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ABSTRACT 

 

Awareness and concern regarding the environmental effects of greenhouse gas emissions and 

depletion of non-renewable energy sources has increased over the last decades. A considerable 

development of new technology for renewable energy has occurred globally as an answer to this 

concern. There has been a major progress in production of electricity and heat generated from 

solar, wind, ocean, hydropower, biomass, geothermal resources, and biofuels and hydrogen. 

Consequently, the development of energy storages has become an imperative part, for integration 

of renewable energy. It is beneficial for the entire supply chain, for dependability and better 

stability, and for enhanced quality of electrical power.  

This thesis is exploring an optimal energy design for a system of pumped hydro-wind power 

plants including storage. Solutions with Pumped Hydro Storages have a great potential for their 

balancing role necessary for a higher degree of renewable energy sources, RES, in the energy 

systems because of the intermittent and variable nature of these sources.  

Tehri pumped hydro storage plant, in Uttarakhand, India is one of the objects studied in this 

thesis. The systems total efficiency of 93%, calculated from head losses, is discussed as well as 

wind potential and its impact. Wind data is obtained from National Institute of Wind Energy 

(NIWE) and analysed using the software tools MATLAB and WindPro. The finally chosen area 

explored for wind potential is Ramakkalmedu, Idukki district, Kerala, India. After selection of site 

within the area, three different turbines; Siemens SWT-3.2-113 3.2 MW, Enercon E-126 4.2MW, 

and Enercon E-126 7.58MW were considered for analysis.  

The analysis consists of several parts; Wind farm modelling, Noise estimation of Wind Park, 

estimation of Annual Energy Production (AEP), Capacity factor, Wind park efficiency with 

respect to the storage/reservoir´s base load variation. Results are achieved for all three turbines. 

The overall conclusion is that combined hydro and wind power with a pumped storage, is a 

satisfactory method for bulk energy store to address peak loads, which is validated by this thesis. 

 

Keywords: Pumped Hydro, Wind farm, Energy Storage, Renewable Energy. 
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SAMMANFATTNING 

Medvetenhet och oro kring miljöeffekter från utsläpp av växthusgaser och de minskande 

resurserna av icke förnybara energikällor har ökat de senaste årtiondena. Utvecklingen av ny 

teknologi för förnybar energi har drivits fram globalt som ett svar på denna oro. Det har skett 

stora framsteg i produktion av el och värme från sol, vind, hav, vattenkraft, biomassa, 

geotermiska resurser, biobränslen och väte.  

Följaktligen har utvecklingen av energi-lager blivit en viktig del för integration av förnybar energi 

i systemen. Det är gynnsamt för hela försörjningskedjan, för pålitlighet och bättre stabilitet i 

leveranser och distribution, och för ökad el-kvalitet.  

I uppsatsen undersöks en optimal energidesign för ett kombinerat system med vattenkraft och 

vindkraft inklusive ett lager i form av en damm. Vatten som pumpas upp till lagret har en stor och 

balanserande potential för att få in en högre grad förnybar energi i energisystemen. Detta är 

nödvändigt då dessa energikällor är intermittenta och variabla till sin natur. 

Ett av de studerade objekten är ett vattenkraftverk med pumpad damm, Tehri i Uttarakhand, 

Indien. Systemets totala verkningsgrad om 93 % diskuteras utifrån förluster såväl som potentialen 

för vind och dess inverkan. Vind-data är hämta från National Institute of Wind Energy (NIWE) 

och har analyserats med programmen MATLAB och WindPro. Det slutligen valda området för 

exploatering av vindkraft blev Ramakkalmedu, Idukki district, Kerala, Indien. Efter valet av plats 

valdes tre olika vindturbiner ut för analys; Siemens SWT-3.2-113 3.2 MW, Enercon E-126 

4.2MW, och Enercon E-126 7.58MW.  

Analysen består av flera delar; vindparks-modellering, beräkning av buller-generering från 

vindkraften, beräkning av årlig energi-generering - Annual Energy Production (AEP), 

kapacitetsfaktor, vindparkens effektivitet med hänsyn tagen till lagret/dammens variation av bas-

last. Resultat har erhållits från alla tre turbinerna och den övergripande slutsatsen är att 

kombinationen med vatten- och vindkraft med lagring av vatten som pumpas upp vid behov är en 

tillfredsställande metod för att möta belastningstoppar, vilket valideras av denna uppsats. 

 

Nyckelord: pumpade vattenkraftdammar, vindkraftparker, energi lager, förnybar energi. 

 

 

 

 

 



iv  

ACKNOWLEDGEMENTS 

First and foremost, I would like to thank my parents who raised me with a love for Science. My 

heartfelt gratitude towards my mother Mrs. Padmavathi Yanamandra and my father Mr. 

Ramesh Yanamandra who were constantly supporting me during my studies in Sweden. 

I would like to thank my supervisor Prof. Dr. Heidi Norrström for her supervision and valuable 

comments on this thesis. 

My sincere thanks Prof. Fredric Ottermo for his valuable inputs and suggestions, without which 

this thesis could not have been successfully completed. 

Completing this work would have been even more challenging if it were not for the support of my 

dearest friend T.M. Harsha. I am indebted to him for his assistance and motivation. 

A special thank you to Mr. J.C.David Solomon, National Institute of Wind Energy(NIWE), 

Chennai for his support in finding wind data in this thesis. 

I would like to express gratitude to all my classmates with whom I shared moments of joy.  

Finally, I thank God, for letting me through all the difficulties. I have experienced your guidance 

day by day. 



v  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

*The cover photo is of Tehri Dam, Tehri Uttarakhand, India. Photo retrieved 

from THDC Limited.* 



vi  

CONTENT 

ABBREVIATIONS 

NOMENCLATURE 

LIST OF FIGURES 

LIST OF TABLES 

LIST OF EQUATIONS 

1. INTRODUCTION .......................................................................................... 1 

1.1 Thesis Outline............................................................................................. 1 

1.2 Indian Energy Sector .................................................................................. 2 

1.3 Energy sources in India ..............................................................................3 

1.4 Aim & Objective ....................................................................................... 5 

2. ENERGY STORAGE ..................................................................................... 6 

3. HYDRO POWER ........................................................................................... 9 

3.1 Types of Hydro Power Plants ................................................................... 10 

3.2 Turbines ..................................................................................................... 11 

3.3 Pumped Hydro Storage ............................................................................. 12 

3.4 Advantages of Pumped storage Hydro Plants ...........................................15 

3.5 Pumped hydro Storage scenario, India…................................................. 15 

4. METHODOLOGY AND SITE ANALYSIS ................................................. 17 

4.1 Methodology ............................................................................................. 17 

4.2 MATLAB .................................................................................................. 17 

4.3 WindPRO .................................................................................................. 17 

4.4 Site Analysis .............................................................................................. 18 

4.4.1 Tehri Pumped Storage Plant, Uttarakhand, India ........................... 18 

4.4.2 Wind Speed, Tehri .......................................................................... 19 

4.4.3 Idukki dam, Idukki, India ................................................................ 19 

4.4.4 Wind Speed, Idukki ......................................................................... 20 

4.4.5 Wind potential map of India ........................................................... 22 



vii 

 

4.4.6 Site Identification ........................................................................... 23 

5. WIND ............................................................................................................. 25 

5.1 Wind Turbine Technology ....................................................................... 27 

5.1.1 Annual Energy Production .............................................................. 28 

5.1.2 Capacity Factor… ........................................................................... 29 

5.2 Noise Effect of a wind farm ..................................................................... 30 

5.3 Technical characteristics of Wind Generators .......................................... 31 

5.4 Energy rose ................................................................................................ 33 

6. Pumped Hydro Storage-Wind energy System ................................................ 35 

6.1 Energy Stored and Power Estimation ...................................................... 35 

7. RESULTS ....................................................................................................... 39 

7.1 Siemens 3.2MW Turbine .......................................................................... 41 

7.2 Enercon 4.2MW Turbine ........................................................................... 43 

7.3 Enercon 7.58MW Turbine ......................................................................... 45 

8. CONCLUSION ............................................................................................... 49 

REFERENCES ............................................................................................... 50 

APPENDIX ..................................................................................................... 52 



viii  

ABBREVIATIONS 
 
 

AEP Annual Energy Production. 

CAES Compressed Air Energy Storage. 

ESS Energy Storage System. 

IEC International Electrochemical Commission. 

MNRE Ministry of New and Renewable Energy. 

NIWE National Institute of Wind Energy. 

PHS Pumped Hydro Storage. 

PHESS Pumped Hydro Energy Storage System. 

R&D Research and Development. 

RES Renewable Energy system. 

SES Super capacitor Energy Storage. 

SMES Superconducting Magnetic Energy Storage. 

