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Solar photovoltaic (PV) technology has emerged as a key renewable energy solution, yet its widespread adoption
faces several technical and economic challenges. This review examines the evolution, current advancements, and
future prospects of PV systems, highlighting the development of various photovoltaic cell technologies, including
crystalline silicon, amorphous silicon, cadmium telluride, perovskite, and organic solar cells. The study explores
the operational principles of stand-alone and grid-tied PV systems and their economic significance. A historical
perspective is provided, tracing PV technology from the discovery of the photovoltaic effect in 1839 to its latest
innovations, such as high-efficiency cells, bifacial panels, solar shingles, transparent solar cells, and PV-driven
hydrogen production. The methodology involves an extensive review of recent advancements, industry trends,
and existing literature to identify key challenges in PV deployment, including efficiency losses, high initial costs,
and market integration barriers. Findings indicate that while significant progress has been made, further research
and policy support are needed to enhance technology efficiency, reduce costs, and ensure seamless integration

into energy markets.

1. Introduction

Solar PV is considered one of the most decarbonized electricity
generation systems, offering a promising solution to mitigate climate
change and enhance energy security. By reducing greenhouse gas (GHG)
emissions and providing a scalable and reliable energy source, solar PV
plays a key role in addressing global sustainability challenges [1].
Beyond its environmental benefits, solar PV aligns with the United Na-
tions” SDGs “Sustainable Development Goals”, particularly SDG 7, by
enhancing access to affordable, reliable, and sustainable energy [2].

In recent years, massive research and development (R&D) efforts
have been directed towards advancing solar PV technologies. These ef-
forts have led to significant advancements in solar cell technologies,
focusing on improving efficiency and reducing costs. Other key ad-
vancements include bi-facial photovoltaic panels that absorb sunlight on
both sides [3], solar trackers that enhance energy capture by adjusting
panel orientation [4], solar shingles or building integrated PV that
integrate seamlessly into building architecture [5], and transparent
solar cells that can be incorporated into windows and other surfaces for
energy generation [6]. These breakthroughs highlight the rapid progress
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in solar PV technology, underscoring ongoing efforts to optimize per-
formance and facilitate widespread adoption.

The global solar PV industry has experienced remarkable growth in
recent years, with cumulative installed capacity reaching 1.6 TW in
2023, up from 1.2 TW in 2022 [7]. According to the Global Solar
Council, global PV capacity has now surpassed 2 TW, marking a rapid
acceleration in deployment. While it took nearly seven decades
(1954-2022) to install the first terawatt of solar power, the second
terawatt was achieved in just two years (2022-2024). Estimates from
the council and SolarPower Europe indicate that around 7 billion solar
panels and 25 million solar-powered homes are now in operation
worldwide. With annual installations reaching approximately 500 GW
and global manufacturing capacity at 1.1 TW, the PV industry is well-
positioned to support the goal of tripling global renewable energy ca-
pacity by 2030. However, according to the International Renewable
Energy Agency (IRENA), meeting the 1.5 °C climate target by 2050 will
require substantial financial investment, around $150 trillion in total
[8].

However, despite these advancements, significant challenges remain
[9-11]. High initial investment costs [12], efficiency losses due to
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environmental factors like dust and heat [13-15], and the need for
effective recycling and disposal solutions for PV materials [16] are some
of the obstacles impeding the full potential of solar PV technologies.
Additionally, integrating solar PV into existing grid infrastructures and
achieving cost parity with conventional energy sources continue to be
pressing concerns. Moreover, extreme weather conditions, such as
wildfires, hurricanes, and severe heatwaves, pose additional threats to
the resilience of PV systems by affecting power grid stability and
reducing solar generation efficiency [17-19]. For example, wildfire
byproducts, including heat, smoke, and ash, can degrade panel perfor-
mance, while excessive heat can alter powerline capacity and overall
grid reliability [20]. Another example is hurricanes, which can cause
physical damage to PV installations, disrupt grid connectivity, and lead
to prolonged power outages, further challenging the reliability and
resilience of solar energy systems [21]. Addressing these challenges
requires sustained innovation, supportive policies, and collaborative
efforts across governments, industries, and academia to ensure solar PV
reaches its full potential as a cornerstone of a sustainable energy future.

This review paper provides a comprehensive analysis of solar pho-
tovoltaics, covering key aspects such as the historical development of PV
technology, different photovoltaic cell types, current trends, challenges,
and future prospects. It explores various PV technologies, including
crystalline silicon, amorphous silicon, cadmium telluride, and emerging
options like perovskite and organic solar cells. The paper also examines
recent innovations aimed at improving efficiency and expanding appli-
cations. Additionally, it discusses economic and technical barriers to
widespread adoption, such as high initial costs, efficiency losses, and
market integration issues. Unlike existing reviews that focus on specific
technologies or aspects, this study offers a holistic perspective on the
evolution of the PV sector and its challenges. By synthesizing these in-
sights, it highlights the current state of solar PV and outline strategic
directions for its future growth and integration into global energy sys-
tems. To guide this analysis, the review considers the following research
hypotheses:

e The expansion of the PV sector is dependent on overcoming the
technology transfer and market transfer gaps, which have histori-
cally hindered scalability and competitiveness against conventional
energy sources.

o The large-scale deployment of PV systems remains limited due to the
high cost of energy storage solutions.
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e Supportive policies, including government incentives, tax credits,
and investment in grid modernization, are essential for accelerating
PV adoption, closing diffusion gaps, and ensuring long-term market
sustainability.

2. Solar photovoltaic systems: overview

The fundamental physical mechanism by which a PV cell turns solar
energy into electrical energy is known as the photovoltaic effect [22,23].
Sunlight is formed from solar energy particles named photons, which
resemble energy accumulations. The energy of these photons varies with
their wavelengths in the solar spectrum. When photons encounter a
photovoltaic cell, they can be either absorbed or reflected. Electricity is
only produced by photons that are absorbed. When this occurs, the
photon’s energy is converted to an electron in a cell atom (often an atom
of silicon). In an electrical circuit, the electron can break free from its
usual location inside the atom and join the current.

In order to produce a PV cell’s electric field, manufacturers create a
junction by joining two distinct types of semiconductors (P and N),
which generates the electric field within the photovoltaic cell, as shown
in Fig. 1. Adding an element with an extra electron or an electron
shortage is the most common technique for producing P-type or N-type
silicon material. The ability of a photon to excite an electron depends on
the bandgap energy of the semiconductor material. When a photon
transfers enough energy, an electron is excited from the valence band to
the conduction band, creating an electron-hole pair. The built-in electric
field at the p-n junction then plays a crucial role in separating these
charge carriers. It directs the free electrons toward the n-type region and
holes toward the p-type region, generating an electric potential differ-
ence. This movement of electrons results in the formation of an electrical
current when the circuit is closed. However, some charge carriers may
recombine before contributing to electricity generation, reducing effi-
ciency [24,25].

