservoir, through a rock catcher, and 

then past the power generator turbines. 

How it Works 

 Production wells are drilled to reach the geothermal reservoir. 

 Superheated steam (180°C–350°C) is brought to the surface under high pressure. 

 This steam is passed through a steam turbine to generate electricity. 

 After passing through the turbine, the low-pressure steam is usually condensed back into water in a 

condenser to improve efficiency. 

 The water is then re-injected into the ground to refill the geothermal reservoir. 

Environmental Benefits 

 This process helps to reduce environmental impact by avoiding direct release of steam into the 

atmosphere. 

 Rainwater refills the underground reservoirs, making geothermal energy renewable. 

History & Current Use 

 The first dry steam plant was used in Lardarello, Italy in 1904. 

 Today, 28 dry steam plants at The Geysers field in northern California produce about 2,000 MW of 

electricity, making them the world’s largest geothermal power source, twice the size of a large nuclear 

plant. 

 These plants emit only excess steam and small amounts of gases. 

 

 2. Flash steam power plant 

How They Work: 

1. Water Injection: Groundwater is pumped deep into the Earth, where it reaches rocks hotter than the 

boiling point of water. 

2. Heating & Rising: The water filters through these rocks, gets heated, and rises back up to the surface 

through a production well. 

3. Flash Tank: The hot water enters a flash tank, where pressure is reduced, causing the water to 

rapidly boil into steam. 

4. Steam Turbine: The steam drives a turbine connected to an electric generator, producing electricity. 

5. Condensation: After passing through the turbine, the steam is cooled in a condenser, turning it back 

into liquid water. 

6. Reinjection: The condensed water and some of the leftover liquid from the flash tank are pumped back 

into the Earth to be reheated. 

7. Flushing & Cleaning: The flash tank needs regular cleaning to remove mineral build-up, especially if 

the water has high mineral content. 

8. Temperatures: Flash steam plants require water temperatures of at least 180°C (usually more), and 

they typically operate with water temperatures above 182°C. 

9. Sustainability: The water can be recycled, making it a renewable resource. 

 

 3. Binary cycle power plants 

Binary cycle power plants are used to generate electricity from geothermal water that is not hot enough to 

produce steam on its own. The process works in two steps: 

1. Geothermal Water: Warm water (200°F to 360°F) from the Earth's core is pumped to the surface. 

2. Heat Exchanger: This water passes through a heat exchanger, where it heats a secondary fluid (like 

butane or pentane) with a lower boiling point than water. 

3. Vapor Generation: The heat from the geothermal water causes the secondary fluid to flash into vapor. 

4. Turbine: The vapor from the secondary fluid spins a turbine connected to a generator, producing 

electricity. 

5. Reinjection: The cooled geothermal water is injected back into the Earth to be reheated and used 

again. 

Key Points: 

 The geothermal water never directly touches the turbine blades. 

lOMoARcPSD|60579798

JAIRUBAA COLLEGE OF ENGINEERING TIRUPPUR



67 
 

 The process is renewable because the system continuously re-circulates the geothermal water. 

 Properly managed, this system can produce power indefinitely. 

Binary cycle plants make geothermal energy more efficient by using lower temperature water and still 

providing clean, renewable power.  

 
Dry steam power plant 

 

 
Flash steam power plant 

 

 

 
Binary cycle power plants 
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Geothermal Energy Facts  

The first ever Geothermal Power Plant Setup in Italy in 1904 

Total geothermal power production in the World 13.9 GW 

Largest producer of Geothermal power USA - producing more than 3.7GW of power 

Top 5 producers of geothermal power  USA - 3.7 GW 

 Indonesia - 2.1 GW 

 Philippines - 1.9 GW 

 Turkey - 1.5 GW 

 New Zealand - 1.0 GW 

World‘s largest geothermal field The Geysers in California, USA 

 

Geothermal Energy in India 

 Geothermal energy exploration began in the 1970s in India.  

 The Geological Survey of India (GSI) along with the Council of Scientific & Industrial Research 

(CSIR) has been tasked to carry out the study and exploration in India.  

 More than 300 geothermal sites have been discovered in India which are grouped into the following 

seven geothermal provinces: 

 The Himalayas in the north and northeast India 

• Sohana near Delh 

• Cambay in Gujarat 

• Western coastal region 

• Son-Narmada-Tapi (SONATA) basin 

• Mahanadi basin 

• Godavari basin 

 Most of these geothermal sites are of medium and low potential with temperatures less than 200oC. 

 According to the Ministry of New and Renewable Energy, India has the potential to produce 10GW of 

geothermal energy, though there is no geothermal power plant in India as of now.  

 

Advantages 

1. GTE is environmentally friendly 

2. GTE is a source of renewable energy 

3. It is the sustainable form of energy. 

4. The potential of GTE is huge.  

5. Energy generated from this resource is reliable.  

6. As GTE is natural, no fuel is required. 

Disadvantages 

1. Location is restricted.  

2. As GTE does not release green house gases, there are many other gases released into the 

atmosphere (cause side effects).  

3. May cause earthquakes.  

4. It is expensive resource.  

5. Management is required to maintain sustainability. 

 

Applications of GTE 

1. GTE is used for space heating and cooling.  

2. GTE is used to generate electricity.  

3. It is also used for industrial process heat.  

4. It is used for desalination of geothermal water and heavy water production.  

5. It is also used in the extraction of minerals from geothermal fluids.  
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6. Geothermal Heat Pumps (GHPs) are used to heat buildings in the winter and cool them in summer.  

7. The direct use of GTE involves the use of heated water from the ground without the need for any 

other sources. 

 

Ocean Thermal Energy Conversion 

Ocean thermal energy also called as Ocean Thermal Energy Conversion (OTEC) refers to a method of using 

the temperature difference between the deep parts of the sea which are cold and the shallow parts of the sea 

which are cold to rim a heat engine and produce useful work. Basically, Ocean thermal energy conversion is an 

electricity generation system. The deeper parts of the ocean are cooler due to the fact that the heat of sunlight 

cannot penetrate very deep into the water. Here the efficiency of the system depends on the temperature 

difference. Greater the temperature difference, greater the efficiency. The temperature difference in the oceans 

between the deep and shallow parts is maximum in the tropics, 20 to 25 °C. Tropics receive a lot of sunlight 

which warms the surface of the oceans, increasing the temperature gradient.  

The energy source of OTEC is abundantly available, free and will be so for as long as the sun shines and ocean 

currents exist. Estimates suggest that ocean thermal energy could contain more than twice the world's 

electricity demand. This makes it necessary for us to give it a closer look. 

 

Types of Ocean Thermal Energy Conversion Systems 

• Closed cycle  

• Open cycle 

 

 
 

Closed Cycle OTEC System 

In a Closed Cycle OTEC system, a working fluid with a low boiling point, like ammonia, is used to generate 

electricity. Here's how it works: 

1. Warm Seawater: Warm water from the ocean surface (around 50°C) is brought into the system. 

2. Vaporization: The warm seawater heats the ammonia in a heat exchanger, causing the ammonia to 

vaporize. 

3. Turbine: The vaporized ammonia flows through a turbine, making it spin and generating electricity. 

4. Cooling the Ammonia: After passing through the turbine, the ammonia is cooled by cold water from the 

ocean depths. This turns the ammonia back into a liquid. 

5. Recycling: The cooled ammonia is then pumped back into the system, ready to be heated again, and 

the process repeats. 

In this system, ammonia flows in a closed loop, continuously recycling, which is why it‘s called a closed 

system. The warm water from the surface and the cold water from the depths do not mix, but transfer heat to 

the ammonia. 
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The electricity generated is sent ashore via a cable, and the ocean water, now slightly warmed, is returned to 

the ocean or used for cooling purposes. 

 

 
Open System OTEC System 

Open cycle OTEC directly uses the warm water from the surface to make electricity. The warm sea water is first 

pumped in a low-pressure chamber where due to the drop in pressure, it undergoes a drop in boiling point as 

well. This causes the water to boil. This steam drives a low-pressure turbine which is attached to an electrical 

generator. The advantage this system has over a closed system is that, in open cycle, desalinated water in the 

form of steam is obtained. Since it is steam, it is free from all impurities. This water can be used for domestic, 

industrial or agricultural purposes. 

Open cycle systems have specific conditions necessary for operation ("Ocean Thermal"): 

1. Sealing Challenges: Open-cycle systems must be carefully sealed to prevent the in-leakage of 

atmospheric air, as it can severely disrupt or halt the system‘s operation. 