THDC Ltd Tehri Hydro Development Corporation Limited. 



ix  

NOMENCLATURE 

 
ε Roughness height of tube in mm. 

λ Darcy friction factor. 

ρ Density in kg/m3.
 

Cp Maximum power coefficient 

d1, d2 Diameter of upstream and downstream tubes. 

hPUMP Pump altitude in meters (m). 

hTURBINE Turbine altitude in meters (m). 

hUPPER Upper tank altitude in meters (m). 

hLOWER Lower tank altitude in meters (m). 

Hupper and Hlower Manometric height at each tank in meters (m). 

J1 and J2 Darcy-Weisbach coefficients in meters (m). 

L1, L2 Length of upstream and downstream tubes. 

Patm Atmospheric pressure in Pascal (pa). 

QPUMP Discharge of pump in m3/s. 

QTURBINE Discharge of turbine in m3/s. 



ix  

LIST OF FIGURES 
 

Figure 1.1 Electricity consumption with respect to source of energy...............3 

Figure 2.1 Classification of Energy Storage Technologies................................ 6 

Figure 3.1 Cascading scheme .......................................................................... 11 

Figure 3.2 Illustrates the different flows and heads that are suitable for the 

different turbines ............................................................................ 12 

Figure 3.3 Schematic of a Pumped Storage Plant ............................................ 13 

Figure 4.1 Google Earth image of Tehri Dam ................................................. 18 

Figure 4.2 Average monthly wind speed in Tehri ........................................... 19 

Figure 4.3 Google Earth image of Idukki Dam ............................................... 20 

Figure 4.4 Annual Wind speed distribution for Ramakkalmedu ..................... 21 

Figure 4.5 Wind Power Potential map of India at 100m ................................. 22 

Figure 4.6 Wind potential site ......................................................................... 23 

Figure 4.7 Annual Wind speed distribution for Ramakkalmedu ..................... 24 

Figure 5.1 Power curve for selected turbines ...................................................32 

Figure5.2 Power coefficient (cp) for selected turbines ....................................32 

Figure 5.3 Energy rose of Siemens SWT 3.2-113, 3.2MW turbine ................ 33 

Figure 5.4 Energy rose of Enercon 126, 4.2MW turbine................................. 34 

Figure 5.5 Energy rose of Enercon 126 7.58MW turbine ................................ 36 

Figure 6.1 Pumped Hydro Storage-Wind Energy System… .......................... 35 

Figure 6.2 Schematic representation of the proposed system ........................ 36 

Figure 7.1.1 Reservoir Level Variation for Siemens SWT 3.2-113, 3.2 MW… 41 



x  

Figure 7.1.2 Power from the wind turbines, daily averages ............................. 41 

Figure 7.1.3 Noise curve for Siemens SWT 3.2-113, 3.2 MW wind farm ....... 42 

Figure 7.2.1 Reservoir Level Variation for Enercon 126, 4.2 MW .................. 43 

Figure 7.2.2 Power from the wind turbines, daily averages ............................. 43 

Figure 7.2.3 Noise curve for Enercon 126, 4.2 MW wind farm ....................... 44 

Figure 7.3.1 Reservoir Level Variation for Enercon 126, 7.58MW ............... 45 

Figure 7.3.2 Power from the wind turbines, daily averages ............................. 45 

Figure 7.3.3 Noise curve for Enercon 126, 7.58MW wind farm ..................... 46 



xi  

LIST OF TABLES 
 
 

Table 3.1 

 
Table 5.1 

 
Table 5.2 

List of Pumped Storage plants in India ......................................... 16 

Wind power class ........................................................................... 27 

Detailed technical specification of selected turbines ......................31 

Table 7.1 Reservoir level for turbines ........................................................... 47 

Table 7.2 Capacity factor of the wind farm ................................................... 47 

Table 7.3 Total Annual energy production .....................................................48 

Table 7.4 Wind Park Efficiency .................................................................... 48 



xii  

LIST OF EQUATIONS 

 
Equation 3.1 Power output of hydro power plant 

 
Equation 3.2 Potential Energy 

 
Equation 5.1 Power of wind turbine 

 
Equation 5.2 Wind power density 

 
Equation 5.3 Mean wind power density 

 
Equation 5.4 Average wind energy density 

 
Equation 5.5 Ideal gas equation 

 
Equation 5.6 Capacity factor of wind farm 

 
Equation 6.1 Maximum water speed in turbine 

 
Equation 6.2 Maximum water speed in pump 

 
Equation 6.3&6.4 Reynold number calculation for pump &turbine 

 
Equation 6.5 Darcy friction factor calculation for pump and turbine 

 

Equation 6.6&6.7 The Darcy-Weisbach coefficients J1 and J2 in meters  

 
Equation 6.8& 6.9 Manometric height at each tank 

 
Equation 6.10 & 6.12 Manometric height of downstream pump and turbine 

Equation 6.11&6.13 Manometric height of upstream pump and turbine 

Equation 6.14& 6.15 Hydraulic power of turbine and pump 

Equation 6.16 Gross energy stored in reservoir 

 
Equation 6.17 Efficiency of turbine and pump 

 
Equation 6.18 Efficiency of pump 

 
Equation 6.19 Efficiency of system 



xiii  

Equation 6.20 Converting height of actual turbine 

 
Equation 6.21 Base load calculation 



1 
 

1. INTRODUCTION 

 

Energy is a basic need for human life. Energy is essential in every aspect in our daily life. The key 

source of energy are fossil fuels i.e., oil, coal and natural gas. Increase in population and 

expanding markets has raised the demand for all forms of energy. Coal, oil and natural gas have 

been the major source of power generation for centuries. The depletion of natural resources, 

environmental degradation through global warming and pollution of various natural resources 

enforced mankind to look for alternative sources of energy. Thus, pursuit for renewable sources of 

energy was explored to ensure a sustainable future. 

 

Renewable energy resources such as solar, wind, hydro, wave, geothermal and bioenergy are 

rising swiftly and can secure our future energy demand if their conversion and storage 

technologies are well established. The global renewable energy investment rose sharply to 

$286 billion in 2015, which is four times higher than a decade ago [1]. The share of solar energy 

in the total global renewable energy capacity installed has increased because of concentrating 

solar thermal power plants [2]. The recent global renewable energy study indicates that solar and 

wind energy are the most rapidly growing technologies in the energy market. 

 

1.1 Thesis outline 

 
The outline of this thesis is divided in eight chapters. 

 The first chapter gives a general introduction to the global energy trend. The background 

information of Renewable energy resources and Indian energy sector are presented. The 

chapter further discusses the main aim and objective of the thesis work. 

 Chapter two is a literature review of Energy Storage technologies. 

 The third chapter gives a theoretical background to hydro power, types of hydro power plants, 

turbine classification, pumped hydro storage system and its advantages are described. 

 Chapter four is the methodology and site analysis. In this chapter the site description and 

identification are thoroughly discussed. 

 The fifth chapter gives a theoretical background to Wind, Wind turbine technology, technical 

characteristics of Wind generators, Energy Rose. 
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 Chapter six explains the working of the proposed system. 

 The seventh chapter presents the main results of the thesis work. The measured data from 

NIWE (National Institute of Wind Energy) are analyzed using appropriate software. The 

comparison of the measured data with three different turbines is performed. This chapter also 

deals with annual energy production and wind farm modeling. Turbine selection according to 

the standard and power curve analysis is presented. And lastly annual energy production and 

wind park efficiency is obtained. 

 Finally, in the eighth chapter a summarized conclusion and recommendation of the thesis 

work is presented. 

1.2 Indian energy sector 

India is the fourth major energy consumer in the world after the United States, China and Russia. 

The energy consumption in recent years in India has been increasing moderately due to the 

population growth and economic development. The present energy planning of India is dependent 

on fossil fuel sources. To protect the fossil fuel for our future generation by simultaneously 

utilizing other resources of energy has been a major idea. India has huge potential for Renewable 

energy generation. There is a possibility to explore and harness the renewable energy system to 

meet the energy demand. By end of 2013 India has been at fourth and fifth position in wind power 

and concentrated solar thermal power generation respectively [3]. In the last years, renewable 

power capacity has expanded at its fastest pace to date. India is at 5th position worldwide in terms 

of Renewable energy generation. By the end of February 2015, India had an installed capacity of 

31,692 MW of renewable power [3]. However, the renewable energy capacity installed, and 

potential ratio is still very low. The total electricity generation in the country is around 302 GW in 

which fossil fuel accounts for 70 %. Electricity consumption with respect to source of energy is as 

shown in the figure 1.1. 
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Figure 1.1: Electricity production with respect to source of energy. 

(Source: Ministry of Power, coal, New& Renewable energy). 