Silicon is the most frequent material utilized in the manufacturing of
solar cells. It has a bandgap of approximately 1.1 eV, meaning it can
absorb photons with energy equal to or greater than this threshold.
There are 14 electrons in an atom of silicon; the four electrons in the
final layer are referred to as valence electrons. Each silicon atom in a
crystal solid typically forms a covalent connection with another silicon
atom to share one of its four valence electrons. Five silicon atoms ar-
ranged in a covalent connection make up the silicon crystal molecule.
Silicon-based PV cells are typically manufactured through a series of
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Fig. 1. Schematic diagram of a photovoltaic cell.
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processes, including purification, crystallization, wafer production,
doping, and cell assembly. High-purity silicon is obtained through the
Siemens process, where metallurgical-grade silicon is refined into pol-
ysilicon. This is then formed into either monocrystalline or poly-
crystalline ingots through the Czochralski or casting methods,
respectively. The ingots are sliced into thin wafers, which are treated
through doping to create p-type and n-type layers. Additional steps such
as surface texturing, anti-reflective coating application, and metalliza-
tion enhance efficiency by reducing energy losses and improving charge
collection. Emerging materials, such as perovskite and organic solar
cells, offer alternative manufacturing techniques, often involving
solution-based processing or thin-film deposition, which can reduce
costs and improve flexibility [26,27].

Pragmatically, the structure of the PV system is considered to be
profoundly flexible by all means. PV modules in other words constitute
to be the primary building blocks of the system which can be organized
into a method to produce as much electricity surplus as possible. On a
normative situation, a wide range of supporting equipment is deemed to
be crucial to transform energy into any meaningful form of electricity
storage. Hence the resulting system shall be determined purely consid-
ering the need of energy or loads in a specific application. PV systems are
categorized into two vital groups, stand-alone and grid-tied systems
[28,29], which will be discussed in detail in the following subsections.
Table 1 shows a comparison of these two systems in terms of key fea-
tures, advantages, and limitations.

2.1. Stand-alone systems

When a system is described as stand-alone system or in other word
called off-grid system, it means that it is the only source of electricity for
houses and any additional uses it may have, including emergency call
boxes on roads, distant cottages, telecom sites, water pumps, and street
lighting. Systems that are meant to function independently usually have
batteries for energy storage (see Fig. 2). Energy produced during the day
is stored in a battery bank by battery backup systems for usage during
nighttime. Compared to other standalone systems or alternatives like
utility line extensions, they are consistently more affordable. On the
other hand, if the usage of PV cannot cover the power demand from

Table 1
Comparison of stand-alone and grid-tied solar PV systems.
System Stand-alone Grid-tied
Features - Operates independently - Connected to the utility grid for
without grid connection. energy exchange.

- Requires battery storage for - No need for battery storage as
energy use during nighttime excess energy is fed into the
or low sunlight. grid.

- Suitable for remote locations, - Common in residential,
emergency power, telecom commercial, and industrial
sites, water pumps, and street settings with grid access.
lighting.

Advantages - Provides electricity in areas - Reduces electricity bills
without grid access. through net metering (selling

- Ensures power availability excess energy to the grid).
during grid outages. - No battery costs, reducing

- Can integrate with other installation and maintenance
renewable sources like wind expenses.
or biodiesel generators for - Higher efficiency as power is
reliability. used immediately or credited

to the grid.
Limitations - High initial cost due to battery - No power supply during grid

storage.

- Battery maintenance and

replacement costs.

- Limited power supply when

solar generation is low and
batteries are depleted.

outages unless a backup battery
or generator is installed.

- Requires utility approvals and

compliance with grid
regulations.

- Potential interconnection fees

and dependency on grid
stability.
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consumer, this will result in using the power from the utilities. The
monthly electric utility statement for the consumer in these circum-
stances will simply show the consumed energy received from the utility
company [30].

Stand-alone systems are not connected to the grid for electricity
distribution, and they include every component required to supply AC
appliances in a typical home or business setting. The reliability could be
increased by adding another generator (such as a wind or biodiesel
generator), but it is not always required. The type of load being supplied
will determine how many components the system should have. If the PV
modules are solely going to feed DC loads, then the inverter could be
removed or switched out for a DC-to-DC converter. Another approach
involves directly connecting a PV array to a DC load.

Living in a house or cabin off the grid means that you are not linked
to any utilities. The expense of bringing in electricity from the utility is
one drawback of living in a distant location. A homeowner would have
to rely on propane gas, a generator powered by fossil fuels, or both.
These days, a house or lodge unconnected to the local utility can be
powered by a battery-powered solar photovoltaic system, which is off
the grid. While solar PV modules and batteries provide DC electricity,
most electrical loads found in homes run on AC. To transform DC elec-
trical current to AC electrical current, an inverter is utilized. Similar to
controllers, inverters have a selection of sizes and capacities to meet the
needs of the customer. It is crucial to account for all of the electrical
loads that the solar PV is able to power when building a battery-based
system. The calculation will take into account the number of hours/
day and the number of days/month that the loads will be in use. When a
system’s capacity is exceeded by additional loads, it becomes inefficient
and must wait for the PV array to replenish the battery bank [31].

2.2. Grid tied systems

An additional source of electricity to the current utility company
supply is provided via a “grid-connected” system [32,33]. Excess energy
from a grid-connected photovoltaic system is exported to the utility
when it surpasses the customer’s loads, turning the electric meter of the
consumer backward. These systems don’t need battery storage because
they are directly connected to the electric distribution network, as
presented in Fig. 3. Depending on local energy usage patterns and day-
to-day variations in solar resources, electricity is either purchased or
sold from the local electric utility. Compared to conventional stand-
alone schemes, grid-tied photovoltaic systems have numerous
advantages.

Smaller PV arrays can supply the same load.

Removes the requirement for energy storage and related expenses.
Benefits from the current electricity infrastructure.

Effective utilization of energy resources, as it helps generate the
necessary electrical grid supply when customer demand is lower than
PV output.

For added scheduling flexibility and reliability, hybrid systems that
include grid connection and battery storage or a generator or together
are feasible (at additional expense). Grid-connected systems are among
the PV system types with the quickest rate of growth. Grid-connected
systems, both residential and commercial, are popular ways to cut
back on the amount of electricity provided by the local utility. Similar to
the stand-alone PV, an inverter is utilized in the grid-connected system
to transform DC electricity into AC electricity, and a solar array is
composed of connected photovoltaic modules [34].

By producing and transferring more electricity to the utility than the
owner consumes when the PV system is operating, the owner can save
money. The technique of figuring out how much electricity a property
owner uses from the utility and how much power they provide to them is
known as net-metering. The inverter is made to shut down and not
deliver any power from the system to the utility in the occurrence of a
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Fig. 2. Stand-alone solar PV system layout.
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Fig. 3. Grid-tied solar PV system layout.

utility-side power outage for safety reasons. This is intended to safe-
guard utility employees who could be repairing power wires. Grid-
connect systems function well in homes when the occupants are away
at work or school during the day and the electrical loads are low. The PV
system generates credit for the owner with the local utility during the
day when it produces more electricity than the residence’s load demand.
The utility will supply electricity for the electrical demands when the
inhabitants return at the end of the day. The initial costs of establishing a
system are partially mitigated by state and federal incentives and re-
bates. In order to supply backup electricity in the event of a utility
outage, a grid-connected system may be supported by a battery bank or a
generator. During the day, the solar array powers the system and
charges the battery bank. The battery bank or the electrical generator
can provide electricity during a cloudy condition or at night.