2. Large Volume Requirements: The specific volume of low-pressure steam in open-cycle systems is 

much larger than the working fluid used in closed-cycle OTEC systems. Due to this, open-cycle 

components require large flow areas to maintain manageable steam velocities, preventing them 

from reaching excessively high speeds. 

3. Gas Removal: Open-cycle systems must also handle dissolved gases (like oxygen, nitrogen, and 

carbon dioxide) that are released from seawater in a vacuum. These gases do not condense, so they 

must be removed to keep the system working effectively. 

Despite these challenges, open-cycle OTEC offers significant advantages: 

 Water as a Working Fluid: Unlike closed-cycle systems that use ammonia, open-cycle systems use 

water, which is environmentally safe and non-toxic. 

 Desalination: The evaporators in open-cycle systems produce desalinated steam, and the 

condensers produce freshwater, which is especially beneficial in tropical regions where drinking 

water is in high demand. This can make the systems economically viable, as the production of fresh 

water can offset the system‘s capital cost. 

 Additional Benefits: Open-cycle OTEC can also contribute to aquaculture, refrigeration, air 

conditioning, and mineral extraction, making it a versatile and sustainable energy solution. 
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OTEC (Ocean Thermal Energy Conversion) in India 

India, with its vast coastline and tropical location, has significant potential for Ocean Thermal Energy 

Conversion (OTEC). The country has been exploring OTEC technology for renewable energy generation, 

especially in areas where deep cold water and warm surface water are available in close proximity. 

 

1. Potential for OTEC in India 

 Geographical Suitability: India has a long coastline (~7,500 km) and several tropical islands (e.g., 

Lakshadweep and Andaman & Nicobar Islands) where the required temperature difference (>20°C) 

exists. 

 Energy Demand: With increasing energy needs and the push for renewable sources, OTEC can 

provide a sustainable and continuous power supply. 

 Government Initiatives: India has been actively researching OTEC for decades, led by institutions like 

NIOT (National Institute of Ocean Technology). 

 

2. OTEC Projects and Developments in India 

National Institute of Ocean Technology (NIOT) Initiatives 

 First Indian OTEC Project: NIOT planned a 1 MW OTEC pilot plant off the coast of Tamil Nadu. 

 Lakshadweep Islands: Studies were conducted to assess the feasibility of OTEC for powering remote 

islands and producing freshwater. 

 Collaboration with Foreign Agencies: NIOT has collaborated with international organizations to 

advance OTEC technology. 

Proposed 100 MW Plant 

 Location: Off the coast of Tamil Nadu. 

 Status: Feasibility studies have been conducted, but large-scale implementation is still pending due to 

high costs and technical challenges. 

 

3. Benefits of OTEC for India 

• Reliable Base Load Power: Unlike solar or wind, OTEC provides continuous electricity. 

• Energy Security: Reduces dependence on fossil fuels. 

• Freshwater Production: Open-cycle OTEC systems can produce freshwater, helping water-scarce 

regions. 

• Job Creation: Development and maintenance of OTEC plants can create employment opportunities. 

 

4. Challenges for OTEC Development in India 

• High Initial Costs: Requires significant investment in infrastructure. 

• Technical Difficulties: Large-scale deployment is still in the experimental phase. 

• Environmental Concerns: Potential impact on marine ecosystems needs further study. 
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Advantages of Ocean Thermal Energy 

• Renewable Energy  

• Reliable 

• Clean Energy  

• Low Maintenance  

• Independent of Weather  

• Environmental-friendly. 

 

Disadvantages of Ocean Thermal Energy 

• High Initial Cost  

• Locality of Production  

• Small Temperature Difference  

• Harmful Effects on Marine Life  

• Interfere with Navigation  

• Large Size Turbines with Expensive Liquid 

 

Tidal Energy 

Tides are periodic rise and fall of water level of sea which are caused by the action of sun and moon on 

the water in the earth. They are mainly caused by the gravitational attraction of the moon and sun on the water 

of solid earth and oceans. 70 % of tides are produced by the force due to moon. Moon is the major factor in the 

tide. 

Two tidal cycles occurs during a lunar day of 24 Hrs 50 Minutes. They are two high tides and two low 

tides. Time between high tides and low tides at any given location is a little over 6 Hrs. 

A high tide will be experienced at a point which is directly under the moon. At the same time, a 

diametrically opposite point on the earth's surface also experience a high tide due to dynamic balancing. Hence 

the full moon as well as a no moon produce a high tide. The rise and fall of water level follows a sinusoidal 

curve. Tides are periodical phenomenon. No two tides are alike, since the relative positions of sun and moon 

and their distances are continuously changing. 

When the water is above the mean sea level, it is called flood tide and when the level is below the 

mean level, it is called ebb tide. These tides can be used to produce electrical power which is known as tidal 

power. 

 
 

Basic principle of tidal power plant 

A dam is constructed in such a way that a basin gets separated from the sea and a difference in the 

water level is obtained between the basin and sea. The constructed basin is filled during high tide and emptied 

during low tide passing through sluices and turbine respectively. The potential energy of the water stored in the 

basin is used to drive the turbine which in turn generates electricity as it is directly coupled to an alternator. 
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Components of tidal power plants 

Tidal power plants are made up of three key components: the barrage (dam), sluice-ways, and power house. 

1. Barrage (Dam): The barrage serves as a barrier between the sea and the tidal basin, or between 

multiple basins if there are several. It needs to be durable enough to withstand wave impacts and the 

constant shift in pressure. The placement of the barrage is critical because the energy generated 

depends on both the size of the basin and the tidal range. While building it closer to the bay's mouth 

increases the basin size, it can reduce the tidal range. Tidal barrages require a minimum tidal range of 

about three meters to be effective. 

2. Sluice-Ways and Gates: Sluice ways regulate the water flow, allowing the basin to be filled during high 

tide and emptied during low tide. Gates, which are either modular or vertical lift types, control the water 

entering or leaving the basin. Flap gates are commonly used since they open automatically with water 

pressure and allow flow only from the sea to the basin. This helps to raise the water level in the basin, 

optimizing energy capture during the ebb tide. 

3. Power House: The power house is where the turbines, generators, and other necessary equipment are 

located to convert tidal energy into electricity. The turbines used in tidal power plants are typically large 

to handle the varying water flow, especially at sites with small tidal heads (low tidal ranges). Bulb-type 

turbines, with horizontal shafts and adjustable blades, are common in French and Soviet plants. These 

turbines are adaptable, capable of working as both turbines and pumps, which allows for flexibility in 

energy generation. In modern systems, these turbines can also serve as sluice-ways, further enhancing 

the plant‘s efficiency. 

 

Classification of Tidal Power Plants 

The tidal power plants are generally classified on the basis of the number of basins used for the power 

generation. They are further subdivided as one-way or two-way system as per the cycle of operation for power 

generation. 

 
 

Working of Different Tidal Power Plants 

Single basin-One-way cycle 
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This is the simplest form of tidal power plant. In this system, a basin is allowed to get filled during flood 

tide and during the ebb tide. The water flows from the basin to the sea passing through the turbine and 

generates power The power is available for a short duration during ebb tide. 

 

 
 

Single-basin two-way cycle 

In this arrangement power is generated both during flood tide as well as ebb tide also. The power 

generation is also intermittent but generation period is increased compared with one-way cycle. However the 

peak power obtained is less than the one-way cycle. The main difficulty with this arrangement, the same turbine 

must be used as prime mover as ebb and tide flows pass through the turbine in opposite directions. Variable 

pitch turbine and dual rotation generator are used for such schemes. 

 
 

Single-basin two-way cycle with pump storage 

The Rance tidal power plant in France uses this type of arrangement. In this system, power is generated 

both during flood and ebb tides. Complex machines capable of generating power and pumping the water in 

either direction are used. A part of the energy produced is used for introducing the difference in the water levels 

between the basin and the sea at any time of the tide and this is done by pumping water into the basin up or 

down. The period of power production with this system is much longer than the other two described earlier. 

 

Double basin type 

In this arrangement, the turbine is set up between the two basins as shown in Fig. One basin is 

intermittently filled by the flood tide and other is intermittently drained by the ebb tide. Therefore a small 

capacity but continues power is made available with this system as shown in Fig. The main disadvantage of this 

system is that 50 % of the potential energy is sacrificed in introducing the variation in the water levels of the two 

basins. 
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Double basin with pumping 

In this case, off peak power from the base load plant in a interconnected transmission system is used to 

pump the water up the high basin. Net energy gain is possible with such a system if the pumping head is lower 

than the basin-to-basin turbine generating head. 

