
Wind energy is a renewable energy source that harnesses the kinetic energy of moving air to

generate electricity. Using wind turbines, this energy is converted into mechanical and then

electrical energy, contributing significantly to the global renewable energy mix . Wind power

is now among the lowest-cost sources of electricity, with broad applications from small-scale

standalone installations to large wind farms connected to national grids .

Careful siting of wind turbines is crucial for maximizing energy capture and minimizing

operational issues.

Wind Energy: Concepts, Technologies, and
Systems

Introduction
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Origin and Nature of Winds

Formation: Wind arises mainly due to the uneven heating of the Earth’s surface by the sun.

At the equator, intense heating causes air to rise, creating low pressure. Cooler air from

higher latitudes moves in to replace it, generating wind. Earth's rotation (Coriolis effect) and

differences in surface characteristics (land, water, mountains) further influence global and

local wind patterns .[4] [5]

Atmospheric Circulation: Global wind systems include Hadley, Ferrel, and Polar cells, each

driving characteristic wind patterns across different latitudes .[4]

Local Effects: Local factors such as terrain, coastlines (sea breezes), and surface

roughness create site-specific wind conditions. Wind over open sea is generally stronger

due to lower friction compared to land .[4] [5]

Wind Turbine Siting

Key Considerations:

Wind Resource: Highest average wind speeds, with consistent direction, are preferred.

Even small increases in wind speed significantly raise potential energy harvest due to

the cubic relationship between wind speed and power .[6]

Terrain & Obstacles: Open, elevated locations free from obstructions like buildings or

trees offer best results. Rough terrain and turbulence reduce efficiency and increase

turbine wear .[6]

Setback from Dwellings: Guidelines often dictate minimum distances to settlements

(e.g., 500 meters) to mitigate noise and safety concerns .[7]

Turbine Spacing: Modern siting practices use wind modeling to optimize turbine

placement. Commonly, a spacing of at least 5 times rotor diameter (perpendicular to



prevailing wind) and 7 times (in line) is observed to reduce wake interference .[7]

Regulatory & Environmental Factors: Compliance with local regulations, grid

connection proximity, and minimal ecological impact are essential .[7]

Basics of Fluid Mechanics for Wind Energy

Fluid mechanics underpins wind energy technology, describing how air (a fluid) moves and

interacts with turbine blades.

Key Concepts:

Continuity Equation: Conservation of mass in moving air through a wind turbine's rotor

disc.

Momentum Theory: The force exerted by the wind on rotor blades relates to the rate

of change of air momentum.

Bernoulli’s Principle: A change in air velocity across the turbine leads to corresponding

pressure changes. These principles determine energy extraction efficiency and turbine

loading .[8] [9]

Betz Limit: The maximum theoretical efficiency for extracting power from wind is 59.3%

(Betz’s law)—no wind turbine can capture more than this fraction of the wind’s kinetic

energy.

Wind Turbine Aerodynamics

Lift and Drag: Turbines use blades shaped like aircraft wings (aerofoils). As wind flows over

the blade, a pressure difference generates lift (perpendicular to wind) and drag (parallel)

.[10]

Angle of Attack: The orientation of blade to wind affects lift; too large an angle causes stall,

reducing efficiency .[11] [10]

Regulation Methods: Turbines use stall or pitch regulation to control power output:

Stall Regulation: Blade design limits power at high wind speeds by causing

aerodynamic stall.

Pitch Control: Blades actively rotate to change angle, optimizing lift and power capture

across wind speeds .[11]

Types of Wind Turbines and Their Construction

Horizontal Axis Wind Turbines (HAWT)

Description: Most common type, with blades rotating around a horizontal axis facing the

wind .[12] [13]

Structure:

Rotor Blades: Capture wind energy, usually 2 or 3 large blades.

Hub and Shaft: Transfers rotational energy.



Parameter HAWT VAWT

Orientation Horizontal (to wind) Vertical

Tower Height High Lower

Maintenance More complex (high tower) Simple (ground level)

Efficiency Higher Lower

Use Case Utility-scale, wind farms Small-scale, urban/rooftop

Nacelle: Houses gearbox, generator, and control electronics atop the tower.

Tower: Elevates the rotor to greater wind speeds.

Features: Require yaw systems to track wind direction, high efficiency, suited for large-

scale installations .[12]

Vertical Axis Wind Turbines (VAWT)

Description: Rotor axis is vertical, blades rotate around this axis .[12] [13]

Types: Darrieus (egg-beater), Savonius.

Structure: Simpler, can accept wind from any direction, easier to maintain.

Drawbacks: Lower efficiency, suitable for small installations and turbulent locations.

Wind Energy Conversion Systems (WECS)

Function: Convert kinetic energy of wind into mechanical and then electrical energy .[14] [15]

Components:

Rotor: Captures wind energy; connected to a shaft.

Gearbox (sometimes gearless): Matches rotor speed to generator requirements.

Generator: Converts mechanical rotation into electricity (common types: synchronous,

induction, permanent magnet generators) .[15] [14]

Nacelle: Contains drive train and control components.

Controller: Regulates turbine operation and safety (start-up, shut-down, speed

control).

Yaw and Pitch Systems: Orient turbine and blades for optimal power extraction.

Tower: Elevates the rotor.

Power Electronics: Convert generated power to suitable grid-compatible form

(inverters, transformers).

Operation Overview:

1. Wind turns the rotor blades.

2. Rotational motion passed through gearbox (if present) to generator.

3. Generator converts mechanical energy to electricity.

4. Electrical output is regulated and fed to grid or used onsite .[15] [14]



Topic Key Points

Origin of Winds Solar heating, pressure differences, Coriolis effect, global circulation, local terrain effects

Siting Max wind, low turbulence, optimal spacing, dwellings setback, environmental compliance

Fluid Mechanics Airflow dynamics, pressure/velocity changes, mass and momentum conservation, Betz limit

Aerodynamics Lift/drag, angle of attack, blade design, power regulation

Turbine Types HAWT (common, efficient), VAWT (simple, versatile)

WECS Rotor, generator, gearbox, controls, tower, power electronics

Wind energy, through the interplay of atmospheric science, fluid mechanics, aerodynamics, and

engineering, provides scalable, sustainable power solutions essential for the future of low-carbon

energy systems .

⁂

Type Classification:

By axis (horizontal, vertical)

By output capacity (small, medium, large)

By speed (fixed-speed, variable-speed)

By control (active blade pitch, stall regulation)

By connection (standalone, grid-connected)

Summary Table: Wind Energy—Key Concepts
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