2nd year Mechanical Engineering Energy Production and Transport

Chapter 1: Energy Production and Conversion

Electric current is a flow of electric charge carried by moving electrons in a wire. The electric current is created
by electrons or charges continuously moving through a path called an electric circuit. It flows from a power source
like a battery or power station.

ge = 1.602 x 1071°C

Energy is defined in physics as the ability of a system to do work, cause motion, or produce, for example, light,
heat, or electricity. Energy never disappears; it changes from one form to another. It is expressed in joules or
kilowatt-hours (kWh).

leV = 1.602 x 10719

Primary energies are the forms of energy as they are captured in nature. The main energy resources are
summarized in the following table:

Energy sources advantages Disadvantages

Fossil Fuels = Easy to exploit = CO, emissions
(Oil, Gas, Coal) = Finite resource
= Finite resource

Nuclear " Cheapertodgy‘ = Radioactive waste
= Less CO, emissions ; .
= Risk of nuclear accidents
Renewable = Cannot be implemented everywhere
(Water, Solar, Wind = |[nexhaustible on our scale = Higher cost
’ ’ ’ = Little or no pollution = Lower power output

Biomass, Geothermal)

= Manufacturing & recycling of solar cells

Electricity Production:
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Methods of Electricity Production:

Steam Thermal Power Plant:

‘ thermal energy ‘ 4 | mechanical energy | 4 ‘ electrical energy ‘

The heat produced in the boiler by burning coal, gas, or other fuels turns water into steam. This steam is then
transported at high pressure and high temperature to a turbine. Under pressure, the turbine blades begin to rotate,
converting thermal energy into mechanical energy. This mechanical energy is then converted into electrical
energy using an alternator. After leaving the turbine, the steam is condensed back into water by encountering cold
surfaces. The water is then sent back to the boiler, where the cycle starts again.

Combustion Gases
To Stack

Electric
Generator

* BOILER

= Fuel Combustion:
e Fuel(suchascoal, gas, or oil) is burned in the burner inside the boiler.
e Airis supplied for combustion, and exhaust gases are released through the chimney.
=>» Steam Generation:
e The heat produced turns water into high-pressure steam.
e This steam is directed towards a turbine.
= Turbine Rotation & Electricity Generation:
o The steam pressure rotates the turbine blades, converting thermal energy into mechanical energy.
e Theturbineis connected to an alternator, which converts mechanical energy into electrical energy.

Page 2|21 Yassine MAHAMDI



2nd year Mechanical Engineering Energy Production and Transport

Steam

Blades

Shaft

= Steam Condensation & Water Recycling:
o After passingthrough the turbine, the steam is cooled down and condensed back into water.
o Cold water from an external cooling system helps in the condensation process.
o Apump recirculates the condensed water back to the boiler, where the cycle starts again.

In practice, a power plant contains many other essential devices and accessories to ensure optimal performance
and safe operating conditions. For instance, control valves regulate the steam intake into the turbines, a
purification system keeps the feedwater clean, and pumps ensure proper lubrication of the bearings. However,
the components we have just described are sufficient to explain the basic operation and key challenges of a
thermal power plant.

Thermal power plants generate electricity using the heat released from burning coal, fuel oil, or natural gas. Most
of these plants have a capacity ranging from 200 MW to 2000 MW to take advantage of the economies of scale
associated with large installations. They are often located near a river or a lake, as vast amounts of water are
needed to cool and condense the steam exiting the turbines.

ADVANTAGES AND DISADVANTAGES

ADVANTAGES

Vv Peaking power plants that can be easily started or stopped

v A dispatchable electricity generation method to respond to demand fluctuations
v Energy autonomy (depending on fuel supply and stock)

v Flexibility in fuel choice (for certain technologies)

v Long lifespan (30 to 40 years)

DISADVANTAGES

v Slow startup response (takes more than an hour to reach full power)

Vv Use of fossil fuels (resource depletion, cost fluctuation, energy dependency)
v Greenhouse gas emissions and pollutants, especially for coal and oil

Vv High costs and wear due to frequent start/stop cycles

v Requires a heat outlet for cogeneration applications
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Gas-fired power plant:

In a gas turbine, electricity is generated through the flow of exhaust gases from a combustion chamber, which
pass directly through the turbine. The combustion chamber is typically located inside the turbine, and it generates
heat by burning a fuel (gas or oil) with air that is initially compressed.