1.3 Energy sources in India 

▪ Biomass 

Biomass is a major energy source. Biomass is used in an ineffective way in traditional stoves and 

is causing adverse impact on the environment which leads to the greenhouse effect. Biomass 

produced from agro industries, agricultural remains, solid and liquid wastes, and energy crops can 

be a source of energy for local communities. Biomass energy accounts for 13% out of the 10.5% 

of the total renewable energy generation for India. India’s overall biomass power generation 

capacity is 17.5 GW [4]. 

▪ Wind 

Wind energy is the rising renewable energy sector in India. The recent wind data shows that India 

has high wind potential to achieve a significant amount of  wind  energy.  Wind provides India 

with 24 GW of power which comprises of 65% of the total renewable installed capacity [2], 

ranking India fifth in the world for wind power consumption [5]. India’s current target is to attain 

60 GW of wind power installed capacity by 2022 [6]. 

https://www.omicsonline.org/searchresult.php?keyword=Biomass
https://www.omicsonline.org/scholarly/earth-science-journals-articles-ppts-list.php
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The potential of wind power is cited to be 103 GW and 50 GW at a height of 80 meters and 50 

meters respectively at 2% land area [7]. 

 

▪ Solar 

India’s location between the Tropic of Cancer and the equator is very appealing to solar power 

because it receives 4-7 kWh/m2 of solar radiation per day for 250-300 sunny days annually [4]. 

The average temperature is 25°C to 27°C and has a great solar energy potential [7], which far 

surpasses its annual energy consumption and can enable India to become a global leader in solar 

power. India has rapidly increased its solar power capacity from 3.7 MW in 2005 to 4060 MW in 

2015 showing a compound annual growth rate exceeding 100% over the past 10 years [6]. 

▪ Hydropower 

After coal power plants, hydropower is the second largest source of energy consumed in India. 

The geography of India is advantageous for the development of both large and small hydropower 

plants. Currently it contributes to 46 GW of installed capacity where 4 GW and 42 GW are 

derived from small- and large-scale hydro respectively [6]. As of 2013 hydropower provided 17% 

of the total electricity generated in India and was ranked fifth in available hydro potential globally 

[7]. Currently India is in pursuit of advancing and promoting both large- and small-scale 

hydropower because of their widespread potential by launching a number of policies and 

initiatives in the near future [6]. 

▪ Geothermal 

Geothermal energy is one of the potential alternative sources of energy available in the form of 

the vast natural reservoir of heat energy in the earth’s interior. Occurrence of the geothermal 

resources in India are mostly controlled by tectonic features. In the investigation over last two 

decades for geothermal resources in India, which is spread over 340 hot spring locations, has set 

the field ready for utilization. The exploration for geothermal resources in India was carried out 

mostly to superficial level of 300m to 500m. The geothermal energy may prove to be a good 

substitute to fossil fuels in low to moderate temperature uses. 

▪ Tidal Energy 

Tide is periodic rise and fall of the water level of the sea. Tides occur due to the attraction of 

seawater by the moon. Tidal energy can be utilized in two ways. One is marine current draws on 

the power of fast currents caused by tides flowing around headlands or through channels and the 

other is technology uses a barrage to draw on the power of the water as 
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it changes height between high tide and low tide in a similar way to a hydroelectric system. These 

tides can be used to produce electrical power which is known as tidal power. It is reliable and 

predictable well into the future. In the state of Gujarat, the Gulf of Kutch is an appropriate place 

for electrical energy from the energy generated by tall and powerful tides. 

1.4 Aim &Objective 

Energy storage offers a lot of potential due to the capability to improve the performance of the 

system. By storing the excess energy and using it during off peak season makes the technology 

worthier than building a new power plant. However, a further study and more research are 

necessary as there is no one such energy storage technology that has all of the ideal characteristics 

required for optimal grid integration. Renewable energy integration with suitable energy storage 

is the main idea for this thesis. 

The aim of the thesis is to design an optimal pumped hydro-wind power system. 

 

▪ Investigate a Pumped Storage system. 

▪ Calculate the power output, losses and efficiency of the system. 

▪ Assess and investigate the wind potential sites using suitable statistical and simulation tools. 

 

The country’s total dependence on conventional electricity supply obstructs adoption of new 

technologies in introducing renewable energy technologies in its energy mix. The purpose of this 

thesis is, therefore, to further investigate pumped hydro storage system and a potential site of wind 

farm as to emphasize the advantage of renewable energy technology in the energy mix of the 

nation. 

The objective of the thesis is to 

▪ Optimize the size of a wind farm to utilize most of the pumped hydro storage. 

▪ Calculate the noise curve, Annual Energy Production (AEP), Capacity factor of turbines and 

Wind park efficiency. 

▪ Make a recommendation for suitable turbine for wind farm layout. 
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2 ENERGY STORAGE 

Energy  comes  in  multiple  forms  including  radiation, chemical, gravitational  potential, 

electrical potential, electricity, elevated temperature, latent heat and kinetic. Energy storage 

involves converting energy from forms that are difficult to store to more conveniently or 

economically storable forms. The stored energy is converted to electricity when needed [8]. The 

classification of energy storage technologies is illustrated in Figure 2.1. 

 

 
 

 

 

 
Figure 2.1: Classification of Energy storage technologies. 

https://en.wikipedia.org/wiki/Chemical_energy
https://en.wikipedia.org/wiki/Gravitation
https://en.wikipedia.org/wiki/Gravitation
https://en.wikipedia.org/wiki/Electric_potential_energy
https://en.wikipedia.org/wiki/Latent_heat
https://en.wikipedia.org/wiki/Kinetic_energy
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▪ Thermal Energy Storage or heat storage is capturing heat or cold to support energy on 

demand. 

▪ Mechanical energy storage 

Mechanical energy storage technologies are PHS (Pumped Hydro storage), CAES (Compressed 

Air Energy Storage) and flywheel energy storage. In PHS the energy is stored as potential gravitational 

energy while in CAES, the energy is stored as potential pressure energy. Flywheel energy storage 

consists of storing energy in the form of rotational kinetic energy. PHS and CAES are considered 

technologies suited for energy management whereas flywheels are more suitable for power 

applications. 

▪ Chemical energy storage 

Hydrogen is used as an energy carrier for electricity storage through a process such as electrolysis. 

Hydrogen energy storage is a chemical storage technology. Electrochemical energy storage 

technologies convert electricity in chemical energy during charging. Batteries are considered 

electro-chemical energy storage systems. 

▪ Electro-Magnetic storage 

➢ Super capacitor energy storage is known as electric double-layer capacitors, as super 

capacitors, electrochemical double layer capacitors, or ultra-capacitors. Polarized liquid layers 

are used between conducting ionic electrolyte and conducting electrode to increase the 

capacitance. They allow a much higher energy density, with a high-power density. 

➢ Superconducting magnetic energy storage (SMES) This system consists essentially of a coil 

of cryogenically cooled superconducting material, a power conditioning system and a 

refrigeration system. Energy is stored in the magnetic field created by the flow of direct 

current in the coil. 

 

❖ Benefits of Energy Storage Systems 

 
✓ Enabling increased deployment of low-carbon generation. 

 
✓ Increasing reliability for end-users. 
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✓ Reducing the volatility of electricity prices. 

 
✓ Increasing system reliability. 

 
✓ Increasing system flexibility. 

 
✓ Reducing the need for transmission upgrades/new transmission infrastructure. 

 
✓ Reducing overall pollutant emissions thus, it is environmentally friendly. 
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3 HYDRO POWER 

 
Solar radiation drives the hydrological cycle. As the solar radiation heats the land or sea surface, 

it generates evaporation of the available water, which ultimately falls as rain or snow. The water 

is in this way transported from the oceans to the land surface. Gravity transports the water back to 

the oceans [9]. The hydropower plant uses the height difference between the inflow and the 

outflow to convert the potential energy in water into mechanical energy and in the generator to 

electrical energy. The power output is given by 

 

𝑷 = 𝝆 ∗ 𝒈 ∗ 𝒉 ∗ 𝑸 ∗ ƞ Equation (3.1) 

 
Where 

 
𝑃 is the electrical power in W, 

 
𝜌 is the density in kg/m3, 

 
In this case water with 𝜌=1000 kg/m3, 

 
𝑔 is the gravitational constant 9.81 m/s2h is the height in m 

 
Finally, 𝑄 is the flow through the turbine in m3/s and 𝜂 the efficiency. 

 
Many of the existing hydropower plants were built many years ago. As an example, Nagarjuna 

Sagar Dam was built across the river Krishna at Nagarjuna Sagar, Telangana, India in 1967 with 

installed capacity 816MW expected to still have a lifetime of another 50 years. The overall 

efficiency of around 90 %, very close to the theoretical value, is remarkable for a construction 

built almost 51 years ago. 