Advantages 

• It is free from pollution as it does not use any fuel.  

• The tides are totally independent on nature's cycle of rainfall.  

• This will also not produce any unhealthy waste like gases, ash, atomic refuse which entails heavy 

removal costs.  

• Another notable advantage of tidal power is that it has a unique capacity to meet the peak power 

demand effectively when it works in combination with thermal or hydroelectric system. 

Disadvantages 

• These power plants can be developed only if natural sites are available.  

• These power plants will be always located far away from the load centers. The power generated must 

be transported to long distances. This increases the transportation cost.  

• The capital cost of the plant 5000/kW) is considerably large compared with conventional-power plants 

(hydro, thermal).  

• The supply of power is not continuous as it depends upon the timing of tides. 

 

Therefore some arrangements (double basin or double basin with pump storage) must be made to supply the 

continuous power. This also further increase the capital cost of the plant. 

 

WAVE ENERGY 

Wave energy is a renewable energy whereby we capture the energy that is being generated naturally by 

waves. Waves get their energy from the wind passing over the surface of the sea as well and can transmit their 

energy over long distances with little degradation; wave energy is considered a significant renewable energy 

resource. 

The irregular and oscillating flow of wave energy in oceans is called as - kinetic energy which has 

tremendous energy potential and if harnessed could provide a tremendous addition to a clean energy system. 

The energy in a wave is determined and calculated by wave height, speed, length, and the density of the water. 

Though most wave technologies are intended to be installed near the ocean's surface, they can be used in 

nearshore, offshore, and far offshore locations depending on where the resources lie. 

Wave power systems are not practical everywhere due to the variation in wave energy. Ideal locations for 

wave energy farms exist on the western coasts of Scotland, Northern Canada, Northwest America, Southern 

Africa, and Australia. Large commercial wave farms have only begun to be tested, with several challenges 

arising through the trials : 

• Wave energy is irregular which can create problems with absorption rates.  

• Wave energy devices need to withstand major oceanic assaults such as storms and saltwater corrosion 

• Currently wave power is very expensive to the point where it is not yet competitive with fossil fuel 

energies. 
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• State and federal legislations as well as public outcries over the degradation of ocean views are stalling 

several major projects.  

• There are some concerns about the environmental impact of wave energy for marine populations.  

• Wave energy farms can result in the displacement of fishing grounds, which can have a negative impact 

on local economies.  

• Toxic leaks or spills can occur when liquids used in wave power systems are accidentally released, 

contaminating local habitats. 

The potential for wave energy is truly tremendous, with some estimates of deep-water wave power resources 

creating upwards of 10 terawatts, which is a little less than the amount needed to supply worldwide energy 

consumption. 

 
 

Energy from Waves 

Wave energy also known as ocean wave energy, is another type of ocean based renewable energy 

source that uses the power of the waves to generate electricity. Unlike tidal energy which uses the ebb and flow 

of the tides, wave energy uses the vertical movement of the surface water that produce tidal waves. Wave 

power converts the periodic up-and-down movement of the oceans waves into electricity by placing equipment 

on the surface of the oceans that .captures the energy produced by the wave movement and converts this 

mechanical energy into electrical power. 

Wave energy is actually a concentrated form of solar power generated by the action of the wind blowing 

across the surface of the oceans water which can then be used as a renewable source of energy. As the sun 

rays strike the Earth's atmosphere, they warm it up. Differences in the temperature of the air masses around the 

globe causes the air to move from the hotter regions to the cooler regions, resulting in winds. 

As the wind passes over the surface of the oceans, a portion of the winds kinetic energy is transferred to 

the water below, generating waves. In fact, the ocean could be viewed as a vast storage collector of energy 

transferred by the sun to the oceans, with the waves carrying the transferred kinetic energy across the surface 

of the oceans. Then we can say that waves are actually a form of energy and it is this energy and not water that 

moves along the ocean's surface. 

These waves can travel (or "propagate") long distances across the open oceans with very little loss in 

energy, but as they approach the shoreline and the depth of the water becomes shallower, their speed slows 

down but they increase in size. Finally, the wave crashes onto the shoreline, releasing an enormous amount of 

kinetic energy which can be used for electricity production. A breaking waves energy potential varies from place 

to place depending upon its geographic location and time of year, but the two main factors which affect the size 

of the wave energy are the winds strength and the uninterrupted distance over the sea that the wind can blow. 

Then we can say that "wave energy" is an indirect form of wind energy that causes movement of the 

water on the surface of the oceans and by capturing this energy the motion of the waves is converted to 

mechanical energy and used to drive an electricity generator. In many respects, the technology used for 

capturing this wave energy is similar to tidal energy or hydroelectric power. 
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The kinetic energy of the wave turns a turbine attached to a generator, which produces electricity. 

However, the open oceans can be a stormy and violent environment, resulting in the wave energy machines 

being destroyed by the wave energy they were designed to capture. 

In its simplest terms, an ocean wave is the up-and-down vertical movement of the sea water which 

varies sinusoidally with time. This sinusoidal wave has high points called crests and low points called troughs. 

The difference in height of a wave between the crest and the trough is called the peak- to-peak amplitude, then 

the waves amplitude or height is the centre of these two points and corresponds to the actual sea level when 

there is no movement of the water, in other words, a calm sea. 

The amplitude of an ocean wave depends on the weather conditions at that time, as the amplitude of a 

smooth wave, or swell, will be small in calm weather but much larger in stormy weather with strong gales as the 

sea water moves up and down. 

 

 

 
 

As well as the amplitude of the wave, another important characteristic is the distance between each 

successive crest, or trough, known as the wave period, (T). This wave period is the time in seconds between 

each crest of the wave. Then for a gentle swell this time period may be very long, but for a stormy sea this time 

period may be very short as each wave crashes onto the one in front. 

The reciprocal of this time (1/T) gives us the fundamental frequency of the ocean wave relative to some 

static point. Smaller periodic waves generated or superimposed onto this fundamental wave such as reflected 

waves are called harmonic waves. Then the frequency and amplitude characteristics of a wind-generated wave 

depend on the distance the wind blows over the open water (called the fetch), the length of time the wind blows, 

the speed of the wind and the water depth. 

Waves transport energy from where they were created by storms far out in the ocean to a shoreline. But 

a typical ocean wave does not resemble a perfect sinusoid, they are more irregular and complex than a simple 

sinusoidal wave. Only the steady up-and- down movement of a heavy swell resembles a sinusoidal wave much 

more than the chaotic nature of locally generated wind waves, as real sea waves contain a mixture of waves 

with different frequencies, wave heights and directions. 

 

Wave Power Devices 

Ocean wave energy has several advantages over ocean wind energy. It is more predictable, less variable, and 

has a higher energy density. 

Wave energy systems are classified based on their distance from the shore: 

1. Shoreline Devices – Fixed to or embedded in the shore, partly in and out of the water. 

2. Nearshore Devices – Placed in shallow waters (around 20m depth), near the breaker zone. 

3. Offshore Devices – Located far out at sea, beyond the breaker lines, where waves are stronger. 

Offshore devices have the advantage of avoiding major coastal construction. Most wave energy is concentrated 

near the surface, so devices are designed to capture this energy efficiently. Some are fixed structures in 

shallow water, while others are floating devices that convert wave movement into electricity. 

There are currently four basic wave energy "capture" type methods :  
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• Point Absorbers - These are small vertical devices either fixed directly to the ocean floor or tethered via a 

chain that absorb the waves energy from all directions. These devices generate electricity from the bobbing or 

pitching action of a floating device. Typical wave energy devices include, floating buoys, floating bags, ducks, 

and articulated rafts, etc. These devices convert the up-and-down pitching motion of the waves into rotary 

movements, or oscillatory movements in a variety of devices to generate electricity. One of the advantages of 

floating devices over fixed devices it that they can be deployed in deeper water, where the wave energy is 

greater.  

• Wave Attenuators - Also known as "linear absorbers", are long horizontal semi submerged snake-like 

devices that are oriented parallel to the direction of the waves.'A wave attenuator is composed of a series of 

cylindrical sections linked together by flexible hinged joints that allow these individual sections to rotate and yaw 

relative to each other. The wave-induced motion of the device is used to pressurize a hydraulic piston, called a 

ram, which forces high pressure oil through smoothing accumulators to turn a hydraulic turbine generator 

producing electricity. Then wave attenuators convert the oscillating movement of a wave into hydraulic 

pressure.  

