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Introduction to renewable Energy (0611341) 

 مقدمة في الطاقة المتجددة

Chapter 6- Hydro Energy 

Introduction:  

Energy from water is one of the oldest sources of energy, as paddle wheels were used to rotate a 

millstone to grind grain. A large number of watermills, 200–500 W, for grinding grain are still in 

use in remote mountains and hilly regions in the developing world. Paddle wheels and buckets 

powered by moving water were and are still used in some parts of the world for lifting water for 

irrigation. Water provided mechanical power for the textile and industrial mills of the 1800s as 

small dams were built, and mill buildings are found along the edges of rivers throughout the 

United States and Europe. Then, starting in the late 1800s, water stored behind dams was used 

for the generation of electricity. For example, in Switzerland in the 1920s there were nearly 

7,000 small-scale hydropower plants. 

Water Energy: 

The energy in water can be potential energy from a height difference, which is what most people 

think of in terms of hydro; the most common example is the generation of electricity 

(hydroelectric) from water stored in dams.  

However, there is also kinetic energy due to water flow in rivers and ocean currents. Finally, 

there is energy due to tides, which is due to gravitational attraction of the Moon and the Sun, 

and energy from waves, which is due to wind. In the final analysis, water energy is just another 

transformation from solar energy. 

The energy or work is force * distance, so potential energy due to gravitation is 

W= F * d = m * g * h  Joules 

The force due to gravity is mass * acceleration, where the acceleration of gravity g = 9.8 m/s
2
 and h 

is the height in meters of the water. For estimations, you may use g = 10 m/s
2
. For water, generally 

what is used is the volume, so the mass is obtained from density and volume. 

ρ = m/V    or    m = ρ * V, ρ = 1000 Kg/m
3
 for water, Then, for water Equation becomes 

PE = ρ * g * h * V = 10000 h * V 

Example : Find the potential energy for 2,000 m
3
 of water at a height of 20 m. find the velocity of 

that water after falling through 20 m. 

Solution: 

PE = 10000 * 20 * 2000 = 4 * 10
9
 J = 4 GJ 

 If the potential energy of a mass of water is converted into kinetic energy after falling from a height 

h then the velocity can be calculated. 

KE = PE   or 

0.5 * m * v
2
 = m * g * h 

Then, the velocity of the water is 

v = ( 2 * g * h )
1/2

 m/sec 

v = (2 * 10 & 20)
1/2

= 20 m/sec 
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Water flow; 

Instead of water at some height, there is a as the flow of water in a river or an ocean current, 

such Gulf Stream. The analysis for energy and power for moving water is similar to wind energy, 

except there is a large difference in density between water and air. Therefore, for the same amount 

of power, capture areas for water flow will be a lot smaller. 

P/A = 0.5 * ρ * v
3 
W/m

2
 

Example: Find the power/area for an ocean current that is moving at 1.5 m/s. 

P/A = 0.5 * 1000 * 1.5
3
 = 1.7 x 10

3
 W/m

2
 = 1.7 kW/m

2
 

Power is energy/time, and hydraulic power from water or for pumping water from some depth is 

generally defined in terms of water flow Q and the height. Of course, if you know the time and have 

either power or energy, then the energy or power can be calculated. 

P = 10000 * h * v/t = 10 * Q * h  kW,  where:  Q is the flow rate (m
3
/s) 

In terms of pumping smaller volumes of water for residences, livestock, and villages, Q is generally 

noted as cubic meters per day, so be sure to note what units are used. There will be friction and 

other losses, so with efficiency η the power is:   P = 10000 * η * Q * h 

Efficiencies from input to output (generally electric) range from 0.5 to 0.85. Small water turbines 

have efficiencies up to 80%, so when other losses are included (friction and generator), the overall 

efficiency is approximately 50%. Maximum efficiency is at the rated design flow and load, which is 

not always possible as the river flow fluctuates throughout the year or where daily load patterns 

vary. The output from the turbine shaft can be used directly as mechanical power, or the turbine can 

be connected to an electric generator. For many rural industrial applications, shaft power is suitable 

for grinding grain or oil extraction, sawing wood, small-scale mining equipment, and so on. 

