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Abstract: Since the discovery of Photovoltaic (PV) effect, numerous ways of utilizing the energy that
can be generated by the free everlasting solar radiation using solar panels were put forward by many
researchers. However, the major disadvantage of solar panel to date is its low efficiency, which is
affected by the panel temperature, cell type, panel orientation, irradiance level, etc. Though there are
certain multi-junction solar panels that offer higher efficiencies, their application is very minimal due
to high manufacturing cost. With the growing demand for the reduction of carbon footprint, there
is a need to use and manufacture these panels in the most effective way to harness the maximum
power and increase their efficiency. Another major concern is the availability of land/space for the
installation of these panels. Several authors have focused on discussing the different technologies
that have evolved in the manufacturing of the PV cells along with their architectures. However, there
exists a gap that needs to be addressed by combining the latest PV technologies and architectures
with a focus on PV applications for increasing the efficiency. Due to the technical limitations on the
efficiency of PV panels, applications are to be designed that can extract the maximum power from the
PV systems by minimizing the technical difficulties. Considering all these factors, this paper presents
an overview of the types of silicon based solar cell architectures with efficiencies of at least 25%, and
different integration methods like Building integrated PVs (BIPV), floating PVs, which can increase
the efficiency by harnessing more power from a limited space. An extensive bibliography on the PV
cell structures and methods of maintaining the efficiencies in real world installations are presented.
The challenges with the integration of solar panels and the future work are also discussed. This work
benefits the readers and researchers and serves as a basis to understand the solar panel efficiency
structure and ways to improve the efficiency and associated challenges to come over in the successful
implementation of these systems.

Keywords: Solar Photovoltaic (PV); solar cell architecture; solar cell efficiency

1. Introduction

With the electricity supply and demand gap widening every day and the fossil fuels
declining in volume, the countries across the globe have been looking for alternate ways for
the generation of electrical energy. With a major concern about global warming and a rapid
climatic change all over the world, there is an increased pressure on the power system
utilities to look for alternate sources of energy. In the recent past, distributed generation
has also gained importance with the generation of electricity energy in a close proximity to
the load centers to reduce the transmission losses with improved overall efficiency of the
power system. Distributed generation is mainly comprised of multiple renewable energy
sources with/without an energy storage element to cater to the local electricity demands
or loads. The major renewable energy source that has been used extensively in the recent
past in distributed generation are the Photovoltaic (PV) systems/solar systems. Unlike
the other generations methods, where it is required to have 24/7 monitoring, maintenance
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and geographical limitations, solar cells can be left unattended and require very minimal
maintenance, and due to its flat plate design, it can be installed almost anywhere (even on
the roof for electric/hybrid vehicles) with minimal restrictions. These solar cells work on
the PV effect.

The PV effect is the principle of generating electric energy using solar irradiation. It
was first observed by a French Scientist Alexandre Edmond Becquerel in 1839 [1]. It states
that when sun light hits the surface of the semiconductor materials, the electrons acquire
the energy, which is in the form of photons and become active enough to participate in
the conduction. This results in electric current and hence the electric energy is generated.
Since then, many techniques have evolved using the PV effect to generate electricity.
Several semiconducting materials were experimented for this effect, varying from silicon,
germanium, selenium, tellurium, etc. An abundant number of compounds have been
developed by numerous scientists and laboratories that can generate electricity using the
PV effect.

Charles E. Fritts, in his work in 1883, has presented that a new form of selenium
cell has a variable resistance (with resistance lowering from 500 ohms to nearly 9 ohms)
which can be affected by light [2]. In 1884, he was the first to install a solar array on a
building rooftop in New York city and achieved an efficiency of 1–2%. It was in 1888 that
Edward Weston mentioned, about his invention in US patent 389124A, a new apparatus for
converting solar radiant energy to electric energy which can then be turned into mechanical
energy [3]. Russel Ohl in US patent 2402662 has stated that silicon is superior to selenium
or copper oxide materials in photo effect and mentioned the p-n junction [4]. He achieved
a maximum efficiency of 1% with silicon cells [5]. The major milestone in the improvement
of efficiency of PV cells was a work conducted in [6] with a mentioning of nearly a 6%
efficiency. It was later enhanced by nearly 10% to 15% by the year 1961 with the work done
by Hoffman Electronics [7]. In the work [6], it was stated that a wavelength of light rays of
less than 1.2 µm can generate an electron-hole pair, but the efficiency of energy conversion
from light to electricity decreases with lower wavelengths, thus reducing the maximum
theoretical efficiency of the single junction solar cells.

