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ABSTRACT

Future energy resources focus on high-efficiency renewables, advanced nuclear
systems, next-generation energy storage, and smart grid integration. [1, 2, 3]

Solar & Wind Power Innovations

Perovskite and Tandem Solar Cells: Reaching higher efficiencies (over 25% for
perovskite and above 30% for tandem cells) while reducing manufacturing costs. [1, 2]

Bifacial & Floating Solar: Capturing sunlight from both sides and utilizing water
bodies for a 15% cooling efficiency boost. [1]

Next-Gen Wind Tech: Expanding into deeper offshore floating turbines, vertical-
axis designs, and high-altitude wind systems. [1, 2, 3]
Advanced Nuclear & SMRs

Small Modular Reactors (SMRs): Offering flexible, scalable, and lower-risk
nuclear baseload power, with global and national rollouts scaling up. For instance,
India’s Nuclear Energy Mission has allocated 20,000 crore to deploy at least five
indigenous SMRs by 2033, alongside expanding capacity toward a 100 GW target by
2047 via the Press Information Bureau. [1, 2, 3]

Thorium & Fast Breeder Reactors: Utilizing abundant alternative fuel cycles like
thorium and fast-neutron reactors (such as the 500 MW e Prototype Fast Breeder
Reactor in Kalpakkam achieving first criticality). [1, 2, 3]

Energy Storage & Hydrogen

Next-Gen Batteries: Transitioning beyond standard lithium-ion to solid-state,
sodium-ion, flow, and thermal molten-salt storage to stabilize intermittent grids. [1, 2, 3]
Green Hydrogen: Produced via water electrolysis using renewable power,
targeted for hard-to-abate heavy industries and long-duration storage (with India aiming
for 5 MMT annually by 2030). [1, 2, 3]

Smart Grids & Alternative Sources

Al & Digital Twins: Using real-time data analytics, sensors, and blockchain to
balance decentralized generation and peer-to-peer energy trading. [1, 2, 3]

Geothermal & Marine: Expanding Enhanced Geothermal Systems (EGS) beyond
volcanic hot spots, alongside wave, tidal, and osmotic energy projects along coastlines
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INTRODUCTION

Renewable energy sources are playing an increasingly pivotal role in the global shift
towards sustainability management and green energy systems. By harnessing
inexhaustible resources such as sunlight, wind, and water, renewable technologies are
not only enhancing energy efficiency but also driving significant environmental and
economic benefits.

Advances in solar photovoltaics, wind turbines, and bioenergy are leading to higher
energy conversion efficiencies and reduced greenhouse gas emissions. Continue
reading as we explore the impact of renewable energy on energy efficiency and
sustainability and highlight recent innovations in wind, ocean, and bioenergy.

The impact of renewable energy sources on energy efficiency and sustainability
Renewable energy sources have a profound impact on energy efficiency and
sustainability, reshaping the global energy landscape. By leveraging inexhaustible
resources such as sunlight, wind, and water, renewable energy technologies
significantly enhance energy efficiency. For instance, solar photovoltaic (PV) systems
and wind turbines generate electricity closer to the point of consumption, reducing
transmission and distribution losses that plague conventional power systems.

Advances in these technologies have led to higher energy conversion efficiencies, with
modern solar panels achieving efficiencies of over 22%, up from about 15% a decade
ago. This continuous improvement underscores the potential for renewables to deliver
more power with less waste, directly enhancing energy efficiency. The sustainability
benefits of renewable energy are equally compelling. Renewable sources produce little
to no greenhouse gas emissions during operation, which is critical for mitigating climate
change. [1,2,3]

Replacing fossil fuel-based power plants with wind, solar, and other renewables can
drastically cut carbon dioxide emissions, fostering a cleaner environment. Moreover,
renewables rely on natural processes that are naturally replenishing, ensuring a
sustainable energy supply. Unlike fossil fuels, which are finite and contribute to
environmental degradation, renewable energy harnesses the power of natural cycles,
making it an inherently sustainable option.

Beyond environmental advantages, renewable energy also bolsters energy security and
economic resilience. By diversifying the energy mix, countries can reduce their
dependence on imported fuels, enhancing their energy independence and stability. This
diversification also buffers economies against global energy market fluctuations.
Additionally, the renewable energy sector stimulates job creation and economic growth,
driving innovation and new industry development.

Innovations and breakthroughs in renewable energy sources

Below are some innovations and breakthroughs in three different renewable energy
sources — wind, ocean, and bioenergy.
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Wind energy

One innovation in wind energy has been the development of floating offshore wind
turbines. These turbines are anchored to the seabed using cables and can be placed in
deeper waters where traditional turbines are not a feasible option.

Floating offshore wind turbines increase energy production efficiency since stronger and
more consistent winds can be found further offshore. For instance, Hywind Scotland,
the world’s first floating wind farm, has illustrated the viability of this technology with a
greater capacity than traditional offshore wind farms.

Moving on from floating offshore wind turbines, we have also witnessed more advanced
blade designs for wind turbines. The modern blades incorporate materials like carbon
fibre to reduce weight and increase flexibility and strength.