Fuel
s 4 Combustion

Compressor Generator

Exhaust
emissions

Air

The gas turbine system primarily consists of a compressor (usually multi-stage), a combustion system (with
multiple combustion chambers), a multi-stage turbine, a starting device, and several auxiliary components.

In its simplest and most common form, a combustion turbine consists of three main elements:

- Acompressor, either centrifugal or more commonly axial, which compresses ambient air to a pressure
typically ranging between 10 and 30 bars.

- Acombustion chamber, where a gaseous or liquid fuel is injected under pressure and burned with
compressed air, with a significant excess of air to limit the temperature of the exhaust gases.

- Aturbine, generally axial, where the gases exiting the combustion chamber expand to produce
mechanical energy.

Advantages and Disadvantages
Advantages

e Provides "dispatchable" electricity generation to meet demand fluctuations

e Highresponsiveness (less than 30 minutes to reach maximum power)

e Fuel oil-fired gas turbines (TAC) have autonomy and supply security due to on-site fuel storage
e Longlifespan (25 to 30 years)

e High-quality heat for cogeneration (high temperature)

Disadvantages

e Use of fossil fuels (resource depletion, cost, and energy dependence)

e Greenhouse gas emissions and pollutants, especially for fuel oil

e High costs and wear due to shutdowns/startups (increasing with the need for network flexibility)
e Need for a heat outlet for cogeneration
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Combined cycle thermal power plant:

Ongoing research aims to improve thermal efficiency, leading to innovative modifications in conventional power
plants. The most popular modification involves a gas cycle combined with a steam cycle, known as the combined
gas-steam cycle or simply the combined cycle.

Combined cycle power plants (CCPP) are large thermal power plants that use natural gas as fuel to generate
electricity through two successive cycles. The first cycle operates similarly to a gas turbine power plant (TAC),
where burned gas, mixed with compressed air, drives a turbine connected to an alternator. In the second cycle,
the heat recovered from the gas turbine exhaust powers a steam circuit, which generates additional electricity
using a dedicated steam turbine.

e A mixture of natural gas and compressed air is burned in a combustion chamber at approximately 1300
degrees Celsius. As the hot gases expand, they drive a turbine, which, connected to an alternator,
generates electricity.

The efficiency of this standalone gas turbine is relatively low, around 35-38%, as a significant amount of energy
is lost as heat in the exhaust gases. The best way to improve efficiency is to recover this heat for heating or steam
production.

o After passing through the first turbine, the exhaust gases remain hot enough to produce steam. In a
combined cycle power plant, this steam is used to drive a second turbine, which is connected to a second
alternator. The overall efficiency of a natural gas combined cycle power plant currently ranges between
58% and 61%. Additionally, part of the heat from the exhaust gases can be used for heating applications.

Fuel
Compressor Gas Turbine
Combustion Generator
Chamber
Gas
Turbine
Cycle
t Airt Hot Combustion Gases
> -~ g,
LY Steam Turbine
3 /( s | Generator
Steam
Turbine
Cycle
Exhaust Gases

Boiler Condenser

ADVANTAGES AND DISADVANTAGES
Advantages

- Dispatchable electricity generation, allowing flexibility to meet demand fluctuations.
- High efficiency compared to a simple cycle.
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- Quick responsiveness, reaching maximum power within 30 minutes to 1 hour.

- Reduced environmental impact compared to conventional thermal power plants, with lower greenhouse
gas and pollutant emissions.

- Longlifespan, typically between 25 and 30 years.

Disadvantages

- Use of fossil fuels, leading to resource depletion, cost fluctuations, and energy dependency.

- Greenhouse gas emissions are contributing to climate change.

- High costs and wear due to frequent startups and shutdowns, increasing with the need for grid flexibility.
- Requirement for heat recovery to optimize cogeneration efficiency.