Multi-junction solar cells were developed to further boost the solar cell efficiencies.
These cells employ multiple p-n semiconductor junctions that are connected in series. These
multi-junction cells can absorb multiple wavelength ranges of the available solar spectrum,
thereby improving the conversion efficiencies of light to electric energy [8]. One of the
most widely used multi-junction solar cells is a three-junction solar cell which has three
semiconductor absorbers separated by tunneling junction. A five-junction solar cell with
an efficiency of 35.8% for space applications and 38.8% efficiency for terrestrial applications
were developed over the next 30 years [9]. In their work in [10], the authors demonstrated
a 47.1% efficiency of solar conversion using a monolithic stack with a six-junction inverted
metamorphic structure.

In the solar cell efficiency table (version 60) [11], the confirmed single junction crys-
talline silicon terrestrial cell has a maximum efficiency of 26.7%, measured at 1000 W/m2

and 25 ◦C, while the III-V semiconductor cells of the GaAs (Gallium-Arsenic) thin film
had an efficiency of 29.1%. For multiple junction terrestrial cell configurations at the same
irradiance and temperature, the five-junction bonded cell has an efficiency of 38.8%.

Of all the semiconductor materials that are used for making solar cells, silicon is the
most extensively used, with a major share of 95% of all the total solar modules sold [12].
With the support of government subsidies, the purification of silicone and production
of silicon solar cells have become more affordable, despite the fact that they are quite
fragile and rigid. The silicon solar cells are more efficient when compared to the organic
solar cells that employ carbon-based materials and organic electronics. The organic solar
cells are lighter and have a long duration, but their power conversion efficiency is still
reeling at 16.5% for single-junction devices [13]. The Dye-Sensitized Solar Cells (DSSC) are
thin film solar cells and have low toxicity with higher ease of production, but they have
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been recording nearly 12–13% efficiency, which is considerably lower than that of older
generation solar cells [14].

Many researchers have focused on the developments and manufacturing of the PV
cells and their architectures. Of all the available technologies, single junction silicon solar
cells are proved to be promising. Several researchers in the literature have worked on
different applications of improving PV energy efficiency by incorporating new approaches
to maximize the PV power output by minimizing the technical difficulties. However,
there exists a gap that needs to be addressed by combining the latest PV technologies
and architectures with a focus on PV applications for increasing the efficiency. In this
background, this paper presents a comprehensive review on the silicon based single-
junction solar cells architectures that proved to have a conversion rate of at least 25%.
Though these cells have proved to be highly efficient cells to date, their conversion efficiency
is only at the favorable conditions set up in the laboratories. For better utilization of these
solar cells in the real word, and to extract the maximum power output on a commercial
scale, different integration methods that address the drawbacks of the solar PV systems are
also reviewed. Unlike the previous literature, this paper also provides a comprehensive
approach to how the PV energy output can be maximized with minimal manual effort after
installation. Moreover, a future research direction considering the growing technology that
can be implemented for these PV systems and the issues related to these future technologies
is proposed.

This paper is organized in the following way. Section 2 provides a review of the highly
efficient silicon based single-junction solar cell architecture and their background. Section 3
reviews the different integration methods and aspects related to the installed panels that
can help to maintain the efficiencies. The future research directions were discussed in
Section 4 and concluding remarks are presented in Section 5.

2. Highly Efficient Solar Cell Architecture

Since the first silicon solar cell patents were granted during the 1940s, it always
suffered the drawback of lower efficiencies, which are less than 1% [4,5]. This fueled the
researchers in developing methods and to make the solar panels more efficient. In 1954,
Bell laboratories succeeded in developing a solar cell with 4–5% [15] efficiency and in
1963, they were able to raise it to 6% [15]. Soon after, many different approaches from
different laboratories proposed higher efficiency cells in the following years, and in 2009,
the 25% efficiency milestone was reached [16]. W. Shockley and Hans J. Queisser published
a paper in 1961 on the theoretical efficiency limit for a single-junction solar cell considering
only the radiative recombination loss, which is also known as the detailed balance limit
or Shockley-Queisser limit (SQ-Limit) [15,17]. In theory, the maximum efficiency or the
SQ limit of a single junction p-n solar cell is 30% at 1.1 eV. The record lab efficiency for a
single-junction solar cell is about 27%, which is less than the SQ-limit. This SQ limit can
be also extended to use with the multi-junction solar cells and the SQ limit of such solar
cells is provided by [18] to be 86.8%. Achieving a higher efficiency solar cell will help in
reducing the cost of an installed PV system. The efficiency of a PV module is always less
than the efficiency of a PV cell, due to the resistive losses in the interconnected series and
parallel connections of the solar cells and also due to the variations in individual solar
cell efficiencies.

Several technologies were developed for solar cell structures to improve their efficien-
cies, out of which the Bifacial Solar cell structure, interdigitated back contact (IBC), is one
of the most common technologies. In a bifacial solar cell, the cell has the potential to absorb
the light from both the front and back surface and is able to generate the electricity. Due to
these advantages, there is an increase in the power generated by these cell structures. Below
is the different silicon based single-junction solar cell architectures that proved to have at
least 25% conversion efficiency. Moreover, a summary of structural difference between
these solar cells and their maximum efficiencies achieved to date are presented in Table 1.
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Table 1. Highly Efficient silicon based single-junction solar cells.

