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Abstract—As the world confronts escalating energy
demands alongside the urgent imperative to reduce
greenhouse gas emissions, renewable energy technologies
have emerged as pivotal solutions for sustainable
development. This research delves deeply into a range of
renewable energy sources and their underlying
technologies, emphasizing the scientific principles—
particularly chemical foundations—environmental
significance, deployment patterns globally and in India,
and their alignment with the United Nations Sustainable
Development Goals (UNSDGs). Special attention is paid
to advanced battery technologies, including lithium
bromide and solid-state batteries, which are vital for
addressing intermittency challenges of renewables. This
comprehensive review aims to inform researchers,
policymakers, and stakeholders involved in steering the
energy transition towards a cleaner, more
sustainable future.

[. INTRODUCTION

Meeting the burgeoning global energy needs while
mitigating environmental degradation poses one of the
most formidable challenges of our time. The historic
reliance on fossil fuels has delivered economic growth
but at the steep cost of soaring greenhouse gas
emissions, intensifying climate change, air pollution,
and ecosystem disruption. Approximately 73% of
global carbon emissions originate from energy
production, underscoring the critical urgency of
shifting towards cleaner, renewable sources that can
reliably supply energy without compromising the
planet’s health.

Renewable  energy, derived from naturally
replenishing resources like sunlight, wind, water,
biomass, geothermal heat, and ocean tides, offers an
unparalleled opportunity to decarbonize the energy
sector. Coupled with hydrogen fuel and next-
generation energy storage technologies, these
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renewable sources form the backbone of a sustainable
energy system. Understanding the interplay of their
chemical and physical principles is essential for
optimizing performance, advancing materials, and
addressing environmental impacts.

In countries such as India, where energy demand
growth is rapid and economic development is a
priority, integrating renewable energy solutions is
particularly critical. This paper provides a thorough
examination of diverse renewable energy
technologies, emphasizing  their  chemistry,
environmental benefits, current global and Indian
deployment, policy frameworks, and how they
contribute to achieving global sustainability
objectives.

II. SOLAR ENERGY

Solar energy, abundant and inexhaustible, is harnessed
primarily through photovoltaic (PV) systems and
concentrated solar power (CSP) technologies. Each
leverage different physical and chemical processes to
convert sunlight into usable energy.

2.1 Photovoltaic (PV) Technology

At the heart of PV technology lies the photoelectric
effect, where photons from sunlight impart energy to
electrons in a semiconductor material, elevating them
from the valence band to the conduction band, thus
generating mobile charge carriers—electrons and
holes. This process can be succinctly described by:

hv > E, : Semiconductor + hv — e +h"

Here, hv is the photon energy, and E; is the bandgap
energy intrinsic to the semiconductor. For electricity
generation, these carriers must be efficiently separated
by an internal electric field at the p-n junction to
prevent recombination losses.
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Crystalline silicon (c-Si), with a bandgap near 1.1 eV,
remains the dominant PV material due to its
abundance and established manufacturing methods,
achieving commercial efficiencies up to 26%.
Meanwhile, emerging materials such as perovskites—
organic-inorganic hybrid compounds like
methylammonium lead iodide (CH3;NH3Pbls)—offer
bandgaps (~1.55 eV) ideal for sunlight absorption and
have achieved lab efficiencies above 25%. However,
their chemical instability, particularly hydrolysis in the
presence of moisture, remains a major obstacle:
CH;3NH;3Pbl; + H;O — Pbl, + CH3NH;1 + H,O
Thin-film technologies such as CdTe and CIGS
provide cost advantages with lower material usage but
incorporate toxic elements (cadmium, tellurium)
necessitating robust recycling and environmental
safeguards.

Solar PV systems have evolved to minimize losses
from reflection and recombination through anti-
reflective coatings, surface texturing, and passivation
layers, which extend operational lifetime and
efficiency. The energy payback time—the duration a
system must operate to produce energy equivalent to
that consumed during its manufacture—is now
typically less than two years for modern silicon
modules.

India has capitalized on its solar potential with over 70
GW installed capacity as of 2024, bolstered by the
National Solar Mission aiming for 500 GW by 2030.
Falling costs and supportive policies drive widespread
adoption in utility, commercial, and residential
sectors.