Diesel engine generator sets

Diesel engine generator sets (also known as diesel gensets) are power generation systems that use a diesel engine
to drive an electrical generator, producing electricity. They are commonly used for backup power or in locations
where a reliable grid connection is not available. Diesel gensets are known for their efficiency, durability, and
ability to provide high power output in a variety of applications, including industrial, commercial, and residential

uses.
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Photovoltaic Solar Energy

i. Principle: Converting solar radiation into electricity using a photovoltaic cell.

\'/
-.-
A\

ELECTRONS
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ELECTRONS

Jamod

PHOTOVOLTAIC
SYSTEM

Illlumination or Irradiance is defined as the power received by a surface. It is measured in watts per square
meter (W/mz).

Irradiation or Radiation refers to the energy received by a surface and is expressed in joules per square meter
0/m3).

Solarirradiation depends on several factors:

- The orientation and tilt of the surface

- The latitude of the location and its level of pollution
- Thetime of the year

- The specific time of day

- The nature of cloud cover

ii. Photovoltaic Cell: The photovoltaic effect refers to the generation of an electromotive force due to the
absorption of light energy in a solid material. Itis the only known method currently available to directly
convert light into electricity.

The photovoltaic cell is the fundamental component of photovoltaic solar panels. It is a semiconductor
device made of silicon that generates a voltage of approximately 0.5t0 0.6 V.

Sunlight

—_ Electricity moving around circuit l

Sandwich of two
types of silicon Lightbulb

Electrons moving

across junction T
J —

The photovoltaic cell is made from two layers of silicon (a semiconductor material):

e Alayer doped with boron, which has fewer electrons than silicon (5 electrons, including 3 in the
valence shell). This region is therefore positively doped (P-type zone).
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o Alayer doped with phosphorus, which has more electrons than silicon (15 electrons, including 5 in the
valence shell). This region is therefore negatively doped (N-type zone).

Current Flow
—

Z-  Sunlight \L—@—
S -~ (photons) 1)
-\\\:;\\:\ Encapsulate seal :
External circuit ; < Top electrical contact N-Typel ? )
L}J ‘ P-Type material 0) :
= / (boran-doped silicon) ;

NS

= Load

~ . PiNjunction P-Type|
T N-Type material \\\\\\{\\‘\\
\ (phoshorous-doped silicon) |

Base contact Back Contact

When a photon from sunlight strikes the silicon, its energy breaks the bond between a silicon atom and an
electron, altering the electrical charges. The positively charged atoms move toward the P-type zone, while the
negatively charged electrons migrate to the N-type zone. This movement creates a potential difference, or
electrical voltage, which is known as the photovoltaic effect.

At the surface, an electrical contact (negative electrode) is established through a grid. This design allows
sunlight to pass through the contacts and reach the silicon.

Solar cells are coated with an anti-reflective layer, which protects the cell and minimizes energy loss due to
reflection. This layer gives solar cells their dark blue appearance.

iii. Solar or Photovoltaic Module

Series Connection of Cells: The electrical characteristics of a single photovoltaic cell are generally
insufficient to power electrical devices. To achieve a higher voltage, cells are connected in series, forming a solar
module or photovoltaic panel.

The power output of a solar panel depends on its surface area, meaning the number of photovoltaic cells it
contains. For example, a panel made up of 24 photovoltaic cells will deliver a voltage U of 12V, regardless of
sunlight intensity.

However, to operate electrical devices, the current (l) of the panel, which varies based on sunlight exposure,
determines the amount of electrical energy produced.

Cell1 Cell 2 Cell 3

V=05V Ve =048V Vi =05V

_ String Voltage - I
& Vi=Vi+Vz+Vs -+

=15 volts
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Watt-Peak (Wp): The peak power of a photovoltaic system is the maximum power output a module can deliver
under optimal conditions (proper orientation, tilt, and sunlight exposure). It is expressed in Watt-Peak (Wp). As a
general approximation, a 1 m? solar module produces 100 Wp.

Bypass Diodes: When photovoltaic cells are connected in series, shading on a single cell can be dangerous.
The shaded cell heats up and may become damaged.

Cell1 Cell2 Cell 3

"o Output Voltage ® + -
1".n'r'r = 1'».u'r1 + 1'u'r2 + 1'u'r3

A shaded cell experiences a drop in current, restricting the normal flow of electricity from other cells, as a
result, voltage increases across the shaded cell, leading to overheating. This phenomenon is known as reverse
self-polarization, and the overheated cell is called a "hot spot".