 

The potential energy of the water in the reservoirs is expressed with equation below. 

 
𝑬 = 𝝆 ∗ 𝒈 ∗ 𝒉 ∗V Equation (3.2) 

 
𝜌, g and h have the same units as equation (3.1), V 

is the volume of the reservoir in m3 and 

E is the energy in joule. 

https://en.wikipedia.org/wiki/Krishna_river
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Note that the available energy in one storage will not be available for all the downstream power 

plants, since both equations 3.1 and 3.2 depend on the height of the specific power plant. 

 

3.1 Types of Hydro Power Plants 

❖ Run-of-river 

Run-of-the-river power plants have no water storage at all or a limited amount of storage, in 

which case the storage reservoir is called a pondage. A plant without pondage is subject to 

seasonal river flows, thus the plant will operate as an intermittent energy source. These 

hydropower plants use the natural or available flow of the water in the river for its production. A 

short-term reservoir can be used for regulation, but the variation of the flow is subject to the flow 

from upstream reservoirs and seasonal variations. The generation in these plants varies with 

season and even within hour [10]. 

 
❖ Reservoirs/storage hydropower 

To be able to use the energy in the water in a more efficient way, when the demand is high, a 

reservoir can be used. A reservoir stores the water and allows the demand and the price to decide 

when to “use” the electrical energy. This eliminates the dependency of the inflow, which can be 

largely varying. A reservoir can be a natural lake or an artificial constructed dam. A penstock is 

often used to lead the water from the intake to the turbine. In pumped storage the water from a 

lower reservoir is pumped into an upper reservoir at times when electricity prices are low. In this 

way the water can be used at a later stage to generate electricity when prices are higher. 

 
❖ Cascading hydropower 

In a cascading scheme, the upstream reservoir will regulate the river flow and hence the power 

output from the following run-of-river plants, and in a way also the output from following 

reservoir plants. Additional inflow may occur, for example from external rivers that joins the main 

flow. The available energy in the upstream power plant might not be available in the downstream 

power plant, since it depends on the head of the power plant, see Equation (3.2). 

Two or more hydropower plants can be arranged in a cascading scheme (Figure 3.1). 
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Figure 3.1: Cascading scheme. 

 
3.2 Turbines 

Different kinds of hydropower turbines are used for different types of power plants. The head, i.e. 

the height, of the power plant and the flow of the water decide what type of turbine that should be 

used. The three types that are used are low, medium and high heads. Hydropower plants with a 

head of less than ten meters are considered low head, and power plants with a head of more than 

100 meters are high head. The span in-between is referred to as medium head. When deciding 

what type of turbine to use it is also important to know the maximum and minimum flow of the 

river, the average flow and the time dependent variation, for example the spring flood. The 

system also needs to be able to handle large amount of water caused by extreme weather, which is 

also regulated by penstocks [9] 

 

The most common types of hydropower turbines are Francis, Kaplan and Pelton. 

 
▪ Francis turbine: Francis turbines are used in power plants with a head of between 2 and 300 

meters. It is the most commonly used turbine in medium and large hydropower plants today. 

The Francis turbine can be run both horizontal and vertical. To regulate the power output from 

the Francis turbine the guide vanes can be turned to change the direction of the incoming 

water. This will change the relative velocity of the water that hits the runner blade and hence 

optimize the efficiency and the power output [9]. 

 
▪ Kaplan turbine: Kaplan turbines are used for heads up to 70 meters. It is an axial turbine and 

the propeller blades can be bent to adjust for different flows of the water [9]. 
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▪ Pelton turbines: Pelton turbines are used for hydropower plants with a high head, more than 

50 meters, and small flows. The water reaches the wheel through one or several nozzles. The 

water strikes small spoon-shaped buckets that are placed in the edge of the wheel [9]. 

 

 
Figure 3.2: Illustrates the different flows and heads that are suitable for the different 

turbines [10]. 

 

3.3 Pumped Hydro Storage 

Pumped Hydroelectric Energy Storage system (PHESS) is one of the methods for hydroelectric 

power generation that stores energy in the form of potential energy of water in an upper reservoir, 

pumped from a second reservoir at a lower elevation. During periods of high electricity demand, 

the stored water is released through turbines in the same manner as a conventional hydro station. 

Excess energy, usually at lower cost during the 
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night and on weekends, is used to recharge the reservoir by pumping the water back to the upper 

reservoir. 

 

Basic components of pumped storage plant are: 

 
1. Upper and lower reservoir 

2. Penstock 

3. Power house (Motor-generator) 

4. Pump-turbine 

5. Tail race 
 

 

 
Figure 3.3: Schematic of a Pumped Storage Plant 

 
The basic components of the power house; pump, Turbine, Motor, Generator can be arranged in 

different ways for adjusting system efficiency, compactness of the system and so on. 

 

Each component act like a unit; pump coupled to a motor; and a turbine coupled to a generator. 

(Four units) - Very huge in size 
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A single reversible motor/ generator system coupled with pump and turbine. (Three units) 

 
The efficiency can be increased via using multistage pumps. Multi stage reversible pump 

turbines; reversible motor generator will be coupled with a reversible pump turbine. (two units) 

 

o Relatively decreased efficiency 

o Compact 

o Low installation cost 

 
The reservoir based hydro power plant generally utilizes the water of the reservoir in a controlled 

manner to generate electricity and the water discharged from the turbine is passed to the tail race 

from where it joins to the river. In a pumped storage scheme the water from the tail race is stored 

in a lower reservoir. During off-peak period, this water is pumped to the upper reservoir and during 

peak load hour this water is again used for power generation. Power for pumping is supplied either 

by an onsite conventional power plant or from remote generating plant through electric grid. 

 

The turbine-generator set can be designed to operate as pump also so that during peak load hour it 

will function as power generating unit and during pumping it will act as a pump. Generally, the 

later method is utilized in most of the pumped storage schemes in the world. 

 

In other words, the same machine which is reversible is used to generate power (in generation 

mode) utilizing the potential; energy of water stored in the upper reservoir during peak hours of 

demand and for pumping back water from the lower reservoir into the upper reservoir (in pumping 

mode) during off-peak hours utilizing surplus power from the grid. The water conductor path is 

same in both generating and pumping mode of operation. When a reversible unit is rotated in one 

direction, it functions in the usual manner as turbine and generator. In the reverse direction, it 

operates as pump and motor.one crucial condition for installing pumped storage scheme is the 

availability of cheap off-peak power. 

 

Currently there are seven pumped hydro storage plants across the country in working mode, three 

under renovation, two under construction and three under consideration. 
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3.4 Advantages of Pumped Storage Hydro Plants 

 
1) By seasonal storage through pumping, the stream flow in other rivers could be used which 

could otherwise run to waste. This the major advantage of pumped storage power plant. 

 

2) Pumped storage plant capacity is not limited by the river flow and seasonal variations in the 

flow. This is the advantage of pumped storage plants which can be operated all over the year 

in all seasons. 

 

3) Pumped storage plant has one more notable advantage over conventional hydro- electric 

installations. In the latter type, when the reservoir level goes down too low, the power 

generation is interrupted. Whereas in pumped storage plants have advantage of producing 

electrical power by off-load peak pumping water to the reservoir. 

 

4) The cost of electricity per unit during high demand (peak load demand) is much costlier than 

that of during off-peak demands. Thus, pumped storage plants have the advantages of 

generating electricity at lower cost compared to other peak load plants (gas and diesel power 

plants). Water is pumped back to the reservoir during off-peak loads (e.g.: during night times). 

Therefore, the cost required to pump back is cheaper. 