 

HYDROELECTRIC 

Around one-quarter of the solar energy incident 

on the Earth goes to the evaporation of water; 

however, as this water vapor condenses, most of 

the energy goes into the atmosphere as heat. 

Only 0.06% is rain and snow, and the power and 

energy of that water flow is the world resource, 

estimated at around 40,000 TWh/year. The 

classification of hydropower differs by country, 

authors, and even over time. One classification 

is large (>30 MW), small (100–30 MW), and 

micro (≤100 kW). (see the table below) 

 

Technical Potential, Hydroelectric Production, 

and Capacity 

 

 

  
Potential, 

TWh/Year 
Production, 

TWh/Year 
Capacity, 

GW 

Asia 5,090     

Asia and Oceanic   1,108 359 
Central and 

South America 
2,790 728 145 

Europe 2,710 589 172 

Eurasia   239 70 

Middle East   20 12 

Africa 1,890 109 26 

North America 1,670 684 165 

Oceania 230     

World 14,380 3,472 949 
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Large hydropower  (≥30 MW) 

In terms of renewable energy, large-scale hydropower Fig below is a major contributor to electricity 

generation in the world, around 3,800 TWh in 2013. The world's installed capacity for large-scale 

hydroelectricity has increased around 2% per year, from 462 GW in 1980 to around 1,000 GW in 

2014 with another 100 GW under construction. Increase in capacity since 1980 and proposed projects 

are in the developing world, mainly China. China is now the leader in installed capacity and generation of 

electricity Fig below with 20% of their electricity from hydroelectric sources. In Norway, 98% of the 

electrical energy is from hydro, and for several countries, it is over 50%;. In the United States, the 

hydroelectric contribution is around 7%.  

  

  

The capacity factor for hydroelectric power in 

the world has been fairly consistent at 40%–

44% from 1980 to 2014. The capacity factor 

for hydroelectric power in the United States 

was 37% in 2013.  Large-scale hydroelectric 

plants have been constructed all across the 

world (Table below) 

Large Hydroelectric Plants in the World, 

Date Completed, and Capacity 

The Three Gorges Dam (Figure below) on the 

Yangtze River is the largest power hydro 

plant in the world with 22.5 GW. 

 

Country Dam Year 
Capacity, 

MW 

China Three Gorges 2012 22,500 

Brazil-Paraguay Itaipu 1991 14,700 

China Xiluodu 2014 13,860 

Venezuela Guri 1986 10,055 

Brazil Tucurni 1984 8,370 

United States Grand Coulee 1941 6,809 

China Xiangjiaba 2014 6,488 

Russia Sayanao-

Shushenskaya 
1989 6,500 

China Longtan 2009 6,300 

Russia Krasnoyarsk 1972 6,000 

Canada Robert-Bourassa 1981 5,616 

Canada Churchill Falls 1971 5,429 
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The Three Gorges Dam is a hydroelectric dam on the Yangts River in China. In terms of the amount 

of electricity it generates, it’s the world’s largest power station. The power generated by the 34 

generators is enormous. It is equivalent to burning 25 million tons of crude oil or 50 million tons of 

coal. The concrete and steel dam is 7,661 feet long, almost 600 feet high and used about 510,000 

tons of steel – enough to build the Eiffel Tower sixty times. The reservoir that has been created 

measures 405 square miles in area and helps prevent flooding in a large area. There have been 

ongoing environmental concerns about the Three Gorges Dam. At least 1.24 million people had to 

be relocated, and some plant species have been endangered. 

The benefits or advantages of hydropower are as follows: 

1. Renewable source, power on demand with reservoirs. 

2. Long life, 100 years. 

3. Flood control, water for irrigation and metropolitan areas. 

4. Low greenhouse gas emission. 

5. Reservoir for fishing, recreation. 

Some disadvantages or problems are the following: 

1. There is a large initial cost and long construction time. 

2. Displacement of population due to reservoir may occur. 

3. On land downstream, there is loss of nutrients from floods. 

4. Drought by season or year may restrict power output due to low  

5. Lack of passage for fish to spawning areas. 

6. Rivers with high silt content may limit dam life. 

7. Dam collapse means many problems downstream. There have been over 200 dam failures in the 

twentieth century, and it is estimated that 250,000 people died in a series of hydroelectric dam 

failures in China in 1975. 