To prevent this, bypass diodes are used. They allow current to flow around the shaded cell, avoiding damage
and improving panel reliability.

Bypass Diodes

- + e

'y Output [

Parallel Connection of Cells: To obtain the required output voltage, solar panels are connected in series,
forming a module string. These strings are then connected in parallel, creating a photovoltaic array (PV array).

 m— — |

T

e Paraliel Connection Increases Current @l
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iv. Installation of Photovoltaic Panels

The installation of photovoltaic panels involves several key steps to ensure optimal energy production and

system efficiency.
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- Evaluate sun exposure, considering shading, orientation, and roof inclination.
- Determine the required power output based on energy consumption.
- Select the appropriate mounting system (roof, ground, or tracking system).

b. Panel Mounting Structure

- Secure the mounting frames onto the roof or ground.

- Ensure proper tilt and orientation (typically south-facing in the Northern Hemisphere).

- Allow for ventilation to prevent overheating.

c. Electrical Connections

- Connect solar panels in series to form a string (to increase voltage).
- Connect strings in parallel to form a PV array (to increase current).
- Install bypass diodes to prevent power loss from shaded cells.

d. Connection to the Inverter

- The DC electricity from the panels is fed into an inverter, converting it to AC electricity for home or grid

use.
- Ensure the inverter's capacity matches the PV system size.
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e. Safety and Protection

- Install circuit breakers and surge protectors for system safety.
- Use grounding to prevent electrical hazards.
- Implement monitoring systems to track performance and detect issues.

f. Grid Connection or Battery Storage

- For grid-tied systems, connect the inverter to the main power grid.
- For off-grid systems, store energy in batteries and use charge controllers for battery protection.

v. ADVANTAGES AND DISADVANTAGES

Advantages

- Energyindependence —The energy source (solar radiation) is renewable and free.

- Clean and non-polluting — Solar energy does not produce greenhouse gases or generate waste.

- Reliable energy production — Provides the necessary energy supply.

- Reduced vulnerability to power outages — Ensures electricity availability even during grid failures.

- Scalability - The system can be easily expanded to meet increasing energy demands.

- Financial benefits — Excess energy can be sold back to the grid, helping to offset costs or even generate
income.

- Minimal maintenance — Requires little upkeep compared to other energy systems.

- Noise-free operation — Unlike generators, solar panels operate silently.

Disadvantages

- High-tech manufacturing — Photovoltaic panels require advanced technology, significant research &
development, and high initial investments.

- Low efficiency — Current photovoltaic panel efficiency remains relatively low.

- Battery storage needed - For off-grid or home systems, batteries are required to store excess energy for
nighttime or cloudy days.

- High upfront costs — Initial installation costs for photovoltaic systems can be expensive.

Nuclear Power Plant

i. Principle: Nuclear power plants generate electricity from the heat released by a nuclear reaction. This
phenomenon is caused by the splitting of an atom’s nucleus, a process known as nuclear fission.

A nuclear power plant is essentially identical to a steam thermal power plant, except that the boiler is
replaced by a reactor containing the nuclear fuel undergoing fission. Such a plant includes a steam turbine, a
generator, a condenser, and other components similar to those found in a conventional thermal power plant.

The overall efficiency is comparable (between 30% and 40%), and a substantial cooling system is still
required, necessitating a location near a watercourse or the construction of a cooling tower. Due to these
similarities, our discussion will be limited to the operating principle and characteristics of the reactor itself.

Isotopes are variants of a chemical element that have the same number of protons but different numbers
of neutrons in their atomic nuclei. This means they have the same atomic number but different atomic
masses.