 

3.5 Pumped storage scenario, India 

 
India started its PSH program in 1980s during the 6th fifth year plan. The first PSH plant 

Nagarjuna sagar, Andhra Pradesh during 1980-85 in two stages with four plants each of 100 MW 

in first stage and 3 more plants of 100 MW each in second stage. There are advancements in this 

technology over the decades. The possibility of reservoirs, pumped storage plants are being 

explored. Moreover, the assessment needs to be redone keeping in mind the concept of renewable 

energy integration with pumped hydro storage [11]. 
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Table 3.1: List of Pumped Storage plants in India [11] 
 
 

Project/State Units Total 

(MW) 

Remarks 

Kadana I&II (Gujarat) 2*60+2*60 240 Not working, Vibration 

problem 

Nagarjuna 

Sagar(Andhra Pradesh) 

7*100 700 Not Working, tail reservoir 

being constructed 

Panchet Hill (Bihar) 1*40 40 Not Working, tail reservoir 

being constructed 

Sardar Sarovar(Gujarat) 6*200 1200 Not Working, tail reservoir 

being constructed 

Bhira (Maharashtra) 1*150 150 Working 

Srisailam (Andhra 

Pradesh) 

6*150 900 Working 

Purulia(West Bengal) 4*225 900 Working 

Ghatghar(Maharashtra) 2*125 250 Working 

Paithon(Maharashtra) 1*12 12 Working 

Ujjani(Maharashtra) 1*12 12 Working 

Kadamparai(Tamil 

Nadu) 

4*100 400 Working 

Tehri stage-II 

(Uttarakhand) 

4*250 1000 Under construction 

Koyna Left Bank 

(Maharashtra) 

2*40 80 Under construction 

Humbarli (Maharashtra) NA NA Survey & investigation 

being done 

Turga (West Bengal) NA NA Survey & investigation 

being done 

Idukki (Kerala) NA NA Survey & investigation 

being done 
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4 METHODOLOGY AND SITE ANALYSIS 

4.1 Methodology 

 
The wind information required to analyze and assess a potential site is collected from the data 

portal maintained by National Institute of Wind Energy, India.  Wind resource assessment is a 

difficult task and usually requires a precise and sophisticated wind modelling technique. To create 

such a model and to arrive at a potential wind assessment, WindPro and MATLAB are used along 

with theoretical calculations. MATLAB is used to analyze three wind turbines to select one which 

is most suitable to the potential wind site and WindPro is used to calculate the park efficiency and 

noise calculations to optimize designed wind farm. 

 

4.2 MATLAB 
 

MATLAB is a powerful tool used by engineers to analyze data and gain meaningful insights. The 

interactive nature of its programming environment with external entities such as databases, data 

acquisition hardware etc., makes it a very friendly tool to work with. It has a powerful numeric 

engine which executes custom made algorithms quickly, meaning it can used to assess complex 

models and present accurate wind resource assessment. In this thesis, the following tasks are 

accomplished using MATLAB. 

• Reading hourly wind data of a year and Importing the same. 

• Calculation of wind speeds and wind frequencies. 

• Analysis of historical wind velocity data using statistical methods.  

4.3 WindPRO 

 
WindPRO is the most popular software in designing and optimizing wind farms. It can be used 

for designing and planning a single wind turbine and a vast wind farm. The AEP of a wind farm is 

calculated using the PARK and METEO modules. It works by optimum placement of turbines 

that is micro-siting. The environmental impact produced by the wind farm can be minimized 

using different modules of the WindPRO. The noise effect is calculated and simulated by the 

DECIBEL module. The optimization of the wind park performance is made by placing turbines in 

patterns that reduce the wake effect. 
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4.4 Site Analysis 

4.4.1 Tehri Pumped Storage Plant, Uttarakhand, INDIA 

 
Tehri is a city in Garhwal district in Uttarakhand, India. Tehri dam is a multipurpose rock and 

earth-fill embankment dam on the Bhagirathi river with installed capacity 1000MW and 

maximum planned is 2400MW. The dam is at a height of 260.5 m which creates a reservoir of 

4km3 and a surface area of 52 km2. The dam is built with 1000MW variable-speed pumped 

storage scheme consisting of 4 units of Francis Turbines.  The operation of Tehri pumped storage 

plant is based on the concept of recycling the water discharged between upper reservoirs to lower 

reservoir. The lower reservoir is created by the Koteshwar Dam downstream. It is operated by 

THDC limited [12]. 

 

 
Figure 4.1: Google Earth image of Tehri Dam 
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4.4.2 Wind Speed, Tehri 

 
The average wind speed in Tehri experienced mild seasonal variation over the course 2017. The 

wind data collected from world weather website online shows us that the average wind speed is 

about 2.5m/s-3m/s which is quite low for designing a wind farm. Hence, a new site is considered 

where ideal wind speed is available. The wind speed variation over the period 2017 (January-

December) is displayed below. 

 
 

 

Figure 4.2: Average monthly wind speed in Tehri 

 
4.4.3 Idukki dam, Idukki, Kerala, INDIA 

Idukki dam is recognized as one of the potential sites for pumped hydro storage plant. The dam's 

pumped-storage scheme is currently under survey [11]. The assessment is presently under 

consideration. 

 

The Idukki Dam is constructed across the Periyar River in Kerala, India. It is a concrete, double 

curvature parabolic, thin arc dam. The height of the double curvature arch dam is167.68 meters. 

The installed capacity of the Power house is 780MW consisting of 6 Units of Pelton-type turbines 

with a power generation capacity of 130 MW each. 

https://en.wikipedia.org/wiki/Pumped_storage_hydroelectricity
https://en.wikipedia.org/wiki/Pumped_storage_hydroelectricity
https://en.wikipedia.org/wiki/Kerala
https://en.wikipedia.org/wiki/India
https://en.wikipedia.org/wiki/Pelton-type
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This dam was constructed along with two other dams Cheruthoni and Kulamavu. Together, the 

three dams have created an artificial lake that is 60 km² in area. 

 

 

Figure 4.3: Google Earth image of Idukki Dam 

 
4.4.4 Wind Speed, Idukki 

 
Ramakkalmedu is about 45km from Idukki dam and has high wind speeds. The average mean of 

the wind speed is about 8.5m/s- 9m/s which is ideal for designing a wind farm. The hourly wind 

data of 8760 hours is obtained from the data portal of National Institute of Wind Energy (NIWE), 

Chennai, India the wind distribution is as shown in the figure below. 

 

https://en.wikipedia.org/wiki/Cheruthoni_dam
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Figure 4.4: Annual Wind speed distribution for Ramakkalmedu 
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4.4.5 Wind Potential Map of India 
 
 

Figure 4.5: Wind Power Potential map of India at 100m. [13] 
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4.4.6 Site Identification 

 
For designing a wind farm successfully, proper selection of an appropriate site plays a significant 

role. Wind resource is the important parameter in selecting a potential site. It can be estimated 

using wind maps or available wind data which is measured. South India has a higher potential of 

wind speeds based on available data. In this thesis, the site which looks promising is 

Ramakkalmedu in Idukki district in Kerala, India. 

  

Ramakkalmedu is a colony in Idukki district in the Indian state of Kerala. It is located at 

9°47′59″N 77°14′14″E. Ramakkalmedu stands tall in the Western Ghats at a height of 3,500 ft. 

(1,100 m) above sea level. Constant wind is another factor which makes Ramakkalmedu unique. 

Wind blows at an average speed around 9.5m/s at Ramakkalmedu throughout the year irrespective 

of the season and time. It has potential to produce much electricity, as it is said to be one of Asia's 

largest wind blowing area. 

 

 

Figure 4.6: Wind potential site (Source: NIWE, Chennai, India) [13] 

https://en.wikipedia.org/wiki/Hamlet_(place)
https://en.wikipedia.org/wiki/Idukki_district
https://en.wikipedia.org/wiki/India
https://tools.wmflabs.org/geohack/geohack.php?pagename=Ramakkalmedu&amp;params=9_47_59_N_77_14_14_E_type%3Acity_region%3AIN-KL
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❖ Wind data from National Institute of Wind Energy (NIWE) 

 
NIWE is established by MNRE at Chennai as an autonomous R&D institution of Government of 

India. The weather data of the chosen site, having 8760 hourly data which includes wind speed, 

wind direction, air density and temperature is obtained from data portal. The weather data 

considered was measured for one year at hourly average. Vertical extrapolation of the wind speed 

is not required as the data was measured at the desired hub height. 

 

Figure 4.7: Annual Wind speed distribution for Ramakkalmedu 

 
Figure 4.7 shows the hourly average wind speed in Ramakkalmedu. The maximum average 

monthly wind speed occurred between May and September in autumn. 
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5 WIND 

Wind is simple air in motion. It is caused by the irregular heating of the earth’s surface. Due to 

the difference in magnitude of the incoming solar radiation on the earth’s surface air rises in the 

equator and descends at the poles. The air movement is also affected by the spherical shape of the 

earth, the earth’s rotation and seasonal and regional variation of solar radiation. These effects cause 

pressure difference that affects the global winds and other persistent regional winds like these 

appear in monsoon winds. In addition, local heating or cooling also creates local winds to vary on 

seasonal or daily basis, including sea winds and mountains winds [14]. 

 

Nowadays, wind energy is mainly used to generate electricity. Wind energy represents a 

mainstream energy source of new power generation and an important player in the world's energy 

market and also suitable solutions to the global climate change and energy crisis. The oil 

scarcities in the 1970s changed the energy picture for the country and the world. It created an 

awareness in alternative energy sources, paving the way for the re-entry of the windmill to 

generate electricity. 

 

The utilization of wind power essentially reduces emissions of CO2, SO2, NO and other harmful 

wastes as in traditional coal-fuel power plants or radioactive wastes in nuclear power plants. 

Compared with traditional energy sources, wind energy has several benefits and advantages. 