2.2 Concentrated Solar Power (CSP)

CSP plants operate on the principle of solar thermal
concentration. Arrays of mirrors or heliostats focus
sunlight onto receivers containing heat transfer fluids
such as molten nitrate salts (e.g., eutectic mixtures of
NaNO; and KNOs3). These fluids absorb heat up to
600°C, storing thermal energy that can be dispatched
on demand to generate steam and drive turbines.

The chemical stability of these molten salts at elevated
temperatures is crucial. Thermal decomposition
reactions, such as:

2NO3; — 2NO; + O

release reactive nitrogen dioxide and oxygen gases
that may corrode plant components. Materials
engineering to develop corrosion-resistant alloys and
advanced coatings is essential to prolong CSP plant
lifespans.
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Water consumption, primarily for cooling, presents
environmental challenges in arid CSP regions.
Innovations such as dry cooling reduce water usage,
while environmental assessments address land use and
ecosystem impacts.

Globally, CSP capacity remains modest (~6 GW) but
is growing, with India investing in projects in sun-
drenched areas like Rajasthan and Gujarat.

IIT. WIND ENERGY

Wind energy exploits the kinetic energy of moving air
masses, converting it to electricity through turbines
with rotating blades connected to generators.

3.1 Physical and Chemical Considerations

Blade materials predominantly consist of fiberglass
reinforced polymers (FRP), composites vulnerable to
degradation from ultraviolet radiation and oxygen
through photo-oxidation:

Polymer + O + hv — Radicals — Chain scission and
crosslinking

This degradation affects structural integrity over time,
making UV stabilizers and protective coatings
indispensable. Metallic turbine components face
corrosion via reactions like:

4 Fe+3 O, + 6 H,O — 4 Fe (OH)3

especially in humid or marine environments.
Corrosion prevention techniques include
galvanization, coatings, and cathodic protection.

3.2 Environmental and Operational Impacts

Wind farms may pose risks to birds and bats, which
can collide with turbine blades. Strategies such as
careful siting, operation curtailment during migration
seasons, and radar detection reduce such impacts.
Noise and visual concerns require community
engagement and technological adaptations.

3.3 Deployment

As 0f 2024, global installed wind capacity approaches
750 GW. India’s wind sector contributes
approximately 45 GW, concentrated in Tamil Nadu,
Gujarat, and Maharashtra, with substantial onshore
and growing offshore potential.

IV. HYDROPOWER
Hydropower captures the potential energy stored in

elevated water reservoirs, converting it through
turbines into electricity.
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4.1 Chemical and Operational Aspects

Hydropower infrastructure comprises concrete and
steel components susceptible to corrosion:

4 Fe+3 0,+ 6 H,O — 4 Fe (OH);

Reservoirs formed by dams can generate methane
(CHy4) through anaerobic decomposition of submerged
biomass:

anaerobic digestionOrganic matter CH4 + CO,
Methane emissions partially offset the carbon
advantages of hydropower, particularly in tropical
regions.

4.2 Environmental and Social Considerations

Dam construction impacts aquatic ecosystems,
obstructing fish migration and altering habitats. Fish
ladders and environmental flow releases mitigate
some effects. Social impacts include displacement of
communities,  necessitating  resettlement and
compensation programs.

4.3 Deployment

Hydropower contributes about 16% of global
electricity, with installed capacity exceeding 1,300
GW. India’s hydropower capacity is around 50 GW,
with opportunities for expanding small and micro
hydropower projects.