Cell Max. Efficiency Structure

PERC 22.8% [19] Silicon wafer cell with passivation layer that helps to
absorb more light.

Bifacial PERC up to 25% [20] Double sided PERC cell.

PERL 24.5% [21] Addition of P+ passivation layer to reduce the rear surface
recombination rate.

HIT 26% [11] Intrinsic a-Si layer is inserted between p-type a-Si and
n-type a-Si for passivation.

HJ-IBC 26.7% [11] HIT cell with interdigitated back contacts that has the
collection region and contact on the rear side.

TOPCon 26.1% [22] Tunnel oxide layer is inserted followed by a highly doped
p-type or n-type poly silicon layer.

2.1. Passive Emitter and Rear Cells (PERC) Solar Cell

The aluminum back surface field (Al-BSF) design based solar cells has been around 90%
of the global production for decades. Though the fabrication of these solar cells is simple
and reliable, the major drawback is its moderate efficiency. Due to its better efficiency when
compared to the Al-BSF solar cells, the PERC solar cells have seen a rapid increase in the
PV production industry [23]. The major difference between these two solar cells is that the
PERC cells have very low surface recombination and higher carrier generation due to the
optical reflectivity of the rear side passivated layer generated by the laser contact opening
(LCO) process [24,25]. The difference between these two solar cells in light absorption due
to the passivated layer is shown in Figure 1. When the photons in the sunlight strike the
surface of the solar cell, it is either absorbed, reflected, or transmitted through the cell. In
the Al-BSF solar cell, due to the absence of the passivated layer the unabsorbed light is just
passed through the cell. Whereas, in the PERC cell, this unabsorbed light is reflected back
due to the passivated layer and can be absorbed to generate the electron-hole pair, thereby
boosting the efficiency of the cell [26].
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The first PERC solar cell was published in the year 1989, at an efficiency of 22.8%
by [19]. The schematic of this PERC cells is presented in Figure 2. The structural design of
PERC solar cell consists of:



Energies 2023, 16, 319 5 of 18

• Front contact (Ag)
• Antireflection coating (ARC) layer
• Emitter
• Si-Wafer
• Passivated oxide layer
• SiNx Capping layer and
• Rear Contact
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AIP publishing.

The major difference of the PERC cell that boosted the efficiency is due to the addition
of the rear passivating oxide layer as compared to the Al-BSF solar cell. This Passivated
layer helps in absorbing more light. Normally, the Si-wafer layer absorbs light up to 1180 nm
wavelength range, and the light higher than this wavelength is passed through this layer, as
shown in Figure 1 for the Al-BSF cell. The passivated layer in PERC cell helps in absorbing
this light and is thereby able to improve the efficiency of the cell. A comprehensive
review on the development of these PERC design solar cell is presented in [23]. In [26], a
comparative study of different methods in PERC cells and their performance parameters
is provided. For further improving the efficiency of these cells, different combinations of
SiNx and AlOx layers are used, and a study on these types is provided in [27]. An analysis
using the simulation model based on 2D Sentaurus Device simulations of the PERC in
comparison to the industrial PERC cell is provided in [28] and the analysis of the losses in
these cells are presented in [29].

The Bifacial solar cell structure technology can be used for PERC solar cells that can
further improve the efficiency. These cells, which are also known as the PERC+ solar cell,
were introduced in 2015 at ISFH and Solar World. Due to their bifacial nature, these PERC+
solar cells can increase the efficiency by up to 25% [20]. A simplified structure of PERC cell
and bifacial PERC cell is presented in Figure 3.

2.2. Passive Emitter and Rear Locally Diffused (PERL) Solar Cell

The PERL solar cell is one of the configurations of the PERC solar cell. The performance
of the PERC cells was limited by the fact that the rear contact areas with aluminum comes
directly in contact with the silicon, which results in a high recombination rate at these areas.
This recombination rate can be reduced by a diffused layer underneath the metal contact
area that can help to passivate the contact surface. This gave birth to the PERL solar cells in
1992, which has a P+ passivation layer underneath the rear metal contact area that helps to
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lower the recombination rate, thereby improving the efficiency [30]. An improved cell with
24% conversion efficiency was proposed by [31] in 1996. The basic structure of the PERL
cell is shown in Figure 4.
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When these solar cells were introduced, one of the major hurdles was to develop a
technique to diffuse this passivated layer underneath the rear metal contact area without
damaging the surface. Though the authors in [30] proposed to use boron tribromide
(BBr3) liquid to diffuse this passivated layer, researchers tried to find different methods
that further optimize the efficiency of these cells [21]. A novel co-diffusion process was
proposed in [32] using Aluminum doping paste. Moreover, the process flow of both the
PERC and PERL cells that were produced at their ExcelTonTM-Cell-III production line were
presented and proved the fact that the PERL cells achieved higher efficiency than the PERC
cells. Additionally, the concept of bifacial cell structure can be implemented for the PERL
solar cells that can further boost the efficiency [33]. Further research on these solar cells led
to the development of passivated emitter and rear totally diffused (PERT) solar cells which
worked very well for high resistivity cells [30]. These cells have proven to be one of the
most efficient solar cells with an efficiency of 24.5% [21]. An overview on these PERT solar
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cells, fabrication procedures, and the promising techniques that can reduce the cost of these
solar cells are presented in [34]. Similar to the other cells in the PERC family, the bifacial
structure technology can also be implemented for these PERT cells. Effective passivation
techniques of P+ and n+ emitters for the industrial bifacial p-PERT solar cells is presented
in [35].

