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Abstract: Solar energy is a rapidly growing sector, and solar farms are playing an increasingly
important role in meeting the world’s energy needs. However, as the size and complexity of these
farms increase, so do the challenges associated with managing them efficiently. This article presents a
comprehensive analysis of the fundamental parameters that underpin solar energy systems. Focusing
on the latest research, we examine the challenges and opportunities intrinsic to the implementation
of solar energy systems, paying particular attention to the various parameters that contribute to
their performance. These parameters encompass a range of factors such as thermal performance,
atmospheric boundary layer, solar energy meteorology, heat islands, cloud influences, agrivoltaic
systems, shading factors, and surface energy budget. The review underscores the importance of
considering a diverse array of parameters when developing solar energy systems to optimize their
efficiency and effectiveness. Ultimately, by unraveling these challenges and opportunities, we can
work towards creating more sustainable and reliable renewable energy sources and reducing our
dependence on non-renewable alternatives.
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1. Introduction

Solar energy is an abundant and renewable source of clean energy that has the potential to play a
significant role in meeting the world’s energy needs. The popularity of solar farms is increasing as
the cost of solar energy continues to decrease [1]. However, efficiently managing these large-scale
installations of solar panels poses challenges as their size and complexity increase. A major challenge
solar farms face is the decrease in efficiency experienced by photovoltaic (PV) modules as temperature
increases [2]. Various methods, such as water spray, heat sinks, and forced air, have been employed
to counteract this effect, but they lead to increased installation and maintenance costs [3-6]. An
alternative approach to improving efficiency is to improve the internal heat transfer properties of PV
modules [7]. Convection is the primary passive cooling mechanism for PV modules, and modifying
the convection coefficient can have a direct impact on efficiency. Furthermore, the performance of
solar farms can be enhanced by flow control, which can be used to modify the convection coefficient
and thus improve efficiency. Flow control involves manipulating the airflow around solar panels to
improve their efficiency and increase their power output [8]. The integration of flow control with the
study of solar panel aerodynamics is aimed at optimizing their design, placement, and operation to
increase their operational lifespan while reducing costs. While flow control has shown promise in
laboratory settings, its implementation in real-world solar farms presents several challenges that must
be navigated.

Within the confines of this article, we undertake a comprehensive appraisal of the latest literature
on the pivotal parameters governing solar energy systems, emphasizing the formidable challenges and
auspicious opportunities intrinsic to their implementation. The plethora of parameters associated with
solar energy systems encompasses the thermal performance of solar farms, atmospheric boundary
layer and solar energy meteorology, heat islands, cloud influences, agrivoltaic systems, shading factors,
and surface energy budget. Furthermore, we delve into the intricacies of the technical obstacles that
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arise when attempting to accomplish flow control in solar farms and propose prospective avenues
for further investigation. This work also brings to light the research gaps that need to be addressed
to enhance the efficiency of solar energy systems. In sum, this review underscores the criticality of
duly considering various parameters when devising solar energy systems to maximize efficiency and
effectiveness.

2. PV Solar Research Objectives

Research on photovoltaic systems involves several areas of study, each with its unique objectives
and methods [9-13]. One study area is the performance evaluation of PV panels, which involves
assessing their electrical and thermal performance under various environmental conditions [14,15].
Another area is PV system design and optimization, which aims to maximize the energy output
and efficiency of PV systems by considering various factors, such as the system location, panel
orientation and tilt, and module type and size. In addition, research on PV module and system
reliability investigates their long-term durability and reliability under different stress factors through
various testing methods [16]. Integrating PV systems with other energy systems, such as battery
storage, microgrids, and electric vehicles, is also a subject of research to optimize energy distribution
and consumption, reduce costs and improve efficiency [14]. Finally, PV policy and market analysis
studies the impact of policy and market factors on the growth and adoption of PV systems using
statistical and economic models [17]. These various research areas contribute to the development of
more efficient, reliable, and cost-effective PV systems and are critical in promoting the widespread
adoption of renewable energy sources.