8. Resource allocation between countries can be a problem, especially if a series of dams that use a 

lot of water for irrigation are built upstream of a country. 

Small Hydro (100 kW to 30 MW,) 

The World Energy Council estimated small 

hydro (up to 10 MW) at around 25.5 GW in 

2006, energy production estimated at 60 

TWh/year. Then in 2010, the installed 

capacity of small hydro was around 55 GW, 

with China having the largest capacity. In 

2014, the estimated world capacity was 75 

GW with a total potential of 173 GW. China 

is still the leader in installed capacity; 45,000 

plants, 65 GW capacity. The capacity of small 

hydro in Europe is around 17 GW from 

22,000 plants which generate around 53 

TWh/year. The potential for small hydro in 

Europe is estimated at another 49 TWh/year, 

which consists  

Installed and Potential Capacity for Small 

Hydropower 

  Capacity, 

MW 

Potential, 

MW 

Africa 561  7,901 

 6,262 

 328 

 184 

 385 

 743 

22,982 

 252 

    East  209 

    Middle  76 

    Northern  151 

 43 

 82 

10,301  

    Southern 

    Western 

Americas 
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    Caribbean  124 

 599 

 4,166 

 9,465     Central 

    South  1,735 

 7,843 

 9,099 

    North 

The percentage of low and small hydropower plants in terms of numbers in the United States are is 

86%. This indicates future expansion for hydroelectric power in the United States will be from 

distributed generation. A resource assessment of hydropower for United States with a potential of 

around 30,000 MW.  Penstock lengths were limited by the lengths of penstocks of a majority of 

existing low-power or small hydroelectric plants in the region. The optimum penstock length and 

location on the stream was determined for the maximum hydraulic head with the minimum length. 

Microhydro (≤100 kW) 

In general, microhydro does not need dams and a reservoir as water is diverted and then conducted 

in a penstock to a lower elevation and the water turbine. In most cases, the end production is the 

generation of electricity; however, in some parts of the world the watermills are for grinding grain. 

In China hydropower was the predominant system in terms of capacity compared to wind and 

photovoltaic (PV), with 721 installations (15.5 MW) for villages and 15,458 installations (1.1 MW) 

for single households. The average size of the hydropower systems was 780 kW, which is much 

larger than average for the wind and PV systems (22 kW) 

The advantages of micro-hydro are the following: 

1. Efficient energy source. A small amount of flow (0.5 L/min) with a head of 1 m generates 

electricity with microhydro. Electricity can be delivered up to 1.5 km. 

2.   Reliable. Hydro produces a continuous supply of electrical energy in comparison with other 

small-scale renewable technologies. 

3.  No reservoir required. The water passing through the generator is directed back into the stream 

with relatively little impact on the surrounding ecology. 

4.  It is a cost-effective energy solution for remote locations. 

5.  Power for developing countries. Besides providing power, developing countries can 

manufacture and implement the technology. 

The disadvantages or problems are as follows: 

1. Suitable site characteristics are required, including distance from the power source to the load 

and stream size (flow rate, output, and head). 

2.  Energy expansion may not be possible. 

3.  There is low power in the summer. In many locations, stream size will fluctuate seasonally. 

4.  Environmental impact is minimal; however, environmental effects must be considered before 

construction begins. 

Water Turbines: 

The two main types of hydro turbines are impulse and reaction. The type selected is based on the 

head and the flow, or volume of water at the site. Other deciding factors include how deep the 

turbine must be set, efficiency, and cost. The impulse turbine uses the velocity of the water to move 

the runner (rotating part) and discharges at atmospheric pressure. The water stream hits each bucket 

on the runner, and the water flows out the bottom of the turbine housing.  An impulse turbine is 

generally used for high-head, low-flow applications. 
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Impulse Turbines 

A Pelton turbine has one or more free jets of 

water impinging on the buckets of a runner. 