2.3. Heterojunction with Intrinsic Thin-Layer (HIT) Solar Cell

HIT solar cell is another type of silicon wafer-based cells which has achieved the energy
conversion efficiency of up to 26% [11]. These cells were first reported and published in the
year 2000. In these cells, a very thin-layer of intrinsic a-Si is inserted between the p-type a-Si
as n-type c-Si [36], as shown in Figure 5. These solar cells use crystalline silicon (c-Si) wafers
for the light absorption and the carrier transportation, and the amorphous silicon (a-Si)
layers for the purpose of passivation and for the junction formation, the top grid electrode
is made of a transparent conductive oxide (TCO) layer that acts as an anti-reflection (AR)
layer in combination with a metal grid [37,38]. A HIT solar cell is common and most
promising structurer due to its lower manufacturing costs and higher conversion rate.
These cells grabbed the attention of industries because of the requirement of temperatures
below 200 ◦C for the complete fabrication process and a relatively lower cost. Due to this
low temperature process and symmetrical structure, thin silicon wafers (~70 µm) can be
used to fabricate these cells [39].
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For improving the efficiency of these solar cells, concepts on improving the a-Si/c-Si
heterojunctions (HJ), improving the grid electrode to suppress resistance loss, and methods
in reducing the absorption rate in the a-Si and TCO layers are studied in [39,41]. It is
presented in [42] that, using a high-quality TCO film can improve the efficiency of the c-Si
based HIT solar cells. Additionally, the concept of bifacial structure can be implemented
for the HIT cells, and it is seen from [40] that bifacial HIT solar cell produced 10.9% more
power than the single-sided HIT cell.

At present, the highest efficiency for a single-junction silicon based solar cell is the HJ
solar cell with interdigitated back contacts (IBC) with a conversion efficiency of 26.7% [11].
The concept of IBC for solar cell was first proposed in 1977 by Michael D. Lammert and
Richard J. Schwartz [43]. The advantage of this back contact structure is that all of the
collection regions and the contacts for the holes and electrons are formed on the rear side
of the solar cell [44]. Though several groups worked on the HJ-IBC structures solar cells,
Kaneka Corporation was able to achieve, so far, the highest efficiency cell in 2017 [44]. The
cross-section schematic diagram of this HJ-IBC cell structure is presented in Figure 6. The
topmost layer is the a-Si passivation layer with an AR layer where the generated carriers
due to the incident light, are collected by the a-Si layer and the grid electrodes. A review of
these HIT solar modules, manufacturing technologies, and loss characteristics with research
ideas on improving the reliability is published in [45].
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2.4. Tunnel Oxide Passivated Contact (TOPCon) Solar Cell

TOPCon solar cells have demonstrated to be one of the efficient cells and gained the
significance interest from researchers and the industry. In these cell designs, an ultra-thin
tunnel oxide is inserted followed by a highly doped p-type or n-type poly silicon layer
that is connected to the metal contacts at the end [46], as shown in Figure 7. These solar
cell structures stand as the second highest efficient silicon based single-junction solar cells,
with an efficiency of 26.1% achieved very recently in October 2022 by JinkoSolar. They
surpassed their previous record of 25.7%, achieved in April 2022 [22].
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The top surface of the TOPCon cell is passivated by a stack of Al2O3 and SiNx [47] or
constructs with a boron emitter [46]. The effect of boron doping on the efficiency of n-type
TOPCon solar cell is studied in [48]. For reducing the surface recombination velocity, the
effects of tunnel oxide layer thickness, impact of surface recombination, and doping of
tunnel oxide were studied using the software tool Automat FOR Simulation of HETero-
structures (AFORS-HET) developed by HZB (Hahn-Meitner-Institute Berlin) in [49], and
using the same software, it was proposed in [50] that by optimizing the parameters such
as doping concentration, tunnel oxide thickness, interface-states density, and the pinhole
density through the oxide layer it is possible to achieve the theoretical maximum efficiency
for the TOPCon cell. The process flow for the fabrication of these cells were presented
in [46] and the effects of the process techniques were presented in [47]. Mass production
of these cells via lean process flow was proposed in [51] and experimental results of the
produced cells were presented. The concept of bifacial structure technology can also be
implemented for TOPCon [51,52]. Figure 8 shows a double-sided structure for the cells that
is presented in [53] with an analysis on the cell characteristics.
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3. Integration Methods and Techniques for Better Efficiency

