Renewable Energy Technologies

Global Architecture, Technical Fundamentals & Transition Roadmaps

1. Executive Summary & Global Transition Context

The global transition toward clean energy represents one of the largest economic, structural, and technological shifts
in human history. Driven by the critical imperative to mitigate global climate change, reduce anthropogenic
greenhouse gas emissions, and enhance long-term national energy security, renewable energy systems have evolved
from niche alternative solutions to primary drivers of new global power generation capacity.

Modern renewable energy spans a diverse suite of generation technologies, including solar photovoltaics, onshore
and offshore wind power, hydroelectricity, geothermal energy, and advanced bioenergy systems. Driven by dramatic
technological learning curves, economy-of-scale deployment, and supportive public policy frameworks, the cost of
generating clean electricity has declined exponentially over the past two decades, enabling renewables to achieve
cost parity—and frequently superior economic efficiency—compared to traditional fossil fuels.

3,870 GW 86% -88%

Global Renewable Capacity Share of 2023 New Capacity Solar PV LCOE Reduction (2010-
2023)

Drivers of the Clean Energy Transition

The acceleration of global renewable adoption is supported by three primary pillars:

« Decarbonization Commitments: Nationally Determined Contributions (NDCs) under the Paris Agreement targeting Net
Zero carbon emissions by mid-century.

o Economic Competitiveness: Rapid reductions in capital expenditures (CAPEX) making utility-scale solar and wind
cheaper than new thermal coal and natural gas plants.

o Energy Sovereignty: Reduced dependency on volatile global fossil fuel supply chains through localized, indigenous
clean power resources.

Global Renewable Capacity Growth Trajectory (Gigawatts)

2010 2014 2018 2022 2026 (P)
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2. Solar Photovoltaic (PV) & Concentrated Solar Power (CSP)

Solar energy represents the most abundant clean energy resource available, delivering more power to the Earth's
surface in one hour than total annual global human consumption. Capturing solar radiance is primarily accomplished
via two distinct technical pathways: direct conversion using solid-state photovoltaics or thermal harvesting via
concentrated solar power setups.

2.1 Photovoltaic Conversion Mechanics

Photovoltaic cells operate on the photovoltaic effect, where incident photons strike semiconductor material (typically
crystalline silicon), energizing electrons across a p-n semiconductor junction. This displacement creates a direct
current (DC) voltage potential, which is converted to alternating current (AC) via electronic grid tied inverters.

Monocrystalline Silicon (mono-Si)

Constructed from single-crystal silicon ingots. Offers
highest commercial module efficiencies (20%-23%),
strong durability, and optimized performance in space-
constrained installations.

Thin-Film PV (CdTe, CIGS)

Depositions of photovoltaic material onto glass or
flexible substrates. Ideal for high-ambient temperature
regions and Building-Integrated PV (BIPV) applications.

Polycrystalline Silicon (poly-Si)

Produced by melting multiple silicon fragments together.
Features slightly lower efficiency ranges (16%-18%) but
offers lower manufacturing cost footprints.

Perovskite Tandem Cells

Emerging technology pairing silicon with perovskite
layers. Potential to cross theoretical efficiency
thresholds, targeting operational efficiencies exceeding

30%.

2.2 Concentrated Solar Power (CSP) Systems

Concentrated Solar Power utilizes mirrors or lenses to focus a large area of sunlight onto a high-temperature receiver.
This thermal energy is transferred to a working fluid (synthetic oil or molten salts) to drive a conventional steam
turbine generator. The principal architectural advantage of CSP lies in its seamless integration with thermal energy
storage (TES), enabling dispatchable base-load clean power generation overnight.

Technical Highlight: Molten Salt Thermal Energy Storage

Modern CSP power plants utilize liquid nitrate salts (60% sodium nitrate, 40% potassium nitrate) capable of storing
high-density heat above 560°C. This allows thermal energy storage systems to generate dispatchable steam-driven
electricity for 6 to 15 hours after sunset without backup fossil fuels.

Key Performance Indicators

System balance of plant (BOP) improvements, bifacial tracking modules, and maximum power point tracking (MPPT)
string inverters have raised average capacity factors for utility-scale solar installations from 15% to over 26% in
optimal solar belt locations.
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3. Wind Energy Systems (Onshore & Offshore)

Wind energy converts kinetic energy from atmospheric airflow into mechanical power using aerodynamically
designed rotor blades. Modern utility-scale wind turbines operate on horizontal-axis configurations, leveraging
advanced fluid dynamics, structural materials science, and power electronics.