• Oscillating Water Column - is a partly submerged chamber fixed directly at the shoreline which converts 

wave energy into air pressure. The structure could be a natural cave with a blow hole or a man made chamber 

or duct with an wind turbine generator located at the top well above the water surface. The structure is built 

perpendicular to the waves so that the ebbing and flowing motion of the waves force the trapped water inside 

the chamber to oscillate in the vertical direction. 

As the waves enter and exit the chamber, the water column moves up and down and acts like a piston on the 

air above the surface of the water, pushing it back and forth. This air is compressed and decompressed by this 

movement and is channeled through a wind turbine generator to produce electricity. The speed of air in the duct 

can be enhanced by making the cross-sectional area of the duct much less than that of the column.  

• Overtopping Devices - Also known as "spill-over" devices, are either fixed or floating structures that use 

ramps and tapered sides positioned perpendicular to the waves. The sea waves are driven up the ramp and 

over the sides filling-up a small tidal reservoir which is located 2 to 3 metres above sea level. The potential 

energy of the water trapped inside the reservoir is then extracted by returning the water back to the sea through 

a low head Kaplan turbine generator to produce electricity. 

Then overtopping devices convert the potential energy available in the head of water into mechanical energy. 

The disadvantage of onshore overtopping schemes is that they have a relatively low power output and are only 

suitable for sites where there is a deep water shoreline and a low tidal range of less than about a meter. The 

idea of harnessing the tremendous power of the oceans waves is not new. Like other forms of hydro power, 

wave energy does not require the burning of fossil fuels, which can pollute the air, contributing to acid rain and 

global warming. The energy is entirely clean and endlessly renewable. Wave power has many advantages 

compared to other forms of renewable energy with its main advantage being that it is predictable. 

However, like many other forms of renewable energy, ocean wave energy also has its disadvantages such as 

its inflexible generation times dependent upon the tides, the visual impact of wave devices on the seas surface, 

as well as the threat of collision to shipping and navigation.  

 

Wave Energy Advantages 

1. Wave energy is an abundant and renewable energy resource as the waves are generated by the wind.  

2. Pollution free as wave energy generates little or no pollution to the environment compared to other 

green energies. 

3. Reduces dependency on fossil fuels as wave energy consumes no fossil fuels during operation. 

4. Wave energy is relatively consistent and predictable as waves can be accurately forecast several days 

in advance.  

5. Wave energy devices are modular and easily sited with additional wave energy devices added as 

needed. 

6. Dissipates the waves energy protecting the shoreline from coastal erosion.  

7. Presents no barriers or difficulty to migrating fish and aquatic animals. 

 

Wave Energy Disadvantages 
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1. Visual impact of wave energy conversion devices on the shoreline and offshore floating buoys or 

platforms. 

2. Wave energy conversion devices are location dependent requiring suitable sites where the waves are 

consistently strong. 

3. Intermittent power generation as the waves come in intervals and does not generate power during calm 

periods.  

4. Offshore wave energy devices can be a threat to navigation that cannot see or detect them by radar.  

5. High power distribution costs to send the generated power from offshore devices to the land using long 

underwater cables. 

6. They must be able to withstand forces of nature resulting in high capital, construction and maintenance 

costs. 

 

Wave Energy in India 

India has a vast coastline of 7,516 km, offering significant potential for wave energy generation. The Indian 

Ocean, Arabian Sea, and Bay of Bengal experience strong wave activity, making them suitable for wave 

energy projects. 

 

1. Potential of Wave Energy in India 

 Estimated Wave Power Potential: ~40 GW (according to studies by NIOT and MNRE). 

 Best Locations: Coastal states with high wave energy potential: 

o Western Coast (Arabian Sea): Gujarat, Maharashtra, Goa, Kerala. 

o Eastern Coast (Bay of Bengal): Tamil Nadu, Andhra Pradesh, Odisha, West Bengal. 

o Islands: Andaman & Nicobar, Lakshadweep. 

 

2. Wave Energy Projects in India 

(A) NIOT’s Wave Energy Project (Tamil Nadu) 

 Location: Off the coast of Vizhinjam, Kerala. 

 Developed by: National Institute of Ocean Technology (NIOT), Chennai. 

 Technology Used: Oscillating Water Column (OWC). 

 Outcome: Successfully generated power, but further scaling was needed. 

(B) Offshore Wave Energy Project (Lakshadweep) 

 NIOT has been researching wave energy for power supply to remote islands. 

 

3. Wave Energy Technologies Used in India 

 Oscillating Water Column (OWC): Air pressure drives turbines. 

 Point Absorbers: Floating buoys that move up and down. 

 Overtopping Devices: Waves fill reservoirs; water flows through turbines. 

 

4. Challenges of Wave Energy in India 

 High Initial Costs: Wave energy technology is expensive to deploy. 

 Harsh Marine Conditions: Equipment faces damage from strong waves and saltwater corrosion. 

 Lack of Infrastructure: India is still in the early stages of wave energy development. 

 

5. Future of Wave Energy in India 

 Government Support: MNRE (Ministry of New and Renewable Energy) is exploring wave energy. 

 Research & Development: NIOT and IITs are working on efficient wave energy systems. 

 International Collaboration: India can learn from successful wave energy projects in Europe. 

 

MINI HYDEL POWER PLANTS 

A mini-hydroelectric power plant converts the energy stored in water into electricity by exploiting the 

difference in elevation between two points at different heights. Mechanical energy is obtained from a hydraulic 

turbine which, with the help of a generator, is transformed into electrical energy. 
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They are power plants of less than 10MW that make it possible to take advantage of small water currents and 

are ideal for supplying electricity to rural or isolated areas. 

A project of these characteristics is able to produce a large amount of energy constantly at a very low cost. 

 Micro Hydro: Up to 100 kW 

 Mini Hydro: 100 kW – 2 MW 

 Small Hydro: 2 MW – 25 MW 

 

 

Working of Mini-Hydel Power Plants  

Mini-hydel power plants are small-scale hydroelectric systems that generate electricity using the natural flow 

of water from rivers, streams, or canals. These plants are typically run-of-river systems, meaning they do 

not require large reservoirs or dams. Instead, they use the kinetic and potential energy of flowing water to 

produce electricity. 

 

Key Components & Working Principle 

Water Intake (Diversion Structure) 

 The first step in power generation is diverting water from a river, stream, or canal into the system. 

 A weir (small barrier) or intake structure is built to direct the water flow into the plant. 

 Trash racks (metal grates) are installed to filter out debris like leaves, branches, and sediments to 

protect the turbine. 

 The water then flows into a desilting tank, where heavier particles settle before entering the main 

system. 

Penstock (Water Conduit) 

 After intake, the water is channeled through a penstock—a large pipe that directs the flow towards the 

turbine. 

 The penstock is designed to maintain high pressure, ensuring maximum energy transfer. 

 The diameter and length of the penstock depend on the available water head (height difference 

between intake and turbine). 

Turbine & Generator (Energy Conversion) 

 Water from the penstock enters the turbine, where its pressure and velocity rotate the turbine blades. 

 The type of turbine used depends on the water head and flow rate: 

o Pelton Wheel: Used for high-head, low-flow sites. 

o Francis Turbine: Used for medium-head, medium-flow sites. 

o Kaplan Turbine: Suitable for low-head, high-flow sites. 

1. Pelton Wheel Turbine (High-Head, Low-Flow) 

Working Principle 

 A Pelton Wheel is an impulse turbine, meaning it operates on high-velocity jets of water that strike 

spoon-shaped buckets attached to the wheel. 

 Water is delivered at high pressure through one or multiple nozzles, directing jets onto the buckets. 

 The impact of the water jets causes the wheel to rotate, converting the water's kinetic energy into 

mechanical energy. 

 After striking the buckets, the water loses all its energy and falls into the tailrace. 
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2. Francis Turbine (Medium-Head, Medium-Flow) 

Working Principle 

 The Francis Turbine is a reaction turbine, meaning it works with both pressure and velocity energy of 

water. 

 Water enters the turbine radially (from all directions) and flows through curved blades before exiting 

axially (parallel to the shaft). 

 The guide vanes control the water flow, ensuring smooth and efficient energy conversion. 

 The turbine operates fully submerged in water to utilize pressure differences. 

 

 
 

3. Kaplan Turbine (Low-Head, High-Flow) 

Working Principle 

 A Kaplan Turbine is a propeller-type reaction turbine, similar to a boat propeller. 

