© June 2025 | IJIRT | Volume 12 Issue 1 | ISSN: 2349-6002

Sustainable Energy Technologies: Development of
Solar Photovoltaic Materials for Enhanced Efficiency

Atul Gupta, Sandhya, Davesh Singh Som
Department of Computer Science & Engineering
R.D. Engineering College, Uttar Pradesh, India

Abstract—The transition to renewable energy is
greatly aided by PSS (photovoltaic solar systems),
whose efficiency is determined by a number of
interrelated factors. In order to identify four main
categories that affect performance—technological,
environmental, design and installation, and
operational factors—this study uses a systematic
review utilising the PRISMA methodology. Conversion
efficiency is significantly increased by technological
advancements in materials like perovskites and new
technologies like tandem and bifacial cells, which
inspire hope in the industry. The performance of the
system is also significantly impacted by environmental
factors, such as temperature, pollutants, and solar
radiation. Particularly when it comes to solar tracking
systems, panel orientation, and electrical setup
optimisation, the design and installation are crucial.
For efficiency to be maintained over time,
maintenance, material deterioration, and sophisticated
monitoring systems are essential.

By analysing 113 publications and focusing on three
main areas—materials, sizing technology application,
and optimization—from 2018 to 2025, this study
provides a comprehensive understanding of the field.
The study also looks into new developments that could
enhance the performance of photovoltaic modules
(PM), like the creation of energy storage systems and
the incorporation of smart grids. In order to fully
realise the potential of PM systems, the findings
highlight the significance of integrating technological
innovation, design strategies, and efficient operational
management. This establishes a solid foundation for
further research and applications in large-scale,
industrial, and residential settings.
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temperature effects, pollutant exposure, solar tracking
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systems, smart grid integration, decentralized energy
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l. INTRODUCTION

This comprehensive review examines the current
state of  engineering’'s  renewable  energy
technologies, assessing new developments and
speculating about potential future developments.
The engineering community must understand the
advancements in renewable technologies in light of
the growing demand for sustainable energy
solutions worldwide. Numerous renewable energy
sources, including solar, wind, hydropower,
biomass, and geothermal energy, are covered in the
review. Significant progress has been made in the
solar energy sector, especially in the areas of energy
storage, efficiency enhancements, and photovoltaic
materials. More robust solar energy collection
systems have been developed as a result of
technological advancements. The current emphasis
is on increasing these systems' efficiency through
the use of techniques that minimise environmental
damage while optimising the use of solar resources.
Furthermore, since material selection is essential to
environmental sustainability, research has focused
on the materials used in photovoltaic systems. The
study emphasises how crucial it is to create durable
materials that can adapt to long-term changes in the
environment in order to guarantee that panels keep
operating at their best. To improve the performance
of solar photovoltaic systems in a variety of
applications, it is essential to comprehend the
efficiency losses under various circumstances.
Technically speaking, the materials used in solar
cells—such as monocrystalline silicon,
polycrystalline silicon, and cutting-edge
technologies like perovskites and tandem cells—
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have an impact on the conversion efficiency of solar
cells. Each of these materials has a different rate of
thermal and optical loss.

Energy capture and conversion are impacted by
design and installation elements such as panel tilt,
orientation, and solar trackers, and electrical
configurations; therefore, it is critical to assess
associated losses for optimisation. Moreover,
operational factors that compromise long-term
performance include  material  deterioration,
inadequate maintenance, and a lack of sophisticated
monitoring systems. To maximise overall system
efficiency and guarantee their efficacy in large-
scale, industrial, and residential applications, these
problems must be addressed through optimisation
and creative management techniques.
The switch to renewable energy sources is now a
global necessity due to the quick depletion of fossil
fuels and the worsening effects of climate change.
Solar energy stands out as one of the most plentiful
and sustainable of these sources.

One promising route to a sustainable energy future
is the use of solar photovoltaic (PV) technologies to
capture sunlight. However, a number of obstacles
stand in the way of the widespread adoption of solar
PV systems, such as the intermittent nature of solar
energy, material degradation, high production costs,
and limited efficiency.
For many years, conventional silicon-based solar
cells have been the mainstay of solar energy
production, but their efficiency is running low. To
get past current obstacles, this calls for the
investigation of cutting-edge materials and creative
technologies. New technologies like organic
photovoltaics, quantum dot technologies, and
perovskite solar cells have a lot of promise for
increasing efficiency and lowering costs. The
problems of energy intermittency and integration
into current infrastructures are simultaneously
addressed by developments in smart grids and
energy storage technologies.