The field of photovoltaic solar panel research can be also classified into several types, each
focusing on a particular aspect of PV solar panels. One area of research focuses on the impact of
wind speed, direction, and turbulence on the efficiency of PV solar farms [18-21]. Such studies aim
to optimize the design and operation of solar farms for maximum energy generation. Another area
of research explores the effect of temperature on the performance of solar panels, examining their
thermal behavior and electrical output under different temperature conditions. Optimal tilt angle and
spacing are crucial parameters for maximizing energy generation, and research in this area aims to
identify the best possible combinations for different locations, climates, panel types, and applications
[20,22-24]. Novel PV solar panel designs that use nanotechnology, new materials, and advanced
manufacturing techniques are also being explored to improve efficiency and reduce costs. PV solar
tracking systems are another area of research, analyzing different types of tracking systems and their
effectiveness in improving energy generation. Studies also investigate the behavior of PV solar panels
in extreme conditions, such as high altitude, desert, and polar regions, to determine their suitability
for different environments. PV solar panels for building integration represent another area of research,
where the design, installation, and performance of solar panels for power generation in buildings
are examined. These studies focus on various aspects of PV solar panels, including their design,
installation, performance, and economic viability. Finally, the research investigates the degradation of
PV solar panels due to environmental factors and the effectiveness of different maintenance strategies.
The durability and optimal performance of PV solar panels are critical to their long-term effectiveness
as a source of renewable energy.

Achieving maximum energy output and minimizing losses in solar energy systems can be a
daunting task. Fortunately, various technologies and strategies can be implemented to optimize the
flow of energy through solar farms. These approaches include intelligent control systems, advanced
monitoring technology, energy storage systems, advanced inverters, modular designs, bifacial solar
panels, predictive maintenance, dynamic control systems, microgrids, weather forecasting, distributed
energy resources (DERs), and incorporating artificial intelligence (Al). Intelligent control systems can
adjust the flow of energy in real-time to maximize energy output while minimizing losses [25,26].
Advanced monitoring technology can detect performance issues early on and allow for quick repairs
[27,28]. Energy storage systems can store excess energy and release it during high-demand periods.
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Advanced inverters can optimize the flow of energy between solar panels and the grid, while modular
designs allow for easy component additions and removals. Bifacial solar panels capture energy from
both sides, improving energy output and reducing shading effects [29-31]. Predictive maintenance
identifies issues early on and prevents unexpected downtime [32]. Dynamic control systems adjust the
angle and position of solar panels to optimize energy output, and microgrids provide localized energy
storage and distribution [33-35]. Weather forecasting provides advanced warnings of weather events,
while DERs provide additional sources of energy storage and demand response [36,37].

3. Thermal Performance of Solar Farm

In this review, we focus only on the thermal performance of PV panels under various
environmental conditions. These conditions include the effect of wind, temperature, arrangement and
strategic placement. Some of the key findings and methodologies from these studies are summarized
here.

The influence exerted by wind upon the operational performance of solar farms represents a
pivotal parameter necessitating careful deliberation in the evaluation of their performance and output.
The presence of wind can concurrently bestow beneficial augmentations or impede the functioning of
solar panels, thereby impacting the dissipation of heat, cooling mechanisms, and holistic effectiveness.
Profound comprehension of the intricate interplay between wind dynamics and solar panels assumes
paramount significance in order to refine and maximize their operational efficiency across diverse
environmental contexts. Ladas et al. [38] presents a wind tunnel study on the effect of wind on the
performance of solar collectors on rectangular flat roofs. The study investigates the flow patterns,
pressure distribution, and the impact on the collector’s efficiency at different wind speeds and angles
of attack. The results show that the wind has a significant effect on the performance of solar collectors.
The study suggests that the orientation and positioning of the collector on the roof, as well as the height
of the roof, can affect the wind flow and therefore the collector’s performance. The study concludes
that careful consideration should be given to the placement and orientation of solar collectors on
rectangular flat roofs to optimize their performance and minimize the impact of wind. Liu et al. [39]
studied the effect of wind direction on the aerodynamic performance of solar panels. They found that
the lift and drag coefficients of the panels varied significantly depending on the angle of attack and
wind direction. The study used a wind tunnel with a velocity range of 5-15 m/s and measured the
lift and drag forces using a strain gauge and a load cell. Adeh et al. [40] investigates the impact of
wind direction on the performance of a photovoltaic system. The authors conducted experiments to
measure the module temperature and energy output of a PV system under different wind directions.
They found that the wind direction significantly affects the module temperature and, therefore, the
efficiency of the PV system. The paper provides insights into the importance of considering wind
direction in the design and operation of PV systems. Chen et al. [41] investigated the aerodynamic
performance of bifacial solar panels in a wind tunnel. The study found that the lift and drag coefficients
of the panels varied significantly depending on the panel orientation and wind speed. In a recent
study conducted by Glick et al. [2,7,8], the impact of module inclination on system-level flow and
the convective heat transfer coefficient was examined. The findings revealed that the convective
heat transfer coefficient is notably influenced by various factors, such as wind direction, wind speed,
and module inclination. The study further demonstrated that an array-flow-informed approach to
layout design can substantially increase convection by 30-45%, thereby offering the potential to boost
overall power output by approximately 5% while concurrently reducing solar panel degradation by
0.3% annually. These results highlight the significance of considering the intricate interplay between
system-level factors and design variables when optimizing solar PV array performance. Also the results
are align with The latest module degradation rate targets have been established at an impressively low
level of 0.2% per year [42]. Rossa [43] showed that local wind dynamics bear significant influence in
the computation of losses, with greater losses observed in sites experiencing major frontal incidences
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compared to those undergoing major rear incidences. Moreover, this phenomenon persists irrespective
of whether the photovoltaic generator is actively injecting energy into the grid or not.