2.3. The economic value of solar PV systems

There are several economic benefits associated with the use of PV,
including a reduction in utility bills, job creation, improved ability to
cope with emergency situations, and access to installation incentives.
Consumers can lower their monthly power expenditure by investing in
and installing solar energy systems. In addition to the clean energy
produced, this can help balance the expense of the household’s power
use. As a result, consumers will make fewer payments in the long run,
which will allow investors to recover their investment costs. Unlike

conventional electricity sources that are subject to fuel price volatility,
solar PV systems provide a predictable and stable energy cost, protecting
consumers from rising electricity prices and market fluctuations
[35-37].

Through net metering, certain utility providers let consumers sell
any extra energy that is produced by PV. Users will save money on their
monthly electricity bills and the clean energy that is produced will
benefit others in the community. This financial benefit not only in-
centivizes residential adoption but also encourages businesses to invest
in larger-scale PV installations, leading to increased energy indepen-
dence and reduced strain on national power grids [38,39].

More energy workers are required to meet the growing demand as
more consumers show interest in installing solar panels to fulfill the
need. This sector demands workforce participation in production,
installation, and upkeep. Investing in solar energy not only boosts the
local economy but also generates new employment opportunities. Ac-
cording to industry reports, the solar sector has experienced significant
growth in employment compared to fossil fuel industries, creating jobs
in research, engineering, sales, and maintenance. Moreover, expanding
the PV market promotes technological innovation, leading to advance-
ments in efficiency and cost reduction, further enhancing its economic
viability.

Natural disasters such as hurricanes, floods, and earthquakes can
interfere with the grid’s power supply. Thankfully, in times of emer-
gency, solar panels offer a strong substitute for conventional electricity.
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When other energy sources, like fossil fuels, are unavailable, solar panels
will still receive the required sunlight to generate energy. This energy
resilience is particularly beneficial in rural and off-grid areas, where PV
systems provide a decentralized solution, reducing dependence on
expensive and vulnerable transmission infrastructure. Additionally,
integrating solar PV with battery storage enhances reliability, ensuring
power availability even during nighttime or extreme weather
conditions.

Furthermore, switching to solar energy systems can reduce carbon
emissions, which contribute to climate change and intensify natural
disasters. Lowering dependence on fossil fuels not only mitigates envi-
ronmental impacts but also reduces the economic burden of health-
related costs associated with air pollution, such as respiratory diseases
and cardiovascular conditions.

People can qualify for federal incentives like the solar investment tax
credit by installing solar panels. These rewards may assist in reducing
the cost of what has been originally paid for the installation of the solar
panels, which boosts the economy, in both residential and commercial
applications. Additionally, some governments provide grants, low-
interest loans, and tax exemptions to encourage solar deployment,
further reducing the financial barriers to adoption [40].

2.4. Types of photovoltaic cells

The development of PV cells has led to the creation of various types
to address specific needs and challenges in solar energy generation.
These include amorphous silicon, cadmium telluride, concentrated cells,
dye-sensitized cells, and hybrid cells. These different types have been
developed to improve efficiency, reduce costs, enhance flexibility, and
adapt to diverse environmental conditions and applications. Despite
these advancements, extensive ongoing research continues to focus on
the development of new types of photovoltaic cells. The following sub-
sections present a brief description of the distinct types of PV cells, and
Fig. 4 shows a comparison of the highest verified solar cell efficiencies
over time.

2.4.1. Crystalline silicon

The crystalline silicon solar cell was one of the earliest created and

Best Research-Cell Efficiencies
52
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continues to be the most commonly used type. It still offers a very high
efficiency and affordable price with respect to other emerging solar cell
materials [42]. Silicon is the second most abundant element in the
Earth’s crust and is widely available. However, high-purity silicon
production requires significant energy inputs, contributing to its envi-
ronmental impact. The energy-intensive purification and crystallization
processes result in a high carbon footprint. Additionally, the use of
hazardous chemicals, such as hydrofluoric acid in wafer processing,
poses environmental risks. Below is a brief overview of crystalline ma-
terials, including both monocrystalline and multi-crystalline silicon.
Fig. 5 presents the structure and main components of a silicon solar PV
module.

Monocrystalline silicon

Monocrystalline materials play a crucial role in the development of
photovoltaic cells owing to their high efficiency, reliability, and matu-
rity in the PV market. Most monocrystalline silicon is produced using the
Czochralski process [1]. In this method, high-purity, semiconductor-
grade silicon is melted in a crucible, typically made of quartz. Precise
amounts of dopant impurities are introduced into the molten silicon to
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Fig. 5. Structure of a silicon-based solar PV module. ([], open access).
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create n-type or p-type silicon, altering its electronic properties. A seed
crystal, placed on a rod, is introduced into the molten silicon. The rod is
then slowly pulled upward while rotating. By carefully regulating the
temperature gradients, pulling rate, and rotation speed, a large, single-
crystal cylindrical ingot can be extracted. To prevent instability in the
melt, temperature and speed distributions throughout the crystal growth
procedure are closely monitored. This procedure is usually conducted in
an inert environment, like argon atmosphere or a quartz chamber.

Multi-crystalline silicon

Multi-crystalline solar cells are a cost-effective material for devel-
oping PV modules, but their efficiency is lower than monocrystalline
cells and other advanced materials [43]. However, multi-crystalline
cells have fewer defects related to metal contamination and crystal
structure than monocrystalline cells. Multi-crystalline silicon is pro-
duced by melting silicon and allowing it to solidify, which causes the
crystals to form in a fixed direction. This process results in a rectangular
ingot of multi-crystalline silicon, which is then cut into blocks and ul-
timately sliced into thin wafers [44].

2.4.2. Amorphous silicon

Silicon in its non-crystalline state is known as a-Si “amorphous sili-
con”. Having been available on the market for over two decades, this
thin-film technology is one of the most established and proven. Although
it is commonly found in pocket calculators, it is also utilized to power
certain isolated facilities, buildings, and private residences. Along with
Sharp and Sanyo, United Solar Systems Corp. (UniSolar) is still a leading
manufacturer of a-Si solar cells. A one micrometer thick of thin coating
of silicon material is vapor-deposited over a substrate made of glass or
metal to produce a-Si panels. A-Si can be formed at an extremely low
temperature as low as 75 °C, enabling sedimentation on plastic. At its
most basic form, the p-i-n layer sequence is the only one present in the
cell structure [46].

2.4.3. Cadmium telluride

Cadmium telluride (CdTe) photovoltaics is the name given to a kind
of PV technology that utilizes a thin semiconductor layer with the ability
to absorb sunlight and turn it into electricity. The structure of a typical
cadmium telluride PV solar cell is depicted in Fig. 6. Conventional solar
cells, like crystalline Si-based, in multi-kilowatt systems are more
expensive than cadmium telluride PV systems. Among solar energy
technologies, CdTe PV has one of the lowest lifecycle carbon footprints,
lowest water use, and fastest energy payback period. With an energy
payback period of a year or less, CdTe enables quicker carbon reductions
without causing temporary energy shortages. However, to reduce the
environmental impact of cadmium toxicity, recycling CdTe modules at
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]— Buffer layer

TCO Front contact
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Fig. 6. Structure of a cadmium telluride solar cell. ([], open access).
Source: 49
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the end of their product lifecycle should be implemented [47,48].

