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ABSTRACT: Solar power is a rapidly growing renewable energy source that converts sunlight into electricity using photovoltaic
(PV) cells. Global solar capacity has grown exponentially over the past decade, driven by plummeting technology costs and
aggressive government climate targets. China, the United States, and the European Union lead in total installed capacity.
Continued efficiency improvements in perovskite solar cells and bifacial panels promise even higher energy yields. Solar is
projected to become the largest source of global electricity generation in the coming decades. Intermittent generation requires
heavy investment in battery storage and grid modernization. Supply chain bottlenecks for critical materials like polysilicon, silver,
and silicon remain a concern. Beyond utility-scale solar farms, applications include building-integrated photovoltaics (BIPV),
floating solar farms on reservoirs, and agrivoltaics (combining farming with solar panels). However, today flexible solar panels
offer a revolutionary approach to overcoming structural hurdles. Unlike their rigid counterparts, flexible solar panels are
lightweight and can be seamlessly integrated onto various surfaces, including curved and uneven ones. This adaptability allows
industrial facilities to transform previously unusable spaces into productive energy-generating areas. Industrial facilities often
struggle with space constraints and the logistical challenges of installing traditional solar panels. Roof structures, facades, and
other surfaces may not support the weight and rigidity of conventional panels, leading to underutilization of potential solar energy
resources. Flexible solar panels stand out from their rigid counterparts due to their unique construction and technology. This
reviews paper will describe and evaluate the important information, materials, manufacturing process, technology, advantages,
applications, market, and transformation of solar technology in general and flexible solar panel in particular to meet the global
energy requirement as clean energy source to mitigate global warming and climate issues.
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1. INTRODUCTION

As we know, the most widely used renewable energy types are solar energy, wind power, and hydropower. However, bio-
energy and geothermal power are also significant in some countries. Solar power has become the engine of the global energy
transition, with both solar generation and capacity installations setting new records in 2024. Solar generation has maintained its
high growth rate, doubling in the last three years, and adding more electricity than any other source over that period. At the same
time, electricity demand saw a significant rise in 2024, outpacing the growth in clean electricity. Expanding technologies such as
Al, data centers, electric vehicles and heat pumps are already contributing to the rise in global demand. However, the main reason
why electricity demand growth was elevated in 2024 compared to 2023 was an increase in air conditioning use during heatwaves.
This accounted for almost the entire small rise in fossil generation. Renewable energy installations can be large or small and are
suited for both urban and rural areas. For any renewable energy, it need t be an endless source. Renewable energy is often
deployed together with further electrification. This has several benefits: electricity can move heat and vehicles efficiently and is
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clean at the point of consumption. Variable renewable energy sources are those that have a fluctuating nature, such as wind
power and solar power. In contrast, controllable renewable energy sources include dammed hydroelectricity, bio-energy,
or geothermal power.Renewable energy systems have rapidly become more efficient and cheaper over the past 40 years. A large
majority of newly installed worldwide electricity capacity is now renewable. Renewable energy sources, such as solar and wind
power, have seen significant cost reductions over the past decade, making them more competitive with traditional fossil fuels. In
some geographic localities, photovoltaic solar or onshore wind is the cheapest new-build electricity.

When sunlight hits a solar panel, the light energy is converted into electricity and this process is known as the photovoltaic (PV)
effect. That is why solar panels are also called photovoltaic panels, PV panels or PV modules. The ability of some materials to
create an electrical charge from light exposure was first observed by the French physicist Edmond Becquerel in 1839. The American
inventor Charles Fritts created the first commercial solar cell, which was reported by Fritts as "continuous, constant and of
considerable force not only by exposure to sunlight but also to dim, diffused daylight" in 1881.- Finally in1939, Russell Ohl created
the solar cell design that is used in many modern solar panels. He patented his design in 1941. However, this design was first used
by Bell Labsto create the first commercially viable siliconsolar cell in 1954. So, asolar panelis a device that
converts sunlight into electricity by using multiple solar modules that consist of photovoltaic (PV) cells. PV cells are made of
materials that produce excited electrons when exposed to light. These electrons flow through a circuit and produce direct
current electricity, which can be used to power various devices or be stored in batteries. Solar panels can be known as solar
cell/electric panels. Solar panels are usually arranged in groups called arrays or systems. A photovoltaic system consists of one or
more solar panels, an inverter that converts direct current electricity to alternating current where it is necessary, and sometimes
other components such as charge controllers, meters, or solar trackers to maximize direct sunlight. In recent past,solar panels
use a renewable and clean source of energy, and reduce greenhouse gas emissions compared to hydrocarbon-sourced energy.
Though, they depend on the availability and intensity of sunlight, require cleaning, and have high initial costs. Solar panels are
widely used for residential, commercial, agricultural, transportation, and industrial purposes, as well as in space, often together
with batteries.

The increasing demand for clean, sustainable, and affordable energy has transformed solar power from a niche technology into
one of the most important components of the global energy system. In 215 century, as the world shifts towards renewable energy,
solar panel or mono-crystalline panels are emerging as a favorite in the solar power market. Their distinctive uniform appearance,
durableness, user-friendly gesture and high-quality components make them a sight to behold and an asset to own. These solar
panels are constructed from a single crystal of silicon, resulting in no visible grain lines and a sleek, modern aesthetic. Mono-
crystalline solar panels, often referred to as mono panels, are distinctively known for their uniform, sleek appearance and high
efficiency. These solar panels are constructed from a single crystal structure of silicon, which gives them their characteristic
seamless look with no visible grain lines. This type of solar technology is unique in its construction process. Unlike other solar
panels, such as poly solar panels, mono-crystalline panels are made by growing a single crystal. Because of their single crystal
structure, these panels can more efficiently convert sunlight into electricity, making them a popular choice in the renewable
energy market. The choice between mono-crystalline and polycrystalline solar panels often comes down to the balance between
efficiency and cost, with mono-crystalline panels typically being more efficient but also more expensive. However, many find the
long-term energy savings and aesthetic appeal of mono-crystalline solar panels worth the extra upfront cost. When comparing
mono-crystalline vs. polycrystalline solar panels, mono-crystalline panels often come out ahead in efficiency and performance.
They are made from a single, pure crystal of silicon, allowing for higher efficiency, especially in low-light conditions. Polycrystalline
panels, while more cost-effective, typically have a lower efficiency and a shorter lifespan. It’s disadvantages as a higher initial cost
compared to polycrystalline panels and potentially lower performance in high-temperature environments. Moreover, they require
a significant amount of space for installation due to their size and efficiency constraints. The life expectancy of a mono-crystalline
solar panel is typically around 25 to 30 years. However, many panels continue to function effectively beyond this period, albeit at
reduced efficiency.

According to the International Energy Agency (IEA, 2024), solar photovoltaic (PV) energy has become the fastest-growing source
of electricity generation worldwide, accounting for a substantial proportion of newly installed renewable energy capacity each
year. Declining production costs, improvements in manufacturing efficiency, and supportive governmental policies have enabled
photovoltaic systems to become economically competitive with conventional fossil fuel-based electricity generation.For decades,
photovoltaic electricity has relied primarily on rigid crystalline silicon modules constructed using tempered glass, aluminum
frames, and heavy mounting structures. These conventional panels have demonstrated remarkable efficiency, durability, and
reliability, often operating effectively for more than twenty-five years. However, their weight, rigidity, and installation
requirements limit their application on lightweight buildings, curved architectural structures, transportation systems, portable
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devices, and numerous other surfaces where traditional modules cannot be safely installed. Flexible solar panels represent a
significant advancement in solar energy technology, combining portability, versatility, and cost efficiency. Their unique
characteristics make them suitable for an expanding range of applications beyond the capabilities of traditional rigid panels. By
understanding the different types, benefits, mounting methods, and maintenance needs, businesses and consumers can maximize
the value and performance of their solar investments. Partnering with reputable manufacturers around the world ensures access
to quality products backed by expertise and innovation. Flexible solar panels offer a compelling solution for sustainable energy
adoption in a dynamic and evolving market.

The need for lightweight alternatives has stimulated extensive research into flexible photovoltaic technologies. Flexible solar
panels represent a significant departure from conventional module design by replacing rigid glass substrates with thin polymer
films, stainless steel foils, or ultra-thin flexible silicon wafers. These innovations reduce overall module weight while enabling the
panels to bend, fold, or conform to irregular surfaces without compromising electrical performance. Today, the term paper-like
solar panel has become increasingly popular in media reports and commercial advertising because many of these modules are
extremely thin and lightweight. Although no commercially available photovoltaic module is literally made from paper, the
description effectively communicates the appearance and flexibility of modern thin-film solar products. Some modules measure
only a few millimeters in thickness and weigh less than one-quarter of conventional glass modules, making them easy to transport
and install. Flexible photovoltaic extend the potential applications of solar energy far beyond traditional rooftops. They can be
integrated into building facades, lightweight industrial roofs, recreational vehicles, boats, agricultural greenhouses, unmanned
aerial vehicles, tents, emergency shelters, consumer electronics, wearable devices, and aerospace systems.

Their adaptability has led many researchers to consider flexible photovoltaic an essential technology for achieving universal access
to clean energy while supporting innovations in sustainable architecture and smart infrastructure.The rapid development of
flexible solar technology has been made possible through advances in materials science, semiconductor engineering,
nanotechnology, and large-scale manufacturing. Modern flexible photovoltaic systems encompass several distinct technologies,
including thin-film silicon, copper indium gallium selenide (CIGS), cadmium telluride (CdTe), organic photovoltaic cells (OPVs), dye-
sensitized solar cells (DSSCs), and perovskite solar cells (PSCs). Each technology possesses unique advantages and limitations
regarding efficiency, manufacturing cost, flexibility, environmental impact, and long-term durability. Among these technologies,
perovskite photovoltaic have attracted exceptional attention because of their rapid improvement in conversion efficiency.
Laboratory-scale perovskite cells have achieved efficiencies exceeding 26%, approaching those of conventional crystalline silicon.
Researchers are also developing tandem architectures that combine silicon and perovskite materials to surpass the efficiency
limits of single-junction photovoltaic cells. At the same time, manufacturers have refined ultra-thin crystalline silicon technologies
that preserve the excellent performance of traditional silicon while significantly reducing module weight. These innovations
demonstrate that flexibility does not necessarily require sacrificing electrical efficiency.

Renewable energies (RE) represent a cornerstone to steer our energy system in the direction of sustainability and supply security.
Generating electricity, heat or bio-fuels from renewable energy sources has become a high priority in the energy policy strategies
at national level as well as at a global scale. for a comprehensive investigation of the future RE development it is of crucial
importance to provide a detailed investigation of the country or region specific situation like, with respect to the potential of the
certain RE's in general as well as the part that can be realized in the near future. The prospects for RE in general and solar panels
in particular with technologies, productions, maintenance, recycle, application, are presented in this article at a global level. Thus,
the feasible deployment of these technologies and relevant issues has been discussed elaborately with the applied energy
policies. The evolution of solar power solutions has dramatically transformed how we harness renewable energy. Among the
innovations leading this transformation are flexible solar panels, a versatile and efficient alternative to traditional rigid panels.
With advancements in technology and materials, flexible solar panels have opened new possibilities for solar power applications
where conventional panels fall short. The transition toward renewable energy has accelerated technological innovation in
photovoltaic PV systems, resulting in the emergence of flexible, lightweight, and ultra-thin solar modules.

Unlike conventional crystalline silicon solar panels that depend on rigid glass substrates and aluminum frames, flexible
photovoltaic technologies employ lightweight polymers, thin semiconductor films, and advanced encapsulation techniques that
allow the modules to bend, conform to curved surfaces, and integrate into buildings, vehicles, wearable electronics, and portable
power systems. Recent developments in flexible crystalline silicon, perovskite, organic photovoltaic (OPV), copper indium gallium
selenide (CIGS), and cadmium telluride (CdTe) technologies have expanded the possibilities for solar energy generation beyond
traditional rooftop installations. Global research institutions, universities, and photovoltaic manufacturers have invested heavily
in developing flexible modules with higher conversion efficiencies, improved durability, lower manufacturing costs, and enhanced
environmental sustainability. China has emerged as the world's leading producer of photovoltaic technology, contributing
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significantly to advances in flexible silicon and perovskite modules through large-scale manufacturing, materials research, and
process innovation. Meanwhile, Europe, Japan, South Korea, and the United States continue to advance specialized flexible
photovoltaic technologies for aerospace, transportation, architecture, and consumer electronics. This review article will explore
and examine the scientific principles, materials, manufacturing methods, performance, characteristics, technology, applications,
environmental implications, market trends, and future prospects of solar panel in general and flexible solar panels in specific. It
also discusses current technical limitations, ongoing research challenges, and the role of flexible photovoltaic in supporting global
energy transition goals. By synthesizing findings from scientific literature, international organizations, secondary resource
materials, and industry reports, this analytical and informative paper will provides a comprehensive overview of one of the fastest-
growing segments of renewable technology. This article will try to find out the answer of the following questions.

What is the evolution of photovoltaic and flexible PV technology?

How solar panels are constructed or manufactured?

What are the types, selecting, caring and important information of flexible solar panels?

What is the working principle and material science of flexible solar panels?

What is manufacturing technologies and quality control of PV and solar panels?

What is the efficiency, performance, and maintenance of solar panels?

What are the advantages of flexible solar panels?

What are the challenges of flexible solar panels?

T @ o o0 T oW

i.  What are the applications of solar panel?

j. What are the applications of flexible solar panel?

k. What s the use and prospect of Electric Vehicle (EV) and smart EV charger?

I.  How solar panels waste can be recycled and environmental sustainability ensured?
m. What is the future of solar energy and solar panel?

2. TECHNOLOGICAL DEVELOPMENT OF CONSTRUCTION OF SOLAR PANEL

The photovoltaic effect is a physical phenomenon in which a semiconductor material generates electric energy upon being
exposed to light. Photovoltaic (PV) modules consist of a large number of solar cells and use light energy from the Sun to generate
electricity through the photovoltaic effect. Most modules use wafer-based crystalline silicon cells or thin-film cells. The structural
member of a module can be either the top layer or the back layer. Cells must be protected from mechanical damage and moisture.
The cells and modules are usually connected electrically in series, one to another to increase the desired voltage output, and then
in parallel to increase current output to create the solar panel. Most panels are rigid, but semi-flexible ones based on thin-film
cells are also available. The power in watts of the solar panel is the voltage or volts multiplied by the current or amperes, and
depends both on the amount of light and on the electrical load connected to the panel. The manufacturing specifications on solar
panels are obtained under standard conditions, which are usually not the true operating conditions the solar panels are exposed
to on the installation site. A PV junction box is attached to the back of the solar panel and functions as its output interface. External
connections for most photovoltaic modules use MC4 connectors to facilitate easy weatherproof connections to the rest of the
system. A USB power interface can also be used.Solar panels also use metal frames consisting of racking components, brackets,
reflector shapes, and troughs to better support the panel structure.Solar cells need to be connected together by electrodes to
form a module, with front electrodes blocking the solar cell front optical surface area slightly. To improve solar cell efficiency
manufacturers, maximize frontal surface area available for sunlight and improve sunlight absorption using chronologically
adopted, varying rear electrode solar cell connection techniques.
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Figure 1: Solar cell, module and PV system

A single solar panel can produce only a limited amount of power; most installations contain multiple panels adding their voltages
or currents. A photovoltaic system typically includes an array of photovoltaic modules, an inverter, a battery pack for energy
storage, a charge controller, interconnection wiring, circuit breakers, fuses, disconnect switches, voltage meters, and optionally
a solar tracking mechanism. Equipment is carefully selected to optimize energy output and storage, reduce power transmission
losses, and many times convert from direct current to alternating current. However, smart solar panels have power electronics
embedded in the panel and are different from traditional solar panels with power electronics attached to the frame or connected
to the photovoltaic circuit through a connector. Solar power electronics can be used formaximum power point tracking power
optimizers,solar performance monitors for data collection and fault detection for enhanced safety.Most solar modules are
currently produced from crystalline silicon (c-Si) solar cells made of polycrystalline or monocrystalline silicon. In 2021, crystalline
silicon accounted for 95% of worldwide PV production, while the rest of the overall market is made up of thin-film technologies
using cadmium telluride (CdTe), copper indium gallium selenide and amorphous silicon (a-Si).

Bifacial cells produce energy on both sides which increases the total output of the module, this boost depends on the reflectivity
of the surroundings and benefits from raised constructions since more light can reach the rear side. The gain is situational, the
rear side benefits more from high-albedo surroundings such as snow, raised constructions and overcast weather but the gains
might be minimal when the panels are installed directly on a surface with little clearance making it not cost-effective in those
cases. The price of bifacial cells has dropped enough to be close to monofacial technologies, because of this as of 2024, bifacial
panels are the leading choice for utility-scale PV installations.Emerging, third-generation solar technologies use advanced thin-
film cells. They produce a relatively high-efficiency conversion for a lower cost compared with other solar technologies. Also, high-
cost, high-efficiency, and close-packed rectangular multi-junction solar cells are usually used in solar panels on spacecraft, as they
offer the highest ratio of generated power per kilogram lifted into space.However, multi-junction cells are compound
semiconductors and made of gallium arsenide and other semiconductor materials. Another emerging PV technology using multi-
junction cells is concentrator photovoltaics.Thin-film solar cells are made by depositing thin layers of photovoltaic material onto
a glass, plastic or metal substrate. Those solar cells are typically much thinner than the wafers used in conventional crystalline
silicon based solar cells.