Improved blade aerodynamics is having a direct positive impact on the performance and
durability of wind turbines. This helps to reduce maintenance costs and increase the
lifespan of the turbines. [4,5,6]

Ocean energy

Oceans are the world’s largest untapped source of renewable energy and it is believed
that by 2050, ocean energy can offer 10 percent of Europe’s current electricity demand.
An impressive innovation in ocean energy has been the creation of tidal stream
generators.

These underwater turbines harness the kinetic energy of tidal currents. They offer a
reliable and predictable source of renewable energy due to the regularity of tidal cycles.
The MeyGen Project in Scotland, one of the biggest tidal energy installations in the
world, is demonstrating the potential of tidal stream technology at a commercial scale.

Wave energy is another type of ocean energy that captures the movement of ocean and
sea waves and uses it to create electricity. A useful innovation we have witnessed in the
area of wave energy has been wave energy converters.

Devices like oscillating water columns and point absorbers transform the energy from
surface waves into electricity. These technologies are advancing with more efficient
conversion mechanisms and energy capture, increasing energy yield and reducing
costs.

Bioenergy

Bioenergy is a type of renewable energy created when we burn biomass fuel. Biomass
fuels come from organic materials like purpose-grown crops, organic waste, and harvest
residues. An innovation in bioenergy has been the creation of advanced biofuels.
Second and third-generation biofuels are created from non-food biomass and algae,
respectively.
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These biofuels provide higher energy yields and lower greenhouse gas emissions
compared to first-generation biofuels made from food crops. Another innovation has
been biogas upgrading technologies.

New processes like membrane separation and pressure swing adsorption enhance the
purity and efficiency of biogas upgrading. These technologies enhance the quality of
biogas, making it suitable for injection into natural gas grids and use as vehicle fuel.

Future outlook and trends with renewable energy sources

The future of renewable energy is bright and with technological advancements, we can
expect more innovation in the field. Below we reflect on this and share some
predictions.

Advanced energy storage solutions

The development and deployment of advanced energy storage systems, such as
lithium-ion batteries, solid-state batteries, and flow batteries. Enhanced energy storage
capabilities will address the intermittent nature of renewable sources like solar and
wind, ensuring a stable and reliable energy supply. Grid-scale battery storage projects,
like Tesla’s Megapack installations, are expected to become more common, providing
backup power and grid stability.[7,8,9]

Green hydrogen production

Increased focus on producing hydrogen using renewable energy, known as green
hydrogen. Green hydrogen can serve as a clean fuel for industries, transportation, and
energy storage, playing a crucial role in decarbonising sectors that are hard to electrify.
The European Union’s hydrogen strategy aims to install 40 GW of electrolysers by
2030, highlighting the growing investment in green hydrogen technology.

Integration of Al and big data

Utilisation of Al and big data analytics to optimise the performance and maintenance of
renewable energy systems. Al can enhance predictive maintenance, improve energy
output forecasting, and optimise grid integration, making renewable energy systems
more efficient and cost-effective. Al-powered platforms like Google’s DeepMind are
already being used to predict wind energy output, allowing for better integration into the
energy grid.

Floating solar farms

Expansion of floating solar photovoltaic (FPV) systems on water bodies such as lakes,
reservoirs, and coastal areas. Floating solar farms reduce land use conflicts, improve
solar panel efficiency due to the cooling effect of water, and can be paired with
hydropower plants for synergistic benefits. The largest floating solar farm, located in
China’s Anhui province, demonstrates the potential scale and impact of this technology.

Offshore wind expansion
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Significant growth in offshore wind energy projects, particularly in deep waters where
floating wind turbines are deployed. Offshore wind farms can capture stronger and more
consistent winds, leading to higher energy yields and contributing significantly to the
renewable energy mix. The UK’s Dogger Bank Wind Farm, poised to be the largest in
the world, exemplifies the rapid expansion and potential of offshore wind energy.
DISCUSSION
The transformation towards renewable energy is reshaping the global energy
landscape, offering substantial gains in energy efficiency and sustainability. Innovations
such as floating offshore wind turbines, tidal stream generators, and advanced biofuels
are setting new benchmarks for energy production and environmental stewardship.

As we look to the future, advancements in energy storage, green hydrogen production,
Al integration, and floating solar farms are expected to drive further progress.
Embracing these technologies not only ensures a cleaner environment but also bolsters
energy security and stimulates economic growth.

Renewable energy — powering a safer and prosperous future

Energy is at the heart of the climate challenge — and key to the solution.

Most of the greenhouse gases that trap heat in the Earth's atmosphere come from
burning fossil fuels to produce energy, mainly for electricity and heat. In 2023, the power
sector was the largest source of global greenhouse gas emissions.

The science is clear: to avoid the worst impacts of climate change, emissions must be
reduced by almost half by 2030, and reach net-zero by 2050.[10,11,12]

To achieve this, we need to end our reliance on fossil fuels and invest in alternative
sources of energy that are clean, accessible, affordable, sustainable, and reliable.

Renewable energy sources — such as sunlight, wind, water, organic waste, and heat
from the Earth — are abundant, replenished by nature, and emit little to no greenhouse
gases or air pollutants.