This study examines the crucial problems
encountered in the creation of solar PV materials
and looks at cutting-edge solutions meant to get past
them. Examining the interplay among material
innovation, energy storage, and system integration,
this study emphasises how sustainable energy
technologies can revolutionise the energy landscape
and help create a cleaner, more resilient future.

Problems Faced in Solar Photovoltaic Materials:

1. Present-day Solar Panels' Low Efficiency
Conventional solar panels, such as silicon-based
ones, usually have an efficiency of only 15-22%.
This implies that solar energy is less effective in
places with limited space since a large surface area
is required to generate enough energy.

2. Degradation of Materials Over Time
Environmental elements like UV rays, moisture, and
high temperatures cause solar panels to deteriorate
over time. The efficiency of the panel decreases as a
result of this degradation, typically by 0.5% to 1%
annually.

3. Energy Storage and Conversion

Because solar energy is sporadic (available only
when the sun is shining), it needs to be effectively
stored for use at night or on overcast days.

4. Space and Land Use Restrictions

Large-scale solar installations need a lot of land,
which can be an issue in places with a high
population density or little open space.

5. Integration and Stability of the Grid

Efficient integration of solar power into the current
electrical grid is difficult because of the weather,
time of day, and seasons that affect solar energy
output.

6. Expensive Production Costs

The cost of producing high-efficiency solar panels
with silicon and other cutting-edge materials is still
high, particularly when considering the raw
materials and processing methods required.
Keywords:  Renewable energy technologies,
sustainable energy solutions, solar photovoltaic
(PV) systems, energy storage, efficiency
enhancement, photovoltaic materials, environmental
sustainability, material degradation, monocrystalline
silicon, polycrystalline silicon, perovskite solar
cells, tandem solar cells, quantum dot technologies,
organic photovoltaics, solar panel efficiency, energy
intermittency, smart grids, solar trackers, panel
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industrial solar applications, residential solar energy,
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efficiency, high production costs, electrical grid
stability, sustainable energy transition, renewable
energy adoption, and advanced monitoring systems.

1. MATERIALS AND METHODS

Materials

State-of-the-art materials designed to improve
efficiency, durability, and scalability are essential to
the development of advanced solar photovoltaic
(PV) materials. The main resources used are listed
below:

Perovskite Substances

1. Description: Crystalline hybrid organic-inorganic
compounds with superior light absorption and high
energy conversion efficiency.

2. Important characteristics include compatibility
with flexible substrates, cost-effective synthesis, and
adjustable bandgaps for wider light spectrum
absorption.

3. Difficulties: Stability in the face of environmental
stressors (such as moisture and UV light).

Quantum Dots:

The semiconductor nanocrystals known as quantum
dots are able to capture energy from a wider range
of sunlight.

Important characteristics include high energy
conversion potential, size-dependent optical and
electronic characteristics, and compatibility with
multi-junction solar cells.

Organic Photovoltaics (OPVs): Materials based on
polymers that are lightweight, flexible, and used in
solar energy applications.

Key characteristics include mechanical flexibility,
low manufacturing costs, and the ability to be
integrated into portable or curved devices.

Coating and Encapsulation Material:

Layers of protective polymers that shield solar cells
from environmental deterioration brought on by heat
stress, moisture, and UV radiation.

Examples include water-repellent and UV-resistant
nanostructured coatings and encapsulants based on
polymers.

Battery Storage Materials

Lithium-ion and solid-state batteries are examples of
components of energy storage systems that are
integrated with solar PV.

Key characteristics include increased durability for
long-term use, scalability, and effective energy
storage.

Methods

The development and testing of solar photovoltaic
materials and systems follow a systematic approach
aimed at optimizing their performance, reliability,
and integration potential:

1. Material Synthesis

Perovskites: Made using solution-based techniques
that guarantee stability and homogeneity, such as
roll-to-roll printing, vapour deposition, or spin
coating. To increase resistance to environmental
elements like humidity and UV radiation, stabilising
additives are added.

The optical properties of quantum dots are directly
influenced by their size and composition, which are
precisely controlled through the use of colloidal
processing techniques or solution-phase synthesis.
OPVs: Made with polymerisation techniques to
create light-sensitive, highly conductive polymers
specifically for solar applications.

2. Device Fabrication

Layer-by-Layer Assembly: On a conductive
substrate, layers of light-absorbing materials, such
as perovskites or quantum dots, are stacked to create
solar cells. The top layer is made of transparent
conductive oxides (TCOs) to allow light to pass
through.