2.4.4. Copper indium gallium selenide

The compound known as copper-indium-gallium-selenide (CIGS) is
one of the most interesting and controversial compounds in solar tech-
nology. A few CIGS companies, like Solyndra, NanoSolar, and MiaSolé,
nearly became domestic names during the solar thin-film hype cycle. To
produce these cells, a thin layer of copper, indium, gallium, and selenide
is applied to a glass or plastic substrate, with electrodes placed on both
the front and back to capture the current. Due to its high absorption
coefficient, this material requires a much thinner layer than typical solar
cells, as it effectively absorbs sunlight [50]. However, the availability of
key elements poses challenges. Indium and gallium are scarce and pri-
marily obtained as byproducts of zinc and aluminum production. Their
limited supply and high demand in electronics may impact the long-term
viability of CIGS technology. Additionally, the mining and processing of
these elements generate significant environmental waste, and selenium
can be toxic in high concentrations, requiring proper handling and
disposal.

2.4.5. Dye sensitized

Dye sensitized solar cells (DSSC) are the third generation of solar
cells [51]. Because of the way this new form of sophisticated solar cell
imitates the way light energy is absorbed by nature, artificial photo-
synthesis can be compared to it. DSSC was developed in 1988 at Ecole
Polytechnique Fédérale de Lausanne, in Switzerland, by Michael Grétzel
and Brian O’Regan. In [52], they developed a DSSC using low-cost
processes and low-to-medium-purity materials, achieving commer-
cially viable efficiency. The cell consists of a 10-um-thick titanium di-
oxide film coated with a charge-transfer dye, optimizing light harvesting
and photon-to-current conversion efficiencies (over 80 %). With an
overall energy conversion efficiency of 7.1-7.9 % under simulated solar
light and 12 % in diffuse daylight, alongside high current densities (>12
mA/cm?) and stability over five million cycles, the DSSC offers low-cost
and practical scalability.

2.4.6. Gallium arsenide

The two fundamental components of gallium and arsenic combine to
form gallium arsenide (GaAs). These two separate components combine
to generate the aforementioned chemical, which has a number of
intriguing properties. The semiconductor gallium arsenide has higher
electron mobility and saturation electron velocity than silicon. The
direct band gap is another unique feature of gallium arsenide, which
indicates a substance with effective light emission. GaAs has a zinc
blende crystal structure and a III-V direct bandgap semiconductor [53].

2.4.7. Perovskite

Perovskite solar cells (PSCs) have quickly become a highly promising
PV technology, mainly due to their superior optoelectronic properties
and simple construction process [54,55]. The configuration of a perov-
skite PV cell is shown in Fig. 7. Among the various third-generation
photovoltaic devices, PSCs have received significant attention from
the scientific community. Introduced in 2009, PSCs were developed
based on DSSC technology as a potential renewable energy solution. In
these cells, the primary material is perovskite, an organic-inorganic
hybrid compound with an ABX3 crystalline structure that serves as the
active light-harvesting layer. In this structure, “A” and “B” represent two
different cations, while “X” is an anion. Specifically, “A” can be calcium,
cesium, methylammonium, or formamidinium; “B” can be titanium,
lead, or tin; and “X” can be chlorine, bromine, or iodine.

In contrast to conventional solar cells, PSCs offer intrinsic advan-
tages, such as superior optical absorption, higher carrier mobility, and
longer carrier diffusion lengths, which have led to considerable en-
hancements in conversion efficiency and attracted considerable interest
from researchers [56]. Despite their rapid development and impressive
efficiency gains, PSCs face significant technical and environmental
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Fig. 7. Structure of a perovskite solar cell. ([], open access).
Source: 61

challenges that hinder large-scale deployment [57,58]. One of the most
critical issues is long-term stability, as PSCs are highly susceptible to
degradation when exposed to moisture, oxygen, UV radiation, and
elevated temperatures. This instability necessitates advanced encapsu-
lation strategies and the development of more resilient perovskite for-
mulations. Additionally, the widespread use of toxic lead in high-
performance PSCs poses environmental and health concerns, particu-
larly regarding lead leakage from deteriorating modules. While lead-free
perovskites, such as tin-based alternatives, are being explored, they
currently suffer from lower efficiencies and reduced stability. Further-
more, PSC production processes involve the use of solvents and chem-
icals that may have environmental implications, necessitating the
development of greener manufacturing approaches to minimize their
ecological footprint.

Beyond technical concerns, the commercialization of PSCs faces
multiple economic and industrial barriers [59,60]. A primary challenge
is scalability, as translating lab-scale efficiencies to large-scale com-
mercial modules remains difficult due to non-uniform crystal formation
and defects such as pinholes. Maintaining high efficiency over large-
scale production requires optimized fabrication techniques to ensure
consistency and reproducibility. Additionally, manufacturing reliability
remains a concern, as slight variations in processing conditions can
significantly impact performance. Another hurdle is encapsulation and
durability, as PSCs degrade faster than conventional silicon solar cells,
necessitating robust protective coatings that add complexity and cost.
Moreover, regulatory hurdles exist due to the presence of lead, which
could impact approvals for widespread use. While research into lead-
free alternatives continues, these options have yet to match the perfor-
mance of lead-based PSCs. Lastly, market competition with well-
established silicon PV technology poses an economic challenge, as
PSCs must prove their long-term viability and cost-effectiveness to gain
commercial acceptance.

2.4.8. Organic solar cells

Organic solar cells (OSCs) mark a notable breakthrough in solar
technology, featuring carbon-based materials such as polymers and
small molecules that serve as organic semiconductors. This sets OSCs
apart from conventional inorganic PV cells. The distinctive attributes of
these materials, including flexibility, semitransparency, and low-
temperature processability, enhance their versatility for diverse appli-
cations, expanding their use beyond traditional solar panels. The growth
of OSC development began after the development of several organic
semiconducting polymers. Harvesting a significant number of photons is
usually achievable with an ideal semiconducting polymer that has a low
band gap [62]. However, organic semiconducting polymers possess a
higher exciton binding energy compared to inorganic semiconductors,
which can affect the overall performance of the PV. An OSC consists of
various layers, including a substrate with a transparent conductive
oxide, a hole-transporting layer, an active layer, an electron-
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transporting layer, and a cathode (see Fig. 8).

Despite their advantages, OSCs face significant technical and envi-
ronmental challenges that hinder their large-scale adoption [63]. One
major limitation is their relatively low power conversion efficiency
compared to silicon-based solar cells, as well as their rapid degradation
under environmental exposure, including UV radiation and oxygen,
which reduces their operational lifespan. Similar to PSCs, stability issues
have prompted research into more robust encapsulation techniques and
material modifications to improve durability [64]. Additionally, the
production of certain organic semiconductor materials involves the use
of hazardous solvents and complex synthesis processes, raising envi-
ronmental and safety concerns.

2.4.9. Hybrid solar cells

A hybrid solar cell merges both organic and inorganic semi-
conductors. Organic components used in hybrid photovoltaics are con-
jugated polymers that absorb sunlight and act as givers and transfer
holes. In hybrid cells, inorganic materials serve as the structure’s col-
lector and electron transporter. The photoactive layer of hybrid solar
cells is created by combining an organic substance with a material that
has a high electron transport capacity. A heterojunction-type photo-
active layer is formed when combining two materials, with a higher
energy conversion efficiency than when individual material is used
alone. One of the components serves as both an exciton donor and a

Cathode

Fig. 8. Organic solar cell structure. ([],
5931810016944).
Source: 65

with permission number
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photon absorber. Exciton dissociation at the junction is facilitated by the
other substance. Once an exciton formed in the donor is delocalized onto
a donor-acceptor complex, the charge is transferred and subsequently
separated. The energy compensated between the donor and acceptor’s
lowest unoccupied molecular orbital, or conduction bands, supplies the
energy needed to split the exciton. A percolation network is used to
move the carriers to the appropriate electrodes following dissociation
[66,67].