 Water flows axially (straight through the blades), and the turbine blades are adjustable to optimize 

efficiency for varying flow conditions. 

 It is typically fully submerged and operates with low water pressure but a large volume of water flow. 

 The runner blades and guide vanes can change their angle to maintain efficiency at different flow rates 

(unlike Francis turbines, which work best at fixed flows). 
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Power Transmission (Electricity Supply) 

 The generated electricity is transmitted through power lines and transformers. 

 It can be used for: 

 Local consumption: Direct supply to villages and industries. 

 Grid connection: Excess power is transferred to the main electricity grid. 

 Power Conditioning: Voltage regulators and transformers ensure stable electricity supply. 

 

Advantages of Mini-Hydel Power Plants ✅ 

 Renewable & Eco-Friendly – Uses natural water flow, no emissions. 

 Reliable & Consistent – Provides steady power supply in remote areas. 

 Cost-Effective – Low operating costs after installation. 

 Ideal for Rural Electrification – Brings electricity to off-grid communities. 

Challenges  

 High Initial Investment – Requires infrastructure development. 

 Seasonal Water Flow – Power generation varies with water availability. 

 Limited Site Availability – Requires suitable river conditions. 

 

Mini-Hydel Power in India  

 Potential: ~20,000 MW (as per MNRE). 

 Top States: Himachal Pradesh, Uttarakhand, Karnataka, Kerala, Arunachal Pradesh. 

 Government Support: Financial incentives, tax benefits, and subsidies. 

 

Economics of Mini - Hydel Power Plants 

Mini-hydel power plants, typically producing less than 10 MW, are a cost-effective and environmentally friendly 

way to generate electricity. Their economic feasibility depends on initial investment, operational costs, 

maintenance, and revenue generation. 

 

1. Capital Cost 

The initial investment varies based on factors like site conditions, turbine type, civil works, and grid 

connectivity. The cost of mini-hydel projects generally ranges between 5–10 crore per MW. Major cost 

components include: 

 Civil Works: Dams, canals, and penstocks (~40–50% of total cost) 

 Electromechanical Equipment: Turbines, generators, transformers (~30–40%) 

 Transmission Infrastructure: Power lines, substations (~10–15%) 

 Miscellaneous Costs: Land acquisition, environmental impact assessment (~5%) 

2. Operational & Maintenance (O&M) Costs 

Mini-hydel plants have low operating costs compared to fossil fuel plants. Key expenses include: 

 Routine Maintenance: Cleaning, lubrication, and minor repairs (~5–10 lakh per MW per year) 
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 Manpower Costs: Skilled labor for monitoring and maintenance (~3–5 lakh per year) 

 Depreciation & Insurance: Infrastructure wear and tear (~2–3% of capital cost annually) 

Overall, O&M costs are around ₹0.5–1 per unit of electricity generated, making mini-hydel a cost-effective 

energy source. 

3. Revenue Generation 

Mini-hydel projects earn revenue through: 

 Power Purchase Agreements (PPA): Selling electricity to state utilities at tariffs of Rs 3–6 per kWh. 

 Direct Supply to Industries/Villages: Higher tariffs for reliable power supply. 

 Carbon Credits: Projects registered under CDM (Clean Development Mechanism) earn revenue for 

reducing carbon emissions. 

4. Economic Benefits 

 Low Fuel Cost: Water is free, unlike coal or gas. 

 Long Lifespan: Plants operate for 30–50 years with proper maintenance. 

 Grid Stability: Supports rural electrification and reduces dependence on fossil fuels. 

 Government Incentives: Subsidies, tax benefits, and soft loans reduce financial burden. 

 

5. Challenges & Cost Barriers 

 High Initial Investment: Though low in O&M, capital costs can be significant. 

 Site-Specific Limitations: Requires suitable water flow and geographical feasibility. 

 Seasonal Variability: Power generation depends on rainfall and river discharge. 
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QUESTION BANK 
 

Unit 1 

Introduction 

 

Part A 

1. Name the energy sources available. 

The energy sources available can be divided into three categories. They are, • Primary Energy Sources • 

Secondary Energy Sources • Supplementary Energy Sources  

2. What is meant by Primary and Secondary Energy source? Give example. 

Primary energy source : Primary energy source can be defined as source which provides a net supply of 

energy. The energy that are either found or stored in nature. 

E.g. coal, oil, natural gas and biomass. 

Secondary energy source : The form of energy which is finally supplied to, a consumer for utilization is known 

as secondary or usable energy. E.g. Electrical energy, thermal energy (in the form of steam or hot 

water),chemical energy (in the form of hydrogen or fossil fuels),etc., 

3. What are the advantages of renewable energy source ? 

• Renewable energy sources are available in nature free of cost. • They produce no or little pollution. Thus by 

and large, they are environment friendly. • They are inexhaustible. • They have a low gestation period. 

4. What is meant by renewable energy sources ? 

Renewable energy is energy that is collected from renewable resources, which are naturally replenished on a 

human timescales, such as sunlight, wind, rain, tides, waves and geothermal heat. Renewable energy often 

provides energy in four important areas : electricity generation, air and water heating/cooling, transportation and 

rural energy services. 

5. What are the limitations of renewable energy source ? 

The energy available in dilute form from the renewable energy sources. • Though available freely in nature, the 

cost of harnessing energy from a non conventional source is generally high. • Availability is uncertain; the 

energy flow depends on various natural phenomena beyond human control.  

6. What is meant by non-renewable energy source ? 

Non-renewable energy resource which are finite and do not get replenished after their consumption are called 

non-renewable. E.g., fossil fuels, uranium, coal, etc. 

7. How the energy resources are classified ? 

1. Based on usability of energy 

• Primary resources • Intermediate resources • Secondary resources 

2. Based on traditional use 

• Conventional energy • Non-conventional energy 

3. Based on long term availability 

• Non-renewable • • Renewable 

4. Based on commercial application 

• Commercial energy source • Non-commercial energy source 

5. Based on origin 

• Fossil fuels energy • Nuclear energy • Hydro, energy • Solar energy • Wind energy • Biomass energy • 

'Geothermal energy • Tidal energy • Ocean thermal energy • Ocean wave energy 

8. Define energy yield ratio. 

The energy yields ratio of an energy extraction process is defined as follows : Energy yield ratio = (Energy 

received from raw energy source) / (Energy spent to obtain raw energy source). 

9. State the importance of non-conventional energy source. 

 The demand of energy is increasing by leaps and bounds due to rapid industrialization and population 

growth, and hence the conventional sources of energy will not be sufficient to meet the growing demand.  

 Conventional sources (except hydro) are non-renewable and are bound to finish up one day.  
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 Conventional sources (fossil fuels, nuclear) also cause pollution; thereby their use degrades the 

environment.  

 Large hydro resources affect wildlife, cause deforestation and pose various social problems.  

 In addition to supplying energy, fossil fuels are also used extensively as feed stock materials for the 

manufacture of organic chemicals. As reserve deplete, the need for using fossil fuels exclusively for 

such purpose may become greater. 

10. What is meant by energy conservation ? 

Energy conservation means reduction in energy consumption but without making any sacrifice in the quality or 

quantity of production. In other words, it means increasing the production from a given amount of energy input 

by reducing losses/wastage and maximizing the efficiency. 

11. State three incentives in energy conservation. 

The three major incentives in energy conservation are: • Decreasing the energy requirement • Conserving the 

limited conventional assets of energy • Saving the environment. 

12. List the general principles of energy conservation. 

The general principles of energy conservation are : • Recycling of waste • Modernization of technology • Waste 

heat utilization 

13. Define energy utility factor. 

The relation between useful thermairenergy and the available chemical energy in the fuel is expressed by 

means of the energy utility factor. 

Energy utility factor = Useful thermal energy/ Available energy in fuel 

14. What is India's global ranking in renewable energy capacity addition? 

India ranks 3rd globally in renewable energy capacity addition, establishing itself as a leading market for solar 

and wind energy. 

15. What is India's renewable energy installed capacity as of 2023? 

As of 2023, India's renewable energy installed capacity exceeds 125 GW, contributing more than 40% to the 

total energy mix. 

16. What is India's renewable energy target for 2030? 

India aims to achieve 500 GW of renewable energy capacity by 2030, aligning with its commitment to the Paris 

Agreement. 

17. Where is the world's largest solar park located in India? 

India is home to the world's largest solar park, the Bhadla Solar Park in Rajasthan, and has extensive wind 

energy installations, particularly in Tamil Nadu and Gujarat. 