Encapsulation: To protect the active layers from
heat, moisture, and UV rays, protective coatings or
encapsulants are applied. .

3. Testing and Characterization

Efficiency Measurement: The energy conversion
efficiency of solar cells is assessed using
standardised  lighting  conditions.  Quantum
efficiency measurements and solar simulators are
used for this.

Durability Testing: Accelerated ageing tests mimic
prolonged exposure to environmental elements such
as UV rays, humidity, and temperature changes.
Spectroscopic  Analysis:  To  assess  the
characteristics of materials and their capacity to
absorb light, methods such as UV-Vis spectroscopy
and photoluminescence are employed.

4. Energy Storage Integration

Testing for Storage Compatibility: Lithium-ion and
solid-state batteries are two examples of energy
storage devices that are integrated with solar cells.
Charge-discharge cycles are assessed to gauge the
durability and effectiveness of storage.
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Development of Flow Batteries: Scalable flow
batteries are evaluated for large-scale solar energy
applications with an emphasis on stability and cost-
effectiveness over the long run.

5. Computational Modeling

Efficiency Simulation: Energy conversion under
various light intensities, temperatures, and other
environmental  conditions is  simulated by
computational models.

Machine Learning Optimisation: ~ Al-powered
algorithms find performance bottlenecks, optimise
fabrication parameters, and forecast material
properties.

6. Grid Integration

Smart Grid Testing: Solar systems are linked to
smart grids that have adaptive energy management
and real-time energy monitoring. Al systems use
predictive analytics to control energy distribution
and demand.

Blockchain Application: In decentralised grids,
blockchain technology is used to facilitate peer-to-
peer energy sharing and guarantee transparent
energy transactions.

7. Urban and Agricultural Applications
Building-Integrated Photovoltaics (BIPV): Solar
panels are incorporated straight into architectural
elements like rooftops, windows, and facades.
Agrivoltaics: By placing solar panels over crops,
this technology maximises land use for both
agricultural production and energy generation at the
same time.
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Fig. Schematic diagram of the solar photovoltaic
systems

There are two main ways to use solar energy: the
solar thermal method, which uses solar collectors,
heaters, and dryers, and the solar electricity method,
which uses solar photovoltaic (SPV) systems, as

shown in Fig. 1. Depending on the size of the
system, an SPV system usually consists of PV panel
arrays, a charge controller for controlling the flow of
both DC and AC electricity, a DC-to-DC converter,
a DC-to-AC inverter, a power metre, circuit
breakers, and a battery or a number of batteries.

With the use of solar photovoltaic technology,
sunlight can be directly converted into electrical
power without the need for a middleman.

It has a strong and simple design, produces no
pollutants while in use, and helps to mitigate the
effects of global warming. This technology can
generate power at a variety of scales, from
microwatts to megawatts, and is modular, cost-
effective in terms of operating expenses, and
requires little maintenance. Furthermore, of all the
renewable energy technologies, it has the highest
power density. The installation rate of 100
megawatts (MW) per day in 2013 and the total
installed capacity of 177 gigawatts (GW) worldwide
by 2015 demonstrate the growing interest in
photovoltaic systems in research. However, solar
photovoltaic systems have significant drawbacks,
such as higher costs in comparison to fossil fuel-
based energy sources, reduced efficiency, and
sporadic energy production.

In order to overcome these obstacles, solar tracker
systems were created to maximise energy
production by keeping solar devices angled
precisely to follow the position of the sun and
increase power output.

Solutions:

1. Low Efficiency of Current Solar Panels

* Perovskite Solar Cells Technology: Perovskite
materials are showing promise as a substitute for
conventional silicon-based solar cells. In lab
settings, these materials demonstrate exceptional
light absorption and energy conversion capabilities,
with efficiencies surpassing 25%.

* Bifacial Solar Panels Technology: Bifacial panels
use reflected light from the ground to capture
sunlight from both the front and back sides.

* Textured Surfaces and Anti-Reflective Coatings:
Using textured surfaces and anti-reflective coatings
on solar panels reduces light reflection and increases
absorption.

2. Material Degradation Over Time
*  Protective  Coatings and
Technology: Cutting-edge

Encapsulation
polymer-based
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encapsulants and protective coatings that fend off
oxidation, moisture, and UV rays are used to shield
solar panels. Hydrophobic nanocoatings are one
example.

*Advanced Material Development ¢ Technology:
Scientists are working to develop improved
materials with greater resistance to environmental
stresses, like stable perovskites and sturdy silicon
composites.