2.4.10. Biohybrid

Biohybrid solar cells are similar to hybrid cells as they both combine
inorganic and organic materials, while biohybrid cells specifically
incorporate biological elements (photosystem I). Fig. 9 displays the
working principle of a biohybrid PV based on the photosynthetic
apparatus components [68]. An example of developing a biohybrid solar
cell is presented by Gizzie et al. [69]. To improve the overall energy
conversion, researchers replicated the natural process of photosynthesis
by utilizing photosystem I, a light-sensitive protein complex located in
the thylakoid membrane. The photosystem in biohybrid solar cells is
composed of several layers. It collects photon energy, transforms it into
chemical energy, and then uses that energy to produce a current that
flows through the cell. The photosystem I complexes, which are injected
and accumulated in the gold layer for several days, are the only non-
organic substances present in the cell that differ from those found in
other solar cells. Days later, the photosystem becomes visible and takes
the form of a thin layer. This thin sheet facilitates and enhances the
conversion of energy. However, the biohybrid cell is still in the experi-
mental stage.

2.4.11. Concentrated solar cells

A type of photovoltaic technology is called concentrator photovol-
taics (CPV), which accomplishes the same conversion of light energy
into electrical energy as traditional PV technology. There are various
CPV designs, some of which are distinguished from one another by the

Anode

ho

Energy Conversion and Management: X 27 (2025) 101057

concentration factor, commonly known as high and low concentrated
PVs. In contrast to ordinary PV systems, it concentrates sunlight onto
effective multi-junction solar cells using lenses and curved mirrors to
enhance the overall performance of solar PV [70,71].

2.4.12. Buried contact

A buried contact solar cell, utilizing laser-etched grooves, serves as
the foundation for high-efficiency commercial solar cell technology.
Many of the drawbacks of screen-printed contacts are eliminated by
buried contact technology, which enables buried contact solar cells. The
metal is buried inside a silicon solar cell’s laser-formed groove, which is
a crucial component of the device’s high efficiency. This permits a high
metal aspect ratio of height to breadth. Thus, a great metal contact
aspect ratio eliminates the need for a broad metal strip on the top surface
and permits the application of a great volume of metal in the contact
finger. Consequently, a high metal aspect ratio maintains a high trans-
parency while enabling a huge number of metal fingers that are closely
spaced [72].

2.5. Balance of the PV system

The PV BOS “balance-of-system” refers to the equipment that chan-
nels the DC electricity produced by PV panels through the inverter
system, which transforms it into alternating current. BOS often refers to
all components of a solar system except the modules. This covers the
ground fault detectors, fuses, switches, enclosures, cables, and wires in
addition to the inverters and racking. BOS is an integral part of all types
of solar applications. Around 10 %-50 % of solar installation and pur-
chase expenses are included in BOS components, which also cover the
majority of maintenance needs [73]. In principle, BOS components can
enhance PV systems, stabilize costs, and improve efficiency. Individu-
alized planning can result in a BOS environment that is both economical
and energy efficient, which can be performed as shown below:
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Fig. 9. Schematic diagram of a biohybrid solar cell’s operation. ([], with permission number 5932310089785).

Source: 68
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e Assess solar power or photovoltaic potential daily of a location
through solar mapping.

Examine utility bills with a potential customer to assist them in
comprehending how much they pay per kilowatt-hour, as well as
energy usage and changes.

Examine and suggest insulation to improve energy efficiency and
qualify for rebates.

Based on the best southern exposure, estimate and compare the
prices of installing ground-mounted and rooftop solar PV panels.
Compute solar system installation methods to ascertain which
balance-of-systems components are required and which are optional.
Demonstrate short-term value by deducting the total from the
installation cost of solar PV and adding monthly utility savings to
eligible rebates or incentives.

Rely on experience to suggest BOS operations that are smooth and
require little maintenance.

Incorporate the most advanced and proven technologies available in
the market.

3. Developments of solar photovoltaic

Like many other historical discoveries, the history of photovoltaics
started by coincidence in 1839. The following subsections will explore
some of the key figures, events, and facts that have shaped photovol-
taics, highlighting the evolution of this technology through history.
Table 2 summarizes the historical key milestones in solar PV by year.

3.1. The photovoltaic effect, 1839-1887

The earliest stage of solar PV involved exploring the fundamental
properties of PV materials. In 1839, French physicist Alexandre Edmond

Table 2
Key technological milestones in solar photovoltaic development by decade.

Decade(s) Key milestones

1830s- - 1839: Alexandre Edmond Becquerel discovered the photovoltaic
1880s effect.

- 1873: Willoughby Smith observed the PV effect in selenium.

- 1876: William G. Adams and Richard Day demonstrated the PV
effect in selenium-platinum junction.

- 1883: Charles Fritts developed the first selenium solar cell.

1900s- - 1905: Albert Einstein provided a theoretical explanation of the PV
1930s effect.

- 1921: Einstein received the Nobel Prize for his work on the
photoelectric effect.

- 1918: Jan Czochralski developed a method for producing
monocrystalline silicon. 1932: Discovery of the PV effect in cadmium
sulfide.

1950s- - 1954: Bell Labs developed the first practical silicon solar cell (4.5 %
1960s efficiency).

- 1958: Vanguard I became the first satellite powered by solar cells.

- 1963: Sharp developed the first practical PV module.

- 1964: First large-scale PV field (470 W) used in the Nimbus space
project.

1980s - 1980s: Crystalline silicon solar cells achieved efficiency greater than
10 %.

- 1982: First megawatt-scale PV power station installed in California,
USA.

- 1989: Development of advanced inverters for grid-connected PV
systems.

1990s - 1990: United Solar Systems Corporation was founded for large-scale
solar cell production.

- 1995: Rapid growth in global PV installations due to declining costs
and improved efficiency.

- 1999: Industry shifts focus toward high-efficiency and thin-film
technologies.

2000s - 2001: HELIOS solar-powered aircraft reached a record altitude of
96,863 ft.

- 2003: “Solarpark Hemau” became the world’s largest PV plant (4
MW, Germany). 2004: Germany’s Renewable Energy Law (EEG)
accelerated large-scale solar deployment.
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Becquerel discovered the photovoltaic effect, demonstrating that light
could increase electrical conductance in an electrolyte-metal electrode
system. In 1873, Willoughby Smith identified the PV effect in selenium,
followed by William G. Adams and Richard E. Day in 1876, who
demonstrated a selenium-platinum junction generating electricity when
exposed to light. This led to the development of the first selenium solar
cell in 1877, later refined by Charles Fritts in 1883. In 1887, Heinrich
Hertz observed that ultraviolet light could affect electrical conduction,
further advancing PV research [74].