V. BIOMASS ENERGY

Biomass energy harnesses chemical energy stored in
organic material through several conversion pathways.
5.1 Conversion Chemistry

Combustion oxidizes biomass completely, releasing
heat:

CHy + O2 — CO;z + H,0 + heat

Gasification partially oxidizes biomass into synthesis
gas (syngas), a mixture of carbon monoxide (CO),
hydrogen (H»), carbon dioxide (CO.), and methane
(CH4)Z

1IC+ {2}0, — CO

C+H,O— CO+H;

CO + H,0 — CO, + H; (water-gas shift reaction)
Fermentation converts sugars into ethanol and carbon
dioxide using yeast:

CsH120gyeast 2 CoHsOH + 2 CO,

Anaerobic Digestion produces biogas (mainly
methane and carbon dioxide) from organic matter:
Organic matter — CH4 + CO;

5.2 Environmental and Sustainability Considerations
Biomass is often treated as carbon-neutral because the
carbon released was absorbed during growth.
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Nonetheless, feedstock sustainability is vital to avoid
deforestation and food security issues. Combustion
emissions include particulates and nitrogen oxides,
necessitating pollution control.

5.3 Deployment

Biomass constitutes about 10% of global primary
energy, predominantly in developing countries for
cooking and heating. India’s biomass power capacity
is roughly 10 GW, with potential to expand through
agro-industrial residue utilization.

VI. GEOTHERMAL ENERGY

Geothermal energy extracts heat from the Earth’s
interior, primarily generated by radioactive decay of
isotopes like uranium, thorium, and potassium.

6.1 Chemical Challenges

Geothermal fluids can precipitate silica and carbonate
scales:

Si0; + 2H,0 — H4Si04

Ca? + COs* — CaCOs

Scale formation clogs pipes and heat exchangers,
requiring chemical treatment and maintenance.

6.2 Environmental Considerations

Emissions from geothermal plants are minimal, mostly
small quantities of CO, and H,S. Potential induced
seismicity and groundwater contamination are
monitored and mitigated through site management.
6.3 Deployment

Global geothermal installed capacity is about 15 GW,
with India exploring resource potentials in the
Himalayan geothermal belt and tectonically active
zones.

VII. OCEAN ENERGY

Ocean energy harnesses the vast power of marine
environments through tidal, wave, and ocean thermal
energy conversion (OTEC) technologies.

7.1 Tidal Energy

Tidal power exploits the gravitational interaction
between the Earth, moon, and sun to convert kinetic
and potential energy of tides into electricity, typically
via barrages or underwater turbines.

The chemical and physical durability of tidal
infrastructure is challenged by saline corrosion.
Saltwater accelerates metal oxidation:

4 Fe+3 0.+ 6 H,O+ 12 NaCl — 4 FeCl; + 12 NaOH
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Innovations in marine-grade stainless steel and
polymer composites help mitigate corrosion and
biofouling.

7.2 Wave Energy

Wave energy converters capture surface wave motion
to generate power. Materials face mechanical fatigue
and chemical degradation from seawater.

7.3 Ocean Thermal Energy Conversion (OTEC)
OTEC utilizes the temperature gradient between warm
surface water and cold deep seawater to generate
electricity through thermodynamic cycles such as the
Rankine cycle using working fluids like ammonia
(NH3).

VIII. HYDROGEN ENERGY

Hydrogen is an energy carrier with high gravimetric
energy density (about 120 MJ/kg). It can be produced
via several routes, the most important being water
electrolysis and natural gas reforming.

8.1 Water Electrolysis

Electrolysis splits water into hydrogen and oxygen:

2 H,0(1) — 2 Ha(g) + O2(g)

This process requires electricity, ideally from
renewables, to be green hydrogen. Electrolyzers use
catalysts such as platinum for the hydrogen evolution
reaction (HER) and iridium oxide for the oxygen
evolution reaction (OER).

8.2 Steam Methane Reforming (SMR)

SMR produces hydrogen from methane but emits CO,:
CHs + H,O — CO +3 H;

CO +H,0 — CO; + H;

Carbon capture and storage (CCS) can mitigate
emissions.

8.3 Hydrogen Storage and Use

Hydrogen storage is challenging due to its low
volumetric density. Technologies include compressed
gas, liquefaction, and chemical storage in metal
hydrides.

Hydrogen fuel cells generate electricity through:

2 Hy + O, — 2 H,O + electricity + heat

IX. BATTERY TECHNOLOGIES
Energy storage is vital to balance the intermittent
nature of renewable sources. Several battery

chemistries and technologies are in wuse or
development.
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9.1 Lead-Acid Batteries

Traditional and well-understood, lead-acid batteries
operate via the redox reactions:

Pb + S04 <> PbSO4+2 €

PbO, + 5042' +4H"+2 ¢ < PbSO4 + 2 H,O

They have limited cycle life and energy density.