3. Roll-to-Roll Printing Technology

* Technology: This approach uses scalable and
reasonably priced procedures to print solar cells
onto flexible substrates. It is particularly
advantageous for materials such as perovskites and
organic photovoltaics (OPVs).

4. Energy Conversion and Storage

Cutting-Edge Battery Technologies:

» Lithium-lon Batteries: Because of their high
energy density, effectiveness, and comparatively
long lifespan, these batteries are widely used for
solar energy storage.

In comparison to conventional lithium-ion batteries,
solid-state batteries are a new generation of batteries
that offer a higher energy density, increased safety,
and less degradation.

Systems for Storing Hydrogen:

* Technology: Water is electrolyzed to produce
hydrogen and oxygen using solar energy. Fuel cells
can then be used to store the hydrogen and
subsequently transform it back into electricity.

5. Distributed Storage and Grid Integration

*» Technology: Distributed energy systems and smart
grids make it possible to store and effectively
redistribute excess solar energy throughout the
network. Grid stability can also be enhanced by
home-based battery systems like Tesla Powerwalls.
Hybrid Energy Systems: ¢ Technology: To produce
a more dependable and balanced energy system,
solar energy is combined with other renewable
resources like wind or hydroelectric power.
Keywords: Advanced solar photovoltaic materials,
perovskite solar cells, quantum dots, organic
photovoltaics (OPVs), energy conversion efficiency,
material  durability, scalability, solar panel
degradation, environmental stressors, protective
coatings, encapsulation materials, lithium-ion
batteries, solid-state batteries, roll-to-roll printing,
tandem solar cells, bifacial solar panels, anti-
reflective coatings, smart grids, grid integration,
energy storage systems, hydrogen storage, solar
tracker systems, building-integrated photovoltaics
(BIPV), agrivoltaics, computational modeling, Al-

driven optimization, blockchain energy transactions,
spectroscopic  analysis, efficiency simulation,
renewable energy adoption, sustainable energy
solutions, and hybrid energy systems.
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I1. RESULT

The research conducted on the development of solar
photovoltaic (PV) materials for enhanced efficiency
has vyielded significant insights and potential
solutions to the challenges faced in solar energy
technology. Below is a summary of the findings:

1. Increases in Efficiency

Perovskites and quantum dots are examples of
advanced materials that have shown great promise
in overcoming the efficiency constraints of
conventional silicon-based solar cells. Perovskite
solar cells can reach energy conversion efficiencies
of over 25%, according to lab tests, and quantum
dots allow for wider absorption of the solar
spectrum, which boosts efficiency even more.

Solar energy is now more feasible in spaces with
limited space thanks to advancements like
passivated emitter and rear cell (PERC) technology,
tandem and bifacial solar cells, and others that have
demonstrated quantifiable efficiency gains.

2. Dealing with Degradation of Materials:

The impact of environmental stressors like UV light,
moisture, and high temperatures has been lessened
with the introduction of stabilised perovskites,
sophisticated coatings, and encapsulants. When
compared to conventional solar panels, accelerated
ageing tests verify increased durability and lower
efficiency loss rates.

The use of nanotechnology, such as self-healing
materials and nanostructured coatings, presents
promising ways to extend the durability and
dependability of solar panels in a variety of
environmental circumstances.

3. Cost Reduction in Manufacturing: Methods like
solution-based fabrication, 3D printing, and roll-to-
roll printing have all been effective in bringing
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down the price of producing solar panels. Utilising
earth-based resources such as organic solar cells
(OSCs) and copper indium gallium selenide (CIGS)
helps cut costs without sacrificing efficiency.

In the production of solar panels, automation and
process optimisation have improved production
efficiency, reduced labour costs, and minimised
waste.

4. Innovations in Energy Storage:

Solid-state  batteries,  flow  batteries, and
supercapacitors are examples of advanced storage
technologies that have been found to be successful
in mitigating the intermittent nature of solar energy.
These technologies have greater storage capacities,
longer lifespans, and slower rates of degradation.
Scalable and long-term energy storage options are
offered by hydrogen storage systems and thermal
energy storage techniques like molten salts, which
guarantee steady energy availability during non-
sunlight hours.

5. Integration into Urban and Agricultural Spaces:
Integration into Urban and Agricultural Spaces By
integrating solar energy generation into urban
architecture and agricultural operations,
respectively,  Building-Integrated  Photovoltaics
(BIPV) and agrivoltaic systems have shown dual-
use capabilities. These strategies increase the use of
solar energy in a variety of contexts and optimise
land use efficiency.