18. What government initiatives promote renewable energy adoption in India? 

Programs like the National Solar Mission and the KUSUM (Kisan Urja Suraksha evam Utthaan Mahabhiyan) 

Scheme promote renewable energy adoption in rural and urban areas. 

19. What is the current installed capacity of solar energy in India? 

As of 2023, India's solar energy installed capacity is approximately 70 GW, including rooftop solar installations. 

20. Which states in India are leading in wind energy installations? 

Tamil Nadu, Gujarat, Maharashtra, Karnataka, and Rajasthan are leading in wind energy installations in India. 

21. What is the current installed capacity of wind energy in India? 

India's current wind energy installed capacity is around 45 GW. India's current biomass energy installed 

capacity is approximately 10 GW. 

22. What are the two categories of hydropower in India? 

Hydropower in India is classified into two categories: large hydro (capacity >25 MW) and small hydro (capacity 

<25 MW). 

23. Name a key hydropower project in Punjab and Himachal Pradesh. 

The Bhakra Nangal Dam is a key hydropower project located in Punjab and Himachal Pradesh. 

24. What is the current installed capacity of hydropower in India? 

India's current hydropower installed capacity is approximately 50 GW, including large hydro. 

25. Which regions in India have significant geothermal energy potential? 

India's geothermal energy potential is mainly concentrated in regions like the Himalayas, Western Ghats, and 

certain parts of Gujarat. 
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Part B 

1. Compare and contrast renewable and non-renewable primary energy sources, providing examples of 

each and discussing their advantages and disadvantages. 

2. Analyze the current usage of renewable energy sources in India, highlighting their contributions to the 

national energy mix and the challenges faced in their integration. 

3. Evaluate the future potential of renewable energy in India's power production, considering current 

policies, technological advancements, and environmental goals. 

4. Discuss the development of renewable energy technologies in India, focusing on key innovations, 

government initiatives, and the role of private sector investments. 

5. Assess the environmental and economic impacts of transitioning from non-renewable to renewable 

energy sources in India, including considerations of energy security and sustainable development. 

6. What are the prospects of non-conventional energy sources in India ? Explain. 

7. Discuss briefly renewable energy sources. Explain their availability, economics and efficiency with 

reference to Indian context.  

8. Write briefly on energy consumption pattern and growth rate of energy consumption in India. What do 

you conclude from this ?  
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Unit 2 

Solar Energy 

 

1. What is Solar Radiation? 

Solar radiation is the energy emitted by the Sun, primarily in the form of electromagnetic waves, including 

visible light, ultraviolet, and infrared radiation. It is the source of energy for all life on Earth and is harnessed in 

various solar energy applications. 

2. What are the different methods for measuring Solar Radiation? 

Solar radiation can be measured using instruments such as pyranometers (for global radiation), 

pyrheliometers (for direct radiation), and actinometers (for total radiation). These instruments measure the 

intensity and distribution of solar energy received at a given location. Unit used in solar radiation is W/m2 or 

Langley. 

3. List the drawbacks of solar energy. 

The intermittent and variable manner in which it arrives at the earth's surface and •The large area required 

to collect the energy at a useful rate. 

4. Define solar constant. 

Solar constant is defined as the amount of energy received in unit time on a unit area perpendicular to the 

sun's direction at the mean distance of the earth from the sun. 

5. What are Plate Solar Collectors? 

Plate solar collectors are flat-plate devices that absorb solar radiation and convert it into heat. They typically 

consist of an insulated box with a dark absorber plate that collects heat, a glass cover that reduces heat loss, 

and fluid tubes that carry the heated fluid. 

6. Mention any two advantages and disadvantages of plate solar collectors. 

Advantages: 

solar thermal systems have low maintenance and operating costs, these are clean and renewable, and it 

can be sized for residential, commercial, or industrial use. 

Disadvantages: 

Installation of solar thermal systems can require a significant upfront investment. 

Performance is affected by weather conditions and sunlight availability. 

To maximize efficiency, storage tanks are needed to store heat for use when the sun is not shining, adding 

complexity and cost to the system. 

7. What are Concentrating Solar Collectors? 

Concentrating solar collectors use mirrors or lenses to focus sunlight onto a small area, enhancing the intensity 

of solar radiation. This concentrated heat is used to produce steam or drive turbines for power generation. 

8. Types of Concentrating Solar Collectors? 

The main types of concentrating solar collectors are: 

Parabolic Trough Collectors: Use parabolic mirrors to focus sunlight onto a receiver tube. 

Dish-Stirling Collectors: Use a parabolic dish to focus sunlight onto a Stirling engine. 

Central Receiver Systems (Heliostats): Large mirrors focus sunlight onto a central tower receiver. 

9. What is Efficiency in Solar Collectors? 

The efficiency of a solar collector is the ratio of useful heat output to the total solar energy incident on the 

collector. It is influenced by factors such as collector design, material, angle of incidence, and ambient 

temperature. 

10. What is Photovoltaic (PV) Solar Energy Conversion? 

Photovoltaic (PV) solar energy conversion involves the direct conversion of sunlight into electricity using 

semiconductor materials that generate electricity when exposed to sunlight (via the photovoltaic effect). 

11. Types of Solar Cells? 

The main types of solar cells are: 

Monocrystalline: High efficiency, made from a single crystal structure. 

Polycrystalline: Made from silicon crystals melted together, less efficient but cheaper. 

Thin-film: Lightweight, flexible, but lower efficiency. 
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12. Applications of Photovoltaic Cells for Battery Charging? 

PV cells are used in solar battery chargers for charging batteries in off-grid applications such as remote homes, 

mobile devices, and backup power systems. 

13. How are Solar Cells Used for Domestic and Street Lighting? 

Solar cells power outdoor lighting systems and streetlights by charging batteries during the day and using that 

stored energy to illuminate the lights at night, reducing dependency on the grid. 

14. What is Solar Water Pumping? 

Solar water pumping systems use photovoltaic panels to power water pumps. These systems are used for 

agricultural irrigation, rural water supply, and livestock watering in areas where grid electricity is unavailable. 

15. What are the Power Generation Schemes for Solar Energy? 

Solar energy can be used for power generation in two primary ways: 

Grid-connected PV systems: Solar panels generate electricity that is fed into the electrical grid. 

Off-grid PV systems: Solar panels generate electricity that is stored in batteries for use in remote locations 

without grid access. 

16. What is Building Integrated Photovoltaics (BIPV)? 

BIPV involves integrating solar cells directly into the structure of a building, such as in windows, rooftops, or 

facades. It allows for energy generation while maintaining the building's aesthetics. 

17. What are Grid-Connected PV Systems? 

Grid-connected PV systems are solar power systems that generate electricity and feed it directly into the 

electrical grid. They can reduce electricity costs and provide clean energy to the grid. 

 

Part – B 

1. Explain in detail about solar radiation and its measurement by pyhreleometer and pyranometer. 

2. Explain the working principle of plate solar collectors and discuss the factors affecting their efficiency. 

3. Describe the different types of concentrating collectors and compare their efficiency and applications. 

4. Discuss the different types of solar cells and their applications in various fields like water pumping and 

street lighting. 

5. What are the recent advances in photovoltaic applications such as Building Integrated PV (BIPV) and 

grid-connected PV systems? 
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Unit 3 

Wind Energy 

PART – A 

1. What is the principle behind wind energy conversion? 

Wind energy conversion is based on the principle that wind's kinetic energy can be harnessed by wind turbines 

to generate electricity. The moving air causes the turbine blades to rotate, which drives a generator to produce 

electrical energy. 

2. Define Betz's Law and its significance in wind energy generation. 

Betz's Law states that no wind turbine can capture more than 59.3% of the kinetic energy from the wind. This is 

known as the Betz limit, and it is a theoretical maximum for wind turbine efficiency. 

3. Explain the relationship between wind speed and power in wind energy generation. 

The power extracted from wind is proportional to the cube of the wind speed. As wind speed increases, the 

power available to be converted into electricity increases significantly. 

4. What factors need to be considered when assessing a wind site? 

Factors include wind speed, wind direction, terrain, proximity to infrastructure, and environmental 

considerations. A detailed wind resource assessment is essential for determining the feasibility of a wind energy 

project. 

5. How do geographical features influence wind patterns at a site? 

Geographical features such as mountains, valleys, and bodies of water can influence wind speed and direction. 

Mountains can block or redirect wind, while valleys can funnel wind, increasing its speed. 