Those cells are commercially made with one of several materials including cadmium telluride (CdTe), copper indium gallium
diselenide (CIGS), and amorphous thin-film silicon (a-Si, TF-Si).The first-generation solar cells are made of single- or multi-
crystalline silicon. This is the dominant technology currently used in most solar PV systems. Most types of thin-film solar cells are
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classified assecond generation, made using thin layers of materials like amorphous silicon (a-Si), cadmium
telluride (CdTe), copper indium gallium selenide (CIGS), or gallium arsenide (GaAs). Solar cells made with newer, less established
materials are classified as third-generation or emerging solar cells. This includes some innovative thin-film technologies, such
as perovskite, dye-sensitized, quantum dot, organic, and CZTS thin-film solar cells.Thin-film cells have several advantages over
first-generation silicon solar cells, including being lighter and more flexible due to their thin construction. This makes them suitable
for use in building-integrated photovoltaics and as semi-transparent photovoltaic glazing material that can be laminated onto
windows. Other commercial applications use rigid thin film solar panels in some of the world's largest photovoltaic power stations.
The materials used in thin-film solar cells are typically produced using simple and scalable methods more cost-effective than first-
generation cells, leading to lower environmental impacts like greenhouse gas (GHG) emissions in many cases. Thin-film cells also
typically outperform renewable and non-renewable sources for electricity generation in terms of human toxicity and heavy-metal
emissions. espite initial challenges with efficient light conversion, especially among third-generation PV materials, as of 2023 some
thin-film solar cells have reached efficiencies of up to 29.1% for single-junction thin-film GaAs cells, exceeding the maximum of
26.1% efficiency for standard single-junction first-generation solar cells. Multi-junction concentrator cells incorporating thin-film
technologies have reached efficiencies of up to 47.6% as of 2023.Many thin-film technologies have been found to have shorter
operational lifetimes and larger degradation rates than first-generation cells in accelerated life testing, which has contributed to
their somewhat limited deployment. Globally, the PV market share of thin-film technologies remains around 5% as of
2023.However, thin-film technology has become considerably more popular in the United States, where CdTe cells alone
accounted for 29% of new utility-scale deployment in 2021.

The global installed solar capacity in 2024 is estimated to be over 1,600 gigawatts or GW (or 1.6 terawatts), which is a substantial
increase year-on-year. This is a huge increase if you compare this figure with Global PV installations for the year 2019 which
reached about 121 GW. Global solar installations are expected to grow significantly in the next decade, with some projections
calling for a nearly tripling of capacity. The Solar Energy Industries Association (SEIA) projects that total solar installations will
increase by nearly 130% between 2022 and 2030. The International Energy Agency (IEA) forecasts that global renewable capacity
will reach 7,300 GW by 2028, which is 2.5 times its current level.The global solar market has been growing due to several factors,
including declining costs, supportive policies, technological improvements, and increased manufacturing capacity. In 2023, China
led the world in solar capacity growth, installing well over half of the world's new solar capacity. In the first seven months of 2024,
China added 28% more solar capacity than in the same period in 2023. In the first seven months of 2024, India installed 77% more
solar capacity than in the same period in 2023. The United States is also experiencing growth in its solar market. In the first six
months of 2024, the US installed 55% more solar capacity than in the same period in 2023. Europe's solar capacity has also grown
significantly in the last decade, with the EU-27's solar PV capacity reaching 269 GW by the end of 2023 (and continuing to rise
strongly through 2024). Other countries experiencing solar capacity growth include Brazil, Vietnam, and Poland.

3. EVOLUTION OF PHOTOVOLTAIC AND FLEXIBLE PV TECHNOLOGY

The history of photovoltaic technology dates back to the nineteenth century when Alexandre Edmond Becquerel discovered the
photovoltaic effect in 1839. Though these initial solar cells were too inefficient for even simple electric devices, they were used as
an instrument to measure light. The observation by Becquerel was not replicated again until 1873, when the English electrical
engineer Willoughby Smith discovered that the charge could be caused by light hitting selenium. After this discovery, William
Grylls Adams and Richard Evans Day published "The action of light on selenium" in 1876, describing the experiment they used to
replicate Smith's results. In 1881, the American inventor Charles Fritts created the first commercial solar cell, which was reported
by Fritts as "continuous, constant and of considerable force not only by exposure to sunlight but also to dim, diffused
daylight".However, these solar cells were still very inefficient for practical power production, especially compared to coal-fired
power plants. Actually, practical solar cells did not emerge until 1954, when researchers at Bell Laboratories developed the first
modern silicon photovoltaic cell capable of converting sunlight into electricity with relatively high efficiency. For many decades,
photovoltaic research focused primarily on improving crystalline silicon technology because silicon offered an excellent
combination of abundance, stability, and electrical performance. Nevertheless, conventional silicon modules remained expensive
and heavy, limiting widespread adoption.

The oil crises of the 1970s renewed international interest in alternative energy sources, encouraging governments and research
institutions to invest in photovoltaic technologies. During this period, scientists began exploring thin-film semiconductors capable
of reducing material consumption while lowering manufacturing costs. Since 2010, the cost of solar photovoltaic electricity has
fallen 85%. Solar panel installers saw significant growth between 2008 and 2013. Due to that growth, many solar-roof installations
were not "ideal" to work with - they had to find solutions to shaded roofs and orientation difficulties. This challenge was initially
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addressed by the re-popularization of micro-inverters and later the invention of power optimizers. Solar panel manufacturers
partnered with micro-inverter companies to create alternating current modules and power optimizer companies partnered with
module manufacturers to create smart modules. In 2013 many solar panel manufacturers announced and began shipping their
smart module solutions.Mono-crystalline panels are boasting high efficiency and are ideal for industries aiming for maximum
energy capture with minimal spatial footprint. On the other hand, Semi-flexible panels are offering a robust alternative, able to
withstand moderate physical stress, making them suitable for dynamic industrial environments. While they share the same
photovoltaic principles as traditional panels, their uniqueness lies in their versatility. This allows flexible solar panel markets to
cater to a diverse array of industrial needs with a touch of innovation.

Between 1992 and 2023, the worldwide usage of photovoltaic (PV) increased exponentially. During this period, it evolved from a
niche market of small-scale applications to a mainstream electricity source. From 2016 to 2022, PV has seen an annual capacity
and production growth rate of around 26%, doubling approximately every three years.The decreasing cost of solar panels is driving
an increase in solar energy use in the Global South. Many countries in the Global South rely on expensive fossil fuel imports. Many
homes and businesses are switching to solar energy to save money.About 99 percent of all European and 90 percent of all US solar
power systems are connected to the electrical grid, while off-grid systems are somewhat more common in Australia and South
Korea. PV systems rarely use battery storage. This may change, as government incentives for distributed energy storage are
implemented and investments in storage solutions gradually become economically viable for small systems.A typical residential
solar array is rack-mounted on the roof, rather than integrated into the roof or facade of the building, which is significantly more
expensive. Utility-scale solar power stations are ground-mounted, with fixed tilted solar panels rather than using expensive
tracking devices. Crystalline silicon is the predominant material used in 90% of worldwide produced solar modules, while its rival
thin-film has lost market-share. About 70% of all solar cells and modules are produced in China and Taiwan, only 5% by European
and US manufacturers. The installed capacity for both small rooftop systems and large solar power stations is growing rapidly and
in equal parts, although there is a notable trend towards utility-scale systems, as the focus on new installations is shifting away
from Europe to sunnier regions.

The newest solar panel technology has an expected lifespan of 25 to 35 years under standard performance warranties. TOPCon
panels degrade at approximately 0.5% per year, meaning they retain about 87% to 90% of their original output at year 25. HIT
panels degrade even more slowly at approximately 0.4% per year, guaranteeing 90% output at year 25 for top-tier models. Some
HJT manufacturers are already offering 35-year performance warranties, reflecting their confidence in long-term durability. These
degradation rates are a genuine improvement over the older PERC generation at 0.7% to 0.8% per year.Al will change solar panel
systems for homes by enabling real-time monitoring that identifies underperforming panels, predicts maintenance needs before
failures occur, and automatically adjusts system behavior to maximize production based on weather forecasts and usage patterns.
According to SolarReviews, 52% of solar installers reported that monitoring, communication, and connectivity problems were
among the most common post-installation issues they handled in 2024. Al-powered systems address this directly by providing
homeowners with clear performance dashboards and by flagging issues automatically rather than requiring manual inspection.
Smart inverters paired with Al monitoring are already available and will become standard features of new residential installations
through 2030.

Flexible solar panels (thin-film or semi-flexible crystalline) and fixed (rigid crystalline PV modules) each have distinct trade-
offs. Flexible amorphous silicon (a-Si) photovoltaic technology uses a non-crystalline silicon layer deposited onto lightweight,
bendable substrates like plastic, metal, or flexible glass. One of the earliest flexible photovoltaic technologies involved amorphous
silicon (a-Si), which could be deposited onto flexible substrates using plasma-enhanced chemical vapor deposition. Although
amorphous silicon offered relatively low conversion efficiency compared with crystalline silicon, its flexibility demonstrated the
feasibility of lightweight photovoltaic systems. It is a second-generation thin-film technology with a disordered atomic structure
instead of a rigid crystal lattice. It has lower efficiency ratings (typically 6-14%) compared to conventional rigid crystalline silicon
cells (20-25%). However, it maintains better performance during high-heat conditions and low-light or cloudy environments than
traditional solar panels. One good thing is that, it contains no toxic heavy metals like cadmium or lead.Subsequent advances led
to the commercialization of copper indium gallium selenide (CIGS) and cadmium telluride (CdTe) thin-film technologies. These
materials provided higher efficiencies while maintaining excellent flexibility, making them attractive for portable power systems,
military applications, and specialized architectural installations.

In 21t century witnessed unprecedented advances in photovoltaic materials research. Nanotechnology enabled scientists to
manipulate semiconductor structures at the molecular scale, leading to remarkable improvements in light absorption, charge
transport, and energy conversion efficiency. Organic photovoltaic cells emerged as another promising technology due to their
potential for low-cost printing using roll-to-roll manufacturing. Although OPVs generally exhibit lower efficiencies than silicon-
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based technologies, they offer exceptional flexibility and lightweight characteristics suitable for consumer electronics and
wearable devices. Perhaps the most significant breakthrough occurred with the discovery of hybrid organic-inorganic perovskite
materials. Since their introduction into photovoltaic research in 2009, perovskite solar cells have experienced the fastest efficiency
improvement in the history of photovoltaic technology. Researchers continue to investigate methods for enhancing their stability,
moisture resistance, and commercial scalability. Parallel to these developments, improvements in wafer thinning technologies
enabled manufacturers to produce ultra-thin crystalline silicon wafers capable of bending without fracture. This achievement
challenged the long-held assumption that crystalline silicon must remain rigid and opened new opportunities for flexible silicon
photovoltaics. Today, flexible solar technology represents one of the fastest-growing research fields in renewable energy science,
supported by governments, universities, research laboratories, and private industry across the globe.

From early standard mono/poly panels to today's high-efficiency TOPCon, HIT, and IBC technologies, the solar industry has come
a long way. In terms of technological advances, PV companies continue to make large strides, including the development of higher
efficiency (22-24% commercial module efficiency, with some premium models exceeding this) PV cells and hybrid cells. These
technologies are becoming increasingly accessible for the mass market. A new type of material for next-generation solar cells has
been created which eliminates the need to use lead. This has been a major barrier to increasing the efficiency of this technology.
Scientists have been working on incorporating the mineral perovskite in solar cells since the material was first shown to work in
20009. Solar cells that are created using this material are more efficient than current solar panels in laboratory conditions.
Perovskite solar cells (PSCs) are a type of solar cell that uses a perovskite-structured material to harvest light. They are made from
a hybrid organic-inorganic lead or tin halide-based material. Traditional solar panels capture 15% to 18% of the solar energy on
average (modern mainstream panels are typically around 20-23% efficient), while perovskite solar cells have been found to be as
much as 28% efficient in laboratory settings. Even higher efficiencies have been reached with some tandem cells up to an almost
34% efficiency rate (with laboratory tandem perovskite-silicon cells now exceeding 33—-34% efficiency). A tandem solar cell is a
solar panel made of multiple solar cells stacked on top of each other to convert more of the sun's energy into electricity. PSCs can
be made with perovskite materials that are around 90% pure, as they are less sensitive to impurities, making them cheaper to
produce. They are also lightweight and flexible and can be processed using coating techniques. PSCs also have the advantage of
being able to generate power even indoors and in low-light conditions.

EVOLUTION OF PV MODULES
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Figure 2: Evolution of solar PV modules: dimension and efficiency legacy
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However, there are major obstacles to using these materials commercially because they are not stable and they contain water-
soluble lead, which is a health hazard. PSCs are also not easy to mass produce and can deteriorate quickly although pilot-scale
commercialization is now underway in some markets. "These structures are very exciting," Dou said. "The sandwich structures are
like semiconductor quantum wells that are widely used today in many electronic and optoelectronic devices, but they are much
easier to produce and more tolerant to defects," In a paper published in the Journal of the American Chemical Society the scientists
had incorporated the material into an essential component of many electronic devices. Yao Gao, lead author of both research
papers and a postdoctoral fellow in Dou's research group, said the new organic-inorganic hybrid perovskite materials are cheaper
and perform better than a traditional inorganic semiconductor. Also, Gao said, the new material's design strategy could serve as
a blueprint for many other functional hybrid materials. "Solar cells, as many people have demonstrated, can be highly efficient.
With our new technology, we can make the hybrid perovskite materials intrinsically more stable. By replacing the toxic lead, these
new materials are better for the environment and can also be safely used for bioelectronics sensors on the body." Some
manufacturers are combining perovskite with silicon layers to create hybrid solar cells for better performance and stability.
Researchers have also developed PSCs with a lifetime of about 30 years, which could open the way to commercialization although
long-term real-world data is still being gathered. Evolution of solar PV modules in line of dimension and efficiency legacy has been
shown in figure 2 below.

Some PV companies in the United States are developing near-transparent cells made from a glass-like plastic material, which
greatly minimise the aesthetic impact of PV arrays, although at present these are not widely available in the UK. There are only a
few companies in the UK that install transparent solar panels. However, transparent solar panels are gaining traction in the UK
and are expected to become more common in the future Transparent and paper-thin technology could allow electricity to be
generated from windows and other discrete objects on the fly.Solar skins are a thin, flexible, transparent material that can be used
to generate electricity from sunlight (primarily marketed as aesthetic overlays rather than standalone high-efficiency generation
products). They are infused with tiny particles called “Quantum Dots” that become excited when exposed to photons, the main
component of sunlight. Solar skins can preserve up to around 90-99% of a panel’s original output depending on design and
application. They are a relatively new invention that can be laid over solar panels, so they blend in with the roof of your home. So,
for people who are concerned about the appearance of traditional panels, solar skins are a great incentive. They have also been
designed to reduce the risk of fire by integrating fire protection products and systems.

Traditional solar farms can take up land, which is expensive and might be needed for other reasons like agriculture or house
building. For this reason, engineers have developed floating solar power plants which can be placed offshore. Solar panels can be
installed onto floating platforms in bodies of water such as lakes, reservoirs, and some sheltered coastal areas. These water-cooled
floating photovoltaic (PV) systems or floatovoltaics can produce more energy than land-based ones due to the cooling effect of
water reducing panel temperature. Floating solar farms have other benefits too. They limit air circulation and block sunlight from
the surface of the water which reduces water loss through evaporation. They can also prevent certain types of algae from growing
which can lower the cost of water treatment. On top of that the water below the floating solar farm helps to keep the solar panels
clean and minimises energy waste.However, another factor influencing the popularity and take-up of solar energy technology is
the rise of innovative power storage solutions. The more energy storage technology evolves the more solar power users can store
excess energy generated during peak sunlight hours for use during periods of low sunlight or at night. Both lithium-ion and solid-
state battery technologies are advancing, but there are still challenges to overcome before solid-state batteries can become the
industry standard. Together with the advancements in battery technology, intelligent energy management systems will enable
households and businesses to increase their solar energy usage and reduce their dependence on grid-supplied power.