6. Grid Integration and Energy Management: More
effective distribution and use of solar energy has
been made possible by the integration of smart grids
with energy management systems (EMS) driven by
Al and machine learning. By balancing the supply
and demand for energy, these systems improve grid
stability.

Keywords: Solar photovoltaic (PV) materials,
perovskite solar cells, quantum dots, energy
conversion efficiency, silicon-based solar cells,
passivated emitter and rear cell (PERC) technology,
tandem solar cells, bifacial solar panels, material
degradation, environmental stressors, UV resistance,
nanotechnology, self-healing materials,
nanostructured coatings, roll-to-roll printing, 3D
printing, organic solar cells (OSCs), copper indium
gallium selenide (CIGS), automation in solar
manufacturing, energy storage technologies, solid-
state batteries, flow batteries, supercapacitors,
hydrogen storage, thermal energy storage, molten
salts, building-integrated photovoltaics (BIPV),
agrivoltaics, land-use optimization, smart grids,
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V. CONCLUSION

In order to meet the world's energy needs and lessen
dependency on fossil fuels, solar photovoltaic (PV)
technology development and adoption are essential.
This study focuses on increasing efficiency,
durability, and cost-effectiveness while highlighting
notable developments and ongoing difficulties in
solar PV materials. With their increased energy
conversion efficiency and reduced production costs,
emerging materials like perovskites, quantum dots,
and organic photovoltaics have shown revolutionary
potential. Longer operational lifespans for solar
panels are ensured by the effective treatment of
material degradation at the same time by protective
coatings,  nanotechnology, and  self-healing
materials.

The production of solar panels is now scalable and
financially feasible thanks to advancements in
manufacturing processes like roll-to-roll printing
and 3D printing. Furthermore, the intermittent
nature of solar energy is addressed by sophisticated
storage solutions like thermal energy systems, solid-
state batteries, and flow batteries, which guarantee a
steady supply of power. Building-integrated
photovoltaics (BIPV) and agrivoltaic systems
optimise land use by integrating solar energy into
urban and agricultural spaces, increasing the
viability of solar power.

In order to ensure grid stability and promote
decentralised energy trading, smart grids,
blockchain technologies, and artificial intelligence
(Al)-driven energy management systems have
completely changed how solar energy is integrated
and distributed. Together, these developments make
solar energy a viable, scalable, and effective energy
source.

Notwithstanding these advances, research is still
ongoing to address issues like high upfront costs,
efficiency optimisation, and energy storage
scalability. Solar energy has the potential to become
the mainstay of the global renewable energy
transition by  encouraging interdisciplinary
collaboration and investment in cutting-edge
technologies, helping to create a more sustainable,
resilient, and clean future.

IJIRT 180257 INTERNATIONAL JOURNAL OF INNOVATIVE RESEARCH IN TECHNOLOGY 625



© June 2025 | IJIRT | Volume 12 Issue 1 | ISSN: 2349-6002

Keywords: Solar photovoltaic (PV) technologies,
renewable energy, energy conversion efficiency,
perovskite solar cells, quantum dots, organic
photovoltaics, material degradation,
nanotechnology, self-healing materials, building-
integrated photovoltaics (BIPV), agrivoltaics, roll-
to-roll printing, 3D printing, scalable manufacturing,
cost-effectiveness, energy storage, solid-state
batteries, flow batteries, thermal energy storage,
smart grids, blockchain technology, energy
management systems, decentralised energy trading,
grid stability, fossil fuel reduction, sustainability,
and the transition to renewable energy.

REFERENCES

[1] Reference: “Inverted perovskite solar cell
breaks 25% efficiency record” — Northwestern
University News, November 2023.

[2] Reference: "Recent advances in the
development of high efficiency quantum dot
solar cells" — ScienceDirect, 2023.

[3] Reference: "The roll-to-roll revolution to tackle
the industrial leap for perovskite solar cells" —
Nature Communications, 2023.

[4] Reference: "Lifespan of Solid-State Batteries:
What You Should Know" — Redway Battery,
October 2024.

[5] Reference: "An overview on building-integrated
photovoltaics" - ScienceDirect, December
2024,

[6] Reference: "Agrivoltaics: Solar and Agriculture
Co-Location" — U.S. Department of Energy.

[7] Reference:  "Al-Powered Smart  Grids:
Transforming Energy Efficiency  and
Reliability” — TSTPROS, March 2025.

[8] Reference: "Renewable Energy Trading
Platform using Blockchain" — ScienceDirect,
2024,

IJIRT 180257 INTERNATIONAL JOURNAL OF INNOVATIVE RESEARCH IN TECHNOLOGY

626