Page 11|21 Yassine MAHAMDI



2nd year Mechanical Engineering Energy Production and Transport

Element Isotope Protons | Neutrons | Use
Protium (1H) 1 0 Found in water and organic molecules
Hydrogen | Deuterium (2H) 1 1 Used in nuclear reactors (heavy water)
Tritium (°H) 1 2 Used in nuclear fusion and luminous paints
Carbon-12 ("*C) 6 6 Common in nature
Carbon 4 . . .
Carbon-14 ("C) 6 8 Used in radiocarbon dating
Uranium | Uranium-235 (Z:U) 92 143 Used in nuclear fission
Uranium-238 (“U) 92 146 Used in nuclear fuel and breeder reactors

ii. Uranium-238 and Uranium-235:

Uranium-238 (238U) is the most abundant isotope of uranium, making up 99.3% of naturally occurring
uranium. In contrast, Uranium-235 (235U) is much rarer, comprising only 0.7% of natural uranium deposits (U,05).

iiii. Energy Released by Nuclear Fission

When a nucleus undergoes fission, it splits into two smaller nuclei, releasing a significant amount of

energy due to the loss of mass. This energy is calculated using Einstein’s famous equation: E = Am. c?
where:

e FE =energyreleased (injoules)

e Am=mass loss (in kg)

e ¢ =speed of light (3.0x10% m/s)
Example Calculation: A mass loss of 1-gram (0.001 kg) releases 9.10'*joules, this is equivalent to the energy
produced by burning approximately 3 tons of coal.

iv. Fission of Uranium-235 vs. Uranium-238

e Uranium-235 (**U) is fissile, meaning it can undergo fission when struck by a neutron.
e Uranium-238 (**®U) is not directly fissile but can be converted into Plutonium-239 (**°Pu), which is fissile.

V. Uranium Enrichment

Since natural uranium contains only 0.7% Uranium-235, it must be enriched to increase its concentration
for use in nuclear reactors and weapons. Large industrial facilities are built to separate and increase the
proportion of Uranium-235, a process known as "Uranium Enrichment."

Natural Uranium Enriched Uranium
U-235
U-238~_ Enrichme) Q Q
Q
U-235 U-235
Approximately 0.7% Approximately 3~5%

Vi. Chain Reaction:

The fission of a uranium atom occurs when its nucleus is bombarded by a neutron. The neutronis an ideal
projectile because it has no electric charge, meaning it is not repelled by the positively charged nucleus.
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a) How the Chain Reaction Works

1. Aneutron collides with a Uranium-235 nucleus.

2. Iftheimpactis strong enough, the nucleus splits into two smaller nuclei.

3. This mass loss results in a massive energy release (according to Einstein’s equation E=mc?).

4. Eachfission reaction releases 218 MeV of energy in the form of heat.

5. Thereaction also ejects 2 or 3 high-speed neutrons, which can go on to collide with other uranium
nuclei, causing a self-sustaining chain reaction.

b) Controlled vs. Uncontrolled Chain Reactions

e Controlled Reaction (Nuclear Reactors): The process is regulated using control rods to absorb excess
neutrons, ensuring steady energy production.
o Uncontrolled Reaction (Atomic Bombs): The reaction escalates rapidly, causing an explosive release of

energy.
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vii.  Types of Nuclear Reactor Technologies:

A nuclear reactor type (or technology) is defined by four key choices:
1. The Type of Nuclear Fuel
o Typically, Uranium-235 (enriched or natural) or Plutonium-239.
2. The Moderator (for slowing down neutrons)
o In most reactors, neutrons must be slowed down (thermalized) to increase their probability of
causing fission.
o Common moderators include:
= Lightwater (H,O)~> Used in Pressurized Water Reactors (PWRs) and Boiling Water Reactors
(BWRs).
= Heavy water (D,0)~> Used in CANDU reactors.
= Graphite » Used in some reactors (e.g., RBMK reactors).
o Fast neutron reactors do not use a moderator because they operate with high-energy (fast)
neutrons.
3. The Coolant (Heat Transfer Fluid)
o A coolant (caloporteur) carries the heat away from the reactor core to generate steam and drive
turbines.
o Common coolants include:
=  Water (most common, used in PWR and BWR).
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» Gas (e.g., carbon dioxide, helium in gas-cooled reactors).
= Liquid metals (e.g., sodium in fast breeder reactors).
4. Control & Safety Mechanisms
o Absorbers (e.g., control rods made of boron or cadmium) regulate the reaction by absorbing
excess neutrons.
o These mechanisms allow:
= Control of the chain reaction during normal operation.
= Compensation for reactivity changes due to temperature variations or neutron exposure.
= Rapid shutdown in emergencies (reactor safety).
These four factors determine a reactor's efficiency, safety, and usability in different applications.
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viii. Nuclear Fusion Reaction

Just like the fission of a heavy nucleus results in a loss of mass, the fusion of two light nuclei into a single
nucleus also leads to a mass reduction. This process releases a huge amount of energy, especially when a
deuterium (*H) atom fuses with a tritium (*H) atom.