Though the present research on solar cell architecture has proved that the conversion
efficiency of about 27% can be achieved, these are mostly related to the laboratory test and
were under a confined environment. For better utilizing these highly efficient solar panels,
there is a need for better integration of these panels. Moreover, efficiency limiting factors,
like irregular sunlight due to shade or panel orientation, module temperatures, etc., need to
be addressed. Additionally, space constraints are another drawback of the solar PV systems
that limits the installation of solar panels in a tight space and optimizing these solar panels
in a limited space can significantly boost the usage of these panels. This section provides
an overview of the available integration methods and techniques that can be employed
for the solar PV system that can address the efficiency limiting factors and also different
integration methods to save land space.

3.1. Building Integrrated Photovoltaics (BIPV)

BIPV refers to the integration of PV into the building envelope, as shown in Figure 9.
In BIPV, the PV modules are used to replace conventional building materials. These also
help in avoiding the maintaining of additional or backup power source for building. The
overall cost of BIPV system is much lower when compared to the traditional PV system as
dedicated space and mounting requirements are avoided [54]. Despite these advantages,
there are a few concerns for BIPV systems:

1. Providing adequate ventilation: As the conversion efficiency of PV panels is directly
affected by their operating temperature, if suitable ventilation is not provided for
BIPV systems, their performance efficiency is reduced. To overcome these issues,
suitable ventilation needs to be provided in these panels.

2. Planning of site and orientation: At the design phase, orientation and installation of
PV panels is to be chosen such that they receive maximum exposure to the sun and
will not be shaded by any nearby obstructions. Suitable orientation to the sunlight can
improve the system efficiency to as high as 50–70% compared to traditional vertical
facade systems. Additionally, measures are to be taken so that PV panels do not get
affected by the ice/dust settlements or dry environments.

3. The most widely used modules in BIPV systems are of thin film type as they perform
better in low light conditions and at high temperatures [55,56]. Thin film technologies
based on CdTe, CIGS and a-Si have been developed in the recent past [57]. The tunable
color properties of Dye Sensitized Solar Cells (DSSCs) along with semi-transparent
nature makes them best alternative for BIPV applications. These can be employed for
replacing the building envelopes besides generating electric energy for operating the
entire building [58]. Despite their lower efficiency of 12% when compared to other
thin film solar cells, DSSCs are widely employed because of their low cost and low
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toxicity with ease of production. Besides, DSSCs have sandwiched glass structure
which makes them bulky, and flexible DSSCs can be employed as an alternative [14].
Since the PV modules in BIPV systems are installed in different orientations, there is a
higher chance of them being shaded by nearby building or trees. In [59], an efficient
and cost-effective configuration of PV-DC building module (PV-DCBM) has been
proposed, which includes a centralized inverter.
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3.2. Floating Solar Photovoltaic (FPV) Systems

FPV systems is one of the emerging technologies where the solar PV panels are
placed directly on the surface of the water body, as represented in Figure 10. These have
been gaining much importance in the recent past [60,61]. A recent survey by Technavio
suggests that the market share of FPV systems is expected to rise by USD 775.85 million
from 2021 to 2026, and the market’s growth momentum will accelerate at a compound
annual growth rate (CAGR) of 16.89% [62]. Unlike the conventional land based solar farms
which require large amount of land surface, a FPV system can address the issues of land
conversation and water [63]. Besides they offer convenient energy conversion at a higher
efficiency up to 13% higher than land-based PV due to the lower temperature underneath
the panels [64]. Additionally, the FPV systems do not contribute to the global warming.
These systems will help in reducing the evaporation of water reservoirs thereby protecting
water resources [65]. In [66], it is observed that, even though tracking mechanisms increase
the cost of FPV systems, a single axis tracking mechanism to these systems can increase the
electric power generation annually by 11%.

Energies 2023, 16, x FOR PEER REVIEW 11 of 19 
 

 

 
Figure 10. Architectural representation of FPV system. Reprinted/adapted with permission from 
Ref. [60]. 2022, Elsevier. 

Though these FPV system help to conserve the water and land, there are certain lim-
itations that need to be considered for reliable operation of these systems. One disad-
vantage of these FPV systems are the adverse effects of sea water. Though there are not 
many studies on the effect of sea water on the FPV, the sea salt accumulation on the PV 
modules can be treated as dust or as partial shading conditions [67]. Moreover, these FPV 
systems are to be designed to withstand the corrosion from the water and high 
waves/tides [68]. Due to these factors, the initial cost of an FPV system is very high in 
comparison to a conventional land PV system. Addressing these factors can help to build 
better and more efficient FPV systems. 