4. CONSTRUCTION AND MANUFACTURE OF SOLAR PANELS

Today, solar panel technology is progressing rapidly with greater efficiency and lower prices, due to a huge increase in demand.
However, despite the massive advancements in technology, basic solar panel construction hasn’t changed much over the past
years. Most solar panels are still made using a series of silicon crystalline cells sandwiched between a front glass plate and a rear
polymer plastic back-sheet supported within an aluminium frame. Once installed; solar panels are subjected to severe conditions
over the course of their 25+ year life. Extreme temperature, humidity, wind and UV radiation variations can put enormous stress
on a solar panel. Luckily, most panels are well-engineered to withstand extreme weather. Though, some panels can fail in several
ways, including water ingress, cell micro-fractures and potential induced degradation or PID.Today solar panels are manufactured
using only the highest quality components.Solar panels use PV cells for short, made from silicon crystalline wafers similar to the
wafers used to make computer processors. The silicon wafers can be either polycrystalline or monocrystalline and are produced
using several different manufacturing methods. The most efficient type is monocrystalline, and which manufactured using the
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well-known Czochralski process. In the past, Polycrystalline wafers were made using several purification processes, and which
followed by a simpler casting method. It was much lower-cost. It was also less efficient, and which resulted in the phase-out of
polycrystalline wafers in favour of the higher purity and higher performance monocrystalline wafers.
Manufacturing typical silicon-based solar cells requires a number of different processes, starting from a raw material called
Quartzite, a form of quartz sandstone rock. First, Quartzite, or silica sand, is converted into metallurgical-grade silicon by
combining Carbon and Quartzite in an arc furnace. This process occurs at very high temperatures, producing 99% pure silicon. The
next step is to convert the metallurgical-grade silicon into pure Polysilicon using either a chemical purification process called the
Siemens process or upgraded metallurgical-grade silicon (UMG-Si) using less costly metallurgical processes.Then, the polysilicon
is doped with trace amounts of either boron or phosphorous to become either P-type or N-type silicon. At this stage, the
polycrystalline silicon can be melted, cast into large rectangular blocks, and thinly sliced using a diamond wire cutting method to
produce the polycrystalline or multicrystalline wafers. To manufacture the more efficient mono-crystalline wafer or cells, the
doped silicon can be made into a pure solid crystal ingot using the Czochralski process. This process involves melting the
polycrystalline silicon under high pressure and temperature to slowly grow a large monocrystalline crystal known as an ingot.Steps
to manufacture mono-crystalline solar PV cells are as follows.

> Silica sand is purified in an arc furnace to create 99% pure silicon
The 99% silicon is further refined close to 100% pure silicon
The silicon is doped with boron or phosphorous (P-type or N-type)
The doped silicon is melted and extracted into a crystalline ingot
The round ingot is diamond wire-cut into thin square wafers
The thin base wafer is coated with an ultra-thin layer of either P-type or N-type silicon to form the PN-junction.

YV VYV V VYV

An anti-reflective layer and metallic fingers are added to the cell surface

> Flat ribbon busbars (as shown) or thin wire (MBB) busbars are added
Solar panels are made using the six major components described in detail below and assembled in advanced manufacturing
facilities with extreme accuracy. This article will focus on panels made using crystalline silicon solar cells since these are by far the
most common and best-performing solar technology available today. Other solar PV technologies are available, such as thin film
and screen-printed cells, but we will not be discussing these as they have limited use or are still in development. Six Main
components of a solar panel are as follows and shown in figure 3 below.

Aluminium Frame
—— Tempered Glass
— Encapsulant - EVA

— Solar cells

—— Encapsulant - EVA

. = Back sheet

Junction Box

/-

Figure 3: Major 6 components used in the construction of a solar panel

a. Solar PV cells. The base of the PV cell is a very thin wafer, typically 0.1mm thick, and is made from either positive p-type silicon
or negative n-type silicon. There are many different cell sizes and configurations available that offer different levels of efficiency
and performance, including half-cut or split cells, multi-busbar (MBB) cells, and, more recently, shingled cells using thin
overlapping wafer strips. There are two main types being mono-crystalline and polycrystalline silicon. Most residential solar panels
contain 60 full-size monocrystalline cells or 120 half-size cells linked together via busbars in series to generate a voltage between

30-40 volts, depending on the type of cell used. Larger solar panels used for commercial systems and utility-scale solar farms
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contain 72 full-size or 144 half-size cells and, in turn, operate at a higher voltage. The electrical contacts that interconnect the cells
are known as bus-bars and allow the current to flow through all the cells in a circuit.

b. Toughened Glass. The front glass sheet protects the PV cells from the weather and impact from hail or airborne debris. The
glass is typically high strength tempered glass which is 3.0 to 4.0mm thick and is designed resist mechanical loads and extreme
temperature changes. The IEC minimum standard impact test requires solar panels to withstand an impact of hail stones of 1 inch
(25 mm) diameter traveling up to 60 mph (27 m/s). In the event of an accident or severe impact tempered glass is also much safer
than standard glass as it shatters into tiny fragments rather than sharp jagged sections. The are typically 3.2mm thick. To improve
efficiency and performance high trans-missive glass is used by most manufacturers which has a very low iron content and an anti-
reflective coating on the rear side to reduce losses and improve light transmission.

c. Extruded Aluminium frame. The aluminium frame plays a significant role by both protecting the edge of the laminate section
housing the cells and providing a solid structure to mount the solar panel in position. The extruded aluminium sections are
designed to be extremely lightweight, stiff and able to withstand extreme stress and loading from high wind and external
forces.The aluminium frame can be silver or anodised black and depending on the panel manufacturer the corner sections can
either be screwed, pressed or clamped together providing different levels of strength and stiffness.

d. Encapsulation EVA film. EVA stands for ‘ethylene vinyl acetate’, which is a specially designed polymer highly transparent
(plastic) layer used to encapsulate the cells and hold them in position during manufacture. The EVA material must be extremely
durable and tolerant of extreme temperature and humidity. However, it plays an important part in the long-term performance by
preventing moisture and dirt ingress. The lamination on either side of the PV cells provides some shock absorption and helps
protect the cells and interconnecting wires from vibrations and sudden impact from hail stones and other objects. A high-quality
EVA film with a high degree of ‘cross-linking’ can be the difference between a long life and a panel failure due to water ingress.
During manufacture, the cells are first encapsulated with the EVA before being assembled within the glass and back sheet.

e. Polymer rear back-sheet. The backsheet is the rearmost layer of standard solar panels which acts as a moisture barrier and
final external skin to provide both mechanical protection and electrical insulation. The backsheet material is made of various
polymers or plastics including PP, PET and PVF which offer different levels of protection, thermal stability and long-term UV
resistance. The backsheet layer is typically white in colour but is also available as clear or black, depending on the manufacturer
and module. For a detailed analysis of the various backsheet materials used, refer to the backsheet construction article from
Taiyang News.Some panels such as bifacial and frameless panels, use a rear glass panel instead of a polymer backsheet and those
known as dual glass panels. The rear side glass is more durable and longer lasting than most backsheet materials and so some
manufacturers offer a 30-year performance warranty on dual glass panels.

f. Junction box with diodes and connectors. The junction box is a small weatherproof enclosure located on the rear side of the
panel. It is needed to securely attach the cables required to interconnect the panels. The junction box is important as it is the
central point where the cell groups interconnect and must be protected from moisture and dirt.The junction box also houses the
bypass diodes, which are needed to prevent reverse currents, which can occur when cells are shaded or dirty. Diodes only allow
current to flow in one direction, and a typical 60-cell panel is divided into 3 groups of 20 PV cells, each with a bypass diode for
preventing reverse current. However, bypass diodes can fail over time and may need to be replaced, especially if put under stress
due to fixed rooftop objects causing permanent shading throughout the year. In most modern solar panels use more advanced,
longer-lasting diodes and non-serviceable junction boxes.

On the other hand, almost all solar panels are connected using special weather-resistant plugs and sockets called MC4 connectors.
The term MC4 stands for multi-contact 4mm diameter connector. Due to extreme weather conditions, the connectors must be
very robust, secure, and UV resistant and maintain a good connection with minimal resistance at both low and high voltages up
to 1000V. The connectors are designed to be used with the standard 4mm or 6mm double-insulated solar DC cable with a tinned
copper multi-strand core for minimum resistance and increased durability. To correctly assemble the connectors, a special
crimping tool is used to crimp the multi-strand cable to the inner terminal, which is then inserted and snapped into the MC4
housing.There are several different types of MC4 connectors that may look similar but do not always fit together securely. The
same type and make of connector must always be used to reduce potential water ingress or plug failure which can result in arcing
and even fire. Again,next-generation MC4-EVO-2 connectors are manufactured by few manufacturers and the only dissimilar
looking connectors which are allowed to be used together.

Many well-known solar panel manufacturers are vertically integrated, meaning that one company supplies and manufactures all
the main components, including the silicon ingots and wafers used to make the solar PV cells. However, many panel manufacturers
assemble solar panels using externally sourced parts, including cells, polymer back sheet and encapsulation EVA material. These
manufacturers can be more selective about which components they choose. Still, they do not always have control over the quality
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of the products, so they should be sure they use the best suppliers available. Solar panels are assembled in advanced
manufacturing facilities using automated robotic equipment and sensors to precisely position the components with extreme
accuracy. The manufacturing plants must be extremely clean and controlled to prevent any contamination during
assembly.Throughout the manufacturing process, the panels and cells are checked and inspected using advanced optical/imaging
sensors to ensure all the components are located correctly and the cells wafers, which are very delicate, are not damaged or
cracked during the assembly process. Depending on the manufacturer, the final panel assembly is thoroughly checked using a
number of tests, including electroluminescent (EL) or flash testing, to identify any defects in the cells which could lead to failure
once exposed to sunlight and high temperatures for many years.

Solar panels are generally very reliable as they have no moving parts and require minimal maintenance. However, they can fail or
underperform over the expected 25-year life due to several different reasons. It is normal for the cells will slowly lose power due
to what is known as light-induced degradation or LID, which results in an average of 0.5% loss per year. This slow degradation is
often not noticeable, and most solar panels will still perform at 80% or higher of the original rated capacity after 20 years,
depending on the type of cell used. The amount of degradation is specified in the manufacturer’s performance warranty and an
example has shown in figure 4 below. Unfortunately, solar panels can also suffer from more serious issues, such as micro-cracks
and more severe degradation for several reasons. Any high stresses due to impacts, poor installation practices or people walking
on rooftop panels can cause tiny fractures in the cell. These issues are often very difficult to detect and, if left for several years,
can develop into hot spots and cause catastrophic failures such as arcing or fire. Fortunately, there are ways to reduce the
likelihood of failure, and most manufacturers are improving both the panel design and manufacturing to minimize short and long-
term issues.

104 LONGI 25-Year Power Warranty
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Figure 4: Solar panel performance warranty chart showing degradation over 25 years of use

5. BASIC, TYPES, SELECTING, CARING AND IMPORTANT INFORMATION OF FLEXIBLE SOLAR PANELS

Flexible solar panels are photovoltaic devices designed with bendable and flexible substrates, which enabling them to adapt to
curved surfaces and unusual shapes. Flexible panels utilize thin-film or crystalline solar cells mounted on lightweight, pliable
materials such as ETFE film, rather than unlike traditional rigid solar panels made from glass and aluminum frames. This technology
permits for a wide range of applications including integration into vehicles, portable solar chargers, building surfaces, wearable
solar devices and many unusual uses. Flexible solar panels balance efficiency with adaptability, making them appropriate for
environments where space, weight, or shape restrictions exist.The primary technologies behind flexible solar panels are thin-film
solar cells and crystalline silicon cells. Where thin-film panels are typically lighter and more flexible due to their deposition on
flexible substrates, while crystalline panels offer higher effectiveness but with a little reduced flexibility. These panels are often
compared based on performance metrics, durability, and cost-effectiveness, providing users with choices tailored to specific
energy needs and installation conditions.Their lightweight and bendable nature makes them ideal for portable chargers, camping
gear, and vehicles.

There are two majortypes of flexible solar panels. Those are crystalline and thin-film. Crystalline flexible solar panels are made
from ultra-thin slices of silicon. Those panels maintain high efficiency close to their rigid counterparts while offering some degree
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of flexibility.Today, modern manufacturers have improved their bending radius, and allowing these panels to be mounted on little
curved surfaces without forfeiting performance. These are ideal for applications requiring a balance of power output, flexibility,
and panel adaptability. On the other hand, thin-film flexible solar panelsare created by depositing photovoltaic materials onto
flexible substrates like plastic or metal foil. Few examples include amorphous silicon, cadmium telluride, and copper indium
gallium selenide (CIGS) panels. Those panels usually offer greater flexibility and lighter weight. However, it may have lower
efficiency rates compared to crystalline types. Their cost-effectiveness and ease of manufacturing make them a popular choice for
applications, where flexibility and shape adaptability are more critical than maximum power output.

When selecting flexible solar panels, several critical factors must be evaluated to ensure optimal performance and longevity.
Power output is paramount; buyers should assess the wattage and efficiency to meet their energy demands effectively. Durability
is equally important, particularly resistance to environmental conditions such as UV exposure, moisture, and temperature
fluctuations. Panels with ETFE coating, for example, offer enhanced weather resistance and self-cleaning properties. Solar cell
technology impacts both performance and application suitability. Understanding the differences between crystalline and thin-film
solar cells helps businesses choose the right panel based on efficiency, weight, flexibility, and budget. Installation preferences,
including mounting options like adhesive bonding or rack systems, influence the ease of integration and maintenance. Lastly, the
expected lifespan and warranty terms provided by manufacturers should be scrutinized to maximize return on investment and
ensure long-term reliability. Today, adhesive mounting is popular for curved surfaces and portability, while rack mounting offers
stability for fixed installations. The choice depends on the application requirements. Flexible solar panels are available through
specialized manufacturers and suppliers around the world, and they offer a variety of thin solar panels tailored to different needs.

Mounting flexible solar panels can be achieved primarily through two methods: rack mounting and adhesive mounting. Rack
mounting involves securing the panel to a frame or structure, providing a stable platform especially useful for larger installations
or where panel removal may be necessary. This method offers robustness but can add weight and complexity to the setup.
Adhesive mounting, favored for its simplicity and minimal hardware requirements, uses strong, weather-resistant adhesives to
bond the panel directly to surfaces such as roofs, vehicles, or curved equipment. This technique preserves the panel's flexibility
and reduces wind resistance. It is essential to select adhesives compatible with the panel's backing and mounting surface to
prevent damage and ensure durability. Proper surface preparation and environmental considerations enhance the effectiveness
of adhesive bonding. Maintaining the efficiency of flexible solar panels requires regular cleaning and care to prevent dirt, dust,
and debris buildup. Gentle cleaning using soft cloths, mild detergents, and water is recommended to avoid damaging the delicate
panel surface or ETFE coating. Avoid abrasive materials or harsh chemicals that could degrade the solar cells or protective layers.
Regular inspections for physical damage, loose connections, and signs of wear also contribute to sustained performance. Since
flexible solar panels are often deployed in challenging environments, protective measures such as UV-resistant coatings and
weatherproof seals are beneficial. Following manufacturer guidelines for maintenance ensures longevity and optimal energy
production.

Flexible solar panels provide several advantages that distinguish them from conventional solar solutions. Size and versatility are
among the most notable benefits; their lightweight construction and ability to conform to curved and uneven surfaces enable
installations in previously inaccessible locations. This versatility is valuable for mobile solar applications such as RVs, boats,
wearable devices, and emergency power supplies. Additionally, flexible panels are often less expensive to transport and install,
reducing overall project costs. Installation ease is another significant benefit. Flexible solar panels can be mounted using adhesives
or lightweight racks, eliminating the need for heavy metal frames and extensive mounting hardware. This ease of installation
shortens deployment times and reduces labor costs. Portability is enhanced by the panels' low weight and resilience to impact,
making them ideal for off-grid and remote power solutions. Their flexibility also contributes to higher durability under mechanical
stress compared to rigid panels, extending their lifespan in dynamic environments. However, flexible solar panels generally have
slightly lower efficiency rates than rigid crystalline panels, but advancements in technology have narrowed this gap significantly.
Depending on the technology used, efficiencies can range from 10% to over 20%. Again, many flexible solar panels are designed
with protective coatings such as ETFE that enhance durability against UV radiation, moisture, and temperature extremes. It is
important to verify the panel's specifications for environmental resistance.Japan is advancing flexible solar cell technology that
could allow clean energy panels to be placed on surfaces where heavy traditional solar panels are not practical. These lightweight
solar sheets are often linked to perovskite materials, which are attracting attention because they can be thinner, lighter, and
potentially cheaper to manufacture than conventional silicon panels and shown in figure 5 below.
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Figure 5: Ultra-thin flexible solar cells/panel

6. WORKING PRINCIPLES AND MATERIALS SCIENCE OF FLEXIBLE SOLAR PANELS

The operation of flexible solar panels is fundamentally based on the photovoltaic effect, a physical phenomenon in which
semiconductor materials convert sunlight directly into electrical energy. When photons from sunlight strike the surface of a
photovoltaic material, they transfer energy to electrons within the semiconductor lattice. If the absorbed energy exceeds the
material's band gap, electrons are excited from the valence band into the conduction band, creating mobile electron—hole pairs.
The internal electric field established at the p—n junction separates these charge carriers, directing electrons toward the negative
electrode and holes toward the positive electrode. This separation generates an electric current that can be collected through
external electrical circuits. Although the photovoltaic effect is identical in rigid and flexible solar cells, the primary distinction lies
in the structural design of the module. Conventional solar panels utilize thick crystalline silicon wafers protected by tempered
glass, whereas flexible photovoltaic modules employ thin semiconductor layers deposited onto lightweight substrates. These
substrates may consist of polyimide films, polyethylene terephthalate (PET), polyethylene naphthalate (PEN), stainless steel foils,
or ultra-thin silicon wafers. The flexibility of these substrates allows the photovoltaic module to bend without significantly affecting
electron transport pathways. Advanced encapsulation materials further protect the semiconductor layers from oxygen, moisture,
ultraviolet radiation, and mechanical stress, thereby extending operational lifetime. Recent innovations in nanostructured
materials, interface engineering, and tandem cell architectures have substantially increased the efficiency of flexible photovoltaics
while maintaining mechanical durability. Researchers continue to optimize charge transport layers, transparent conductive
electrodes, and encapsulation strategies to improve both electrical performance and long-term reliability.