3.2. Theoretical interpretation and development of solar cells,
1905-1932

Albert Einstein provided a theoretical explanation of the photovol-
taic effect in 1905, earning the Nobel Prize in 1921 for his contributions.
In 1918, Polish scientist Jan Czochralski developed a method for pro-
ducing monocrystalline silicon, a key material for modern solar cells. In
1932, researchers first observed the PV effect in cadmium sulfide (CdS),
which remains widely used in solar technology today [74].

3.3. Extensive space research, 1953-1969

In 1953, Dan Trivich conducted theoretical assessments on solar
spectrum wavelengths and PV materials. The first practical silicon solar
cell was developed by Bell Labs in 1954, achieving 4.5 % efficiency, later
improved to 6 %. In 1955, Western Electric began commercial solar cell
production [75-78]. The first solar-powered satellite, Vanguard I, was
launched in 1958 and operated for eight years. Subsequent advances led
to improved efficiency: Hoffman Electronics introduced 8 % efficiency
cells in 1957, followed by 9 % in 1958 and 14 % in 1960. In 1962, Bell
Labs launched Telstar, the first commercial telecommunications satellite
powered by solar cells. Sharp Corporation developed the first practical
silicon-based PV module in 1963. By 1966, a 1 kW photovoltaic array
was deployed in space, marking a significant milestone for large-scale
solar applications [79].

3.4. First large utility-scale PV systems, 1980-1989

During the 1980s, solar PV technology saw significant advancements
in efficiency and cost reduction, enabling larger solar installations.
Crystalline silicon cells dominated, reaching efficiency rates above 10 %
by the decade’s end. Improved inverters facilitated better grid integra-
tion, while policy support, such as the U.S. Public Utility Regulatory
Policies Act of 1978, encouraged private investment in renewable en-
ergy projects. These developments laid the foundation for large-scale
solar adoption [80,81].

3.5. Large-scale solar cell manufacturers, 1990-1999

The 1990s saw major advancements in solar cell manufacturing. In
1990, United Solar Systems Corporation was founded as a joint venture
between Energy Conversion Devices Inc. (ECD) and Canon Inc. to pro-
duce solar cells. Siemens also expanded its presence by acquiring ARCO
Solar and establishing Siemens Solar Industries [79,82]. Companies like
Siemens and Sharp focused on improving crystalline silicon solar cells,
enhancing efficiency, and reducing costs [83,84]. By 1991, manufac-
turers, including Kyocera, explored thin-film solar cells for cost reduc-
tion and broader applications [85]. Government incentives in Japan and
Germany further boosted solar adoption, increasing production capacity
[86]. Between 1994 and 1999, the industry experienced rapid growth.
By 1995, declining costs and efficiency improvements drove global solar
installations. Companies like Sanyo scaled up production and invested in
new technologies [87]. By 1999, large-scale manufacturers had
matured, leveraging efficiency gains and strategic partnerships to so-
lidify their role in the renewable energy transition [85].
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3.6. Utility-scale photovoltaic power plants, 2000-2009

The early 2000s saw rapid growth in utility-scale photovoltaic (PV)
power. Capital mergers in Germany led to major PV firms, while Japa-
nese manufacturers like Sharp and Kyocera significantly increased
production between 2000 and 2001, supplying modules with peak
power comparable to Germany’s annual consumption—Europe’s most
attractive market [88]. On August 13, 2001, NASA and AeroVironment’s
HELIOS solar-powered aircraft set a record altitude of 96,863 ft after
years of research and testing [89]. Between 2002 and 2003, Germany
saw the construction of several large PV plants. On April 29, 2003, the
“Solarpark Hemau” in Bayern, with a peak capacity of 4 MW, became
the world’s largest PV facility at the time. By 2004, multiple 5 MW
systems were built under Germany’s “EEG” renewable energy law,
further accelerating large-scale PV deployment [90].

4. Current trends, innovations, and challenges
4.1. Efficiency enhancements in solar cells

Scientists are always finding new ways to boost solar cell efficiency
because, despite the fact that solar energy has not yet realized its full
potential, solar cells are now more efficient. In 2010, the average effi-
ciency of commercial Si-based solar cells was 15 % [44]. Nowadays,
these cells typically have average efficiencies of around 22 %, with some
exceeding 25 %. Notably, Oxford PV has proven that mixed perovskite
and Si-PV materials can exhibit record-breaking efficiency of up to
twenty-eight percent in laboratory settings. A recent cost-effective
polymer-glass stack encapsulation technique has allowed PSCs to
tolerate typical working conditions; however, stability and durability
have remained a serious concern. Even though PSCs haven’t been made
widely available, yet their considerable cost and performance benefits
will likely shape the direction of the solar energy industry going forward
[91]. Additionally, some new research studies have reported even
higher PV cell efficiencies, but are still not commercially available due to
some challenges such as the high capital cost of such cells [77]. There
are several causes that have contributed to this rise in efficiency,
including the following:

o Better cell design: Scientists have created new solar cell architectures
that transfer light from the sun more effectively into electrical power.

e Novel materials: Novel materials that can be utilized to produce solar
cells with higher efficiency include perovskites and organic
semiconductors.
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e Improved  manufacturing  procedures: Improvements in
manufacturing procedures have produced solar cells that result in
more reliable products of higher caliber.

4.2. Innovative solar PV technologies

4.2.1. Bifacial photovoltaic panels

Bi-facial photovoltaic panels represent a remarkable advancement in
solar energy technology, offering notable advantages over conventional
mono-facial panels [92,93]. Unlike mono-facial systems, bi-facial PVs
can receive sunlight from their front and rear sides, significantly
boosting their energy generation potential (see Fig. 10). This dual-sided
design not only enhances overall efficiency but also proves more effec-
tive under varying conditions such as partial shading, low solar radia-
tion, or snowy environments. Research has consistently highlighted
their superior performance, showing that bi-facial panels generate
higher energy yields, require less space, and offer greater potential for
reducing greenhouse gas emissions. Moreover, they demonstrate
improved efficiency when integrated with cooling mechanisms, solar
trackers, or in climates impacted by snow or climate change. Their
ability to operate efficiently in diverse scenarios, combined with a lower
levelized cost of electricity and greater adaptability to space-constrained
locations, makes bi-facial PV panels a more sustainable and cost-
effective choice for grid-connected solar systems. This combination of
technical and financial benefits positions them as a transformative so-
lution for the future of solar energy.

Despite their advantages, bi-facial photovoltaic panels face several
challenges that may limit their widespread deployment [94,95]. The
performance of these systems is highly dependent on site-specific con-
ditions such as ground reflectivity (albedo), panel height, and tilt angle,
which require careful optimization to maximize energy gains. Addi-
tionally, the initial capital cost of bi-facial systems is generally higher
than that of conventional mono-facial panels due to more complex
mounting structures and installation requirements. Accurate perfor-
mance prediction and long-term reliability assessments are still
evolving, posing uncertainties for investors and developers. Moreover,
soiling and rear-side shading can significantly reduce their expected
performance if not properly managed.