3.3. Agrivoltaics 
In the recent past, agrivoltaics has been on the rise. The term was first used by French 

Scientists led by Christophe Duprax. Agrivoltaics means utilizing the land for food crops 
and also installing PV panels thereby maximizing the usage of land. A conceptual repre-
sentation of agrivoltaics is shown in Figure 11. The research in [69] indicates that the in-
crease in global land productivity can be from 35–73%. In the InSPIRE project [70], funded 
by the National Renewable Energy Laboratory (NREL) and the US Department of Energy 
(DoE), the researchers found that the five central elements that lead to agrivoltaics success 
were the climate, configurations, crop selection, compatibility, and collaboration. In the 
work mentioned by [71], the authors mentioned that if shade tolerant crops are utilized 
for agrivoltaics, the economic value of the farms will be increased by 30% when compared 
to that of conventional agriculture. 

 

Figure 10. Architectural representation of FPV system. Reprinted/adapted with permission from
Ref. [60]. 2022, Elsevier.



Energies 2023, 16, 319 11 of 18

Though these FPV system help to conserve the water and land, there are certain limita-
tions that need to be considered for reliable operation of these systems. One disadvantage
of these FPV systems are the adverse effects of sea water. Though there are not many
studies on the effect of sea water on the FPV, the sea salt accumulation on the PV modules
can be treated as dust or as partial shading conditions [67]. Moreover, these FPV systems
are to be designed to withstand the corrosion from the water and high waves/tides [68].
Due to these factors, the initial cost of an FPV system is very high in comparison to a
conventional land PV system. Addressing these factors can help to build better and more
efficient FPV systems.

3.3. Agrivoltaics

In the recent past, agrivoltaics has been on the rise. The term was first used by
French Scientists led by Christophe Duprax. Agrivoltaics means utilizing the land for food
crops and also installing PV panels thereby maximizing the usage of land. A conceptual
representation of agrivoltaics is shown in Figure 11. The research in [69] indicates that
the increase in global land productivity can be from 35–73%. In the InSPIRE project [70],
funded by the National Renewable Energy Laboratory (NREL) and the US Department of
Energy (DoE), the researchers found that the five central elements that lead to agrivoltaics
success were the climate, configurations, crop selection, compatibility, and collaboration. In
the work mentioned by [71], the authors mentioned that if shade tolerant crops are utilized
for agrivoltaics, the economic value of the farms will be increased by 30% when compared
to that of conventional agriculture.

Energies 2023, 16, x FOR PEER REVIEW 11 of 19 
 

 

 
Figure 10. Architectural representation of FPV system. Reprinted/adapted with permission from 
Ref. [60]. 2022, Elsevier. 

Though these FPV system help to conserve the water and land, there are certain lim-
itations that need to be considered for reliable operation of these systems. One disad-
vantage of these FPV systems are the adverse effects of sea water. Though there are not 
many studies on the effect of sea water on the FPV, the sea salt accumulation on the PV 
modules can be treated as dust or as partial shading conditions [67]. Moreover, these FPV 
systems are to be designed to withstand the corrosion from the water and high 
waves/tides [68]. Due to these factors, the initial cost of an FPV system is very high in 
comparison to a conventional land PV system. Addressing these factors can help to build 
better and more efficient FPV systems. 

3.3. Agrivoltaics 
In the recent past, agrivoltaics has been on the rise. The term was first used by French 

Scientists led by Christophe Duprax. Agrivoltaics means utilizing the land for food crops 
and also installing PV panels thereby maximizing the usage of land. A conceptual repre-
sentation of agrivoltaics is shown in Figure 11. The research in [69] indicates that the in-
crease in global land productivity can be from 35–73%. In the InSPIRE project [70], funded 
by the National Renewable Energy Laboratory (NREL) and the US Department of Energy 
(DoE), the researchers found that the five central elements that lead to agrivoltaics success 
were the climate, configurations, crop selection, compatibility, and collaboration. In the 
work mentioned by [71], the authors mentioned that if shade tolerant crops are utilized 
for agrivoltaics, the economic value of the farms will be increased by 30% when compared 
to that of conventional agriculture. 

 
Figure 11. Conceptual representation of Agrivoltaics.

In the extensive review work mentioned in [72], the authors found that cultivating
the crops underneath the PV panels may reduce the yield, but the land productivity can
be increased by nearly 70%. It not only improves the economic value of farming but also
improves rural electrification where main grids are not available. The study on agrivoltaics
was extended deeper with using of normal, bifacial, and transparent solar panels by the
research study mentioned in [73], and it was found that the performance of agrivoltaics
had no significant difference. The authors in their work [74] have quoted that agrivoltaics
systems can provide optimum energy conversion by extending agricultural land and can
also be used to protect crops from UV-B radiation.