3.1 Aerodynamic Principles & Turbine Mechanics

Air passing over curved turbine blades generates differential pressure, creating aerodynamic lift that induces rotation.
The theoretical maximum power extraction from wind is governed by Betz's Law, which establishes that no wind
turbine can capture more than 59.3% of the kinetic energy in wind.

Modern wind turbines utilize full-scale power converters paired with permanent magnet synchronous generators
(PMSG) or doubly-fed induction generators (DFIG) to dynamically match variable wind rotational velocities with fixed
grid frequency standards.

Kinetic Power Equation

The available wind power is calculated asP = 0.5 x p x A x v3, where p represents air density, A is the swept rotor area,
and v is wind velocity. Because power scales with the cube of velocity, small increases in wind speed yield exponential
power gains.

3.2 Onshore vs. Offshore Wind Deployment Comparison

System Metric Onshore Wind Fixed-Bottom Offshore Floating Offshore

Typical Unit Size 3.0 MW - 6.0 MW 8.0 MW - 15.0 MW 12.0 MW - 18.0 MW
Capacity Factor 30% — 42% 45% — 55% 50% — 60%+

Hub Height / Clearance 80m — 140m 120m - 160m 150m - 180m+

Capital Costs (CAPEX) Lowest ($1,100/kW) Moderate ($2,800/kW) High ($4,200/kW)

Depth Limitation Land-based Up to 50 meters Deep waters (>50 meters)

3.3 Structural & Engineering Innovations

Offshore wind expansion relies heavily on structural advancements in floating substructures (semi-submersible
platforms, spar-buoys, and tension-leg platforms). Floating foundations unlock deep-water wind corridors
characterized by high, consistent wind regimes, significantly expanding geographic potential.
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4. Hydroelectric Power & Geothermal Energy

Both hydroelectric and geothermal energy systems provide dense, highly reliable, and dispatchable energy baseloads.
While solar and wind are non-dispatchable variable renewables, hydro and geothermal offer key system grid balancing
services.

4.1 Hydroelectric Generation Infrastructure

Hydroelectric facilities convert the gravitational potential energy of elevated water bodies into electrical energy
through hydraulic turbines (Francis, Kaplan, or Pelton designs). Hydropower setups are classified into three primary
operational topologies:

o Impoundment Systems: Large-scale reservoir dams controlling stored water release to meet dispatch energy
demands.

¢ Run-of-River Systems: Flow-through facilities diverting river flows through turbines, minimizing flooded upstream
footprints.

¢ Pumped Storage Hydropower (PSH): Closed-loop grid storage setups that pump water up to elevated reservoirs
during off-peak hours and release it during high demand.

Grid-Scale Storage Dominance: Pumped Hydro

Pumped Storage Hydropower (PSH) accounts for over 90% of total installed global utility grid energy storage capacity
worldwide. PSH delivers long-duration storage, system inertia, fast ramping capabilities, and grid frequency regulation
support.

4.2 Geothermal Energy Harnessing

Geothermal power extracts natural thermal energy stored in the Earth's subterranean crust. Steam or high-
temperature fluids are accessed via deep production wells (1 to 5 kilometers deep) to drive power generation
equipment.

Dry Steam Power Plants

Directly draws underground steam reservoirs through
turbines. The simplest, most direct geothermal power
generation architecture.

Binary Cycle Plants

Passes moderate-temperature geothermal fluid through
a heat exchanger to boil a secondary organic fluid with a
lower boiling point.
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Flash Steam Plants

Pumps deep high-pressure hot water into low-pressure
surface tanks, causing fluid to flash into steam that
drives generation hardware.

Enhanced Geothermal (EGS)

Injects high-pressure fluid into deep dry rock formations
to manufacture artificial permeability, expanding
geographic access.
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5. Biomass, Bioenergy & Clean Hydrogen Pathways

Transitioning industrial production, heavy transportation, aviation, and thermal processes requires chemical clean
energy vectors beyond raw electricity. Bioenergy and clean hydrogen represent crucial decarbonization tools for these
difficult-to-abate sectors.

5.1 Bioenergy Pathways & Conversion Technologies

Bioenergy utilizes organic plant, agricultural, forestry, and municipal waste materials (feedstocks) to synthesize
electricity, liquid biofuels, and biomethane gas.

