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Hydropower

Hydropower

Hydropower
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T = turbine/generator
D = dam
R = river
Re = reservoir
P = penstock
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Hydropower

Hydraulic turbines

Q m3/s

H m

Pelton

Francis

Kaplan

1
1

10

10 100

100

1000

1000

Power

P = ��gHQ

4/ 47



HYDRO AND OCEAN ENERGY

Hydropower

Ocean energy

Sources of ocean energy

Wave energy (due to surface waves)

Tidal energy (due to daily tide)

Current energy (constant 
ow)

Thermal energy (temperature di�erences)
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Hydropower

Climate and weather

Ocean currents, upwellings and downwellings depend on

Wind shear

Temperature gradients

Coriolis force due to earth's rotation

Salinity gradients due to melting icebergs

Weather patterns depend on

Temperature and humidity gradients

Natural convection due to solar heating

Coriolis force due to earth's rotation

Ocean currents
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Wave energy

Waves
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Wave energy

Wave features

T

�
t

x

Water surface

y(x; t ) = asin (kx � !t )

Wave speed

c = f � =
!
k

Wave characterized by wavelength� [m], period T [s]

! =
2�
T

radian frequency [rad/s]

f =
!
2�

=
1
T

cycle frequency [Hz]

k =
2�
�

wavenumber [m� 1]

8/ 47



HYDRO AND OCEAN ENERGY

Wave energy

Types of water waves, water depthd
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Wave energy

Wave generation

Wave height depends on

Wind speed

Wind duration

Fetch (distance)

Water depth
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Wave energy
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Wave energy
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Wave energy
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Wave energy

E�ect of pressure di�erence due to wind

Flow over a wave crest�! increased velocity�!
decreased pressure
Flow over a wave trough �! decreased velocity�!
increased pressure
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Wave energy

E�ect of shear stress due to wind
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Wave energy

Stages of development

Micro ripples, ripples

Chop

Fully developed sea (FDS): nonlinear wave interaction,
wind energy transfer, energy dissipation to breaking waves
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Wave energy

Ripples
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Wave energy

Shoaling and breaking
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Wave energy

Wilson's formula for signi�cant wave height

Signi�cant wave height = average height of highest one-third of
the waves
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U = wind speed at 10 m height (m/s)

F = fetch length (m)

H = signi�cant wave height (m)

T = signi�cant period (s)
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Wave energy

Map of wave heights
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Wave energy

Wave energy harnessing

Wave buoys

Wave attenuator

Surface following

Oscillating water
column

Terminators

Overtopping
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Wave energy

Theory

http://www.engin.umich.edu/dept/name/research/proje cts/wave_de
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Wave energy

Wave attenuator

Video of Pelamis wave energy generators
(Portugal 2008)
http://www.youtube.com/watch?v=u-9P2VflRWU&feature= related
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Tidal energy

Tidal energy

Sun and Moon's gravitational force
as well as the Earth's rotation
account for the tides

Moon's orbit is tilted � 5� to the
Sun-Earth plane.

New moon: moon between Earth
and sun

Full moon: earth between moon and
sun

Eclipse: earth, moon and sun
exactly in line
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Tidal energy

Theory of tides

For a conservative force

Force per unit mass

F = �r �

� = potential

For gravity downwards

� = gz

F = � gk

� = constant lines are horizontal

z

gravity � = constant

Gravitational potential is useful because

� 1; � 2; � 3; : : : due to multiple bodies can be simply added

� = constant can be a water surface
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Tidal energy

Earth-moon system
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Tidal energy

Forces

Force di�erentials

E�ect of friction
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Tidal energy

Spring tide: strong, sun and moon in line

Neap tide: weak, sun and moon are at 90�

Solar tide is 50% the height of a lunar tide

Tidal period is 24 hours and 50 minutes

The coastline and ocean 
oor account for variations in tidal
behavior (period, frequency, low-to-high height di�erence,

ow rate

Tidal resonance (tidal frequency = frequency of standing
waves)
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Tidal energy

Tidal height variation

Global M2 tidal constituent map
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Tidal energy

Low-to-high height di�erence

Bay of Fundy, Canada

� 17 m high tides
1.15 billion tonnes of water 
ow in and out of the bay in
one period
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Tidal energy

Harnessing tidal energy

Kinetic energy of moving water powers turbines, lower cost
and lower ecological impact compared to barrages.

Barrages are dams across the full width of a tidal estuary,
high cost and environmental issues.