3.4. Panel Orientation and Tilt Angle

PV panels installed at a particular tilt angle can provide maximum yield. This optimal
tilt angle depends on the latitude of the location at which the PV panels are installed and the
weather at the location [75]. Poor selection of tilt angle and inter row spacing for installation
area of PV panels will incur high financial losses to the investors of PV systems [76]. The
impacts of the panel orientation and the elevation will affect the performance of the solar
system [77]. The position of the sun changes in the sky every minute, day, month, and the
year, so there is a need for solar tracking system that can trac the movement of the sun and
adjust the panel orientation and the tilt angle to extract the maximum power from the solar
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panels [78]. Further, in urban locations, the partial shading due to blocking of PV panels
because of nearby buildings and sky has to be taken into consideration for determining
the optimal tilt angle. A two-axis solar tracking system which can offer varying tilt angle
for different methods based on the seasons can offer higher total solar radiation which
ultimately results in higher gain in the daily generated power of a PV panel [79].

The authors in [80] have demonstrated in their research, based in Cairo, Egypt, that
the south facing monocrystalline silicon-based PV panels with a tilt angle of 20–30 degrees
can yield maximum PV energy. In [81], research conducted in Mumbai, India, revealed
that the for a fixed tilt orientation of the PV panels, the optimal tilt angle which gave the
best performance overall the year was the latitude of that place (19 degrees). Based on the
climatic data provided by the National Renewable Energy Laboratory (NREL), optimized
solar panel orientation and its performance were studied in [82].

Apart from the tilt angle, which is considered as the angle of inclination of PV panels
from a horizontal surface, another angle that is commonly employed during the large PV
installations is the azimuth angle, which is referred to as the angle of PV modules relative to
the direction due south if the PV installation is in the northern hemisphere and the panels
should face north if the installation is in the southern hemisphere [77]. In their research on
a low voltage distribution grid [83], the authors observed that a small deviation of azimuth
angle from the south has reduced grid losses but at the cost of higher reduction in energy
output whereas a change in tilt angle was more effective with lower grid losses. In [84],
the authors have suggested that for large consumers or large PV systems, an east/west
oriented PV installation can have more benefits.

3.5. PV Panels Cleaning

Dust accumulated on the surface of the PV panel will reduce the amount of sunlight
incident on the panel, which in turn reduces the output of the panel, thereby reducing its
efficiency. In [85], the authors have observed that due to opaque particles, in particular
moss, there can be reduction of nearly 86% in power output of PV panel. Additionally,
they have quoted that the rainwater can clean the dust and sand, but moss needs proper
cleaning. In [86], the authors have observed that the average degradation rate on the optical
efficiency of the PV panels can be up to 7% per month in a desert type of environment
due to sand and dust accumulation on the PV panels. In the study mentioned on the
performance of PV panels in Saudi Arabia, where sandstorms are frequent [87], the authors
have concluded that the decrease in performance of PV modules due to dust accumulation
can be improved by regular cleaning of PV panels. According to the research conducted
in [88], the authors observed that, despite having the same mass distribution, the impact of
smaller dust particles is greater than that of larger dust particles on the output of the PV
panel. The authors observed that for particles less than 75 µm, the decrease in short circuit
current was 49.01% when compared to that of larger particles of 600 µm to 850 µm creating
a decrease of 15.68%. The authors in their work [89] have mentioned that the output of
the PV modules decrease linearly with the decrease in the diameter of the dust particle.
Additionally, in the research mentioned in [90], it has been observed that finer (smallest)
particles block more sunlight than the larger particles and hence result in decreases in the
efficiency of PV panels. The choice of the cleaning technologies to be employed should
depend on the properties of dust and their characteristics in the area where the PV modules
are installed.

Several practices are being implemented to clean the PV panels. A few of them include
manual cleaning of the panels, piezo electric actuators, electric curtain system, self-cleaning
mechanism using nano-films and robotic systems. These have been extensively discussed
in the article of [91]. An Infrared based solar panels cleaning system using a robotic arm
that is driven by Pulse-Width Modulation (PWM) based motor to drive the robotic arm
and a DC geared motor to move the robotic arm from one panel to the other is proposed
in [92]. A novel approach on harvesting the rainwater and using it to clean the solar panels
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is proposed in [93] to boost the performance of the solar panels and the effect of humidity
on the dust particles is studied in [94].

4. Discussion

As the solar PV system is growing with the latest technologies and methods that
can boost the conversion efficiency and the better integration, there is room for further
research development and consideration of some constraints that need to be taken care of
for better, safer, and more reliable operation of the system. This section highlights some of
the advanced technologies that can be implemented for the better operation and utilization
of the solar PV systems. Moreover, issues and aspects related to the growing technologies,
and advanced monitoring and controlling systems are also highlighted.