6. What is wind resource assessment, and why is it important in selecting wind turbine locations? 

Wind resource assessment involves the collection and analysis of wind data over time to determine the wind 

potential of a site. It is important for selecting locations with consistent and high wind speeds to maximize 

energy generation. 

7. Describe the purpose of a wind map in wind energy assessment. 

A wind map provides a visual representation of wind speeds across a region, helping to identify areas with the 

most favorable conditions for wind energy generation. 

8. What is a wind rose, and how does it assist in wind assessment? 

A wind rose is a graphical representation of wind direction and frequency at a specific location. It helps assess 

prevailing wind directions and patterns, which are crucial for positioning wind turbines. 

9. What are the common instruments used in wind resource assessment? 

Common instruments include anemometers (to measure wind speed) and wind vanes (to measure wind 

direction), often combined with data loggers to store wind data over time. 

10. How does temperature affect wind speed and direction? 

Temperature differences between land and sea or between different altitudes can create pressure differences, 

which in turn affect wind speed and direction. Warm air rises, and cooler air flows in to replace it, creating wind. 

11. Explain how local topography influences wind speed. 

Local topography, such as hills and valleys, can accelerate or decelerate wind. Wind speeds are often higher at 

higher elevations or in narrow valleys where the wind is funnelled. 

12. What role does the Coriolis Effect play in wind patterns? 

The Coriolis Effect, caused by Earth's rotation, causes moving air to be deflected to the right in the Northern 

Hemisphere and to the left in the Southern Hemisphere, influencing global wind patterns. 

13. Name the main components of a wind turbine and their functions. 

Main components include the rotor blades (capture wind energy), nacelle (houses the generator and other 

components), tower (supports the turbine), and the generator (converts mechanical energy into electrical 

energy). 

14. What is the role of the nacelle in a wind turbine? 

The nacelle houses the key components of the turbine, including the gearbox, generator, and control systems, 

enabling the conversion of mechanical energy from the rotating blades into electrical energy. 

15. Describe the function of the rotor blades in a wind turbine. 

Rotor blades capture the kinetic energy from the wind and convert it into rotational motion, which is transmitted 

to the generator to produce electricity. 
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16. What is a Wind Energy Conversion System (WECS)? 

A WECS is a system that converts the kinetic energy of the wind into mechanical energy, which is then 

converted into electrical energy by a generator. It includes components such as the rotor, nacelle, and 

generator. 

17. Distinguish between horizontal-axis and vertical-axis wind turbines in terms of their WECS 

design. 

Horizontal-axis wind turbines have blades that rotate around a horizontal axis, while vertical-axis turbines have 

blades that rotate around a vertical axis. Horizontal-axis turbines are more common and generally more 

efficient. 

18. What are the main advantages of WECS in wind energy production? 

The advantages of WECS include the ability to harness renewable wind energy, reduce dependency on fossil 

fuels, and produce electricity with minimal environmental impact. 

19. What are the two primary types of WECS devices? 

The two primary types are horizontal-axis wind turbines (HAWTs) and vertical-axis wind turbines (VAWTs). 

20. Define a lift-based WECS and how it differs from a drag-based WECS. 

A lift-based WECS uses aerodynamic lift (similar to an airplane wing) to extract energy from the wind, while a 

drag-based WECS relies on the wind's drag force on the blades. Lift-based systems are more efficient than 

drag-based systems. 

21. What are the main differences between active and passive WECS? 

Active WECS require mechanical or electrical systems to orient the turbine for maximum efficiency, while 

passive WECS use wind to naturally adjust the turbine's orientation without external power sources. 

22. What is the function of a power controller in a wind electric generating system? 

The power controller regulates the output of the wind turbine to ensure stable electrical production by adjusting 

the rotor speed and blade pitch according to wind conditions. 

23. How does a wind turbine controller optimize energy production? 

The controller optimizes energy production by adjusting the turbine's rotor speed, blade pitch, and yaw to 

ensure the turbine operates at the maximum efficiency point for the prevailing wind conditions. 

24. Explain the role of a yaw mechanism in a wind electric generating system. 

The yaw mechanism rotates the wind turbine nacelle to face the wind, ensuring the blades are positioned for 

maximum energy capture as wind direction changes. 

25. What are the characteristics of a good wind turbine site? 

A good site for wind turbines has high average wind speeds (typically above 6-7 m/s), consistent wind 

directions, low turbulence, and minimal obstructions like trees or buildings. 

26. List two common applications of wind energy in the real world. 

Wind energy is commonly used for generating electricity in wind farms and for powering remote or off-grid areas 

using smaller wind turbines. 

27. Explain the significance of wind power density in the selection of wind sites. 

Wind power density is a measure of the amount of power available in the wind per unit area. Higher power 

density indicates better wind resources, making the site more suitable for wind energy production. 

PART – B 

1. Explain the principles of wind energy conversion and how wind turbines generate electricity. 

2. Discuss the factors that need to be considered when assessing a wind site for a wind farm, and how 

wind resource assessment is performed. 

3. Explain the factors that influence wind patterns, such as temperature differences, geographical features, 

and the Coriolis Effect. 

4. Discuss the components of a wind turbine and their functions. 

5. Describe the classification of Wind Energy Conversion Systems (WECS) and the different types of wind 

turbines used in wind energy production. 

6. Explain the components and functioning of a Wind Electric Generating System (WEGS), and discuss the 

role of control systems in optimizing energy production, grid integration, and ensuring the safety and 

efficiency of the wind turbine. 
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Unit 4 

Bio Energy 

 

PART – A 

 

1. What is biomass energy? 

Biomass energy refers to energy derived from organic materials such as wood, agricultural residues, animal 

waste, and other biological matter. These materials can be converted into heat, electricity, or biofuels through 

various conversion processes. 

2. Give two examples of biomass resources. 

Wood, agricultural residues (e.g., straw, corn stalks). 

3. What is the principle of biomass conversion? 

Biomass conversion involves the transformation of organic materials (biomass) into usable energy forms such 

as heat, electricity, or fuels through chemical, physical, or biological processes like combustion, gasification, 

fermentation, and anaerobic digestion. 

4. Name the major types of biomass conversion processes. 

The major biomass conversion processes are: 

 Thermal conversion: Includes combustion, gasification, and pyrolysis. 

 Biochemical conversion: Includes anaerobic digestion and fermentation. 

 Chemical conversion: Includes transesterification (for biodiesel production). 

5. What is biogas? 

Biogas is a mixture of gases (primarily methane, CO₂, and small amounts of hydrogen) produced by the 

anaerobic digestion of organic matter such as agricultural waste, manure, and food waste in the absence of 

oxygen. 

6. What are the main components of biogas? 

The main components of biogas are methane (CH₄), carbon dioxide (CO₂), nitrogen (N₂), hydrogen sulfide 

(H₂S), and small traces of other gases. 

Types of Biogas Plants 

7. Name two types of biogas plants. 

Two types of biogas plants are: 

 Fixed dome biogas plant: A dome-shaped, rigid structure where biogas is generated. 

 Floating drum biogas plant: A plant with a movable drum that rises and falls according 

to the gas volume produced. 

8. What is a floating drum biogas plant? 

A floating drum biogas plant has a cylindrical digester with a movable drum that floats on the biogas produced. 

The gas is stored in the drum, and the drum's movement indicates the amount of gas generated. 

9. What factors should be considered for selecting a site for a biogas plant? 

Key factors include: 

 Availability of sufficient organic waste (e.g., agricultural residues, manure). 

 Proximity to the power grid (for electricity generation). 

 Adequate space for the digester and gas storage. 

 Access to water and appropriate climatic conditions. 

10. Classify biogas plants based on the type of digester used. 

 Biogas plants can be classified into: 

 Batch-type biogas plants: Where the organic material is added in batches and 

processed. 

 Continuous-type biogas plants: Where organic material is continuously fed into the 

digester. 

11. What is one advantage of biogas generation? 

Biogas generation is a renewable energy source that helps reduce reliance on fossil fuels and can mitigate 

greenhouse gas emissions. 

12. What is one disadvantage of biogas generation? 
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A disadvantage is the high initial cost of setting up a biogas plant and the need for a reliable supply of organic 

feedstock. 

13. What is thermal gasification of biomass? 

Thermal gasification is a process that converts biomass into syngas (a mixture of carbon monoxide, hydrogen, 

and carbon dioxide) by heating it in a limited oxygen environment at high temperatures (600–1000°C). 

14. What are the main products of biomass gasification? 

The main products of biomass gasification are syngas (which contains hydrogen, carbon monoxide, and 

methane) and a solid residue called biochar. 