The jet is directed at the centerline of the two 

buckets. Draft tubes are not required for the 

impulse turbine since the runner must be 

located above the maximum tail water to 

permit operation at atmospheric pressure 

 
A cross-flow turbine resembles a squirrel 

cage blower and uses an elongated, 

rectangular-section nozzle to direct a sheet of 

water to a limited portion of the runner,  about 

midway on one side.  The flow of water 

crosses through the empty center of the 

turbine and exits just below the center on the 

opposite side. A guide vane at the entrance to the 

turbine directs the flow to a limited portion of the 

runner. The cross flow was developed to 

accommodate larger water flows and lower heads 

than the Pelton turbine.  
Reaction Turbines 

A reaction turbine develops power from the 

combined action of pressure and moving 

water, as the pressure drop across the runner 

produces power. The runner is in the water 

stream flowing over the blades rather than 

striking each individually. Reaction turbines 

are generally used for sites with lower head and 

higher flows. Francis turbines (Figure here) 

are the most common for hydropower.   

Francis turbines: 

They are an inward flow turbine that combines radial and axial components. The runner has fixed 

vanes, usually nine or more. The inlet is spiral shaped with guide vanes to direct the water 

tangentially to the runner. The guide vanes (or wicket gate) may be adjustable to allow efficient 

turbine operation for a range of water flow conditions. The other major components are the scroll 

case, wicket gates, and draft tube (as water speed is reduced, a larger area for the outflow is 

needed). However, the Francis turbine can be used for heads to 800 m. 

A propeller turbine generally has a runner 

with three to six blades running in a pipe, 

where the pressure is constant. The pitch of 

the blades may be fixed or adjustable. The 
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major components besides the runner are a 

scroll case, wicket gates, and a draft tube. 

Impulse turbines are generally more suitable 

for microhydro applications compared with 

reaction turbines because of: 

1. Greater tolerance of sand and other 

particles in the water. 

2. Better access to working parts. 

3. Lack of pressure seals around the shaft. 

4. Ease of fabrication and maintenance. 

5. Better part-flow efficiency 

 
Water Flow 

Kinetic energy turbines, also called free-flow turbines, generate electricity from the kinetic energy 

of the flowing water, similar to wind turbines, which generate energy from the flowing air. Systems 

are also referred to as hydrokinetic, tidal in stream energy conversion, or river in stream energy 

conversion. The systems may operate in rivers, tides, ocean currents, or even channels or 

conduits for water. Kinetic systems do not require large civil works, and they can be placed near 

existing structures such as bridges, tailraces, and channels that increase the natural flow of water.  

For tidal currents, unidirectional turbines are available; rotation is the same, even though current 

is from opposite directions. One hydrokinetic system has a hydraulic pump to drive an onshore 

electric generator. Kinetic energy turbines would have less environmental impact than dams, and 

like wind turbines, they are modular and can be installed in a short time compared to large civil 

structures.  

An important factor for water flow is that, at 

good locations, power will not vary like that 

of wind turbines, especially for in-river 

locations, so capacity factors can be much 

higher. One manufacturer stated that capacity 

factors should be at least 30% for tides and 

50% for in-river systems. As always, the final 

result for comparison is the cost per kilowatt 

hour, which should be life-cycle costs. Figure 

below shows In-river system, 250 kW, on 

Mississippi River, Hastings, Minnesota. 
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TIDES 

Tides are due to the gravitational attraction of 

the Moon and the Sun at the surface of the 

Earth. The effect of the Moon on the Earth in 

terms of tides is larger than the effect of the 

Sun, even though the gravitational force of 

the Sun is larger. To find how the 

gravitational force of the Moon distorts any 

volume of the material body of the Earth, the 

gradient of the gravitational force of the 

Moon on that volume must be found (a 

gradient is how force changes with distance; 

in calculus, it is the differentiation with 

respect to length). The tidal effects (Figure 

below) are superimposed on the ear-spherical 

Earth, and there will be two tides per day due 

to the spin of Earth. When the tidal effects of 

the Sun and Moon are aligned, the tides are 

higher, spring tides. When the continents are 

added, the ocean bulges reflect from 

shorelines, which causes currents, resonant 

motions, and standing waves. 