However, due to the strong electrostatic repulsion between these positively charged nuclei, fusion can only
occurwhentheyapproach each other at extremely high speeds, corresponding to temperatures of several million
degrees. If the concentration of atoms is high enough and their velocity is sufficient, a chain reaction takes place.
Notably, this is the same process by which the Sun generates its energy.

This principle has been used to create explosions, forming the basis of the hydrogen bomb (H-bomb).
However, controlling this fusion reaction and harnessing it for commercial nuclear reactors presents significant
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challenges. Scientists have yet to develop a way to contain high-speed particles without simultaneously losing
energy in the process.

If nuclear fusion can be successfully controlled, it could potentially solve the world’s energy problems.
Hydrogen, the primary fuel for fusion, is the most abundant element on Earth, making it an ideal and nearly
limitless energy source.

ix. Advantages of Nuclear Power

High Energy Output: A small amount of uranium produces a large amount of electricity.

Low Greenhouse Gas Emissions: Unlike fossil fuels, nuclear power does not emit CO.,,.

Reliable and Continuous: Nuclear plants provide a stable power supply, unlike solar and wind energy.
Efficient Land Use: Requires less space than solar or wind farms.

AN NN

X. Disadvantages of Nuclear Power

Radioactive Waste: Nuclear plants produce hazardous waste that requires long-term storage.

High Initial Costs: Building and maintaining a nuclear plant requires huge investments.

Risk of Accidents: Although rare, accidents like Chernobyl (1986) and Fukushima (2011) can have
catastrophic consequences.

v Limited Fuel Supply: Uranium is a finite resource, although breeder reactors can help extend its use.

AN

Hydropower and Wind Power Plants:

i. Hydropower Plants

Hydroelectric power plants convert the energy of moving water into electrical energy. The energy from the fall
of a mass of water is first transformed into mechanical energy by a hydraulic turbine. This turbine drives an
alternator, which then converts the mechanical energy into electrical energy.

1.1. Principle:

a) Water Storage: A dam is built to store water in a reservoir.

b) Water Flow Control: The water is released through turbines.

c) Electricity Generation: The moving water turns the turbines, which drive generators to produce
electricity.

d) Energy Transmission: The generated electricity is transmitted to the power grid.

1.2. Available Power

The power P generated by a waterfall, with a height h and a flow rate g, is given by:
P=981XxqgXh

The selection of a hydroelectric power plant's location depends on these factors.

Due to energy losses, the mechanical power obtained from the turbine shaftis lower than the power provided by
the water. However, hydraulic turbines have a high efficiency, ranging from 80% to 94% for large units. In
alternators, power conversion occurs with an efficiency of 97% to 98.5%.

Page 15|21 Yassine MAHAMDI



2nd year Mechanical Engineering Energy Production and Transport

X1

D

O

X

25

v
.
IS

1.3. Pumped Storage Power Plants

These power plants are equipped with two reservoirs. During peak hours, water flows from the upper reservoir to
the lower reservoir, driving a turbine connected to an alternator to generate electricity. During off-peak hours,
water from the lower reservoir is pumped back to the upper reservoir for storage and future use.
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Hydropower is a renewable and clean energy source with a high efficiency rate. However, constructing dams can
have environmental impacts, such as disrupting local ecosystems and displacing communities.

ii. Wind Power Plants

The wind turbine, also known as an aerogenerator, converts the kinetic energy of the wind into rotational
mechanical energy to generate electricity. The process includes:

1. Wind Capture: Wind turns the blades of a turbine.

2. Mechanical Energy Conversion: The rotation of the blades drives a generator.

3. Electricity Production: The generator converts the mechanical energy into electrical energy.
4. Grid Integration: The electricity is distributed to the power grid.

There are two types of wind turbines: those with a horizontal axis, parallel to the ground, and those with a
vertical axis, perpendicular to the ground.