The remarkable flexibility of modern photovoltaic modules is primarily the result of advances in materials science rather than
changes to the fundamental principles of electricity generation. Unlike conventional photovoltaic panels, which rely on thick
crystalline silicon wafers protected by tempered glass and supported by aluminum frames, flexible solar panels employ lightweight
materials capable of maintaining electrical performance while withstanding repeated mechanical deformation. The selection of
these materials influences not only the flexibility of the module but also its efficiency, durability, manufacturing cost,
environmental impact, and commercial viability. Today flexible panels are primarily made using thin-film photovoltaics, which
involve depositing one or more layers of photovoltaic material onto a substrate. The materials commonly used include amorphous
silicon, cadmium telluride, and copper indium gallium selenide (CIGS). This technology allows the panels to be lightweight, thin,
and, most importantly, flexible.Researchers have developed multiple classes of photovoltaic materials for flexible applications,
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each offering unique advantages and presenting specific technical challenges. These materials continue to evolve as scientists
seek to improve energy conversion efficiency while reducing manufacturing complexity and extending operational lifetimes.

a. Crystalline Silicon. Crystalline silicon remains the dominant material in the global photovoltaic industry, accounting for more
than 90% of installed solar capacity worldwide by International Energy Agency (IEA) in 2024. Traditionally, silicon cells have been
considered incompatible with flexible applications because silicon is inherently brittle and fractures when subjected to excessive
bending.Advances in wafer manufacturing, however, have significantly altered this perception. Modern fabrication techniques
enable manufacturers to produce ultra-thin crystalline silicon wafers with thicknesses below 100 micrometers. At these
dimensions, silicon becomes considerably more flexible without substantial reductions in electrical efficiency.Researchers have
further enhanced flexibility by introducing microscopic structural modifications that distribute mechanical stress more evenly
throughout the material. These innovations allow silicon-based modules to bend to moderate radii while maintaining excellent
electrical performance. Consequently, flexible crystalline silicon modules combine the high efficiencies associated with
conventional photovoltaic technology with many of the practical advantages of lightweight flexible systems.Because crystalline
silicon manufacturing infrastructure already exists on a massive global scale, flexible silicon modules possess significant
commercial potential. Manufacturers can adapt existing production lines rather than constructing entirely new facilities, thereby
reducing development costs and accelerating commercialization.

b. Thin-Film Silicon. Thin-film silicon represented one of the earliest successful approaches to flexible photovoltaics. Rather than
slicing thick wafers from silicon ingots, manufacturers deposit extremely thin layers of amorphous or microcrystalline silicon
directly onto flexible substrates. This manufacturing process dramatically reduces material consumption while allowing
continuous roll-to-roll production. Thin-film silicon modules generally exhibit lower efficiencies than crystalline silicon, but they
offer several compensating advantages, including reduced weight, improved flexibility, lower manufacturing temperatures, and
decreased transportation costs.Amorphous silicon also performs relatively well under diffuse sunlight and elevated temperatures,
making it suitable for applications where environmental conditions fluctuate significantly. Although newer photovoltaic
technologies have surpassed amorphous silicon in efficiency, it continues to play an important role in niche markets requiring
lightweight and flexible energy generation.

c. Copper Indium Gallium Selenide (CIGS). Copper indium gallium selenide (CIGS) has become one of the most successful thin-
film photovoltaic materials for flexible applications. CIGS combines excellent light absorption with relatively high conversion
efficiencies, allowing manufacturers to produce lightweight modules that perform competitively with conventional silicon
technologies. One of the most important characteristics of CIGS is its exceptionally high optical absorption coefficient. Unlike
crystalline silicon, which requires relatively thick semiconductor layers to absorb sunlight effectively, CIGS can capture most
incoming solar radiation within layers only a few micrometers thick. This property substantially reduces material usage while
facilitating flexible module construction. Flexible CIGS panels have been deployed in numerous specialized applications, including
military equipment, portable charging systems, transportation infrastructure, and aerospace technology. Their combination of
moderate efficiency, mechanical flexibility, and environmental resilience has made them attractive wherever lightweight
renewable energy systems are required.Nevertheless, CIGS manufacturing involves relatively scarce elements such as indium and
gallium, potentially constraining large-scale production if global demand increases substantially.

d. Cadmium Telluride (CdTe). Cadmium telluride represents another commercially successful thin-film photovoltaic technology.
CdTe modules require minimal semiconductor material because cadmium telluride absorbs sunlight extremely efficiently. The
principal advantages of CdTe include relatively low manufacturing costs, excellent performance under high temperatures, and
well-established industrial production methods. Flexible CdTe modules have been investigated for numerous lightweight
applications, although commercial deployment remains more limited than silicon or CIGS technologies. Environmental concerns
surrounding cadmium toxicity require careful manufacturing controls and comprehensive recycling programs. Modern
encapsulation techniques effectively prevent cadmium release during normal operation, but responsible end-of-life management
remains essential to minimize environmental risks.

e. Organic Photovoltaic Cells (OPVs). Organic photovoltaic cells utilize carbon-based semiconducting molecules instead of
inorganic materials such as silicon or metal compounds. Their unique chemical properties permit fabrication using printing
technologies similar to newspaper production.One of the greatest advantages of organic photovoltaics is manufacturing simplicity.
Large photovoltaic sheets can potentially be printed continuously using roll-to-roll techniques, substantially lowering production
costs while enabling enormous manufacturing throughput. Organic solar cells also exhibit exceptional flexibility because their
active layers are extremely thin and mechanically compliant. Some prototypes can even withstand repeated folding without
catastrophic failure.Despite these advantages, organic photovoltaics currently face important limitations. Their conversion
efficiencies remain lower than those of silicon and perovskite technologies, while long-term stability under sunlight, moisture, and
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oxygen exposure continues to present significant engineering challenges. Consequently, OPVs are generally considered more
suitable for portable electronics, indoor energy harvesting, and disposable applications than for long-term utility-scale electricity
generation.

f. Perovskite Solar Cells. Among all emerging photovoltaic technologies, perovskite solar cells have generated perhaps the greatest
scientific excitement. The term "perovskite" refers to a specific crystal structure rather than a single chemical compound. These
materials possess exceptional optoelectronic properties that enable highly efficient conversion of sunlight into electricity.
Perovskite photovoltaic have experienced unprecedented progress since their introduction into solar research in 2009. Laboratory
efficiencies have increased from less than 4% to more than 26% within approximately fifteen years, representing the fastest
improvement ever recorded in photovoltaic technology by National Renewable Energy Laboratory (NREL) in 2024.Several
characteristics make perovskites particularly attractive for flexible solar panels are high optical absorption, long charge-carrier
diffusion lengths, Low-temperature manufacturing, Compatibility with flexible substrates, potentially low production costs,
Excellent tunability through chemical engineering. Because perovskite layers can be deposited using printing, coating, or solution-
processing techniques, they are especially well suited to roll-to-roll manufacturing. Scientists envision future production facilities
capable of manufacturing photovoltaic films continuously in a manner analogous to newspaper printing. Despite extraordinary
progress, commercialization remains limited by stability concerns. Moisture, oxygen, ultraviolet radiation, and elevated
temperatures gradually degrade many perovskite materials. Extensive research is therefore focused on improving encapsulation
methods, developing more stable crystal compositions, and increasing operational lifetimes.

g. Tandem Solar Cells. Rather than replacing silicon entirely, many researchers now believe that the future of photovoltaic lies in
tandem solar cells, which combine multiple semiconductor materials within a single device.ln tandem architectures, each material
absorbs different portions of the solar spectrum. High-energy photons are captured by wide-bandgap materials such as
perovskites, while lower-energy photons continue into silicon layers beneath. This arrangement enables much more complete
utilization of incoming sunlight.Theoretical analyses suggest that tandem cells could achieve efficiencies exceeding 40%,
substantially surpassing the practical limits of conventional single-junction silicon photovoltaics. Flexible tandem modules
combining ultra-thin silicon with perovskite materials represent one of the most active research areas in modern photovoltaic
science.

7. MANUFACTURING TECHNOLOGIES AND QUALITY CONTROL

The production of PV systems has followed a classic learning curve effect, with significant cost reduction occurring alongside large
rises in efficiency and production output.With over 100% year-on-year growth in PV system installation, PV module makers
dramatically increased their shipments of solar modules in 2019. They actively expanded their capacity and turned themselves
into Gigawatt GW players.According to Pulse Solar, five of the top ten PV module companies in 2019 have experienced a rise in
solar panel production by at least 25% compared to 2019.The basis of producing most solar panels is mostly on the use of silicon
cells. These silicon cells are typically 10-20% efficient at converting sunlight into electricity, with newer production models
exceeding 22%.In 2018, the world's top five solar module producers in terms of shipped capacity during the calendar year of 2018
were Jinko Solar, JA Solar, Trina Solar, Longi solar, and Canadian Solar. However, the manufacture of PV panels depends on the
use of toxic and reactive chemicals. These include cadmium telluride, copper indium selenide, cadmium gallium (di) selenide,
copper indium gallium (di)selenide, hexa-fluoroethane, lead, and polyvinyl fluoride. Byproducts include silicon
tetrachloride. Silicon dust ("kerf") is produced when the silicon wafers are sawn.The commercial success of flexible solar panels
depends not only on material performance but also on efficient manufacturing processes capable of producing high-quality
photovoltaic modules at competitive costs. Modern manufacturing emphasizes continuous production, automation, material
conservation, and scalability.

a. Roll-to-Roll Manufacturing. Roll-to-roll manufacturing represents one of the defining innovations of flexible photovoltaics.
Instead of assembling individual rigid panels, manufacturers process continuous rolls of flexible substrate through sequential
coating, deposition, patterning, encapsulation, and quality-control stations.This approach resembles high-speed newspaper
printing or plastic film manufacturing. Continuous production offers several advantages like, Reduced manufacturing costs, Higher
production speeds, Lower labor requirements, Improved material utilization, Easier automation, Greater scalability, etc. Roll-to-
roll manufacturing is particularly compatible with organic photovoltaics and perovskite solar cells because these technologies
employ solution-processable materials that can be deposited uniformly over large areas.

b. Vacuum Deposition. Certain photovoltaic materials require highly controlled vacuum environments during fabrication.
Processes such as sputtering, evaporation, and chemical vapor deposition enable manufacturers to deposit extremely thin
semiconductor layers with atomic-scale precision.Vacuum deposition provides exceptional film quality and uniformity,
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contributing to improved electrical performance and reliability. However, the equipment required is relatively expensive,
increasing manufacturing costs compared with solution-based production methods.

c. Printing Technologies. Printing technologies have become increasingly important in flexible photovoltaic manufacturing. Here
numerous methods are employed like, Inkjet printing, Screen printing, Slot-die coating, Gravure printing, and Spray coating. These
techniques allow semiconductor "inks" to be deposited directly onto flexible substrates with high precision. Printing-based
manufacturing reduces material waste because photovoltaic compounds are placed only where required. Furthermore,
production temperatures remain relatively low, allowing the use of inexpensive polymer substrates that would deform under
conventional semiconductor processing conditions.

d. Encapsulation. One of the greatest challenges facing flexible photovoltaics is protecting delicate semiconductor materials from
environmental degradation. Encapsulation involves sealing the photovoltaic layers within specialized protective films that prevent
moisture, oxygen, dust, and ultraviolet radiation from reaching sensitive components. Modern encapsulation systems typically
consist of multiple polymer layers, adhesive barriers, ultraviolet filters, and transparent protective coatings.The effectiveness of
encapsulation largely determines the operational lifetime of flexible solar modules. Poor encapsulation can lead to rapid
performance degradation even when the photovoltaic material itself remains structurally intact.

e. Quality Control. Because flexible photovoltaic modules often contain extremely thin active layers, quality control requires
sophisticated inspection technologies. Manufacturers routinely employ: Electroluminescence imaging, Infrared thermography,
Laser scanning, Optical microscopy, Automated electrical testing, Mechanical bending tests, etc. These techniques identify
microscopic defects that could reduce module efficiency or shorten operational lifetime. Mechanical durability testing is especially
important for flexible photovoltaics. Modules undergo thousands of repeated bending cycles to evaluate resistance to cracking,
delamination, and electrical degradation under realistic operating conditions. Solar module quality assurance involves testing and
evaluating solar cells and Solar Panels to ensure the quality requirements of them are met. Solar modules (or panels) are expected
to have a long service life between 20 and 40 years. They should continually and reliably convey and deliver the power anticipated.
Solar modules can be tested through a combination of physical tests, laboratory studies, and numerical analyses. Furthermore,
solar modules need to be assessed throughout the different stages of their life cycle. Various companies such as Southern
Research Energy & Environment, SGS Consumer Testing Services, TUV Rheinland, Sinovoltaics, Clean Energy Associates (CEA), CSA
Solar International and Enertis provide services in solar module quality assurance. However, the implementation of consistent
traceable and stable manufacturing processes becomes mandatory to safeguard and ensure the quality of the PV
Modules. Certification is carried out according to standards ANSI/UL1703, IEC 17025, IEC 61215, IEC 61701, and IEC 61730-1/-2+"

8. EFFICIENCY, PERFORMANCE, AND MAINTENANCE OF SOLAR PANELS

Solar-cell efficiency is the portion of energy in sunlight that is transformed into electricity by a solar cell. So, efficiency is the
combination with latitude and weather, determine the energy output of a solar system.As of 2024, the record for solar cell
efficiency was 47.6%, set in May 2022 by Fraunhofer ISE, with a IlI-V four-junction concentrating photovoltaic (CPV) cell. The
record in real-world conditions is held by NREL, which developed triple junction cells with a tested efficiency of 39.5%.Commercial
solar modules may exceed 24% efficiency. As of 2025, the best reached 24.5%, typically lower than their cells in isolation. The
most efficient mass-produced solar modules have power density values of 175 W/m? (16.22 W/ft?).In 2026 using triple 1ll-V
germanium cells and shingled matrix technology to interconnect cells, Fraunhofer achieved efficiency of 34.4%. An important
innovation was the use of direct cell-to-cell contact, eliminating traditional solder-coated copper ribbons and the resulting shading
of active cell areas.Several factors affect conversion efficiency, including its reflectance, thermodynamic efficiency, charge carrier
separation efficiency, charge carrier collection efficiency and conduction efficiency values.Depending on construction,
photovoltaic modules can produce electricity from a range of frequencies of light, but usually cannot cover the entire solar
radiation range (specifically, ultraviolet, visible, infrared and low or diffused light). Hence, much of the incident sunlight energy is
not processed by solar modules. Theoretically, sunlight could be split into wavelength bands (each a different color), each directed
onto cells tuned to those ranges that would convert that band more efficiently.

The performance of flexible solar panels is evaluated using many of the same metrics applied to conventional photovoltaic
modules. However, additional criteria relating to flexibility and mechanical durability are also considered. The most important
performance indicators include Power conversion efficiency, Specific power (W/kg), Power density (W/m?2), indicating energy
Mechanical flexibility, Operational lifetime, Temperature coefficient, Resistance to ultraviolet radiation, moisture, and
mechanical fatigue. Modern flexible crystalline silicon modules can achieve efficiencies exceeding 20%, while laboratory-scale
perovskite and tandem cells have surpassed 25%. Meanwhile, flexible CIGS modules generally achieve efficiencies between 15%
and 20%, and commercial organic photovoltaic modules typically range from 10% to 18%, depending on operating conditions and
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device architecture. Although efficiency remains an important metric, flexibility introduces additional performance advantages
that cannot be measured solely through electrical output. Lightweight modules reduce structural loading, simplify transportation,
expand installation options, and lower labor requirements, all of which contribute to the overall value proposition of flexible
photovoltaic systems.