Fossil fuels still account for nearly 60 per cent of electricity generation, but cleaner
sources of energy are gaining ground. Between 2015 and 2024, annual electricity
capacity of renewables increased by around 2,600 gigawatts (GW) - a 140 per cent
increase. In the same period, fossil fuels electricity capacity only increased by around
640 GW (16 per cent).

Here are five reasons why accelerating the transition to clean energy is the pathway to
a healthy, livable planet today and for generations to come.

RESULTS
1. Renewable energy sources are all around us
About 80 per cent of the global population lives in countries that are net-importers of
fossil fuels - that's about 6 billion people who are dependent on fossil fuels from other
countries, which makes them vulnerable to geopolitical shocks and crises.
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In contrast, renewable energy sources are available in all countries, and their potential
is yet to be fully harnessed. The International Renewable Energy Agency (IRENA)
estimates that 90 percent of the world’s electricity can and should come from renewable
energy by 2050.

Renewables offer a way out of import dependency, allowing countries to diversify their
economies and protect them from the unpredictable price swings of fossil fuels, while
driving inclusive economic growth, new jobs, and poverty alleviation.

2. Renewable energy is cheaper
Today, renewable energy is the most affordable source of power in most parts of the
world.[13,14,15]

Prices for renewable energy technologies are dropping rapidly. Over 90 per cent of new
renewable projects are now cheaper than fossil fuels alternatives. At the same time,
solar and offshore wind are now respectively 41 per cent and 53 per cent cheaper than
fossil fuels.

Declining prices are making renewable energy more attractive worldwide — including to
low- and middle-income countries, where most of the future demand for new electricity
will arise. This creates a real opportunity for much of the new power supply over the
coming years to come from low-carbon sources. By 2040, for instance, Africa could
generate 10 times more electricity than it needs — entirely from renewables.

Renewable energy can also help meet new electricity demand, particularly for Artificial
Intelligence (Al) and data centres. A typical Al data centre eats up as much electricity as
100,000 homes. Every major tech firm should switch to 100 per cent renewables to
power data centres by 2030.

Cheap electricity from renewable sources could provide 65 per cent of the world’s total
electricity supply by 2030. It could decarbonize 90 per cent of the power sector by 2050,
massively cutting carbon emissions and helping to mitigate climate change.

3. Renewable energy is healthier

According to the World Health Organization (WHO), about 99 percent of people in the
world breathe air that exceeds air quality limits and threatens their health. Air pollution is
associated with 7 million premature deaths every year.

The unhealthy levels of fine particulate matter and nitrogen dioxide originate mainly
from the burning of fossil fuels. The economic health damage caused by air pollution
amounts to $8.1 trillion a year, equivalent to 6.1 per cent of global GDP.
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Switching to clean sources of energy, such as wind and solar, helps address not only
climate change but also air pollution and health.[16,17,18]

4. Renewable energy creates jobs

Clean energy sector jobs already outnumber fossil fuel jobs — employing almost 35
million people worldwide. In 2023, 16.2 million people were employed in the renewable
energy sector, up from 13.7 million in 2022.

For every dollar invested, renewable energy creates three times as many jobs as the
fossil fuel industry. The IEA estimates that the transition towards net-zero emissions will
lead to an overall increase in energy sector jobs: while about 5 million jobs in fossil fuel
production could be lost by 2030, an estimated 14 million new jobs would be created in
clean energy, resulting in a net gain of 9 million jobs.

In addition, energy-related industries will need 16 million more workers, for instance to
take on new roles manufacturing electric vehicles and hyper-efficient appliances, or in
innovative technologies such as hydrogen economy. This means that a total of more
than 30 million jobs could be created in clean energy, efficiency, and low-emissions
technologies by 2030.

Ensuring a just transition, placing the needs and rights of people at the heart of the
energy transition, will be paramount to make sure no one is left behind.

5. Renewable energy makes economic sense

In 2024, $2 trillion went into clean energy — $800 billion more than fossil fuels and up
almost 70 per cent in ten years. In 2023 alone, clean energy sectors drove 10 per cent
of global GDP growth.

Furthermore, energy-related carbon dioxide emissions are growing more slowly than the
global economy. Emissions growth slowed to 0.8 per cent in 2024, while the global
economy expanded by more than 3 per cent.

Yet, the fossil fuel industry continues to be heavily subsidized. About $7 trillion was
spent on fossil fuels in 2022, including through explicit subsidies, tax breaks, and health
and environmental damages that were not priced into the cost of fossil fuels.

CONCLUSIONS
In comparison, about $4.5 trillion a year needs to be invested in renewable energy until
2030 - including investments in technology and infrastructure — to allow us to reach net-
zero emissions by 2050.
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The upfront cost can be daunting for many countries with limited resources, and many
will need financial and technical support to make the transition. But investments in
renewable energy will pay off. Additionally, the reduction of pollution and climate
impacts could save the world up to $4.2 trillion per year by 2030.

Moreover, efficient and reliable renewable technologies can create a system less prone
to market shocks and improve resilience and energy security by diversifying power
supply options.[19,20]
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