Tidal lagoons are not fully across an estuary.
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Tidal energy

Tidal barrage

high tide

low tide

m = �Ah

Pave =
�gAh 2

2T

m = mass of water
h = tidal range
T = period of tide
A = horizontal area of tidal
basin
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Tidal energy

Annapolis Tidal Generating Station
http://www.annapolisbasin.com/sys-tmpl/tidalgenerat ingstati
http://www.nspower.ca/en/home/environment/renewable energy/tida

Location: Annapolis Basin, Nova Scotia, Canada
Sluices (water channels controlled at its head by a gate): 2
Units: 1
Turbine: straight-
ow type, largest in the world
(horizontal-axis, low-head hydraulic turbine in which the
upstream and downstream reservoirs are connected by a
straight tube into which the runners are integrated, with
the generator placed directly on the periphery of these
runners).
Depth: 30.5 m
Length: 46.5m
Capacity: 20 MW
Energy production: 50 GWh (annual generation)
Water 
ow: 408 m 3/s
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Tidal energy

http://www.oreg.ca/docs/OREG_docs/Ocean_Energy_Back ground_Broc

Cross-
ow or vertical axis turbines

Axial or horizontal axis turbines

reciprocating hydrofoils
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http://www.oreg.ca/docs/OREG_docs/Ocean_Energy_Background_Brochure.pdf
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Tidal energy

Tidal stream systems
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Tidal energy

Tidal stream systems

Restrictive waterways (estuaries, river mouths, straits etc.)
amplify the 
ow rate.
SeaGen marine current generator
Northern Ireland
1.2 MW at peak

http://www.youtube.com/watch?v=Sp6v3eCUOAU
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Tidal energy

Barrages

An estuary or river is dammed during high tide and
released during low tide
Only three in existence
High cost, negative environmental impact

Rance River, France - 240 MW peak & 600 GWh annually
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Tidal energy

Tidal lagoons

The same as a barrage, except that all the boundaries are
man-made
Potentially may exist in the middle of the ccean
Less environmental impact and danger in the event of a
dam failure
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Thermal energy

Thermal energy

Applications

Energy generation

Cooling

39/ 47



HYDRO AND OCEAN ENERGY

Thermal energy

Ocean thermal energy

Ocean Thermal Energy Conversion (OTEC)
Uses temperature di�erence between deep (cold) water and
the (hot) surface to run a heat engine
The largest temperature di�erence is desirable.
Currently no operating OTEC plants
Pilot plant in Hawaii, 1993-1998.
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Thermal energy

Temperature di�erence generally increases with decreasing
latitude

OTEC systems have small theoretical e�ciencies

For Th = 30 � C and Tc = 10 � C, � carnot = 10%
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Thermal energy

Disadvantages

Cold water has to be pumped from large depths, large
pumping power, convective heat loss

Large heat exchangers because of small temperature
di�erences

Other uses for OTEC systems

Air conditioning: from cold-water stream

Chilled soil agriculture

Aquaculture: cold-water stream contains nutrients

Minerals: from ocean water

Desalination: from condensation of steam
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Thermal energy

Open cycle

Claude cycle

T G

C

E

P1

P2

a

bb c

E = evaporator
T = turbine
C = condenser
G = generator
P1 = deep water pump
P2 = vacuum pump
a = surface water
b = discharge
c = deep water
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Thermal energy

Closed cycle

Anderson cycle

T G

CB

a bb c

E = evaporator
T = turbine
C = condenser
G = generator
a = surface water
b = discharge
c = deep water
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Deep water cooling

Deep lake water cooling

Cornell University: Lake Source Cooling System

Cayuga Lake is used as a heat sink

Operate central chilled water system for its campus and
Ithaca City School District
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Deep water cooling

Toronto, Ontario:

Draws water from Lake Ontario through tubes extending 5
km into the lake, reaching to a depth of 83 metres

Lake water is run through a heat exchange system that is
part of district cooling for Toronto's �nancial district.

Has a cooling power of 59,000 tons (207 MW)

Water from heat exchanger is then used for city's domestic
water needs.
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Deep water cooling

Ocean water cooling

The InterContinental Resort and Thalasso-Spa on the
island of Bora Bora uses a cold seawater system to
air-condition its buildings.

Accomplished by passing cold seawater through a heat
exchanger where it cools freshwater in a closed loop system.

This cool freshwater is then pumped to buildings for
cooling.
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