Module performance is generally rated under standard test conditions: irradiance of 1,000 W/m?, solar spectrum of AM 1.5 and
module temperature at 25 °C. The actual voltage and current output of the module changes as lighting, temperature and load
conditions change, so there is never one specific voltage at which the module operates. Performance varies depending on
geographic location, time of day, the day of the year, amount of solar irradiance, direction and tilt of modules, cloud cover,
shading, soiling, state of charge, and temperature. Performance of a module or panel can be measured at different time intervals
with a direct current clamp meter or shunt and logged, graphed, or charted with a chart recorder or data logger.For optimum
performance, a solar panel string needs to be made of similar electrical voltage solar panels oriented in the same direction
perpendicular to direct sunlight. Bypass diodes are used to optimize output by allowing continuous current flow by circumventing
broken or shaded panels.Electrical characteristics include nominal power measured in W, open-circuit voltage (Voc), short-circuit
current (Isc), maximum power voltage (Vmee), maximum power current (Imep), peak power (Wy), and module efficiency (%).0Open-
circuit voltage or Vocis the maximum voltage the module can produce when not connected to an electrical circuit or
system.Voc can be measured with a voltmeter directly on an illuminated module's terminals or on its disconnected cable.The peak
power rating, Wy, is the maximum output under standard test conditions (not the maximum possible output). Typical modules,
which could measure approximately 1 by 2 metres (3 ft x 7 ft), will be rated from as low as 75 W to as high as 600 W, depending
on their efficiency. At the time of testing, the test modules are binned according to their test results, and a typical manufacturer
might rate their modules in 5 W increments, and either rate them at +/- 3%, +/-5%, +3/-0% or +5/-0%.,

The ability of solar modules to withstand damage by rain, hail, heavy snow load, and cycles of heat and cold varies by
manufacturer, although most solar panels on the U.S. market are UL listed, meaning they have gone through testing to withstand
hail. The term "potential-induced degradation" (PID) was first introduced in the English language in a published study by S. Pingel
and coworkers in 2010. It was introduced as a degradation mode resulting from voltage potential between the cells in the
photovoltaic module and ground.PID is a potential-induced performance degradation in crystalline photovoltaic modules, caused
by so-called stray currents. This effect may cause power loss of up to 30%.The power output of a photovoltaic (PV) device
decreases over time due to exposure to solar radiation as well as other external conditions. The degradation index, defined as the
annual percentage of output power loss, is a key factor in determining the long-term production of a photovoltaic plant. To
estimate this degradation, the percentage of decrease associated with each of the electrical parameters is calculated. Individual
degradation of a solar panel can negatively influence the performance of a complete string. Furthermore, not all solar panels in
the same installation decrease their performance at exactly the same rate.There are several studies dealing with the power
degradation analysis of solar panels based on different photovoltaic technologies available in the literature. According to a recent
study, the degradation of crystalline silicon solar panels is linear, between 0.8% and 1.0% per year.On the other hand, if we analyze
the performance of thin-film photovoltaic modules, an initial period of strong degradation is observed (which can last several
months and even up to 2 years), followed by a later stage in which the degradation stabilizes, being then comparable to that of
crystalline silicon.Solar panels of amorphous silicon, micro-morphic silicon or cadmium telluride, can have annual degradation
rates for the first years of between 3% and 4%.

Solar panel conversion efficiency, typically in the 20% range, is reduced by the accumulation of dust, grime, pollen, and other
particulates on the solar panels, collectively referred to as soiling. "A dirty solar panel can reduce its power capabilities by up to
30% in high dust/pollen or desert areas", says Seamus Curran, associate professor of physics at the University of Houston and
director of the Institute for NanoEnergy, which specializes in the design, engineering, and assembly of nanostructures. The average
soiling loss in the world in 2018 is estimated to be at least 3% — 4%.Paying to have solar panels cleaned is a good investment in
many regions, as of 2019. However, in some regions, cleaning is not cost-effective. In California as of 2013 soiling-induced financial
losses were rarely enough to warrant the cost of washing the panels. On average, panels in California lost a little less than 0.05%
of their overall efficiency per day.There are also occupational hazards with solar panel installation and maintenance. A 2015-2018
study in the UK investigated 80 PV-related incidents of fire, with over 20 "serious fires" directly caused by PV installation, including
37 domestic buildings and 6 solar farms. In /3 of the incidents a root cause was not established and in a majority of others was
caused by poor installation, faulty product or design issues. The most frequent single element causing fires was the direct current
isolators.A 2021 module reliability study found an increasing trend in solar module failure rates with 30% of manufacturers
experiencing safety failures related to junction boxes (growth from 20%) and 26% bill-of-materials failures (growth from 20%).

IJMRA, Volume 09 Issue 09 September 2026 www.ijmra.in Page 5999


http://www.ijmra.in/

Study on Development, Prospects, Challenge, and Applications of Solar Panel: Global and Local Perspective

Cleaning methods for solar panels can be divided into 5 groups: manual tools, mechanized tools (such as tractor mounted brushes),
installed hydraulic systems (such as sprinklers), installed robotic systems, and deployable robots. Manual cleaning tools are by far
the most prevalent method of cleaning, most likely because of the low purchase cost. However, in a Saudi Arabian study done in
2014, it was found that "installed robotic systems, mechanized systems, and installed hydraulic systems are likely the three most
promising technologies for use in cleaning solar panels".Novel self-cleaning mechanisms for solar panels are being developed. For
instance, in 2019 via wet-chemically etched nanowires and a hydrophobic coating on the surface water droplets could remove
98% of dust particles, which may be especially relevant for applications in the desert. In March 2022, MIT researchers announced
the development of a waterless cleaning system for solar panels and mirrors to address the issue of dust accumulation, which can
reduce solar output by up to 30% in one month. This system utilizes electrostatic repulsion to detach dust particles from the
panel's surface, eliminating the need for water or brushes. We can improve the performance of the solar panel by eliminating the
dependency on trucked-in water, by eliminating the buildup of dust that can contain corrosive compounds, and by lowering the
overall operational costs.

9. ADVANTAGES OF FLEXIBLE SOLAR PANELS

Flexible solar panels offer several advantages over conventional rigid photovoltaic modules, making them suitable for applications
where traditional systems are impractical. Their most significant benefit is their lightweight construction. By replacing tempered
glass and aluminum frames with polymer substrates and thin semiconductor layers, flexible modules can weigh up to 70-90% less
than conventional panels. This reduced weight lowers transportation costs, simplifies installation, and decreases structural loading
on buildings.They lower upfront costs via simplified installation and transport; they reduce material usage and emissions; and
their durability ensures long-term energy and financial savings. Few core advantages/benefits have been described below.

a. Cost Reduction. One of the most significant economic advantages of flexible solar panels is their potential for cost reduction.
Due to their lightweight nature, flexible panels require less structural support and can often be installed without the need for
extensive modifications or reinforcement. This translates into lower installation costs compared to traditional rigid panels.
Additionally, the ease of transport and handling reduces labor costs and logistics expenses, making them panels a financially
attractive option for large-scale industrial projects.

b. Versatility in Installation. Another major advantage is mechanical flexibility. Flexible modules can conform to curved roofs,
building facades, vehicle surfaces, boats, recreational vehicles, tents, and portable shelters without requiring extensive support
structures. This versatility allows solar energy generation in locations where rigid panels cannot be installed.

c. Lightweight Nature. Their lightweight nature reduces the structural load on buildings, which is particularly advantageous for
older structures or those with specific weight limitations.

d. Durability. These panels are generally more resistant to impacts and can withstand harsh environmental conditions better than
their rigid counterparts.

e. Environmental Impact. These panels have a smaller environmental footprint than traditional panels. The manufacturing process
for flexible panels typically requires fewer raw materials and generates less waste. By reducing dependence on fossil fuels, these
panels contribute to a decrease in greenhouse gas emissions and other pollutants. Their use in various industries supports the
transition towards cleaner, renewable energy sources, helping to mitigate climate change and promote environmental
sustainability.

f. Longevity and Durability. Despite their lightweight and flexible design, these solar panels are built to be durable and long-
lasting. They are capable of withstanding harsh environmental conditions, including extreme temperatures, heavy winds, and
physical impacts. This durability ensures a longer lifespan, reducing the need for frequent replacements and contributing to long-
term cost savings. The ability to maintain performance under challenging conditions makes them panels a reliable energy solution
for industrial applications.

g. Improve architectural aesthetics. Flexible photovoltaics also improve architectural aesthetics. Building-integrated photovoltaic
(BIPV) systems can blend into roofs, walls, skylights, and curtain walls, allowing buildings to generate electricity without altering
their appearance significantly. Such integration supports the development of net-zero energy buildings and sustainable urban
infrastructure.

h. Easy to Installation. Flexible panel installation is also considerably easier. Many flexible modules can be attached using
adhesives, specialized mounting tapes, or lightweight fastening systems, reducing labor costs and installation time. Because they
require fewer structural components, flexible panels are particularly valuable for retrofitting older buildings that cannot support
the weight of conventional solar systems.

IJMRA, Volume 09 Issue 09 September 2026 www.ijmra.in Page 6000


http://www.ijmra.in/

Study on Development, Prospects, Challenge, and Applications of Solar Panel: Global and Local Perspective

10. CHALLENGES OF SOLAR PANELS INCLUDING FLEXIBLE PANELS

Despite their numerous advantages, flexible solar panels continue to face several technical and economic challenges. today, many
flexible technologies still exhibit lower commercial efficiencies than premium crystalline silicon modules. Although laboratory-
scale perovskite and tandem cells have achieved impressive efficiencies, large-scale commercial products often perform below
their rigid counterparts. Durability remains another concern. Repeated bending, thermal expansion, ultraviolet radiation,
moisture, and oxygen exposure can gradually degrade flexible photovoltaic materials. Effective encapsulation is therefore
essential to maintain long-term performance. While many manufacturers project operational lifetimes of 20-25 years, some
emerging technologies—particularly perovskites and organic photovoltaics—still require further improvements in long-term
stability. Manufacturing costs also remain relatively high for certain flexible technologies because specialized materials, advanced
deposition equipment, and sophisticated encapsulation processes increase production expenses. However, continued
technological progress and economies of scale are expected to reduce costs over time. Environmental considerations must also
be addressed. Some thin-film technologies use scarce or potentially hazardous elements, including indium, gallium, cadmium, and
tellurium. Sustainable recycling systems and responsible resource management will therefore be essential as flexible photovoltaic
deployment expands globally.Flexible solar panels may have slightly lower efficiency rates compared to traditional silicon-based
rigid panels, advancements in thin-film technology are continually closing this gap. The trade-off between efficiency and flexibility
often makes these panels a more suitable choice for certain industrial applications.

Solar panels provide clean energy, but standard systems and flexible panels face major performance and durability challenges.
Flexible panels are often glued directly onto surfaces without an air gap, making them run up to 40°C hotter than rigid panels and
reducing voltage efficiency. Thermal expansion and physical bending create internal stress, causing tiny cracks that can cut power
output by 20% to 30% in just two years. Plastic laminates break down under ultraviolet (UV) light, leading to yellowing, peeling,
and water damage. Most flexible panels harvest less energy per square foot compared to standard rigid mono-crystalline options.
However, dust, debris, and shadows from trees or buildings lower total energy output. Batteries are expensive and store limited
energy, typically enough for only one to two days.Bulky frames and glass sheets can look out of place on some roofs. With the
increasing levels of rooftop photovoltaic systems, the energy flow becomes 2-way. When there is more local generation than
consumption, electricity is exported to the grid. However, an electricity network traditionally is not designed to deal with the 2-
way energy transfer. Therefore, some technical issues may occur. An over-voltage issue may result as the electricity flows from
PV households back to the network. There are solutions to manage the over voltage issue, such as regulating PV inverter power
factor, new voltage and energy control equipment at the electricity distributor level, re-conducting the electricity wires, demand
side management, etc. There are often limitations and costs related to these solutions. For rooftop solar to be able to provide
enough backup power during a power cut a battery is often also required.

For many households, the upfront cost can feel like a barrier — especially when weighed against other home improvement projects.
But the real challenge isn’t just the price itself; it's understanding whether the investment makes financial sense for your
household. So, by calculating the system’s total cost, expected savings, and payback period, we can better evaluate whether solar
panels are a strong long-term choice for your home and budget. For many homeowners, aesthetics plays a big role in the decision
to add solar panels. Conventional panels can sometimes appear bulky or stand out against traditional roof materials such as clay
tiles or slate. We need to remember, not every roof is ideal for solar panels. The orientation, slope, and shading can all affect
energy production. For cold reason like Europe or America, Summer months bring high solar production and low household
heating needs. Winter months, however, bring limited sunlight, precisely when energy demand is highest. This seasonal imbalance
means that traditional solar systems produce most of their energy when you need it least, and least when you need it most.
Without a storage solution, we remain dependent on the grid for a large part of the year. The desire to become energy-
independent is a key motivation for many homeowners. To achieve that, it's essential to store surplus energy for later use,
particularly in the evenings or winter months when production is low and consumption is high.

11. APPLICATIONS OF COMMON SOLAR PANEL

Solar powered lights have become ever-present and can be seen everywhere from home landscaping and security lights to road
signs and further. These solar lighting technologies for homes are inexpensive and range from basic to high-end designs. These
are also daily powers that use solar panels to charge the battery during the day and maintain the battery at night. Such as black
lights, tapping lights, fishing lights, garden lights, mountaineering lights, street lights, portable lights, camping lights, energy-saving
lamps, etc. Today, solar power is becoming more reachable as the cost of solar panels falling continuously with innovation and
more and more people are conscious of the economic and environmental benefits of solar energy. Again, distributed solar
photovoltaic systems are usually installed on the roof of a home or business. The electricity generated by these solar power
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systems can offset the owner's usage and send any surplus production to the national grid. Solar panels can be connected to our
solar power system, enabling us to use solar power after the sun goes down, to power an electric vehicle overnight, or to provide
backup power in an emergency in any place. Moreover, some homeowners may choose to go completely off the grid with a solar
and battery system or a solar and generator system. In some cases, solar photovoltaics may be installed on adjacent structures
like barns, monitoring, etc. or installed on the ground and then connected to the electricity meter with underground cables. In
21%t century, in the highly connected world, where phones and tablets are always with us, there are frequent low battery
situations. Portable solar photovoltaic chargers can keep our electronic devices charged on the go. Like the solar power bank, the
surface is made of solar panels, and the bottom is connected to the battery. In the daytime, the solar panel is used to charge the
battery, and the solar panel can also be used to charge the mobile phone directly. There are also convenient solar panels, which
are generally used with energy storage, which can solve the problem of difficulty in using electricity outdoors, sunlight is
everywhere. Those application may includes rural carrier telephone photovoltaic system, small communication machine, GPS
power supply for soldiers, solar unattended microwave relay station, optical cable maintenance station, broadcasting or
communication or paging power supply system, etc. The list has been mention below is only a part; there are many applications
in our daily life. Renewable energy has also become a more familiar part of our lives, and innovation will continue to drive new
applications of solar technology to improve our daily lives and help power with a cleaner world, we need to work together for this
development.

Residential Applications. We can give few versatile residential solar panel applications like: rooftop arrays power household
appliances and lighting, Hybrid storage systems run refrigerators and Wi-Fi during outages and plug-in mini panels offset
apartment electricity bills.

» Energy Storage Integration. today, many households now complement solar panel systems with energy storage using lithium-
ion batteries, like Tesla Powerwall, BYD, etc. These systems allow homes to store energy generated during the day for use at
night or during cloudy weather, enhancing energy resilience and cost efficiency.Bifacial Solar Panels:

> Bifacial solar panels. Those are capable of capturing sunlight from both sides (front and back), and that have become
increasingly popular in residential installations. These panels can produce 10-30% more energy than traditional mono-facial
solar panels.

Commercial and Industrial Use. Today, office complexes lower daytime operational costs and peak grid demand. Factories run

large machinery and assembly lines sustainably. Warehouses utilize expansive roofs for high-volume energy output.

» Adoption in Office Buildings. Over the past decade, commercial buildings, particularly office towers, have increasingly adopted
solar panels as part of sustainability initiatives and energy cost-saving measures.

» On-Grid and Off-Grid Systems. Many commercial buildings now choose on-grid systems that connect solar panels to the public
electricity grid [20]. This allows companies to send excess energy back to the grid and receive financial incentives. Meanwhile,
buildings in remote areas or that requiring high energy resilience are adopting off-grid systems equipped with energy storage.

» Utilization in Manufacturing Facilities. Large industries are transitioning to solar energy to reduce electricity costs and their
carbon footprint. For example, Tesla uses solar panels at its factories, particularly at the Giga-factory, to meet a significant
portion of its energy needs. In India, companies like Tata Steel and Adani Group have implemented solar energy systems in
their production facilities.

Agriculture and Remote Infrastructure. We can give few versatile agriculture and remote infrastructure solar panel applications
like: water pumps operate off-grid for crop irrigation, cold storage units reduce post-harvest crop spoilage, streetlights, parking
meters, and telecom towers and those can function autonomously without human touch. They need some maintenance only.

» Solar-Powered Irrigation. Now, solar technology has been widely used to power water pumps in irrigation systems,
particularly in remote areas or regions without access to electricity grids. In India, more than 300,000 solar-powered pumps
have been installed for agricultural irrigation, reducing dependence on expensive diesel fuel or other fossil energy sources
and reduce air pollution. Even in Bangladesh, such system is becoming popular slowly.