4.1. Artificial Intelligence (AI) Based Solar Tracking for Orientation

Many researchers have published work on optimizing the panel orientation, panel tilt
angle for better and energy conversion [95,96]. Adaptive technologies that are based on the
Internet-of-Things (IoT) devices, web-based monitoring and control system are developed
for solar monitoring [97]. Non-linear controllers based on AI, Machine learning (ML) or the
Deep Learning (DL) algorithm have proven to be more effective in the closed loop control
applications [98]. They are very fast in processing, better in optimizing the parameters and
can boost the performance of the connected system. Based on the historical data that can
be gathered over time is used to train the supervised machine learning algorithm models.

These supervised learning algorithms can be used to optimize the solar tracking and
can be implemented to control the panel orientation, panel tilt angle and the azimuth angle.
They will be able to track the best possible orientation for the better conversion efficiency
very quickly based on the present conditions and be able to boost the efficiencies of the
installed system, thereby reducing the total cost of the PV system by limiting the required
number of panels.

4.2. AI Based Solar Cleaning

The effect of dust particles on the solar panels and the research for cleaning methods
are discussed in the Section 3. For better conversion rates, especially in a dessert area or
windy areas where the solar panels are more prone to dust particles, it is utmost required to
employ a mechanism that helps to clean this dust accumulated on the solar panels. Though
various methods using autonomous cleaning robots and automatic wipers [99–102] were
proposed to clean the solar panels by researchers, they are mostly predefined to operate
at a certain time intervals. Enhancing the control algorithms of these proposed cleaning
system can help in better cleaning of the panel and helps in optimizing the cleaning duty.

Based on the output parameters, like the voltage or current parameters and considering
the solar irradiance levels and the temperature, the machine learning algorithms based on
the reinforcement learning can be implemented for tracking the affected solar panel [91].
These machine learning algorithms can help in determining the cause of the changes in the
output parameters, whether it is because of the dust particles or because of the change in
irradiance or temperature and can take the right action as to whether to clean the panels or
not. This helps in optimizing the cleaning system and responds very quickly to the change
in parameters and helps boost the efficiency of the solar PV system.

4.3. Cybersecurity Issues

From the previous discussion, it is seen that panel orientation and tilt angles play an
important role in the performance of the solar PV model. For a large solar PV system, it
can significantly affect the overall power production and can impact the connected loads.
The control algorithms that are employed to control the panel orientation receive data
for the temperature, irradiance levels, weather conditions, sun angle, etc., using the IoT
devices to determine the optimal position. These data can be controlled and monitored
remotely [97] through wired or wireless communication lines [103]. Any communication
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lines are prone to cyber intrusions that can give the system access to the attackers [104,105].
These attackers can manipulate the data received by the control algorithm or be able to
adjust the panel orientation that can affect the overall production. Necessary means that
can identify, detect, and mitigate the cyber-attacks are to be implemented for the safe and
reliable operation of these systems.

4.4. Protection of Solar Cells

Apart from providing security and protection against dust or cybersecurity issues,
protection of solar panels against certain weather elements like hailstorms, snow or rain is
also an important factor to consider for better and reliable operation. For areas like Texas,
where they had a large hailstorm [106], using necessary protective means can help to protect
the panels from destruction and help to maintain steady and stable power conversions.
Though there is not much literature available on protection of these solar panels, predicting
the weather conditions and using protective measures like using protective covers, building
a wire gauge, or using methacrylate material, which is known for its resistance to hail, can
help to protect these panels [107]. Moreover, tilting the panel to a direction opposite to the
impact of hail can also prevent the damage. Thus, implementing a protective means that
can forecast the weather conditions and taking the necessary protective means is required
for reducing the maintenance and operation cost of these panels.

5. Conclusions

This paper provides a comprehensive review of the available single-junction silicon
solar cell architectures that have an energy conversion efficiency of at least 25% and different
integration methods and the possible approaches that help to maintain these efficiencies.
The conclusions that can be drawn from this paper are as follows.

1. Though there are solar cell architectures that can achieve the efficiencies close to their
theoretical SQ-limit, those efficiencies are only confined to the laboratory environment.

2. For better utilization of the highly efficient solar cells and to overcome the drawbacks
of the solar PV system, different integration methods and techniques are reviewed.

3. An extensive bibliography on the existing solar cell structures, and other applications
that can help to maintain the efficiency of the solar panels, are presented.

4. Some recommendations on the future research on the solar PV systems that can help
in achieving better efficiency are proposed.

This article would serve as a guideline for understanding the highly efficient solar cell
architectures, methods that can improve the efficiency of the installed solar panels, and for
further investigation of the technologies to better control and for safe, reliable operation.
Thus, this work benefits the readers, researchers, and engineers who work in the field of
solar PV systems.
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