The horizontal-axis wind turbine has blades (usually two or three) that rotate in a vertical plane. To maximize
efficiency, it must be oriented to face the wind.

On the other hand, vertical-axis wind turbines have blades that rotate in a horizontal plane, allowing them to
capture the wind from any direction more easily.

Despite this advantage, horizontal-axis wind turbines are far more common. Therefore, we will explain their
operation in detail.

Rotor
Blade

Gearbox

Fixed Pitch
Rotor Blade

Generator

Horizontal axis Vertical axis

The amount of energy produced primarily depends on the square of the wind speed, as well as the swept
area of the blades and the air density.

A moving mass of wind contains kinetic energy, which is expressed by the well-known equation:

E —1MV2
C_2- .

where M is the mass of the wind and V is its velocity.
The instantaneous mass of wind passing through the swept area of a wind turbine's blades is given by:

M=ApV
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where A is the swept area of the blades, p is the air density, and V is the wind speed.

Thus, the theoretical maximum power that a wind turbine can extract from the wind is:

1
Prax = 5-4.p.V
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The selection of wind farm locations depends on:

e Size,

e Power capacity,

e Number of units.

Key factors include the presence of consistent wind and various conditions such as:

¢ Availability of an electrical grid to collect the generated power,

e Absence of restricted zones (e.g., historical monument perimeters, protected sites),

e Suitable terrain, etc.

The efficiency of a wind turbine is highly dependent on its location. Sites are primarily selected based on wind
speed and frequency.

A site with an average wind speed of around 30 km/h will be approximately eight times more productive than
one with an average wind speed of 15 km/h. Wind turbines perform best when winds are steady and frequent.

Another crucial factor in site selection is the consistency of wind speed and direction, known as wind
turbulence. Generally, wind turbines operate efficiently when wind speeds range between 10 and 30 km/h.
Excessively high speeds can damage the turbine or require it to be "feathered" (blades positioned to reduce wear
and tear).

For optimal performance, wind speed should remain within this range as often as possible. Additionally, the
turbine’s rotation axis should stay aligned with the wind direction most of the time. Even with advanced nacelle
orientation systems, a stable wind direction is preferable for maximum efficiency.

Sites near large obstacles (such as trees, buildings, or complex terrain) should be avoided due to turbulent
wind conditions.

A practical way to identify suitable wind farm sites is by observing trees and vegetation patterns. Industrial
installations rely on wind speed maps from wind atlases (where available) or meteorological data from nearby
weather stations.

Lakes and seas are also ideal locations for wind farms, as they have no obstacles to disrupt wind flow. Even
at low altitudes, winds tend to be stronger and less turbulent in these environments.
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Wind energy is clean, renewable, and abundant, but it has some drawbacks, including intermittency
(wind is not always available) and land use concerns. Additionally, some people consider wind turbines
aesthetic or noise disturbances in certain locations.

Geothermal and Tidal Power Plants

i. Geothermal Power Plants

Geothermal power plants generate electricity by harnessing heat from the Earth's interior. This heat comes
from the natural decay of radioactive elements and the Earth's molten core. The process involves:

1. Extraction of geothermal heat: Wells are drilled into geothermal reservoirs to access hot water or steam.

2. Energy conversion: The heat is used to turn turbines connected to generators, producing electricity.

3. Reinjection: Cooled water is often returned to the underground reservoir to maintain sustainability.

There are three main types of geothermal power plants:

e Drysteam plants: Use direct steam from underground to spin turbines.

o Flash steam plants: Convert high-pressure hot water into steam.

o Binary cycle plants: Transfer heat to a secondary fluid with a lower boiling point, which then turns
turbines.

Origin of Earth's Heat:

Approximately 90% of the Earth's heat comes from the radioactive decay of elements such as uranium,
thorium, and potassium found in rocks. The Earth's core also contributes to this heat, generating a continuous
heat flow toward the surface.

The amount of heat produced by nuclear reactions varies depending on the chemical composition and
age of the rocks. This explains why geothermal gradients (the rate of temperature increase with depth) are higher
in younger geological formations.

In general, temperature increases by about 3.3°C every 100 meters of depth. However, in geologically
unstable regions, this value can be significantly higher. Even in stable continental areas, geothermal gradients
canvary considerably.

e
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1.
2.