» Sustainable Farming Applications. Nowadays solar panels support sustainable farming by pro-viding renewable energy for
agricultural processing, like grain drying and milk processing. Flexible solar technologies, like solar-powered cold storage, help
preserve the freshness of produce and reduce post-harvest losses in rural areas.

Portable and Remote. Today, portable solar power finds many noteworthy applications in the research field. Researchers can
deploy these systems to power scientific instrumentation in remote areas without the need for permanent infrastructure. We
can give few versatile portable and remote infrastructure solar panel applications as shown below.

IJMRA, Volume 09 Issue 09 September 2026 www.ijmra.in Page 6002


http://www.ijmra.in/

Study on Development, Prospects, Challenge, and Applications of Solar Panel: Global and Local Perspective

> Stand-Alone Power. In urban or remote areas, PV can power stand-alone devices, tools, and meters. PV can meet the need
for electricity for parking meters, temporary traffic signs, emergency phones, radio transmitters, water irrigation pumps,
stream-flow gauges, remote guard posts, lighting for roadways, and more.

» Remote Locations. It is not always cost-effective, convenient, or even possible to extend power lines to locations where
electricity is needed. PV can be the solution—for rural homes, villages in developing nations, lighthouses, offshore oil
platforms, desalination plants, and remote health clinics. It is necessary to monitor for pollution levels and other information
in remote areas like island, forests and mountain regions, where human activity is less widespread. By using solar power,
researchers can collect vital information or data without harming the environment.

» Solar Farms. Many acres of PV panels can provide utility-scale power—from tens of megawatts to more than a Gigawatt of
electricity. These large systems, using fixed or sun-tracking panels, feed power into municipal or regional grids.

Transportation Sector. Global energy demand in the transportation sector has increasingly increased over the last few decade
due to rapid population expansion and economic development. in spite of adopting strategies aimed at reducing GHGs across all
industries, emissions from the transportation sector are projected to increase to 60 % by 2050, mainly due to its excessive reliance
on fossil fuels. So, transitioning to electric vehicles (EVs) can significantly reduce GHG emissions, diminish reliance on non-
renewable resources, and mitigate the adverse environmental impacts of traditional fossil fuel usage. Here solar energy is the best
option for EV. We can give few versatile solar panel applications in transport sector as shown below.

» Solar-Powered Electric Vehicles: Solar-powered electric vehicles have rapidly advanced over the past decade. Companies like
Lightyear One and Sono Motors have launched electric cars equipped with solar panels to extend their driving range by
utilizing solar energy directly. For instance, Lightyear One can add up to 12 km orange per day under sunny conditions.

» Solar Charging Stations: In countries like Japan and Australia, solar-powered charging stations for electric vehicles have been
introduced. These stations are equipped with solar panels to generate clean energy for charging electric vehicles.

Specialized Tech and Others. Today, Micro-grids and portable solar generators provide reliable electricity at remote camps,
cutting diesel fuel consumption and reducing the need for dangerous supply convoys. We can give few versatile solar panel
applications in specialized tech sector as shown below.

» Petroleum, marine and meteorological fields. For example oil pipeline and reservoir gate cathodic protection solar power
system, marine detection equipment, life and emergency power supply of oil drilling platform, meteorological or hydrological
observation equipment, etc.

» Military use. Lightweight, flexible thin-film PV can serve applications in which portability or ruggedness are critical. Soldiers
can carry lightweight PV for charging electronic equipment in the field or at remote bases. Today, solar-powered Unmanned
Aerial Vehicles (UAVs) represent a transformative advancement in defense and military operations, offering extended
endurance, reduced operational costs, and enhanced sustainability. Contrasting manned aircraft, UAVs offer cost-effective
and risk-free alternatives for intelligence gathering, border monitoring, and electronic warfare. Their ability to operate
autonomously in hostile environments makes them invaluable in both strategic and tactical missions.

Power in Space. In space, power generation and source innovating, designing and developing new technologies is just the
beginning. Ensuring they are reliable, durable, affordable, and manufacturable is also important for success. With deep expertise
in characterizing space power materials, researchers can help build longer-lasting, higher-performing devices. They also study the
manufacturing processes and supply chains that underpin the space power industry to ensure that new advancements can be
widely adopted. From the beginning, PV has been a primary power source for Earth-orbiting satellites. High-efficiency PV has
supplied power for ventures such as the International Space Station and surface rovers on the moon and Mars, and its applications
in space will continue to grow. For almost 50 years, the National Laboratory of the Rockies (NLR) has developed solar cells to
power satellites and spacecraft. Today, NLR is working to improve the durability, performance, and affordability of several PV
materials for space and power beaming applications. The lab works closely with partners to ensure this research can be quickly
and widely adopted. Silicon was traditionally used as the PV material for space applications until it was supplanted by more
radiation-tolerant IlI-V cells. However, as launch costs decrease and mission lifetimes shorten for large satellite constellations,
silicon has regained interest for space applications because of its lower cost, higher manufacturability, and improved efficiency
coupled with radiation hardness. The lab is working to reduce the degradation of silicon in high-radiation and extreme thermal
environments. Though silicon is the most- studied PV material, there is more to learn about radiation-induced defects in silicon
infused with gallium and antimony and their ability to self-heal under certain conditions. NLR scientists are using an in-house
proton beam accelerator and silicon processing tools to study the role of hydrogen in the healing process. The team is also
developing methods to fabricate thin (30-micrometer) silicon PV cells at scale.
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12. APPLICATIONS OF FLEXIBLE SOLAR PANEL

Flexible solar panels revolutionize industrial and day-to-day applications by providing adaptable, cost-effective, user-friendly, and
sustainable energy solutions. Their unique properties allow them to be utilized in diverse environments, from the rooftops of
warehouses to the remote fields of agricultural operations. Those panels are ensuring and performing their potential to drive
energy efficiency and sustainability across various sectors. Flexible solar panels have greatly expanded the range of environments
in which photovoltaic technology can be deployed. Few common uses of flexible solar panel have described below.

a. building sector. In the building sector, flexible modules are integrated into curved roofs, fagades, skylights, awnings, and
membrane structures, enabling buildings to generate electricity without requiring heavy support systems. Building-integrated
photovoltaics are increasingly incorporated into modern architectural designs to improve energy efficiency while maintaining
aesthetic appeal.Again, today flexible solar panels are well-suited for manufacturing plants, transport shed, industrial building,
and warehouses, which often feature large, irregular rooftops. These rooftops can pose challenges for traditional rigid panels due
to their weight and they need for structural reinforcement. Flexible solar panels, being lightweight and adaptable, can be installed
on a variety of surfaces without extensive modifications. This allows industrial facilities to maximize their roof space for energy
production, reducing electricity costs and enhancing sustainability.

b. Transportation sector. In the transportation and logistics sector, flexible solar panels can be integrated into the roofs of
delivery vehicles, trucks, car, taxi, and trailers. This integration provides a mobile power source, reducing reliance on fossil fuels
and decreasing operational costs. For example, delivery trucks equipped with flexible solar panels can use solar energy to power
refrigeration units or auxiliary systems, reducing fuel consumption and emissions. The flexibility of these panels also ensures they
can conform to the curved surfaces of vehicles without compromising aerodynamic performance. So, in the transportation sector,
flexible modules are installed on electric vehicles, buses, trains, trucks, boats, yachts, and recreational vehicles. These systems
provide auxiliary electricity for lighting, ventilation, battery charging, and onboard electronics, reducing dependence on external
power sources.

c. Aerospace industry. The aerospace industry has adopted lightweight flexible photovoltaics for satellites, high-altitude
unmanned aerial vehicles, and experimental solar-powered aircraft. Their high specific power (watts per kilogram) makes them
particularly suitable where minimizing weight is critical.

d. Agriculture sector. In agriculture, flexible photovoltaic systems are being installed on greenhouses, irrigation equipment,
livestock shelters, and portable agricultural structures. These applications enable farmers to generate renewable electricity while
preserving productive land. Flexible solar panels offer a versatile and reliable energy solution for agricultural operations, especially
those located in remote areas. They can be placed on irregularly shaped buildings, greenhouses, or even directly on the
ground.This adaptability is crucial for powering irrigation systems, lighting, and other essential equipment in areas where access
to the electrical grid is limited or non-existent. Farmers can reduce their dependence on diesel generators by harnessing solar
energy, lowering operational costs and minimizing environmental impact.

e. Oil, Gas, and Mining Industrial sector. The oil, gas, and mining industries often operate in remote and harsh environments
where access to the electrical grid is either limited or unavailable. Flexible solar panels can be deployed in these challenging
locations, providing a sustainable power source for machinery, living quarters, and communication systems.Their durability and
ability to withstand extreme conditions make them an ideal choice for such applications. Additionally, using solar energy in these
industries can reduce reliance on diesel generators, lowering operational costs and carbon emissions.

f. Humanitarian assistance and disaster relief purpose. Flexible solar technology also plays an important role in humanitarian
assistance, disaster relief and emergency catastrophic human support. Portable photovoltaic systems provide electricity for
emergency shelters, medical clinics, communication equipment, and water purification systems in areas affected by natural
disasters or lacking conventional electrical infrastructure.

g. Other sectors. Emerging consumer applications include wearable electronics, backpacks, tents, smart textiles, Internet of
Things (1oT) sensors, and portable charging devices. As power requirements for electronic devices continue to decrease, flexible
photovoltaics are expected to become increasingly integrated into everyday products.

Behind the phenomena of global warming and climate change lies the increase in greenhouse gases in our atmosphere. A
greenhouse gas is any gaseous compound in the atmosphere that is capable of absorbing infrared radiation, thereby trapping and
holding heat in the atmosphere. By increasing the heat in the atmosphere, greenhouse gases are responsible for the greenhouse
effect, which ultimately leads to global warming. Global warming isn't a recent scientific concept. The basics of the phenomenon
were worked out well over a century ago by Swedish physicist and chemist Svante Arrhenius, in 1896. His paper, published in
the Philosophical Magazine and Journal of Science, was the first to quantify the contribution of carbon dioxide to what scientists
now call the greenhouse effect. The greenhouse effect occurs because the sun bombards Earth with enormous amounts of
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radiation that strike Earth's atmosphere in the form of visible light, plus ultraviolet (UV), infrared (IR) and other types of radiation
that are invisible to the human eye. UV radiation has a shorter wavelength and a higher energy level than visible light, while IR
radiation has a longer wavelength and a weaker energy level. About 30% of the radiation that strikes Earth is reflected back out
to space by clouds, ice and other reflective surfaces. The remaining 70% is absorbed by the oceans, the land and the atmosphere,
according to NASA's Earth Observatory.

As they heat up, the oceans, land and atmosphere release heat in the form of IR thermal radiation, which passes out of the
atmosphere and into space. It's this equilibrium of incoming and outgoing radiation that makes the Earth habitable, with an
average temperature of about 15° Celsius, according to NASA. Without this atmospheric equilibrium, Earth would be as cold and
lifeless as its moon, or as blazing hot as Venus. The moon, which has almost no atmosphere, is about minus 153° C on its dark side.
Venus, on the other hand, has a very dense atmosphere that traps solar radiation; the average temperature on Venus is about
462° C.The exchange of incoming and outgoing radiation that warms the Earth is often referred to as the greenhouse effect
because an agricultural greenhouse works in much the same way. The gases in the atmosphere that absorb radiation are known
as greenhouse gases (GHG), because they are largely responsible for the greenhouse effect. The greenhouse effect, in turn, is one
of the leading causes of global warming. The most significant greenhouse gases, according to the Environmental Protection
Agency (EPA), are: water vapor (H20), carbon dioxide (CO2), methane (CH4) and nitrous oxide (N20). Each of these gases can remain
in the atmosphere for different amounts of time, ranging from a few years to thousands of years. All these gases remain in the
atmosphere long enough to become well mixed, meaning that the amount that is measured in the atmosphere is roughly the
same all over the world, regardless of the source of the emissions.GHG emissions are often measured in carbon dioxide (CO2)
equivalent. To convert emissions of a gas into COz equivalent, its emissions are multiplied by the gas's Global Warming Potential
(GWP). The GWP takes into account the fact that many gases are more effective at warming Earth than CO2, per unit mass.
Sunlight or solar energy is a free source of renewable energy that will never be depleted. Fossil fuels, on the other hand, are finite
resources that emit greenhouse gases and other particulates during extraction, processing and combustion. In comparison, solar
panels do not produce emissions while in use, but they are made from several different materials that require different levels of
resources and energy. The energy used to extract the raw materials and manufacture a product is known as the ‘embodied energy’.
The time it takes for a product to repay the embodied energy is measured in years. This is known as the total energy payback time
(EPBT).A typical silicon crystalline solar panel will generate enough energy to repay the embodied energy within 2 years of
installation. Yet, as panel efficiency has increased, the payback time has been reduced to less than 1.5 years in many areas with
high average solar radiation. However, modern, efficient crystalline silicon solar panels generate enough energy to repay the
embodied energy within couple of years. Multiple detailed studies and life-cycle analyses support this. Though, many studies are
outdated as solar PV cell efficiency has increased from 15% to 22% over the last few years, and payback time is estimated to be
as low as one year. Considering that a typical solar panel will last 20+ years, it will easily repay the embodied energy multiple times
and offset tons of emissions.

13. PROSPECT OF ELECTRIC VEHICLE (EV), SMART EV CHARGER AND USE SOLAR ENERGY

EVs are attractive alternative for current conventional cars consuming fossil fuels like gasoline in order to mitigate emissions of
greenhouse gases. The renewable energy systems with ability of power generation can be off-grid or grid connected depending
on the requirements, design constraints etc. The generated power by the means of renewable energy technologies can be supplied
to the grid or be used independently from the grid for some purposes such as hydrogen production. There are some opportunities
and challenges in development of renewable energy systems for supplying power of EV charging. Development of renewable
energy systems for supplying the needed power of EV charging systems can influence different stakeholders including consumers,
energy providers and policymakers. For the consumers, use of the renewable energy electricity cannot be economically attractive
particularly in the countries with high subsidies for the electricity generated from the power plants using fossil fuels.Smart charging
is an approach to optimize the process of charging on the basis of constraints of distribution grid, local renewable energy sources
availability and preferences of the costumers.

Between 1990 and 2022, emissions in the transport sector increased at yearly mean rate of 1.7 %, which is faster than other end-
use sector except industry. In order to achieve the target of Net Zero Emissions (NZE) by 2050 Scenario, it is necessary to have
more than 3 % reduction per annum in transport sector CO2 emission by 2030. Road transport has a significant share in total fossil
fuel consumption and emissions in the transport sector and it is necessary to have some amendment in this part of transport
sector to reduce the emissions. Energy transition to a cleaner transport sector needs significant change in the structure and nature
of this sector. The important technologies towards toad transport decarbonization, which is responsible for more than 15 % of
global emissions related to energy, are Electric Vehicles (EVs)- Aside from the benefits of development of EVs in term of
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environment, it will contribute to the supply security by incrementing the transport fuel diversity., There has been exponential
increment in the sale of EVs.Along with the increment in the numbers of EVs, supply of required power for charging them must
be taken into account. In assessment of the EVs’ ecological value, electricity consumption is the core consideration. In this regard,
charging process, the required electricity and its supply are the key factors that should be considered in policy making.
Technological progress in electric vehicle batteries, electric traction motors and automotive electronics (particularly electronic
control units) has made electric cars more feasible and. However, in some cases, more cost-efficient than conventional ICE vehicles
during the 21° century, with market penetration in some countries like China reaching nearly half of all new vehicles sold. As a
means of reducing tailpipe emissions of greenhouse gases and other air pollutants, and to reduce the dependency on fossil
fuels, government incentives are also available in many areas to promote the adoption of electric vehicles. As of 2026, the electric
vehicle industry in China produces more than the rest of the world combined.”-Recent advancements in battery technology and
charging infrastructure have addressed many of the earlier barriers to EV adoption, making electric vehicles a more viable option
for a wider range of consumers.China is the world's leading EV producer, accounting for more than 70% of global production and
67% of global sales of electric vehicles in 2024.EVs can be made less polluting overall by modifying the source of electricity. In
some areas, individuals can ask utilities to provide their electricity from renewable energy. Therefore, it gives the greatest degree
of energy resilience.

Most battery-electric vehicles also include a separate low-voltage auxiliary battery, commonly a 12-volt system, which powers
accessories and control electronics. This auxiliary battery is typically recharged from the high-voltage traction battery through a
DC/DC converter.Since their first commercial release in 1991, lithium-ion batteries have become an important technology for
achieving low-carbon transportation systems. Most electric vehicles use lithium-ion batteries (Li-lons or LIBs). Lithium-ion
batteries have a higher energy density, longerlife span, and higher power densitythan most other practical
batteries. Complicating factors include safety, durability, thermal breakdown, environmental impact, and cost. Li-ion batteries
should be used within safe temperature and voltage ranges to operate safely and efficiently.Increasing the battery's lifespan
decreases effective costs and environmental impact. One technique is to operate a subset of the battery cells at a time and
switching these subsets. The prices of lithium-ion batteries have declined dramatically over the past decade, contributing to a
reduction in price for electric vehicles, but an increase in the price of critical minerals such as lithium from 2021 to the end of 2022
has put pressure on historical battery price decreases.’