4.2.2. Solar shingles

Solar shingles are roofing materials that integrate solar cells into a
building’s structure. They are made to resemble traditional roofing
materials, such as clay or asphalt tiles, and contain either c-Si or thin-
film solar cells embedded in their surface. Solar shingles are a favor-
able advancement in the solar PV sector because they improve the
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feasibility and aesthetics of integrating solar energy into residential and
commercial structures [96,97], as illustrated below:

e Aesthetic appeal: Unlike typical solar panels, which have a bulky
appearance, solar shingles are aesthetically pleasing and integrate
perfectly with a building’s overall architecture.

e Space efficiency: They are appropriate for homes with limited roof
space since they maximize space utilization by acting as both energy
generators and roofing materials.

e Increased adoption: The appearance of standard solar panels may put
off homeowners, but solar shingles make solar energy more
appealing and accessible.

e Grid resilience: By producing power at the site of demand and
lowering transmission losses, they help to maintain grid resilience.

e Environmental advantages: By minimizing GHG emissions and
decreasing dependence on fossil fuels, solar shingles support the
production of clean, sustainable energy.

However, despite their aesthetic and functional advantages, solar
shingles face several challenges that hinder their widespread adoption.
One of the main limitations is their relatively high upfront cost
compared to conventional solar panels, primarily due to the complexity
of manufacturing and installation. Additionally, the efficiency of solar
shingles is generally lower than that of standard photovoltaic modules,
which may result in lower energy yields. Their integration also requires
specialized labor and may complicate roof maintenance or repairs.

4.2.3. Transparent solar cells

Solar windows, also referred to as transparent solar panels or
photovoltaic windows, are cutting-edge building materials that use
sunlight to create electricity while letting visible light in. Transparent PV
cells are integrated into the glass or window frame [98]. These cells let
through visible light while absorbing certain light wavelengths, mostly
in the ultraviolet and near-infrared range. They make use of substances
like organic photovoltaic materials and transparent conductive oxides
[99]. The transparent PV cells in the solar window capture solar energy
and turn it into electrical power when sunlight touches them. The
building’s electrical appliances can subsequently be powered by this
electricity, or sent to the grid. Solar windows provide a more sustainable
and effective way to harness solar energy while maintaining natural
light and aesthetic appeal, making them a viable alternative to con-
ventional windows. This makes them a potential choice for energy
generation in buildings [100]. To improve glass’s capacity to capture
solar energy, light-selective coatings are occasionally put on its surface.
These coatings aid in capturing sunlight and directing it towards the
glass’s embedded transparent solar cells [101].

The deployment of solar windows is accompanied by several tech-
nical and economic challenges. Their energy conversion efficiency is
generally lower than that of conventional PV panels, as they must bal-
ance transparency with power generation. Additionally, the specialized
materials and fabrication techniques required for transparent photo-
voltaic cells increase production costs. Issues related to long-term
durability, such as weathering effects, color stability, and mainte-
nance, also need to be addressed. Furthermore, retrofitting existing
buildings with solar windows can be expensive and structurally com-
plex, limiting their immediate applicability to new constructions or
large-scale projects.

4.2.4. Solar tracking

The solar tracker is a sophisticated device designed to optimize the
positioning of photovoltaic panels, ensuring they remain perpendicular
to sunlight throughout the day and thereby maximizing energy capture
[102,103]. By continuously adjusting the panels to follow the sun’s
trajectory, solar trackers enhance the efficiency of solar energy systems.
Previous research demonstrates that solar trackers can capture 20 to 50
% more solar energy compared to fixed-angle photovoltaic systems, with
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specific performance improvement influenced by geographic location,
weather conditions, and the time of year [4,104]. This significant in-
crease in energy capture underscores the crucial role of solar tracking in
enhancing the overall viability and effectiveness of solar energy tech-
nologies, especially in locations with high solar irradiance or variable
sunlight angles. Solar trackers are broadly classified into single and dual
axes. The former trackers follow the sun’s movement along a single
plane, such as east to west, and are usually utilized in large-scale PV
installations due to their cost-effectiveness and relatively simple design.
On the other hand, dual-axis trackers allow panels to move along two
planes, both horizontally and vertically, enabling precise alignment
with the sun at all times. These systems are particularly beneficial in
applications where maximizing energy capture is a priority, as they can
adapt to seasonal changes in the sun’s altitude. While dual-axis trackers
offer higher energy gains, they are generally more expensive and require
additional maintenance compared to single-axis systems. The choice
between these systems often depends on site-specific factors such as
solar resource availability, land constraints, and economic
considerations.

4.2.5. Maximum power point tracking

In addition to improvements in solar cell efficiency and structural
innovations such as bifacial panels and solar trackers, advancements in
power electronics and control algorithms have significantly contributed
to the effective utilization of solar PV systems. One of the most critical
technologies in this context is maximum power point tracking (MPPT)
[105]. MPPT controllers continuously adjust the electrical operating
point of the photovoltaic modules to ensure that they deliver the
maximum possible power, regardless of variations in sunlight intensity,
temperature, shading, or load conditions. This dynamic optimization
increases the overall efficiency and economic viability of solar energy
systems, particularly in environments characterized by fluctuating
weather patterns or partial shading effects.

4.2.6. Photovoltaic-based hydrogen production

One promising area of research gaining significant attention is the
integration of solar PV systems with water-splitting units for green
hydrogen generation [106]. Green hydrogen, produced from RESs like
solar power, is increasingly considered a key solution for decarbonizing
various sectors and transitioning to a sustainable energy future
[107,108]. Fig. 11 illustrates the main concept of green hydrogen pro-
duction using photovoltaic-driven water splitting. This integration offers
multiple advantages, with one of the most critical being the efficient
utilization of excess electricity generated by solar PV systems. Instead of
wasting excess energy, it can be stored as hydrogen, a versatile energy
carrier that addresses the intermittency of RESs and ensures a steady
energy supply. Hydrogen enables energy storage on a large scale,
balancing supply and demand, and providing resilience to the energy
grid. Beyond energy storage, hydrogen plays a pivotal role in diverse
applications, further emphasizing its importance. It is a clean fuel that
can power fuel cell vehicles, offering zero-emission transportation so-
lutions. In the industrial sector, hydrogen is used as a feedstock for
processes like ammonia production and refining. Furthermore, it holds
potential in heating applications, replacing natural gas in residential and
commercial heating systems. Green hydrogen also enables the decar-
bonization of hard-to-abate sectors such as steel manufacturing and
aviation, where direct electrification is challenging [109].

Despite its significant environmental and technical benefits, the
economic viability of photovoltaic-based hydrogen production remains
a key challenge. Currently, the cost of green hydrogen production via
PV-driven water splitting is relatively high compared to hydrogen pro-
duced from fossil fuels (commonly referred to as grey hydrogen) or blue
hydrogen (produced from natural gas with carbon capture). The high
capital cost of electrolyzers, and PV systems, and the limited economies
of scale contribute to this cost disparity. Additionally, factors such as PV
electricity price fluctuations, electrolyzer efficiency, and operational
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Fig. 11. Schematic diagram of a photovoltaic-driven hydrogen production system. ([], with permission number 5931390106178).

Source: 106

expenditures further affect the economic feasibility. However, ongoing
technological advancements, increasing electrolyzer capacities, and
declining costs of solar PV modules are progressively narrowing this gap.
Several studies project that with continued policy support, scaling up of
infrastructure, and technological improvements, PV-based hydrogen
production could become cost-competitive within the next decade,
particularly in regions with high solar irradiance. Therefore, while it is
not yet economically viable on a large scale, it holds promising potential
for the future energy market.