Conversion Pathway Process Mechanics Primary Energy Output

Direct Combustion Thermal burning of solid biomass in boilers Industrial Heat / Steam Power
Anaerobic Digestion Microbial breakdown of organic waste without oxygen Biogas (CH4 + C02) / Biomethane
Thermochemical Gasification High-temp heating under oxygen-starved conditions Synthesis Gas (Syngas: CO + H2)
Pyrolysis Thermal decomposition without oxygen Bio-oil / Solid Biochar

5.2 Clean Hydrogen Taxonomy (Color Vector Breakdown)

Hydrogen serves as an energy carrier rather than a primary resource. Its climate compatibility depends entirely upon
the production process used to isolate the molecule:

o Green Hydrogen: Produced by water electrolysis powered entirely by zero-emission renewable electricity (Solar, Wind,
Hydro). Emits zero carbon during production.

¢ Blue Hydrogen: Produced via Steam Methane Reforming (SMR) of natural gas paired with Carbon Capture, Utilization,
and Storage (CCUS) technologies.

o Grey Hydrogen: Conventional production via SMR of natural gas without carbon capture, emitting significant carbon
dioxide waste.

¢ Pink / Yellow Hydrogen: Hydrogen generated via electrolysis driven by nuclear power (Pink) or mixed grid electricity
(Yellow).

Electrolyzer Architectures for Green Hydrogen

Proton Exchange Membrane (PEM) and Solid Oxide Electrolyzer Cells (SOEC) allow flexible operation that pairs
directly with intermittent renewable power profiles, enabling variable load balancing.
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6. Grid Integration, Storage Systems & Smart Grids

Integrating high penetration levels of variable renewable energy (VRE) requires upgrading static electrical grid

networks into dynamic, intelligent, and highly flexible power systems.

6.1 Managing Renewable Variability

Because solar and wind output fluctuates based on local weather conditions, grid operators utilize advanced
forecasting, dynamic line rating, and demand-side response management to match power generation with consumer

load demands.

6.2 Energy Storage Technologies

Battery Energy Storage Systems (BESS) offer fast-responding, decentralized flexibility. Lithium-iron-phosphate (LFP)
chemistry currently dominates short-duration grid balancing (1 to 4 hours), while long-duration applications explore

flow batteries, compressed air (CAES), and thermal storage solutions.

Smart Grid Architecture & Clean Energy Ecosystem

Solar & Wind PV

Hydro / Geothermal

6.3 Grid Modernization Innovations

SMART GRID
BESS & Control

Smart Homes & EVs

Heavy Industry

o HVDC Transmission: High-Voltage Direct Current lines enable long-distance energy transmission from isolated

generation zones (remote wind/solar sites) with minimal power losses.

« Virtual Power Plants (VPPs): Aggregated networks of distributed energy resources (rooftop solar, home batteries,

smart thermostats) managed digitally to function as a unified power plant.
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7. Economics, Policy Frameworks & Future Outlook

The global transition to a fully decarbonized energy economy depends on effective public policy mechanisms,
competitive finance capital, and cross-border technology transfers.

7.1 Levelized Cost of Electricity (LCOE) Dynamics

LCOE quantifies the total lifetime cost of building and operating a generation asset divided by its total cumulative
energy production. Technology maturements have turned renewables into the cheapest cost option for new
generation globally.

% Change

Generation Source

Historical LCOE (2010)

Current LCOE Range (2024)

Solar PV (Utility-Scale) $370 / MWh $35 - $55/ MWh -88%
Onshore Wind $135/ MWh $30 - $50 / MWh -68%
offshore Wind $160 / MWh $65 — $90 / MWh -52%
Combined Cycle Natural Gas $65 / MWh $55 - $85 / MWh +15% (fuel volatile)

7.2 Strategic Policy Drivers

Carbon Pricing Mechanisms Clean Subsidies & Tax Credits

Emissions Trading Schemes (ETS) and carbon taxation
put a direct price on greenhouse gas releases,
internalizing fossil fuel environmental costs.

Feed-in Tariffs (FiT)

Guaranteed long-term off-take purchase contracts for
clean power generators, providing stable investment
returns to de-risk early markets.

Policy tools like the US Inflation Reduction Act (IRA) and
EU Green Deal Industrial Plan accelerate private capital
deployment in renewable builds.

Renewable Portfolio Standards

Mandated quotas requiring electric utilities to source a
defined percentage of power sales from certified clean
energy suppliers.

7.3 Roadmap to 2050: System Integration

Achieving complete energy sector decarbonization by 2050 requires tripling global renewable energy capacity by
2030, electrifying building heat and surface transit, deploying long-duration energy storage, and commercializing
green hydrogen for heavy transport and industrial manufacturing.
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