EV charging methods and technologies has evolved over time to meet the increasing demand for convenient and efficient charging
solutions. These developments have widely varied the classifications of EV charging infrastructures based on many factors such
as: locations, available power sources (RES, EES, conventional sources), Charging speed, Power transfer method, purpose, and so
on.Smart EV charging or intelligent charging refers to a system where an electric vehicle and a charging device share a data
connection, and the charging device shares a data connection with a charging operator.As opposed to traditional (or dumb)
charging devices that aren’t connected to the cloud, smart charging allows the charging station owner to monitor, manage, and
restrict the use of their devices remotely to optimise energy consumption. Chargers are becoming more sophisticated as
manufacturers seek to make EV charging easier and more cost-effective for homes and businesses. Electric cars connected to the
grid with smart charging create a symbiosis with the power grid and they support each other. This connection wouldn't exist
without smart charging, and electric vehicles (EVs) could burden the grid.Smart EV chargers allow automatic charging to occur
when electricity prices are low or when solar power is being generated. Regular home chargers can draw a lot of power, so
intelligent monitoring and controls help prevent overloading the grid supply. In addition to helping optimize EV charging, most
smart chargers now have Wifi and Bluetooth as standard to enable easy setup and monitoring using a mobile app. Smart EV
charging service can be modified: adding and removing features and creating a system that suits our need is effortless.

Smart electric car chargers are powered by an intelligent back-end solution that brings real-time data from connected charging
devices and charging events to the charging station owner’s fingertips.As stations and charging sessions are connected to the
cloud, they can be managed based on various signals, such as fickle energy production, local electricity consumption, the amount
of other vehicles being charged, or electrical devices being used on a nearby premise. To create a more sustainable energy system
based on renewable energy sources, EV charging has to be smart.Today, EV charging using solar energy relies on PV panels to
convert sunlight into clean electricity for vehicle batteries. Here basic principle is Sunlight hits the PV panels, generating direct
current (DC) electricity. A solar inverter converts the DC power into alternating current (AC) for standard use, or a DC-to-DC boost
converter manages power flow directly into storage or vehicle chargers. Today production based on renewable energy like solar
and wind energy, the excess energy can be stored in storage units. In this way, continuity of energy can be ensured and
interruption of charging services of electric vehicles can be prevented. Or EV can use solar energy directly during underway in
some percentage by solar panel fixed on top-roof. So, developing countries that are dependent on energy imports have certain
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strategic national needs like, supporting national sustainability goals, reducing energy dependence, managing electricity demand,
and developing the electric vehicle ecosystem, among other things. As a result, considering national needs, EV charging systems
that utilize solar and wind energy from renewable energy sources in a coordinated manner are essential.

The majority of the vehicles in the world consuming fossil fuels that causes emissions of harmful greenhouse gases. In order to
mitigate the emissions regarding the transport sector, EVs have attracted attentions. One of the main concerns in the development
of EVs is supply of required power for the charging stations. Renewable energy systems would be clean and attractive options for
supply of required power of charging stations. In recent years, several studies have investigated applications of renewable energy
systems for charging stations of EV and analyzed different aspects of these technologies. Charging stations and the related
problems and issues are among the hot topics related to the EVs that have attracted attentions of researchers in recent years. If
we look to the reviewed works, significant potential of renewable energy systems mainly solar and wind for supply of charging
stations can be resolved. Different factors like the applied technology and components, meteorological data of the installation
site and operating condition influence the performance of these systems. Additionally, it can be resolved that control design
system can influence various aspects of EV charging technologies powered by renewable energy systems like share of renewables
in the grid-connected configurations and performance reliability.

Renewable energy systems can be applied for power generation and the generated electricity can be used for variety of purposes
such as cooling and heating, desalination, etc., The generated electricity by the renewable energy systems would be applicable
for charging EVs. By combining the EVs, that are emission-free, with the low carbon power generation systems such as solar
photovoltaic (PV), the issues related to the harmful gases owing to the internal combustion engines could be decreased. The
performance of these systems is influenced by several factors that must be taken into account to have reliable and efficient
systems.Regarding the demand for electricity, it is obvious that there are some environmentally-unfavorable impacts in use of
EVs. Furthermore, by increase in number of EVs in near future, the required power by these systems can negatively affect the
grids due to their substantial need for electricity. In order to eliminate or reduce these effects, it is crucial to find a way to supply
electricity with lower emissions. Employment of renewable and clean energy technologies for electricity generation to be supplied
in charging station is a practical way to reduce emissions and make the EVs more environmentally-friendly systems.,Charging of
EVs can be a challenging issue in near future regarding increase in use of these systems and appropriate electrification systems
must be designed and applied. Employment of renewable energy technologies would be a practical way to supply power of EV
chargers in a clean and sustainable way.

14. SOLAR PANELS WASTE RECYCLING AND ENVIRONMENTAL SUSTAINABILITY

Despite the large amount of information circulating about solar panels being toxic, modern crystalline silicon solar panels contain
virtually no toxic materials. The claims of toxic solar panels come from the mostly obsolete thin-film (Cadmium telluride - CdTe)
solar panels containing trace amounts of cadmium and telluride. However, unless these (relatively rare) panels are broken up into
fragments, the trace amount of cadmium is contained within the EVA layers and cannot leach out. Modern crystalline silicon solar
panels contain only traces of lead in the solder used for the cell interconnections. Though, the use of solder is also being phased
out with the new busbar compression joining techniques and conductive paste materials. It's worth noting solder is used in
hundreds of millions of electrical devices and appliances. There are far more toxic elements used in consumer electronic devices,
mobile phones, computers, and TVs.That is why electronic waste or E-waste is a significant global problem. Roughly 99% of the
solar panels installed worldwide today are silicon crystalline and do not contain cadmium or telluride. Solar panels are benign, and
even when damaged, they do not cause any contamination, as the cells are encapsulated within very durable polymer layers and
contain no readily soluble materials. However, like all appliances, solar panels need to be collected and recycled at the end of life.
Since most solar panels installed over the last 20 years are still in use, there is not a great volume of solar waste. However, over
the next 10-20 years, many systems will reach the end of life (EOL), and there is expected to be a very large increase in the volume
of solar-related waste that will need to be recycled. Solar panel recycling is an emerging industry. Most of the materials, such as
aluminium frames and mounting systems, are relatively easy to recycle. Most solar panel manufacturers are pushing to be more
sustainable and are now part of the not-for-profit PV Cycle organization.

There were 30 thousand tons of PV waste in 2021, and the annual amount was estimated by Bloomberg NEF to rise to more than
1 million tons by 2035 and more than 10 million by 2050. For comparison, 750 million tons of fly ash waste was produced by coal
power in 2022. In the United States, around 90% of decommissioned solar panels end up in landfills as of 2023. Most parts of a
solar module can be recycled including up to 95% of certain semiconductor materials or the glass as well as large amounts of
ferrous and non-ferrous metals. Some private companies and non-profit organizations take-back and recycle end-of-life modules.
EU law requires manufacturers to ensure their solar panels are recycled properly. Similar legislation is underway in Japan, India,
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and Australia. A 2023 Australian report said that there is a market for quality used panels and made recommendations for
increasing reuse, but rules have not been implemented.Since 2010, there is an annual European conference bringing together
manufacturers, recyclers and researchers to look at the future of PV module recycling. For Silicon based modules, aluminum
frames and junction boxes are dismantled manually at the beginning of the process. The module is then crushed in a mill and the
different fractions are separated — glass, plastics and metals. It is possible to recover more than 80% of the incoming weight. This
process can be performed by flat glass recyclers, since the shape and composition of a PV module is similar to flat glass used in
the building and automotive industry. The recovered glass, for example, is readily accepted by the glass foam and glass insulation
industry. On the other hand, non-silicon-based modules: they require specific recycling technologies such as the use of chemical
baths in order to separate the different semiconductor materials. For cadmium telluride modules, the recycling process begins by
crushing the module and subsequently separating the different fractions. This recycling process is designed to recover up to 90%
of the glass and 95% of the semiconductor materials contained. Some commercial-scale recycling facilities have been created in
recent years by private companies.

Flexible solar panels contribute significantly to global sustainability by reducing dependence on fossil fuels and lowering
greenhouse gas emissions. Throughout their operational lifetimes, photovoltaic systems generate electricity without producing
direct carbon dioxide emissions, air pollution, or noise. Many flexible technologies also require substantially less raw material than
conventional crystalline silicon modules because their semiconductor layers are only a few micrometers thick. Reduced material
consumption lowers manufacturing energy requirements and conserves valuable natural resources. However, sustainability
depends not only on electricity generation but also on responsible manufacturing, recycling, and disposal. Researchers are
developing recyclable encapsulation materials, environmentally friendly semiconductor compositions, and circular economy
strategies that recover valuable materials from end-of-life photovoltaic modules. Continued advances in recycling technology will
play an increasingly important role as flexible photovoltaic deployment expands worldwide.

15. GLOBAL MARKET SOLAR ENERGY AND PANELS

In the most realistic scenario, the Solar-Power-Europe anticipate a 10% increase in installations to 655 GW in 2025, with annual
growth rates remaining in the low double digits between 2027-2029, reaching 930 GW by the end of this outlook period. Though,
meeting the Global Solar Council’s (GSC) aspirational target of 8 TW by 2030 will require a significantly accelerated pace of
deployment roughly 1 TW of new installations per year on average. However, 2025 marks ten years since the Global Solar Council
was launched at COP21 in Paris and born from the collective belief that solar power could accelerate the global energy transition
and help deliver on the promises of the Paris Agreement. At that time, solar PV was a fast-growing but fragmented sector. GSC
was created to unite it and giving the industry a single, global voice to push for more ambitious policy, greater investment, and
faster, fairer deployment. With over 2 TW installed and costs down by more than 80% in many markets, solar has proven its
economic and climate value. Now, to stay on track for 1.5°C and meet the global goal of tripling renewables by 2030, solar must
scale to at least 8 TW. That means powering not just growth, but transformation and delivering clean, reliable, and affordable
energy to homes, schools, hospitals, and industries across every region. It requires bold reforms: finance that
flows faster and cheaper, smart grids and storage systems that can handle variable energy at scale, permitting processes that
move faster, supply chains that are resilient, and a skilled workforce that reflects every community it serves.

A key issue is the uneven distribution of solar market growth. Most expansion has been concentrated in the Asia-Pacific region,
led by China, creating widening disparities between regions. In 2024, China’s solar market grew by 30% to 329 GW, more than the
combined total of the other top 10 markets, with a 55% global market share. China’s growth is a major achievement from a global
decarbonization perspective and its comprehensive solar commitment has enabled the technology’s rapid global development,
but it also underscores the world’s heavy reliance on a single country. With China implementing major changes to its solar market
design this year, a temporary dip in global growth in 2026 appears very likely. Meanwhile, other regions are falling behind,
particularly the Middle East and Africa, which installed less capacity than in the previous year. Although the number of countries
with annual Gigawatt-scale solar markets has increased to 35, this is fewer than anticipated. We do expect this to change in the
near future; our report provides a detailed analysis of these GW-scale markets, with insights from national solar and renewable
energy associations.

There are also rising solar stars today. India’s comprehensive solar strategy and covered in a dedicated chapter is beginning to
bear fruit. The most populous nation on Earth has emerged as the world’s third-largest solar market after more than doubling its
annual installations in 2024. Continued strong growth is expected. As outlined in the GSC’s policy recommendations, sustaining
global momentum will require addressing a range of region-specific challenges. More advanced markets must focus on enhancing
grid flexibility, adapting policy frameworks to the needs of variable renewables, prioritizing battery storage, and streamlining
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permitting and grid-connection processes. For least developed countries, the key lies in bridging investment gaps. Across all
regions, developing a skilled workforce and setting ambitious solar and storage targets are essential tasks. In these times of
political uncertainty, low-cost solar power could turn into the key tool to provide energy security and competitiveness to nations
across the world. The years ahead are crucial for solar development and will require foresight and commitment from policy leaders
and financial institutions. In most likely or medium growth scenario, there is an expectation of solar’s role in the driver seat of the
global energy transition to become even stronger, reaching a total installed capacity of 7.1 TW by 2030 and delivering nearly two-
thirds of the 11 TW renewable energy target set at COP28. With the right enabling conditions, solar capacity could even quadruple
its capacity and exceed 8 TW by the end of the decade.

the International Energy Agency (IEA) projects that solar PV will become the largest renewable energy source by 2029, accounting
for 80% of the growth in global renewable capacity between 2024 and 2030. The adoption of Al technologies is expected to play
a crucial role in achieving this milestone by improving the efficiency and reliability of solar energy systems. The global solar energy
market size was valued at USD 92.45 billion in 2023. As per ‘Spherical Insights’, the solar market is growing at a CAGR of 11.95%
from 2023 to 2033. The worldwide solar energy market size is expected to reach USD 285.89 billion by 2033 and that has been
shown in figure 6 below. Their forecast found more analytical. They have considered all elements during evaluating the global
solar energy market. Such as: Present Global Solar Energy Market Size, Share, and COVID-19 Impact Analysis; Technology like
Concentrated Solar Power Systems, Photovoltaic Systems; Solar Module like Monocrystalline, Polycrystalline, Cadmium Telluride,
Amorphous Silicon Cells, Others; End User like Residential, Commercial, Industrial, etc; and Region like North America, Europe,
Asia-Pacific, Latin America, Middle East, and Africa; etc. On the other hand, as per ‘Persistence-Market-Research’ the global solar
energy market size is likely to be valued at USS 137.2 Billion in 2025 and is estimated to reach USS 313.0 Billion by 2032, growing at
a CAGR of 12.5% during the forecast period 2025-2032 and their survey and forecast have driven by rising environmental concerns
and increasing installation of renewable energy systems by governments, alongside rapid technological advancements that
improve efficiency and reducing costs of solar power. They give emphasis on the market trend and that has been shown in figure
7 below.. On the other hand, as per ‘market.us’ the global photovoltaic solar panel market size is expected to be worth around USD
452.3 billion by 2034, from USD 201.9 billion in 2024, growing at a CAGR of 8.4% during the forecast period from 2025 to 2034
and that has been shown in figure 8 below. Their forecast was more optimistic. The PV solar panel industry in India has experienced
significant growth, driven by supportive government policies, technological advancements, and increasing demand for clean
energy. As of April 2025, India’s total installed solar power capacity reached approximately 107.94 GW, comprising 82.39 GW from
ground-mounted plants and 17.69 GW from grid-connected rooftop systems.
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Figure 6: Prediction of global solar energy market size (2023-2033) by Spherical Insights
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16. FUTURE PROSPECTS OF SOLAR ENERGY, SOLAR PANELS TECHNOLOGY

Scientists have pushed efficiency past the 30% mark by combining traditional silicon with revolutionary perovskite layers to
capture multiple light wavelengths. The future of solar panel technology is advancing faster than most homeowners realize.
Today's best panels already hit 24% to 26% efficiency in commercial production, compared to just 15% in 2010. Perovskite-silicon
tandem cells have already broken 34% efficiency in certified lab conditions. Solar panels that generate power from both sides are
shipping at scale. Transparent solar windows that generate electricity from ordinary glass are moving from research labs into real
buildings. And Al-powered monitoring is making solar systems smarter by the year. The newest solar panel technology widely
available to homeowners right now is TOPCon, which stands for Tunnel Oxide Passivated Contact. According to SolarTech research,
TOPCon now dominates approximately 75% of new solar panel production globally and accounts for roughly 50% of all panel
shipments in 2025 and 2026. It is a direct upgrade from the older PERC technology that dominated for most of the last decade.
TOPCon panels achieve 24% to 26% efficiency in commercial production, compared to 20% to 22% for standard PERC panels, and
they degrade more slowly over time. Right behind TOPCon in the market is Heterojunction Technology, commonly called HJT.
Those panels deliver 24% to 26% efficiency as well, but they handle heat better. According to Al SolarStore, HIT panels have a
temperature coefficient of just -0.24% per degree Celsius, meaning they lose less performance on hot days compared to standard
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panels at -0.35% per degree. For homeowners in South Florida, where panels sit in intense heat and humidity for most of the year,
that difference is meaningful.