4.3. Technological challenges

Current market data indicates that the available PV technologies
achieve conversion efficiencies of less than 23 %, highlighting the crit-
ical need for further advancements in this sector. Such enhancements
are essential not only to improve the performance of solar energy sys-
tems but also to enhance their competitiveness against alternative en-
ergy sources. Continuous research and development efforts must be
directed towards optimizing material properties, improving
manufacturing processes, and integrating innovative technologies to
elevate the overall performance of PV systems in a rapidly evolving
energy landscape [110]. The efficacy of PV systems can be influenced by
multiple meteorological factors, such as wind, ambient temperature,
dust, solar radiation, and the presence of clouds. For example, the re-
gions that have sunny weather can provide high solar energy output;
however, these areas are usually high in dust accumulation [111,112].
The PV cell temperature is another crucial factor that significantly
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influences the PV cell performance. PV panels tend to produce less
electricity when their cell temperatures rise. PV system performance can
be greatly improved by using effective cooling and heat management
strategies [113,114].

4.4. Economic considerations and market dynamics

According to a technology-driven life-cycle perspective, industries
reliant on advanced technologies follow an unpredictable path due to
the intricate relationships between market and competitive forces.
Additionally, the survival of businesses heavily relying on funding and
revenue from new technologies remains uncertain. Standard-setting is
the main focus of the industry’s growth phase, after which the winners
turn their attention to increasing output and cutting costs. Customers
select technologies at this point, and innovation focuses on scaling up
production methods to reduce costs per unit and recover financial
commitment. During this growth phase, there are two stages: production
and market positioning, as well as supply chain establishment. The
difficulty of transitioning from demonstration to scaled manufacturing
that permits economies of scale and competitive price is a symbol of the
technology transfer gap. Many external players are frequently required
to provide bridging for the gaps that are pertinent to these stages.
Similar to the emerging phase, funding is necessary for scaling and
market positioning. The technology is typically more attractive but
going from a demonstration or pilot plant to production typically re-
quires bigger sums of money.

PV electricity still accounts for only a small percentage of installed
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renewable energy capacity. As the sector transitioned from demonstra-
tion to production and market positioning, gaps in technology became
evident. These gaps include technology transfer and market transfer.
Cost barriers from demonstration to scalability have hindered technol-
ogy transmission, while cheaper electricity generation options, such as
natural gas, have impeded market transfer. However, renewable energy
sources like biomass and wind are nearly as competitive as natural gas.
Notably, the Japanese government’s actions in the 1980s significantly
reduced the interest gap, which was further narrowed by the German
government’s substantial policy and subsidy commitments to photo-
voltaic technology in the 1990s [115].

Eventually, the expansion of the PV sector slows, prompting busi-
nesses to shift their focus to pricing strategies, gaining market share, and
consolidation. Acquisitions and price competitiveness become defining
characteristics of this advanced stage. A key milestone is establishing PV
technology as the industry standard. Advancing from the market posi-
tioning stage, this phase requires addressing a significant diffusion gap,
which can be chronological, geographical, or both. Sustaining and
strengthening the market position of PV technologies involves moving
beyond short-term, subsidy-driven adoption or localized success.
Achieving spatial expansion may depend on strategically positioned
partnerships, while temporal growth requires fostering long-term
collaborations.

5. Implications and future directions

Manufacturing materials and modules that reduce the BOS “balance
of system” costs, which constitute the majority of installed system ex-
penses and offer the greatest potential for cost reduction, is crucial for
the continued growth of the solar PV industry. Using less expensive solar
cell materials, minimizing material usage, reducing cell manufacturing
costs, and increasing cell efficiency are key strategies to achieve this. In
order to achieve more notable cost savings and performance gains, R&D
is constantly making progress in both established and developing tech-
nologies. The photovoltaic technology portfolio is anticipated to remain
diverse in terms of technologies. First-generation technologies still ac-
count for most of the world’s yearly production, having been developed
throughout the whole PV value chain. Perovskite and tandem technol-
ogies also present compelling views, but only in the long run because of
unresolved issues with durability and cost [91,116].

Technology, deployment, investment, grid integration, and socio-
economic factors are key drivers of the global energy transition, which
aims to reduce carbon dioxide (CO,) emissions. This transition moves
away from fossil fuels, which contribute to climate change, towards
clean and renewable energy. Part of this worldwide energy transition is
the constant increase in solar photovoltaic power generation. Renew-
able energy is essential to achieving the Paris Agreement as well as
lowering air pollution, enhancing health and wellbeing, and enabling
universal access to affordable energy. The International Renewable
Energy Agency (IRENA) has released a study outlining solutions to
accelerate deployment and completely realize the tremendous potential
of solar photovoltaics worldwide until 2050 [117].

Despite the growing adoption of solar PV systems, the high cost of
associated energy storage solutions remains a significant barrier to their
large-scale deployment. Several potential strategies can be implemented
to address this challenge. For example, advancements in battery tech-
nologies, such as lithium-ion, flow batteries, and emerging solid-state
batteries, are expected to reduce costs through economies of scale and
material innovations. Additionally, the implementation of hybrid stor-
age systems combining different storage technologies can optimize
performance and reduce overall costs. The development of second-life
battery applications, where retired electric vehicle batteries are repur-
posed for stationary energy storage, also offers a sustainable and
economical solution. Furthermore, policy-driven approaches, including
government incentives, tax credits, and energy storage mandates, can
play a vital role in lowering the financial burden on investors and
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accelerating the deployment of solar energy storage systems. Continued
research and innovation, coupled with supportive policies and large-
scale manufacturing, are essential to drive down costs and promote
sustainable energy transitions.

Moreover, the potential of Artificial Intelligence (AI) and optimiza-
tion techniques is becoming increasingly important in enhancing the
performance of PV systems [118-120]. Al-driven models, particularly
machine learning algorithms, can significantly improve energy pro-
duction forecasting, allowing PV systems to adapt to changing envi-
ronmental conditions. These techniques can also optimize system design
and maintenance, identifying underperforming panels and enabling
predictive maintenance, which helps reduce downtime and prolong
system life. Additionally, Al can optimize energy management by con-
trolling the distribution of energy, ensuring the most efficient use of
stored energy and grid interactions.

6. Conclusion

Solar photovoltaic (PV) technology has evolved significantly, driven
by continuous advancements in materials, efficiency, and system inte-
gration. This review highlights the sector’s transition from early
photovoltaic discoveries to modern innovations, including bifacial
panels, transparent solar cells, and PV-based hydrogen production.
These developments have improved efficiency and cost-effectiveness,
accelerating global adoption. However, challenges persist, particularly
in market integration, technological limitations, and industry
maturation.

The future of solar PV depends on overcoming these barriers through
sustained innovation, strategic investments, and supportive policies.
Key research areas include enhancing energy conversion efficiency,
improving energy storage integration, and reducing material costs.
Policy measures, such as incentives for decentralized solar adoption and
grid modernization, will be crucial in fostering market expansion.
Collaboration among researchers, engineers, and policymakers is
essential to bridge existing gaps and accelerate solar PV’s role in the
global energy transition.

As the sector matures, solar PV can further support decentralized
energy systems, increasing energy security and reducing dependence on
centralized grids. This will be particularly beneficial for remote and off-
grid areas, where PV integration can promote sustainable development
and energy resilience. By advancing solar PV technology and strength-
ening its role in diverse energy systems, the industry can contribute
significantly to a cleaner, more sustainable energy future.
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