How Wind Power Works

1. Wind Capture:

o Turbine blades (airfoils) capture wind energy, causing the rotor to
spin.
o Aerodynamics: Lift forces (like airplane wings) rotate blades, not
wind "push".
2. Energy Conversion:
o The rotor drives a shaft connected to a gearbox (in some
designs), increasing rotational speed.

o A generator converts mechanical energy into electrical energy:

= Direct-drive turbines use permanent magnet generators
(no gearbox).
=  Common generator types: Synchronous or induction
generators.
3. Grid Integration:
o Power electronics convert variable turbine output to grid-

compatible AC.

o Transformers step up voltage for transmission.

Types of Wind Turbines

Feature Onshore Offshore
Location Land-based (hills, plains, coasts) Shallow to deep water (oceans/lakes)

2-5 MW (avg.); hub height 80—

120m 6—15+ MW; hub height 100—150m+

Turbine Size

Rotor 150-250m+ (e.g., GE Haliade-X:
Diameter 80-150m 220m)

Pros Lower cost, easier maintenance Stronger/steadier winds, higher CF



Feature Onshore Offshore

Cons Land use conflicts, noise, visuals Higher CAPEX, complex installation

Offshore Subtypes:

o Fixed-bottom: Monopiles/jackets (water depths <60m).
o Floating: Tethered platforms (depths >60m).

Key Components of a Wind Turbine

Rotor Blades: 3 aerodynamically optimized blades (carbon/glass fiber).
Nacelle: Houses gearbox, generator, controller, yaw system.
Tower: Steel/tubular (80-160m tall).

Foundation: Onshore: concrete base; Offshore: monopiles/gravity bases.
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Control Systems:

o Pitch control: Adjusts blade angle to regulate speed.
o Yaw control: Rotates nacelle to face wind.

o SCADA: Monitors performance & diagnostics.

Wind Power Metrics & Performance

o Capacity Factor (CF):
o Onshore: 25-45%; Offshore: 40-60%.
o Why not 7100%?Wind is intermittent; turbines shut down at
extreme speeds.

e« Power Curve:

o Cut-in speed: ~3-4 m/s (turbine starts).

o Rated speed: ~11-15 m/s (max power output).

o Cut-out speed: ~25 m/s (shuts down for safety).
« Energy Output:



o A 3-MW onshore turbine produces ~7-9 GWh/year (enough for
1,500-2,000 homes).

Global Impact & Trends

e« Top Producers (2023):

1. China (365+ GW)
2. USA (140+ GW)
3. Germany (66 GW)

e CostDecline:

o LCOE fell 70% since 2009 (onshore: $25-50/MWh; offshore: $65-
120/MWh).
o Innovations:
o Digitalization: Al for predictive maintenance, output forecasting.

o Hybrid Projects: Wind + solar + storage.

o Green Hydrogen: Wind powers electrolyzers for H, production.

Challenges & Solutions

Challenge Solutions

Intermittency Grid-scale storage (batteries), hybrid systems, demand response
Grid Integration HVDC transmission, smart grids, virtual power plants
Environmental Radar-compatible blades, bird migration studies, reef-friendly
Impact offshore foundations

Public Opposition Community benefits, co-ownership, improved aesthetics

Recycling (blades) Chemical recycling, repurposing (e.g., pedestrian bridges)




Future Outlook

« Floating Wind: Unlocks deep-water sites (>80% of offshore potential).
e Turbine Scaling: 20+ MW turbines by 2030 (300m+ rotors).
o Policy Drivers: Net-zero targets (e.g., EU, US Inflation Reduction Act).

« Emerging Markets: Vietnam, Brazil, India accelerating deployments.

Why Wind Power Matters

o Climate: Avoids ~1.1 billion tons CO,/year globally.
o Energy Security: Diversifies supply, reduces fossil fuel imports.

o Jobs: Employs 1.3+ million people worldwide (manufacturing, O&M).

Wind power is pivotal for a sustainable energy transition—driven by relentless

innovation, falling costs, and global climate urgency.