Thus, as the most promising energy source, wind energy is believed to play a critical role in 

global power supply in the 21st century. 

 

Wind energy is the process by which kinetic energy of wind is used to produce mechanical motion 

to generate electricity. Wind turbines are used to convert wind kinetic energy into mechanical 

power. It is this mechanical power that is used for driving mechanical components to generate 

electricity. The power density of a wind determines the amount of power that can be produced by 

a specific wind turbine. Wind power depends on wind speed, the density of air and size of the 

turbine. The greater the power the higher is the wind speed or air density. Wind power is 

proportional to the cube of wind speed. 

 

The power that can be captured from the wind with a wind turbine with effective Area A is given 

by 

 

𝐏 = 
𝟏 
∗ 𝐂𝐩 ∗ 𝐀 ∗ 𝛒 ∗ V3

 

𝟐 
Equation (5.1) 
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Where 

P = Power output, kilowatts 

Cp = Maximum power coefficient, ranging from 0.25 to 0.45, dimension less (theoretical 

maximum = 0.59 calculated by Betz law). 

ρ = Air density, 1.23 kg/m3
 

A = Rotor swept area, or π D2/4 (D is the rotor diameter, π = 3.1416) 

V = Wind speed k = 0.000133 

 

Power density is the amount of energy extracted from a wind per unit area and per unit time. It is 

the power density which determines the amount of energy that is influenced by the wind speed 

and air density. The wind power density is proportional to air density as the density increases with 

height the wind power density increases proportionally. 

Po= 
𝟏 
∗ 𝛒 ∗ V3 Equation (5.2) 

𝟐 

 

Where 

ρ = Air density, 1.23 kg/m3 .
 

V = Wind speed P0= Power density 

As the wind speed is affected by surface roughness and other factors near the ground the wind 

power density is defined in more than one height. The table below describes the wind class level 

with their power densities. 

 

Table 5.1: Wind power class [10] 

 
S.no Class Roughness 

length 

Description 

1 Inner city 2 Centres of big cities with low and high 

buildings. 

2 Closed 1 Regular obstacles (woods, villages, 

suburbs). 

3 Very rough 0.5 Park landscape with bushes and trees. 

4 Rough 0.25 Agricultural land with a high population. 
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5 Open-to rough 0.1 Agricultural land with a low population. 

6 Open 0.03 Open flat terrain, pasture 

7 Smooth 0.005 Mud flats 

8 Sea 0.0002 Open sea 

 

 

5.1 Wind Turbine Technology 

 
Wind turbines are machines which convert the kinetic energy of winds into electricity. Wind 

turbines are classified according to the orientation of their axis, the interaction of the blade with the 

wind, number of blades and according to their rotational speed. According to the working 

principle, wind turbine blades can be grouped as lift and drag or both. Wind turbines are also 

divided according to their application. Turbines that is used for mechanical motion may work 

with high torque and those used for electricity generation work with high rotational speed but less 

torque. 

 

❖ Horizontal-axis turbine 

Most commercial wind turbines today belong to the horizontal-axis type, in which the rotating 

axis of blades is parallel to the wind stream. The advantage of this type of wind turbines include 

the high turbine efficiency, high power density, low-cut in wind speeds, and low cost per unit 

power output. 

❖ Vertical-axis turbine 

The blades of the vertical-axis wind turbines rotate with respect to their vertical axes that are 

perpendicular to the ground. A significant advantage of vertical-axis wind turbine is that the 

turbine can accept wind from any direction and thus no yaw control is needed. 

❖ Upwind turbine 

Most horizontal-axis wind turbines being used today are upwind turbines, in which the wind 

rotors face the wind. The main advantage of upwind designs is to avoid the distortion of the flow 

field as the wind passes though the wind tower and nacelle. 

❖ Downwind turbine 

For a downwind turbine, wind blows first through the nacelle and tower and then the rotor blades. 

This configuration enables the rotor blades to be made more flexible without considering tower 

strike. 
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❖ On-grid and Off-grid Wind turbines 

Wind turbines can be used for either on-grid or off-grid applications. Most medium-size and 

almost all large-size wind turbines are used in grid tied applications. One of the obvious 

advantages for on-grid wind turbine systems is that there is no energy storage problem. As the 

contrast, most of small wind turbines are off-grid for residential homes, farms, 

telecommunications, and other applications. 

❖ Onshore and offshore wind turbines 

Onshore wind turbines have a long history on its development. There are several advantages of 

onshore turbines, including lower cost of foundations, easier integration with the electrical-grid 

network, lower cost in tower building and turbine installation, and more convenient access for 

operation and maintenance. Offshore wind turbines have developed faster than onshore since the 

1990s due to the excellent offshore wind resource, in terms of wind power intensity and 

continuity. A wind turbine installed offshore can make higher power output and operate more 

hours each year compared with the same turbine installed onshore. 

 
5.1.1 Annual Energy Production 

 
In wind farm development wind resource assessment is the most preliminary task to be 

accomplished to determine the available power or energy density of the site. Wind energy 

density is the energy available in the given site per area and per unit time. AEP helps wind farm 

owners to quantify the total annual energy that can be extracted from the given project. The 

AEP is the total amount of electrical energy produced over the length of one year of a specific 

wind turbine and is measured in Megawatt hour (MWh). The total AEP of the wind project then 

calculated by adding the Annual energy production of each wind turbine. The rated power is the 

maximum power the generator can produce. The mean wind power density can be computed by 

P

A
=

1

2
. ρ.

1

K
. ∑ V𝐾

i=1 i
3 

      

Equation (5.3)

The average wind energy density for time period K∆t is given by 

 

E

A
=

1

2
. ρ.

1

K
. ∑ VK

i=1 i
3 (K∆t) 

 

                                                                                                       Equation(5.4) 
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Using the ideal gas equation, the density of the air in relation to the environment is 

given by 

𝜌 = 
𝑃
 

𝑅.𝑇 
Equation (5.5) 

 

Where 

 
P is pressure in Pascal (Pa) 

 
R is specific gas constant and 

T is the temperature in K 

5.1.2 Capacity Factor 

 
Capacity factor is an important factor to estimate the performance of a wind farm. It is the ratio of 

the actual energy produced to the maximum possible energy over a specific period of time. 

 

The capacity factor (𝐶f) of a given wind farm is 

given by 

 

𝐶𝑓  = 
𝐸𝑇

 
𝑃𝑇.𝑇 

 

 

 
Equation (5.6) 

 

Where 

 

ET= the actual energy produced 

PT= the rated power 

T= time duration 

The typical capacity factor of wind farms ranges from 25% to 40%. Modern tall tower 

turbines have a high capacity factor that reaches 55%. 

5.2 Noise effect of a wind farm 

 
Wind turbines are criticized for their adverse effects in noise pollution and visual impact. The 

mechanical and aerodynamic noises are the two most common types of noise from a wind turbine. 

The mechanical noise resulted from the mechanical components like gearbox, and generators. 

Aerodynamics noise, on the other hand, is the noise resulted from 
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the flow of the air around the turbine blades. Manufacturers are trying to reduce the mechanical 

noise below the aerodynamic noise. Mechanical noise is independent of the size of the machine. 

But the aerodynamic noise increases with the size of the blade diameter and it increases with the 

tip speed ratio. The aerodynamic noise is inevitable as it directly linked to the production of 

power, however, it can be reduced by the special design of rotor blades [15]. At low wind speeds, 

the impact of wind turbine noise is greater as the difference between turbine noise and the 

surrounding noise is significant. 

 

Selection of the appropriate wind turbine is the most important step for a successful wind farm 

project. One of the greatest interests in a wind turbine is how light the turbine is and its ability to 

survive for the intended period of time [14]. The parameters related to wind turbine specification 

like cut-in and cut-out wind speed, size, reliability, warranty, availability, spare parts availability, 

and proximity of maintenance and operation personnel are important on deciding to purchase a 

wind turbine. As wind speed varies from zero to its highest value such as storm wind, machines 

should have to be designed in such way to withstand the load from that big variety of wind 

speeds. In selecting the right turbine, the site wind resources data analyses parameters such as 

annual mean wind speed, annual gust wind speed, maximum frequently accrued wind speed, and 

turbulence intensity of the site need to be carefully considered. The overall aim of considering all 

these factors in selecting and purchasing a wind turbine is to maximize the best possible return 

from the project 

 

Wind machines are intended to meet the particular prerequisites of wind resources and 

environmental criteria. According to International Electrochemical Commission (IEC) wind 

turbines are designed for four classes. Class I refers to highest wind speed and turbulence 

intensity whereas class IV describes the lowest wind speed and turbulence intensity. Wind 

turbines designed for low wind regions have generally larger rotor diameters in order to capture 

high energy. The wind class can be classified based on the mean wind speed and power density of 

the site. 