15. What is a biomass gasifier? 

A biomass gasifier is a device that converts biomass into syngas by partially oxidizing the biomass at high 

temperatures in the presence of limited oxygen. 

16. Name the main types of biomass gasifiers. 

The main types of biomass gasifiers are: 

 Fixed-bed gasifiers 

 Fluidized-bed gasifiers 

 Entrained-flow gasifiers 

17. What is one application of biomass gasification? 

Biomass gasification can be used for electricity generation by burning syngas in gas engines or turbines. 

18. What is the primary economic challenge in setting up a biomass plant? 

The primary economic challenge is the high capital investment required for setting up the infrastructure, 

including equipment, land, and feedstock handling systems. 

19. What is the economic advantage of biogas generation in rural areas? 

Biogas generation can provide a local source of renewable energy and organic fertilizer, helping rural 

communities reduce dependence on external energy sources and enhance waste management. 

20. What are the main costs involved in running a biogas plant? 

The main costs include feedstock procurement, maintenance, labor, and operation of the anaerobic digesters 

and gas cleaning systems. 

 

Part B 

1. Discuss the potential of biomass as a renewable energy source. How is biomass utilized to generate 

energy? Explain the advantages and challenges of using biomass for energy production. 

2. Explain the different types of biomass conversion technologies and processes. Classify these processes 

and explain each in detail. 

3. Describe the process of biogas generation. Discuss the factors influencing biogas production and the 

applications of biogas. 

4. Discuss the different types of biogas plants. Explain the working principle, advantages, and 

disadvantages of each type. 

5. What are the key factors to consider when selecting a site for a biogas plant? Explain how each factor 

influences the efficiency and feasibility of the plant. 

6. Explain the process of biomass thermal gasification. Discuss the advantages of gasification over other 

biomass conversion methods and the applications of syngas produced. 

7. Discuss the different types of biomass gasifiers. Explain the working principle and the suitability of each 

type for specific applications. 

8. Analyze the economic aspects of biomass and biogas plants. Discuss the cost structure, funding 

options, and the financial viability of such projects. 
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Unit 5 

Other Sources of Energy 

 

Part A 

 

1. What is the primary byproduct when hydrogen is used in a fuel cell to generate electricity? 

The primary byproduct is water. In a hydrogen fuel cell, hydrogen reacts with oxygen to produce electricity, and 

the only byproduct of this reaction is water.  

2. What is the primary function of the proton exchange membrane (PEM) in a hydrogen fuel cell? 

The proton exchange membrane (PEM) in a hydrogen fuel cell serves to separate the anode and cathode, 

preventing the mixing of hydrogen and oxygen gases, while allowing only protons (hydrogen ions) to pass 

through. This facilitates the electrochemical reaction that generates electricity.  

3. What are the main types of fuel cells, and which one is most commonly used in automotive 

applications? 

The main types of fuel cells include Proton Exchange Membrane Fuel Cells (PEMFC), Solid Oxide Fuel Cells 

(SOFC), Alkaline Fuel Cells (AFC), and Molten Carbonate Fuel Cells (MCFC). Among these, Proton Exchange 

Membrane Fuel Cells (PEMFC) are most commonly used in automotive applications due to their favorable 

power-to-weight ratio and operating characteristics. 

4. How the fuel cells are classified ? 

The classifications of fuel cells are : • Based on the type of electrolyte • Based on the types of the fuel and 

oxidant • Based on operating temperature • Based on application • Based on the chemical nature of electrolyte. 

5.  Mention some advantages of fuel cells. 

 It is quiet in operation.  

 Less pollutant.  

 Conversion efficiency is more due to direct single stage energy conversion.  

 Fuel cell plant can be installed near the point of use, thus transmission and distribution losses are 

avoided.  

 Fuel cell plants are compact and require less space.  

 No charging is required. 

6. What are the main types of fuel cells, and which one is most commonly used in automotive 

applications? 

The main types of fuel cells include Proton Exchange Membrane Fuel Cells (PEMFC), Solid Oxide Fuel Cells 

(SOFC), Alkaline Fuel Cells (AFC), and Molten Carbonate Fuel Cells (MCFC). Among these, Proton Exchange 

Membrane Fuel Cells (PEMFC) are most commonly used in automotive applications due to their favorable 

power-to-weight ratio and operating characteristics. 

7. What are the types of geo thermal resources? 

 Hydrothermal  

 Vapour dominated resource  

 Hot dry rock resource  

 Geo pressured resource  

 Magma resource. 

8.  What are the types of geothermal power generation? 

 Liquid dominated  

 Flashed steam engine  

 Binary cycle system  

 Vapour dominated resource. 

9. What is meant by OTEC ? 

The temperature gradient can be utilized in a heat engine to generate power is called as Ocean Thermal 

Energy Conversion(OTEC).This energy has very low efficiency and has very high capital cost, because the 

temperature difference is small even in tropics. 
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10. What is meant by tidal current energy? 

Tidal currents are the flow of water during changing tidal level. The tidal currents flow in horizontal direction and 

have kinetic energy. This energy is called tidal current energy. 

 

11. What is meant by tidal current? 

The tidal rise and fall of water is accompanied by periodic horizontal to and fro motion of water called tidal 

currents. 

12. What are the types of tidal power plants? 

 Single basin single effect plant 

 Single basin double effect plant  

 Double basin with linked basin operation  

 Double basin with paired basin operation. 

13. What are the important components of a tidal power plant ? 

 Barrage  

 Sluice gates  

 Power house with turbines each coupled to a generator along with auxiliary equipment. 

14. Define tidal range. 

The tidal range is the difference between consecutive high and low tide water levels. It is denoted by R unit is 

meter. R = (High tide level) - (Low tide level) m 

15. Define the following terms a) Spring tides b) Neap tides. 

a) Spring tides : The tidal range is maximum on full moon and new moon and such tides are called spring tides.  

b) Neap tides : The tidal range is minimum on first quarter and third quarter moon and such tides are called the 

neap tides. 

16. List out the limitations of tidal energy. 

The main limitations of tidal energy are,  

 Economic recovery of energy from tides is feasible only at those sites where energy is 

concentrated in the form of tidal range of about 5 m or more and the geography provides a 

favorable site for economic construction of a tidal plant.  

 Due to mismatch of lunar driven period of 12 hours 25 min and human (solar) period of 24 hours, 

the optimum tidal power generation is not in phase with demand.  

 Changing tidal range in two-week periods produces changing power.  

 The turbines are required to operate at variable head.  

 Requirement of large water volume flow at low head necessitates parallel operation of many 

turbines.  

 Tidal plant disrupts marine life at the location and can cause potential harm to ecology. 

17. List out the advantages of small hydro schemes. 

 Small hydro plants can be tailored to the needs of the end use market within the limits of water 

resources available.  

 It serves to enhance economic development and living standards, especially in remote areas with 

limited or no electricity at all.  

 It has a short gestation period.  

 There is no need of long transmission lines because the output is consumed near the source.  

 High performing electrical equipment can be easily found in the market. 

18. Define the following terms a) Forebay b) Penstock c) Tailrace. 

a) Forebay - A Forebay is a temporary storage of water (pond age), to be finally utilized for energy generation. 

The storage size ranges from 2 minutes to 6 hours depending on the economic justifiability.  

b) Penstock - A penstock is water conduit joining a forebay and a turbine. 

Penstock can be made of steel pipes, hume pipes and PVC pipes depending on the design pressure.  

c) Tailrace - Tailrace is a simple water channel to transport discharge from the turbine back to the river with 

maximum flow of 1 m/s. 
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Part B 

1. Examine the process of energy conversion in hydrogen fuel cells. Discuss the types of fuel cells 

available, their applications, and the challenges associated with their widespread adoption in the energy 

sector. 

2. Discuss the various methods of harnessing geothermal energy, detailing the types of wells used and 

evaluating the potential of geothermal resources in India. 

3. Explain the principles of Ocean Thermal Energy Conversion (OTEC). Describe the different types of 

OTEC plants, their thermodynamic cycles, and assess the feasibility of setting up OTEC plants in 

tropical regions. 

4. Analyze the potential of tidal and wave energy as renewable energy sources. 

5. Compare tidal power plant with geothermal power plant.  

6. Evaluate the role of mini-hydel power plants in sustainable energy production. Discuss their economic 

viability, environmental impact, and potential contribution to rural electrification. 

7. What is wave energy? Explain the wave energy components with neat diagram. List out its merits and 

demerits. 
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