3.
4.
5.

Hot water is pumped from deep underground through a well under high pressure.

When the water reaches the surface, the pressure is dropped, which causes the water to turn into
steam.

The steam spins a turbine, which is connected to a generator that produces electricity.

The steam cools off in a cooling tower and condenses back to water.

The cooled water is pumped back into the Earth to begin the process again.

Geothermal energy is a renewable, low-emission source but is location-dependent, requiring specific
geological conditions such as volcanic or tectonic activity.

Tidal Power Plants

Tidal power plants generate electricity using the movement of ocean tides, a predictable and renewable
energy source. The main methods include:

Tidal barrages: Dams built across estuaries trap water at high tide and release it through turbines at low
tide.

Tidal stream generators: Underwater turbines harness the kinetic energy of moving tides, similar to wind
turbines.

Dynamic tidal power (DTP): A theoretical approach using long dams to create pressure differences that
drive turbines.

level of the high tide

barrage

A

sluice gates
tidal basin

ocean - turbine level of the low tide

estuary floor

Tidal power plants harness the energy of ocean tides, utilizing the motion of water caused by tidal

fluctuations. Tides refer to the periodic rise and fall of sea levels due to the gravitational forces of the moon and

sun.

Tidal power generation works by capturing this movement of water during high and low tides to generate

electricity. One of the most common systems used is the tidal barrage power generation system, which operates
by controlling water flow through a dam-Llike structure.

2.1.

Components of a Tidal Power Plant

A. Barrage: A barrage is a wall-like structure built at the entrance of a bay or estuary to control water
flow. It functions similarly to a dam, storing water during high tide and releasing it during low tide to
generate electricity.

B. Turbines: Turbines convert the kinetic energy of moving water into rotational energy. They are placed
in passageways within the barrage and spin when water flows through them, ultimately generating
electricity via a connected generator.

C. Sluice Gates: Sluice gates regulate the flow of water through the barrage, controlling when water is
stored or released.
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D.

Embankments: Embankments are concrete structures that help direct water flow, provide support
for maintenance operations, and allow for infrastructure like electrical wiring and transportation
routes over the barrage.

2.2. How aTidal Power Plant Works: The operation of a tidal power plant involves several key steps:

A.

B.

Tidal Motion: The generation of tidal power relies entirely on the rise and fall of water levels during
high and low tides.

Barrage Function: The barrage holds back water on one side during high tide. Once the water
reaches its maximum level, it is released to the other side during low tide.

Potential Energy Storage: The stored water behind the barrage has potential energy due to its
elevated level. This energy is later converted into kinetic and then electrical energy.

Opening of Barrage Gates: Once high tide is reached, the gates open, allowing water to flow to the
lower side.

Kinetic Energy Conversion: As water flows through the barrage, its potential energy is converted
into kinetic energy, which is then used to spin the turbines.

Turbine Operation: The flowing water causes the turbine blades to rotate. These blades are
connected to a shaft, which, in turn, is connected to a generator.

Electricity Generation: The generator converts the rotational energy of the turbine shaft into
electrical energy. This cycle continues as long as there is a difference in water levels on either side
of the barrage.

2.3. Advantages of Tidal Power Generation

1.

3.

Sustainable Energy Source - Tidal power is a renewable and predictable energy source.

Reduces Dependence on Fossil Fuels — Helps in lowering greenhouse gas emissions.

Minimal Visual Impact - Unlike wind farms, tidal power plants do not significantly alter the
landscape.

Supports Marine Ecosystems - Large offshore installations create sheltered habitats for fish,
seabirds, and other marine life.

High Energy Density — Water is 832 times denser than air, making tidal energy much more powerful
than wind energy.

Reliable and Predictable — Unlike solar and wind energy, tidal energy follows predictable patterns
based on lunar cycles.

2.4. Disadvantages of Tidal Power Generation

High Initial Costs — Construction and maintenance of tidal power plants are expensive.
Intermittent Power Supply - Electricity generation depends on tidal cycles, which do not always
align with peak energy demand.

Environmental Impact - Tidal barrages may disrupt marine ecosystems and affect fish migration.
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