9.2 Lithium-Ion Batteries

Li-ion batteries operate by shuttling Li* ions between
the cathode and anode through an electrolyte:
Cathode reduction/oxidation example (LiCoO,):
LiCoO; <> Li;xCoO, + x Li" + x €

Anode (graphite):

6 C+xLi"+xe < LikCs

Lithium-ion batteries offer high energy density but
pose safety risks due to flammability of organic
electrolytes.

9.3 Lithium Bromide Batteries

A newer class, lithium bromide batteries utilize the
redox chemistry of lithium and bromine:
2Li—2Li"+2¢

Br,+2e — 2 Br

They provide high energy density and stable
performance with reduced dendrite formation. Their
liquid electrolyte system enables rapid charge-
discharge but requires containment solutions to
prevent leakage.

9.4 Solid-State Batteries

Solid-state batteries replace the liquid electrolyte with
a solid ionic conductor, such as lithium phosphorus
oxynitride (LiPON):

Li* migrates through solid electrolyte instead of liquid.
This technology improves safety, energy density, and
cycle life by mitigating leakage and flammability.
Challenges include solid-solid interface resistance and
manufacturability.

9.5 Flow Batteries

Flow batteries store energy in liquid electrolytes
circulated through electrochemical cells. Vanadium
redox flow batteries operate via:

VO;"+2 H' + e < VO* + H,O

They offer scalable storage but lower energy density.

X. ENVIRONMENTAL IMPORTANCE

Renewable energy significantly reduces greenhouse
gas emissions, mitigating global warming and
associated climate disruptions. For example, solar and
wind power emit less than 20 gCO»-eq/kWh over their
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lifecycle compared to over 900 gCO,-eq/kWh for coal
power.

Sustainable deployment of renewables preserves water
resources, reduces air pollution, and protects
biodiversity when managed responsibly. Life cycle
assessments ensure raw material extraction,
manufacturing, operation, and disposal minimize
environmental harm.

XI. DEPLOYMENT STATUS AND GLOBAL
POLICY FRAMEWORKS

Renewable energy adoption has accelerated due to
declining  costs and international  climate
commitments. Policies such as the Paris Agreement
target net-zero emissions by mid-century.

India’s policies, including the National Solar Mission
and renewable purchase obligations, aim to reach 500
GW of non-fossil capacity by 2030.

Testing, certification, and standardization frameworks
like IEC standards for PV modules and ISO standards
for sustainability guide quality assurance and global
trade.

XII. ALIGNMENT WITH UNITED NATIONS
SUSTAINABLE DEVELOPMENT GOALS
(UNSDGS)

Renewables contribute directly and indirectly to
multiple UNSDGs:

Goal 7: Affordable and Clean Energy — Expanding
access to sustainable energy.

Goal 13: Climate Action — Mitigating climate change
through emission reduction.

Goal 3: Good Health and Well-being — Reducing air
pollution improves health.

Goal 8: Decent Work and Economic Growth —
Creating green jobs and industries.

Holistic energy strategies incorporate social inclusion,
gender equality, and innovation (Goals 5 and 9),
ensuring sustainability extends beyond emissions to
equity and resilience.

XIII. CONCLUSION
The transition to renewable energy technologies is
indispensable for a sustainable and equitable energy

future. Understanding their chemical and physical
principles enables optimization and innovation. While
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solar and wind currently dominate the renewable
landscape, emerging technologies such as hydrogen
fuel, advanced battery systems (including lithium
bromide and solid-state), and ocean energy expand the
toolkit for decarbonization.

India’s energy landscape reflects both vast opportunity
and pressing demand, requiring integrated policies,
technology adaptation, and investments. Alignment
with global frameworks and UNSDGs ensures that
renewable energy advances climate goals while
promoting social and economic development.

Future research must address material sustainability,
recycling, grid integration, and energy storage to
enable renewable energy to realize its full potential in
combating climate change and fostering global well-
being.
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