 

For this thesis work, the selected turbines are Siemens SWT-3.2-113 3.2 MW, Enercon E-126 

4.2MW, Enercon -E126 7.58MW. 

 

5.3 Technical Characteristics of Wind Turbine Generators 

The turbines are selected based on their efficacy and characteristics. The technical specification 

and power curve for all three turbines are given below 

https://en.wind-turbine-models.com/turbines/966-siemens-swt-3.2-113
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Table 5.2: Detailed technical specification of selected turbines [16] [17] 
 
 

Parameter E 126-7.58 MW E 126 4.2MW SWT 3.2-113 

3.2MW 

Manufacturer Enercon Enercon Siemens 

Rated power 7580KW 4200KW 3200 KW 

Rotor 

diameter 

127.0m 127.0 m 113m 

Cut-in speed 3.0m/s 3.0m/s 3.0m/s 

Cut-out speed 34.0m/s 34.0m/s 25m/s 

Hub 

height(m) 

135m 99/135/144 m 80/94/99.5/122/142 

m 

Wind zone III III NA 

Wind class 

(IEC) 

Ia IIa NA 

Number of 

blades 

3 3 3 

Swept area 12,668.0 m² 12,688.0 m² 10,000.0 m² 
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Figure 5.1: Power curve for selected turbines [16] [17] 

 

 
Figure5.2: Power coefficient (cp) for selected turbines [16] [17]. 



33 
 

5.4 Energy rose 

The drastic winds and the energy come from a specific path of all the three turbines. The 

wind/energy rose is important to determine the information about the distribution of the wind 

speed, wind energy and their relative frequency. The range of wind energy produced, and their 

relative frequency are given in the below figures for each turbine. The energy rose for selected 

three turbines from WindPRO analysis are as shown below. 

 

 

 

 

 
Figure 5.3: Energy rose of Siemens SWT 3.2-113, 3.2MW turbine 
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Figure 5.4: Energy rose of Enercon 126, 4.2MW turbine 

 

 
Figure 5.5: Energy rose of Enercon 126 7.58MW turbine 
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6 PUMPED HYDRO STORAGE-WIND ENERGY SYSTEM 

 
Using a hydro-pumped storage allows to improve the quality of the provided electricity and to 

reduce the peak power of the other energy producing systems. The hydro-pumped system can 

respond to load changes within seconds. The proposed system as shown in fig. It consists of a 

wind farm with hydroelectric plant, upper and lower reservoir a convectional electrical power 

system. The load system is dependent on the load structure (domestic, industrial, commercial) and 

the climatic characteristics of the region whose energy requirements aims to cover. 

 

 
Figure 6.1: Schematic of the proposed system [11]. 

6.1 Energy stored and power estimation 

The pumped storage system requires either a large body of water or a large variation in height. 

The only way to store a significant amount of energy is by having a large body of water. The 

stored energy and the turbine and pump peak powers for a given case study [18]. The input data 

are:  

Upper tank altitude: hUPPER 

 Lower tank altitude: hLOWER 
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Pump or turbine altitude hPUMP or hTURBINE 

 
The length and diameter of upstream and downstream tubes: L1, L2, d1, d2 

 
The maximum water flow rate into the turbine and the pump (or the reversible pump) Qpump 

Qturbine, with a discharge of turbine is 616 m3/s and 812 m3/s respectively. 

The roughness height of the tube ε ( (equal to 0.1 mm) 
 

 

 
Figure 6.1.1: Schematic representation of the studied system 

 

To calculate: - the maximum water speed in each tube 

 
Vturbine=4.Qturbine/ (π. d2) Equation (6.1) 

 
Vpump=4.Qpump/ (π. d2) Equation (6.2) 

The Reynold number and the flow regime with ù is the kinematic viscosity equal to 

1*10-6m/s2.
 

Repump= Vpump.d/ ù Equation (6.3) 

 
Returbine=Vturbine.d/ ù Equation (6.4) 

 
Where d is the diameter 
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The Darcy friction factor λ calculated using the Swamee-Jain equation [12] which 

estimates Colebrook equation with 2-5% error and is given by 

 

𝝀 = 
𝟎⋅𝟐𝟓 
𝜺 

 
𝟓⋅𝟕𝟒 

𝟐
 

Equation (6.5) 
(𝐥𝐨𝐠𝟏𝟎( + 𝟎⋅𝟗)) 

𝟑⋅𝟕𝒙𝒅  𝑹𝒆 

 

The Darcy-Weisbach coefficients J1 and J2 in meters (m) are given by 

 
J1= λ1. L1. V1

2/d12g Equation (6.6) 

 
J2= λ2. L2. V2

2/d22g Equation (6.7) 

The manometric height at each tank Hupper and Hlower: 

Hupper= hUPPER+ Patm/ρ.g Equation (6.8) 

 
Hlower=hLOWER+Patm/ ρ.g Equation (6.9) 

 
Where ρ is density of water= 1000 kg/m3 

g is the acceleration of gravity= 9.8 m/s2
 

Patm is the atmospheric pressure =1.013*105pa 

 
The manometric heights upstream and downstream of the pump and turbine are given as: 

 
Hdown, turbine=Hupper –Jturbine, 1 Equation (6.10) 

 
Hup, turbine=Hlower+Jturbine, 2 Equation (6.11) 

 
Hpump, down=Hlower-Jpump, 2 Equation (6.12) 

 
Hpump, up=Hupper+Jpump, 1 Equation (6.13) 

The hydraulic power of turbine and pump are given as: 

Phydraulic, turbine= ρ.g. (Hdown, turbine-Hup, turbine). Qturbine Equation (6.14) 

 
Phydraulic, pump= ρ.g. (Hpump, up-Hpump, down). Qpump Equation (6.15) 
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The gross stored energy generated by the reservoir is 

 
Egross= ρ.g. (Hupper-Hlower) Equation (6.16) 

 
The efficiency is calculated from head losses 

 
ƞturbine= (1- D1 /Hd) Equation (6.17) 

 
ƞpump= (1-D2/Hd) Equation (6.18) 

 
Where 

 
D1 = Jturbine, 1 + Jturbine, 2 

 
D2 = Jpump, 1 + Jpump, 2 

 
Hd = design head height (m) 

 
The efficiency is thus calculated as 

 
ƞ = ƞturbine. ƞpump Equation (6.19) 

 
Annual     hourly                    wind data             at           50m    is   obtained     from       data   portal        of    National   Institute   of wind 

Energy. 

 

𝒗−𝒉 𝟏 

V100 = (  
𝟓𝟎 )𝟕 . 𝑽50 Equation (6.20) 

 

Where V-h = Wind speeds at actual height of turbine 

V50 = wind speeds at 50m in m/s 

The base load is calculated as 

 
Base load = ƞ. PMean .NTurbines Equation (6.21) 

Ƞ = 0.98 for the current system 

Nturbine= number of turbines 

 
Pmean = Mean production of turbine 
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7 RESULTS 

The turbine and pump calculations of the Pumped storage hydro plant in Tehri are as follows: 

 

 TURBINE PUMP 

Max water speed in 

each tube 

V1=5.93m/s and 

V2= 2.42m/s 

V1=3.19m/s and 

V2= 7.817m/s 

Reynolds number 

(Re) 

Re1=34.1*106 and 
Re2=21.786*106 

Re1=28.72*106 and 
Re2=44.95*106 

Friction factor(λ) λ1= 0.009078 and 

λ2= 0.00872 

λ1 =0.00863 and 

λ2= 0.009028 

Darcy Weisbach 

coefficient 

J1= 0.945m and 

J2 =0.249m 

J1= 0.5171m and 

J2 =4.22m 

Hupper 623.085m 623.3531m 

Hdown 837.391m 836.116m 

Hydraulic power 1294MW 1693MW 

Efficiency 0.96 0.965 

 

The efficiency of turbine and pump can be calculated from losses J1 and J2 as 

 
𝜼turbine= {1-((4.22+0.5171)/188)}=0.96 

 
𝜼pump= {1-((0.945+0.249)/188)}=0.965 

 
Where design head height is 188m. 
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The total efficiency=ƞ =ƞturbine.ƞpump = 0.926=93% 

 
The total efficiency of system is calculated from head losses which is about 93%. 

 
The losses of 7% are when the worst case is considered with maximum flow. Generally, 

the losses of a typical system are 2% to 4%. 

 

As stated, the wind speeds are quite low in this region, thus not suitable for optimal wind 

farm layout. As there is a proposal under consideration for a pumped storage plant at Idukki 

dam with capacity 300MW, the wind farm layout is calculated at Ramakkalmedu which 

has ideal wind speeds 8.5m/s to 10m/s throughout the year, Ramakkalmedu is about 45kms 

from Idukki dam reservoir. Hence it is suitable place for a wind farm layout. 