New panels are becoming ultra-thin (thinner than paper), flexible, and anti-dust to prevent energy loss in harsh environments.
Transparent solar windows and solar roof shingles turn ordinary building surfaces into active power generators.The latest solar
panel technology on its way to homes is perovskite-silicon tandem panels, which have already crossed the threshold from research
into limited commercial production. In April 2025, LONGi achieved a certified efficiency record of 34.85% on a perovskite-silicon
tandem cell, verified by the U.S. National Renewable Energy Laboratory (NREL). Oxford PV shipped its first commercial perovskite-
silicon tandem modules to a U.S. utility-scale project in September 2024, with 24.5% module efficiency. Hanwha Qcells achieved
28.6% efficiency on production-scale cells and has commercial production planned for 2026 and mass production by early 2027.
For residential buyers, mainstream perovskite tandem panels with full 25-year warranties are realistically expected between 2027
and 2030, according to SurgePV analysis. Most homeowners shopping for solar today will still find traditional silicon-based panels,
specifically TOPCon and HIJT. Those are the right choice for 2026 installations. Waiting for perovskite means waiting several more
years for technology that, even when it arrives at scale, will come at a premium price before manufacturing catches up to demand.
Perovskite-silicon tandem solar panels are already more efficient than standard silicon panels in both lab records and early
commercial modules. Standard monocrystalline silicon panels available to homeowners today deliver 20% to 24% efficiency.
Oxford PV's first commercial tandem modules achieve 24.5% module efficiency, with 26% targeted in 2026. LONGi's NREL-certified
lab record stands at 34.85%. In practical terms, a tandem panel producing 30%+ efficiency in real-world conditions would generate
the same electricity as today's best panels while using significantly less roof space, which matters for homes where roof area is
limited. For reference, the average solar panel efficiency has already improved from about 15% in 2010 to over 22% in commercial
production by 2025, according to Lawrence Berkeley National Laboratory. That is a 47% improvement in roughly 15 years. The
shift to tandem technology in the late 2020s is likely to produce gains that are just as large in a much shorter window. Agin, Bifacial
solar panels are panels that generate electricity from both the front and the back surface instead of just the front. The front side
captures direct sunlight the same way any standard panel does. The back side captures reflected light bouncing off the ground,
water, white roofing surfaces, or any nearby reflective material. According to the International Energy Agency (IEA), bifacial panels
now account for 35% of global solar installations and are projected to reach 60% by 2030. The bifacial solar market, valued at over
$19.2 billion in 2024, is growing at 16.8% annually through 2030, according to PS Market Research.

The additional output from the rear side adds 5% to 30% more energy compared to a standard single-sided panel, depending on
installation conditions. Solar farms with highly reflective ground surfaces see the largest gains, typically 20% to 30%. Residential
rooftop installations see more modest gains of 5% to 10%, but that is still meaningful over a 25-year system lifespan. In South
Florida, white or light-colored roofing materials are common, which increases the rear-side reflectivity and makes bifacial panels
a strong fit for residential installations. Bifacial solar panels are worth it for most home installations, particularly when the roof
surface is light-colored or the panels are installed at an elevated angle where the back side can capture reflected light.HIJT panels
are naturally bifacial by design, giving homeowners who choose HIT technology the dual benefit of strong heat performance and
built-in bifacial energy capture. The future of flexible solar technology appears highly promising. Ongoing research focuses on
improving conversion efficiency, enhancing durability, reducing manufacturing costs, and developing environmentally sustainable
materials. Perovskite-silicon tandem cells are expected to surpass the efficiency limits of conventional silicon modules, while
advances in roll-to-roll manufacturing may enable large-scale, low-cost production. Artificial intelligence (Al), machine learning,
and advanced materials modeling are accelerating the discovery of new photovoltaic materials with improved stability and
performance. Nanotechnology continues to enhance light absorption, charge transport, and protective coatings, further
increasing device reliability.

Flexible photovoltaics are expected to play an important role in smart cities, net-zero energy buildings, electric transportation,
wearable electronics, portable power systems, and space exploration. Rather than replacing conventional solar panels entirely,
flexible modules will complement existing technologies by expanding solar energy generation into applications previously
considered unsuitable for photovoltaics. The future of solar panels for home use includes higher efficiency in smaller footprints,
smarter Al-powered monitoring, solar panels built directly into building materials, and eventually transparent solar windows that
generate electricity while you look through them. According to the IEA's Renewables 2025 report, global renewable power
capacity is projected to increase by nearly 4,600 Gigawatts between 2025 and 2030, with solar accounting for approximately 80%
of that growth. Distributed solar applications, meaning residential and commercial rooftop systems, will represent 42% of all new
solar installations through 2030. The future is residential as much as it is utility-scale. Again, for homeowners, the most practical
near-term advances are threefold. First, higher efficiency panels like TOPCon and HJT mean you need fewer panels to achieve the
same output, reducing roof space requirements. Second, falling panel costs continue. According to IEA data, global solar module
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manufacturing capacity surpassed 1,100 Gigawatts by 2024, well above projected demand, which keeps driving prices down. Third,
pairing solar with battery storage is becoming the standard installation model rather than an upgrade. According to SolarReviews,
92% of residential solar installers offered energy storage as part of their installation packages in 2024.

There are new solar panel concepts that can generate electricity at night, though they are still in research and early prototype
stages rather than available for home installation. Researchers at UC Davis published a concept paper in ACS Photonics describing
thermos-radiative cells that work by radiating heat into the night sky rather than absorbing light from the sun. Under ideal
conditions, such a device could theoretically generate up to 50 watts of power per square meter at night, roughly one quarter of
what a conventional solar panel produces during daytime. Separately, researchers at Korea University developed a transparent
solar window system that generates electricity from indoor lighting at night in addition to sunlight during the day. The system
combines a distributed Bragg reflector with bifacial silicon solar cells and can generate power continuously around the clock. These
technologies remain in the research phase for now. The practical solution available today for overnight power is a solar battery
backup system that stores excess daytime production and releases it during evening hours when panels are not producing.
Transparent solar windows are glass panels that generate electricity while still allowing visible light to pass through, functioning
as both a window and a solar panel simultaneously. Several real installations already exist. Copenhagen International School in
Denmark is covered in 12,000 semi-transparent solar panels that serve as building windows while generating power. A
Netherlands-based company called Physee has installed its Smart Windows in office buildings across Europe, with the technology
projected to cut building energy costs by up to 30%.Research teams at MIT, Korea University, and Nanjing University are all
advancing different approaches to transparent solar coatings.

MIT's version transmits more than 70% of visible light, within the range of tinted glass used in commercial buildings today. In
September 2025, Nanjing University researchers published a prototype of a clear coating that can be applied to any standard
window to redirect sunlight to the window's edges, where photovoltaic cells convert it to electricity without affecting the window's
clarity. The technology remains a few years from residential scale, but it represents a genuine coming shift in how buildings
generate power. Solar panel efficiency has improved dramatically over time, nearly doubling in practical commercial terms over
the past 15 years. The average panel efficiency sat around 10% to 15% in the early 2000s. By 2010, most residential panels were
near 15%. By 2025, commercial mono-crystalline panels routinely deliver 22% to 25% efficiency, with premium HJT models
reaching 26%. According to Lawrence Berkeley National Laboratory data cited by SolarTech, the average panel efficiency improved
by approximately 33% from 2010 to 2025. Combined with a 70% reduction in panel costs over the same period, the economics of
solar have transformed entirely. The future of solar panels' efficiency points toward 30% to 35% commercial module efficiency by
the late 2020s to early 2030s, driven by perovskite-silicon tandem technology reaching mass production scale. According to
SolarTech projections, perovskite-silicon tandem cells are on a path to achieve 35% to 40% efficiency by 2028 to 2030 in laboratory
conditions, with commercial modules trailing lab records by roughly 5 to 7 percentage points. Silicon-only cells are fundamentally
capped near 29% by physics, making tandem architecture the only viable route past that barrier for the foreseeable future. Even
within silicon technology, improvements continue.

TOPCon cells have already surpassed 25% in laboratory settings, and mass production modules routinely achieve 22.5% or better.
The practical ceiling for silicon-based panels is getting closer, which makes the development timeline for perovskite tandem
technology genuinely important for the next decade of solar. Solar technology will change for homeowners by 2030 in four specific
ways. Panels will produce more power in less space as tandem cells transition from limited commercial products to mainstream
availability. Battery storage will become a standard part of nearly every residential installation rather than an add-on, driven by
the erosion of net metering programs across states and the growing demand for backup power resilience. Al-integrated
monitoring will make solar systems self-diagnosing, alerting homeowners and installers to underperforming panels before they
cause months of hidden production losses. And building-integrated photovoltaics, meaning solar built directly into roofing
materials, siding, and eventually windows, will give homeowners options beyond traditional rooftop panel arrays. The IEA projects
global solar capacity will grow by 2.6 times its 2022 level by 2030, with distributed residential and commercial applications
accounting for 42% of all new solar added through the end of this decade. South Florida's year-round sun and high electricity rates
position it as one of the strongest residential solar markets in the country for the years ahead. Homeowners who install solar
energy systems now with modern TOPCon or HIT panels will have systems built on the strongest technology available today while
perovskite tandem options mature toward mass availability.

Modern solar panels do work on cloudy days, though at reduced output. According to Couleenergy, solar panels generate
approximately 10% to 25% of their rated power under heavy cloud cover and 50% to 80% under light cloud cover. TOPCon panels
perform well in diffused light due to their advanced passivation layer. HJT panels are especially effective in low-light conditions.
Germany, one of the cloudiest countries in Europe, generates substantial solar power because modern panel technology is
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sensitive enough to operate on ambient daylight, not just direct sunshine. The most efficient solar panel technology for home use
in 2026 is HIT, which delivers 24% to 26% commercial module efficiency and the best temperature performance of any mainstream
panel type. TOPCon is a close second at 22.5% to 25% efficiency and offers broader availability at a lower price point. For most
homeowners, TOPCon is the practical choice because it delivers near-HJT efficiency at a lower cost. HIT is the right choice for
homes with limited roof space where maximum power per square foot is the priority, or for South Florida installations where heat
tolerance during long summer months is critical.

Installing solar now with TOPCon or HIT panels is a better financial decision than waiting for perovskite tandem technology for
most homeowners. The federal residential solar tax credit expired at the end of 2025 for homeowner-owned systems, making
2026 installations more expensive than they would have been a year ago. Every year of delay is a year of full-rate utility bills that
a solar system could be offsetting. By the time perovskite panels reach mainstream residential availability with full warranties
around 2027 to 2030, today's TOPCon or HJT system will already have delivered three to five years of energy savings and begun
its payback period in earnest.he future of solar panel technology is genuinely exciting. Perovskite-silicon tandem cells are breaking
efficiency records that silicon alone could never reach. Bifacial panels are already generating power from both sides of the module.
Transparent solar windows are moving from research labs into real buildings. Al-powered monitoring is making systems smarter
and more reliable. And the global solar industry, which the IEA projects will account for 80% of all new renewable energy capacity
added through 2030, is only accelerating. For homeowners today, the right technology is already in the market. TOPCon and HIT
panels deliver efficiency, durability, and heat performance that makes sense for demanding climate. Pairing them with battery
storage makes a system that works around the clock, not just when the sun is up.”

17. CONCLUSION

Today power generation in industrial sector has become a major contributor to GHG emissions, mainly CO». For climate
change mitigation, special attention is given to the reduction of CO2 emissions by applying carbon capture and storage (CCS)
techniques. CCS technologies refer to a broad range of methods to allow CO2 emissions to be captured and then transported to
safe geological storage, rather than being emitted into the atmosphere. CCS technologies are expected to play a significant role in
the future for curbing greenhouse gas emissions and for sustainable development. Power or electricity generation is the process
of generating electric power from sources of primary energy such as heat (thermal), wind, solar, and chemical energy. We need
to capture, store, contextualize, and visualize time-series information and make it available to the right people at the right time
to enable the right decisions. Many operators in the power generation industry are increasingly looking to move toward a data-
driven and technology-enabled way of working. Often this is called the Manufacturing 4.0 or Plant 4.0. household energy storage
policies in major countries around the world. Today, organizations face many challenges of scale and performance, data quality,
data silos, integration, and cybersecurity. There is also an increasing number of confusing and conflicting messages within the
industry about how best to support digital operations to enable further automation and advanced Big-data predictive analysis.
Most companies are trying to evaluate how the new digital and smart approach fits and how techniques like Artificial Intelligent
(Al), Machine Learning (ML), Deep Learning (DL), Internet of Things, (loTs), and advanced statistics can improve the performance
of plants and operation supply chains. With this degree of digitization, operators can develop data-driven models that combine
physics, statistics, and best practice engineering principles in order to gain greater insight into what is going on in the plant, and
how they can improve performance of the total asset lifecycle. However, net-zero is a pivotal concept in the global effort to combat
climate change, and this balance is essential for stabilizing global temperatures and mitigating the adverse effects of climate
change.

Now, smart solar panels respond to both direct sunlights coming straight from the sun and diffuse sunlight reflected from particles
in clouds and the atmosphere. Solar panels are usually able to generate some electricity even on a cloudy day. Flexible solar panels
are lightweight, malleable, and easy to fit onto complex or irregular surfaces like curved machinery or vehicle roofs, making
industrial solar deployment more feasible and effective. They can be bonded to delivery trucks, trailers, or vehicles to power
auxiliary systems, cutting fuel usage and emissions while conforming to aerodynamic contours. Their design enables use in
agricultural, mining, oil, or gas sites with limited grid access. They are rugged, durable, and reliable, ideal for powering essential
equipment off-grid. One of the most significant economic advantages of flexible solar panels is their potential for cost reduction.
Due to their lightweight nature, flexible panels require less structural support and can often be installed without the need for
extensive modifications or reinforcement. This translates into lower installation costs compared to traditional rigid panels.
Additionally, the ease of transport and handling reduces labor costs and logistics expenses, making them panels a financially
attractive option for large-scale industrial projects. Flexible panels can be installed on curved or uneven surfaces, making them
ideal for various industrial applications where traditional rigid panels might not fit. For transportation applications, lightweight
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modules improve energy efficiency because they add minimal mass to vehicles, ships, aircraft, and satellites. Portable flexible
panels are similarly valuable for emergency response, humanitarian relief, military operations, and outdoor recreation, where
reliable electricity is needed in remote locations.

Flexible paper-like solar panels represent one of the most significant technological advances in modern renewable energy systems.
By combining lightweight construction, mechanical flexibility, and increasingly high conversion efficiencies, these innovative
photovoltaic technologies have expanded the potential applications of solar energy far beyond conventional rooftop installations.
Advances in crystalline silicon, thin-film semiconductors, organic photovoltaics, and perovskite materials have transformed flexible
photovoltaics from laboratory concepts into commercially viable products serving architecture, transportation, agriculture,
aerospace, disaster relief, and consumer electronics. Although challenges related to durability, manufacturing cost, and long-term
stability remain, continuous scientific progress suggests that these limitations will gradually diminish. As global demand for clean,
sustainable, and decentralized energy continues to grow, flexible photovoltaic technology is expected to become an essential
component of the future energy landscape. Through ongoing innovation in materials science, manufacturing processes, and
system integration, flexible solar panels have the potential to significantly accelerate the worldwide transition toward low-carbon
and renewable electricity generation.

The development of novel solar power technologies is considered to be one of many key solutions toward fulfilling a worldwide
increasing demand for energy. Rapid growth within the field of solar technologies is nonetheless facing various technical barriers,
such as low solar cell efficiencies, low performing balance-of-systems (BOS), economic hindrances like, high upfront costs and a
lack of financing mechanisms, and institutional obstacles like, inadequate infrastructure and a shortage of skilled manpower. Solar
energy technologies have become well-established and popular technologies throughout the world. To achieve this, billions of US
dollars have been invested and much more are expected to be invested in the near future to overcome the current limitations in
the solar industry. Today some scholars and vehicle scientists have investigated the performance of EV charging systems
integrated with renewable energy technologies; however, some ideas can be considered for the future works. For instance,
employment of other clean energy technologies such as fuel cell could be useful. Solar power offers enormous potential for
homeowners, but it also comes with practical and financial challenges. For first-time solar buyers, navigating the rules around
subsidies, tax benefits, and building permits can be confusing. Requirements often vary between municipalities and can include
restrictions for heritage properties or areas with specific local plans. On the other hand, subsidies can provide significant benefits
when improving the energy-efficiency and self-sufficiency of our home. Selecting the right installer can significantly impact both
the performance of our system and our overall experience. There are large variations in pricing, craftsmanship, and customer
service, making it difficult to know who to trust. On the other hand, the flexible solar market's one-size-fits-all approach creates
systematic problems: efficiency gaps, short life-spans, and application mismatches.

With more and more people choosing to install photovoltaic systems, the solar technology industry is growing rapidly. Despite the
government ending the FIT (Feed-in Tariff) payments in March 2019, solar technology continues to be popular causing the price
of systems to fall. With grid electricity prices going up year on year it remain a good time to invest in PV technology. The solar
industry is expected to continue to grow as the technology becomes more efficient and affordable. Many more investors are
being attracted to the sector recognizing the importance of renewable energy for our future. The solar industry has seen
remarkable technological advancements which makes it a crucial component in the global shift towards renewable
technology. Today, solar power is now more reliable than ever as users can store excess energy for later use due to the
development of energy storage technologies such as lithium-ion and solid-state batteries. Again, the cost of solar panels is
expected to continue to fall making them more accessible for individuals and businesses. On the other hand, because
improvements are being made in solar cells and materials, solar panels are becoming more efficient at converting sunlight into
electricity. So, in future, solar energy is expected to become more competitive with fossil power and other renewable energy
sources. Moreover, new technologies like perovskite solar panels, bifacial solar panels, and building-integrated photovoltaics
(BIPV) are expected to develop and grow further.
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