 

So there are some places in the oceans where the tidal variations are nearly zero. In other locations, 

the coastal topography can intensify water heights with respect to the land. The largest tidal ranges 

in the world are the Bay of Fundy (11.7 m), Ungava Bay (9.75 m), Bristol Channel (9.6 m), and the 

Turnagain Arm of Cook Inlet, Alaska (9.2 m).  

The potential world tidal current energy is on 

about 2,200 TWh/year.  The potential for tidal 

in-stream systems was estimated at 250 

TWh/year for the United States with Alaska 

having the largest number of locations. The 

average power at the better locations exceeds 

8,000 MW/m
2
. A kinetic energy 

demonstration project (figure below) is 

installed in the East River, New York City, 

and consists of two 35-kW turbines, 5-m 

diameter, with passive yaw. In 9,000 h of 

operation, the system generated 70 MWh. 
 

Advantages for tidal systems are as follows: 

1. Renewable. 

2.Predictable. 

Disadvantages or problems are as follows: 

1. A barrage across an estuary is expensive and affects a wide area. 

2.The environment is changed upstream and downstream for some distance. Many birds rely on the 

tide uncovering the mudflats so that they can feed.  
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3.There is intermittent power as power is available for around 10 h each day when the tide is 

moving in or out. 

4.There are few suitable sites for tidal barrages. 

Ocean 

The global technical resource exploitable with today's technology is estimated to be 20,000 

TWh/year for ocean currents, 45,000 TWh/year for wave energy, 33,000 TWh/year for ocean 

thermal energy conversion (OTEC), and 20,000 TWh/year for salinity gradient energy. Besides the 

environmental considerations mentioned, there are a number of technical challenges for ocean 

energy to be utilized on a commercial scale: 

 Avoidance of cavitation (bubble formation). 

 Prevention of marine growth buildup. 

 Reliability (since maintenance costs may be high). 

 Corrosion resistance. 

Currents 

There are large currents in the ocean and detailed information on surface currents by ocean is 

available. For example, the Gulf Stream transports a significant amount of warm water toward the 

North Atlantic and the coast of Europe. The core of the Gulf Stream current is about 90 km wide 

and has peak velocities greater than 2 m/s. The relatively constant extractable energy density near 

the surface of the Gulf Stream, the Florida Straits Current, is about 1 kW/m
2
. Although the volume 

and velocity are adequate for in-stream hydro-kinetic systems, an ocean current would need to be 

close to the shore. The total world power in ocean currents has been estimated to be about 5,000 

GW, with power densities of up to 15 kW/m
2
. The European Union, Japan, and China are interested 

in and pursuing the application of ocean current energy systems. 

Waves 

Waves are created by the progressive transfer of energy from the wind as it blows over the surface 

of the water. Once created, waves can travel large distances without much reduction in energy. The 

energy in a wave is proportional to the height squared. In data for wave heights, be sure to note that 

height is for crest to trough, and amplitude, A, is midpoint to crest. 

   E = 0.5 * ρ * g * h
2
/16 J,  

Where:  h is wave height. This is for a single wave, but in the ocean, there is superposition of 

waves, and the energy transported is by group velocity. The speed of the wave, wave length, and 

frequency (or period, which is 1/frequency) are related by: 

Speed = Wavelength (λ) *Frequency (f) 

In deep water where the water depth is larger than half the wavelength, the power per length 

(meter) of the wave front is given by: 

 P/L = ρ * g
2
 *h

2
*T/(64 x π) ~ 0.5 * H

2
 * T  kW/m 

Where: T is the period of the wave (time it takes for successive crests to pass one point). In major 

storms, the largest waves offshore are about 15 m high and have a period of about 15 s, so the 

power is large, around 1.7 MW/m. 
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 Example: Calculate power/length for waves off New Zealand if the average wave height is 7 m 

with a wave period of 8 s. The power/length is 

P/L = 0.5 * 7
2
 * 8 = 196 kW/m 

An effective wave energy system should capture as much energy as possible of the wave energy. As 

a result, the waves will be of lower height in the region behind the system. Offshore sites with water 

25–40 m deep have more energy because waves have less energy as the depth of the ocean 

decreases toward the coast.  