 

Considering three wind turbines Siemens SWT-3.2-113 3.2 MW, Enercon E-126 4.2MW, 

Enercon E-126 7.58MW for the farm, the suitable one is stated. 
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7.1 Siemens SWT 113- 3.2MW Turbine 

The power curve for wind turbine is as shown. The pumped storage facility evens out that power 

during the year. The base load value is 367MW. The following figures display the results of load 

variation, power input to the dam. 

 

Figure 7.1.1: Reservoir Level Variation 
 

 

Figure 7.1.2: Power from the wind turbines, daily averages 
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The number of turbines required for base load 367Mw is 200. The capacity factor is 44.7%. Mean 

wind speed at hub height 94m is 8.9m/s. Wind energy produced is 4945kwh/m2.Wind park 

efficiency is 90.4%. 

The noise effect of the wind farm is analyzed using WindPRO software. The noise impact 

assessment is done using Decibel (dB) module. 

 

The noise curve for 200 turbines wind farm is as shown below 
 

 

 

 

 

Figure 7.1.3: Noise curve for Siemens SWT 3.2-113, 3.2 MW wind farm 
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7.2 Enercon E-126 4.2MW Turbine 

The power curve for wind turbine is as shown. The pumped storage facility evens out that power 

during the year. The base load value is 349MW. The following figures display the results of load 

variation, power input to the dam. 

 

Figure 7.2.1: Reservoir Level Variation 
 

Figure 7.2.2: Power from the wind turbines, daily averages 
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The number of turbines required for base load 349MW is 153. The capacity factor is 48.8%. 

Mean wind speed at hub height 135m is 10m /s. Wind energy produced is 4958kwh/m2.Wind park 

efficiency is 91.7%. 

The noise effect of the wind farm is analyzed using WindPRO software. The noise impact 

assessment is done using Decibel (dB) module. 

 

The noise curve for 153 turbines wind farm is as shown below 
 

 

 

 

 

Figure 7.2.3: Noise curve for Enercon 126, 4.2 MW wind farm. 
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7.3 Enercon E-126 7.58MW Turbine 

The power curve for wind turbine is as shown. The pumped storage facility evens out that power 

during the year. The base load value is 279MW. The following figures display the results of load 

variation, power input to the dam. 

 

 

Figure 7.3.1: Reservoir Level Variation 
 

 

Figure 7.3.2: Power from the wind turbines, daily averages 
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The number of turbines required for base load 279MW is 85. The capacity factor is 38.5%. Mean 

wind speed at hub height 135 is 8.9m/s. Wind energy produced is 5587kwh/m2.Wind park 

efficiency is 91.7%. 

 

The noise effect of the wind farm is analyzed using WindPRO software. The noise impact 

assessment is done using Decibel (dB) module. 

 

The noise curve for 85 turbines wind farm is as shown below. 

 

 

Figure 7.3.3: Noise curve for Enercon 126, 7.58MW wind farm 
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The reservoir base load level for turbines and capacity factor, the annual energy production and 

wind park efficiency of the wind farm were calculated for three turbines. 

 

Table 7.1: Base load level for turbines 

 

Turbine Number of turbines Base load level (MW) 

Siemens SWT 3.2-113, 

3.2MW 

200 367 

Enercon 126, 4.2MW 153 349 

Enercon 126,7.58MW 85 279 

 

Table 7.2: Capacity factor of the wind farm 
 

Turbine Hub 

height 

(m) 

Mean 

wind 

speed(m/s) 

at hub 

height 

Capacity 

factor 

(%) 

Siemens SWT 3.2-113, 

3.2MW 

94 9.5 44.7%. 

Enercon 126, 4.2MW 135 10 48.8%. 

Enercon 126,7.58MW 135 10 38.5%. 
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Table 7.3: Total Annual energy production 

 
 

Turbine 
 

AEP(GWh) 

MATLAB 

 

AEP (GWh) 
 

Windpro 

 

Siemens SWT 3.2-113, 

3.2MW 

 

3215 
 

2788 

 

Enercon 126, 4.2MW 

 

3058 

 

3073 

 

Enercon 126,7.58MW 
 

2444 
 

2416 

 

Table 7.4: Wind Park Efficiency 
 

Turbine Park Efficiency (%) 

Siemens SWT 3.2-113, 3.2MW 90.4 

Enercon 126, 4.2MW 91.7 

Enercon 126,7.58MW 91.5 
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8 CONCLUSION 

Various Energy Storage Systems with different technical features are existing in the market. Out 

of which, Pumped Storage Hydropower (PSH) has been demonstrated as an established power 

generation technology under peak power demands. This is currently the most available satisfactory 

method for bulk energy storage. This thesis validates the integration of pumped storage hydro and 

Wind Energy to tackle the energy problems. A pumped storage project has been studied for its 

performance which is located at Tehri District, Uttarakhand, India. However, due to low average 

wind speeds, this site is only suitable for integrating pumped storage hydro with hydro power 

generation system. A potential site suitable for integrating pumped hydro storage with wind 

power has been identified at Ramakkalmedu, India. A wind farm is designed after analyzing three 

turbines to suit the acceptable noise levels. 

 

The total efficiency pumped storage system at Tehri district is 93%. As the average wind speeds 

at this location range from 2.5m/s to 3m/s any form of integration with current wind energy 

technologies available in the market will not be financially feasible. However, another potential 

site in Kerala, a Southern state of India has been identified. The optimal design for pumped 

hydro-wind storage is discussed. The size of wind farm is optimized to utilize most of the pumped 

hydro storage. The site studied is Ramakkalmedu, Idukki district, India. Ramakkalmedu has 

average wind speeds of 8.5m/s to 10m/s. The annual hourly wind data is analyzed, and three 

turbine models have been selected to design the wind farm. The wind data is analyzed using 

software tool MATLAB and WindPRO. 

 

A wind farm is designed using Enercon E-126, 4.2MW turbine is stated to be most feasible one. A 

total of 153 turbines are needed. The capacity factor of the wind farm is 48.8% with an AEP of 

3073GWh. The efficiency of the wind farm resulted in 91.7%. The noise curve also lies within 

range for building a wind farm. Thus, Enercon E-126 4.2MW turbines are ideal for a wind farm 

layout for the chosen site. 

 

This thesis work can also be extended to study reliability, quality and economic feasibility of the 

integrated power system. To conclude, storing energy to address the peak load demand is the need 

of the hour. Integrated systems proposed in this thesis will satisfy the need. 
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APPENDIX 

 
Appendix A 

 
Tehri Pumped Storage Scheme, THDC Ltd. 

 
 

Nature of Scheme: Storage scheme 

Hydrology 

Normal Annual Rainfall 1016 to 2630 mm. 

Maximum recorded flood discharge 3800 Cumecs 

Adopted maximum flood for diversion during  

 
8120 

 

 
Cumecs 

 

monsoon period 

Probable maximum flood 15540 Cumecs 

Routed Flood 13248 Cumecs 

Reservoir 

Full Reservoir Level (FRL) EL 830 m. 

Maximum Level during design flood (MFL) EL 835 m 

 

 
Dead Storage Level 

 

 
EL 

 

 
740 m. 

Gross Storage 3540 MCM 

Dead Storage 925 MCM 

Live Storage 2615 MCM 

Water Spread at full Supply Level EL.830 m. 42 Sq.km. 

Water Spread at dead Storage Level EL.740m 18 Sq.km. 
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Diversion Tunnels 

Type Horse shoe 

 
 

Left Bank 

2 Nos. 11.0m dia, 1774 & 1778 m 

 

 
 

long 
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Appendix B 

 
Idukki dam, Idukki, Kerala, India 

 
Height 168.91m(554 ft) 

Length 365.85m (1200ft) 

Dam Volume 450,000 m3(16,000,000 cu ft) 

Spillways Nil 

Total Capacity 1,996* 106 m3 (1,618,184 acre-ft) 

Active Capacity 1,459*106 m3 (1,182,831 acre-ft) 

Catchment area 649.3 km2 (251 sq.) 

Surface area 60 km2  (23 sq.) 

Normal Elevation 732.62m (2404 ft) 

Turbines 6(130 MW Pelton turbines) 

Installed capacity 780MW 

 
 

Appendix C 

 
Standards and guidelines, Central Pollution Control Board 

 

The Central Pollution Control Board constituted a Committee on Noise Pollution 

Control. The Committee recommended noise standards for ambient air and for 

automobiles, domestic appliances and construction equipment, which were later 

notified in Environment (Protection) Rules, 1986 as given below 

 

Category Day time Night time 

Industrial area 75 70 

Commercial area 65 55 

Residential area 55 45 

Silence zone 50 40 
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