The potential for wave energy (per meter of wave front) for the world is much larger than ocean 

currents due to the length of coastline. The potential for the United States is 240 GW, with an 

extractable energy of 2,100 TWh/year based on average wave power density of 10 kW/m. The 

western coast of Europe and the Pacific coastlines of South America, Southern Africa, Australia, 

and New Zealand are also highly energetic. Any area with yearly averages of 15 kW/m has the 

potential to generate wave energy. Note that this threshold excludes areas such as the Mediterranean 

Sea and the Great Lakes of Northern America. 

There are a number of prototypes and demonstration projects but few commercial projects. A point 

absorber has a small dimension in relation to the wavelength (figure below). A buoy system in 

Australia is submerged below the ocean level and drives a seabed pump for electricity and high 

pressure water to supply a reverse osmosis desalination plant. 

 
The reservoir system is where the waves are forced to higher heights by channels or ramps, and the 

water is captured in a reservoir(figure below). Locations for land installations for reservoir and 

oscillating water column systems will be much more limited than offshore systems; however, land 

installations are easier to construct and maintain.  
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 Oyster hydroelectric wave energy converter, 315 kW; unit installed at Billa Croo, Orkney, Scotland 

Ocean Thermal Energy Conversion 

OTEC for producing electricity is the same as solar ponds, for which the thermal difference 

between surface water and deep water drives a Rankine cycle. There is one major difference: the 

deep ocean water is rich in nutrients, which can be used for Mari culture. In both systems, there is 

the production of freshwater. An OTEC system needs a temperature difference of 20°C from cold 

water within 1,000 m of the surface, which occurs across vast areas of the world. The systems can 

be on or near the shore.  

The three general types of OTEC processes are closed cycle, open cycle, and hybrid cycle. 

 In the closed-cycle system, heat transferred from the warm surface seawater causes a working 

fluid to turn to vapor, and the expanding vapor drives a turbine attached to an electric generator. 

Cold seawater passing through a condenser containing the vaporized working fluid turns the vapor 

back into a liquid, which is then recycled through the system. 

An open-cycle system uses the warm surface water itself as the working fluid. The water vaporizes 

in a near vacuum at surface water temperatures. The expanding vapor drives a low-pressure turbine 

attached to an electrical generator. The vapor, which is almost pure freshwater, is condensed into a 

liquid by exposure to cold temperatures from deep ocean water. If the condenser keeps the vapor 

from direct contact with seawater, the water can be used for drinking water, irrigation, or 

aquaculture. A direct contact condenser produces more electricity, but the vapor is mixed with cold 

seawater, and the mixture is discharged into the ocean. 

Hybrid systems use parts of both open- and closed-cycle systems to optimize production of 

electricity and freshwater. An experimental, open-cycle, onshore system was operated intermittently 

between 1992 and 1998 at the Keyhole Point Facility, Hawaii. Surface water is 26°C, and the deep-

water temperature is 6°C (depth of 823 m);  the system produced a maximum power of 250 kW. 

However, the power requirements for pumping the surface (36.3 m
3
/min) and deep (24.6 m

3
/min) 

seawater were around 200 kW. In 1981, Japan demonstrated a shore-based, 100-kWe closed-cycle 
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plant in the Republic of Nauru in the Pacific Ocean. The cold-water pipe was laid on the seabed at a 

depth of 580 m.  The plant produced 31.5 kWe of net power during continuous operating tests. 

Salinity Gradient:  

Salinity gradient energy is derived from the difference in the salt concentration between seawater 

and river water. Two practical methods for this are reverse electro-dialysis and pressure-retarded 

osmosis; both rely on osmosis with ion-specific membranes. A small prototype (4 kW) started 

operation in 2009 in Tofte, Norway; however, development efforts by Stat Kraft were discontinued 

in 2014. The pressure generated is equal to a water column of 120 m, which is used to drive a 

turbine to generate electricity. 

  

  

  

 

 

 

 

 

 

 

  