Despite the existence of numerous cooling solutions, the cost and impracticality associated with
many of them have hindered their implementation in large-scale photovoltaic plants. Nevertheless, a
glimmer of hope shines through as researchers espouse the notion that strategic arrangements of solar
panels hold the capacity to ameliorate the inherent convective heat transfer between these panels and
the ambient air. By delving into these novel configurations, a realm of possibility arises, promising
heightened efficiency and greater accessibility in the realm of photovoltaic energy cooling. This is
based on prior research into how temperature differences affect the movement of air between the
land and the atmosphere. Stanislawski et al. [44] investigates the effects of the spatial arrangement of
solar panels in large-scale solar farms on convective cooling and module temperature. To quantify the
arrangement of each solar farm, a non-dimensional packing parameter is formulated. The numerical
simulations conducted in this study reveal that dense configurations with larger packing parameters
are more conducive to convective cooling than sparse ones. Specifically, the most tightly packed
configuration resulted in a 14.8% increase in convective heat transfer compared to the baseline. These
findings underscore the significance of module arrangement in facilitating convective cooling within
solar farms. Stanislawski et al. [45] investigated the creation of six different solar farm models with
varying row spacing through high-resolution numerical simulations. Through the examination of flow
and heat transfer, the authors identified the processes that affect convective cooling in solar farms.
The results showed that larger row spacing generated more coherent structures and higher-energy
frequencies in the flow, leading to better convective cooling and lower interior air temperatures
compared to smaller row spacing. By increasing row spacing by a factor of 1.63, the average convective
heat transfer coefficient was improved by 14.8%, which led to a reduction in module temperature by
6.6 °C and an average increase in power output by 4.0%. The techno-economic analysis also suggested
that increasing row spacing can lead to levelized cost of energy (LCOE) improvements by as much as
2.15% in certain climates, making it a viable option for improving solar farm performance.

The artful orchestration and astute placement of solar panels have assumed paramount
significance in augmenting the effectiveness and yield of solar farms. With a discerning eye towards
optimizing the spatial arrangement of these photovoltaic modules, researchers have unlocked
unprecedented pathways for harnessing the bountiful energy of the solar farm. For example, by
elevating the panels, they are afforded protection from erratic air currents and are exposed to
more consistent and favorable wind speeds, thereby boosting their efficiency. As per the research
conducted by Smith et al. [46,47], who explored the effects of height augmentation on the cooling of
photovoltaic solar farms by examining three distinct height arrangements - nominal height, double
height, and staggered height configuration, it was observed that elevating the panel height resulted
in a concomitant increase in wind velocity, leading to an augmented cooling effect. For a given
inflow velocity, panels installed at greater heights produced an enhancement of over 1.88 times in
comparison to the nominal case. The staggered height arrangement facilitated a swifter sub-panel flow
than in the nominal array, even with some sub-array obstruction due to the lower panel interaction.
Nevertheless, the heat dissipation at panel surfaces stimulated improvements in convectivity that were
over 1.3 times that of the nominal height case. Smith et al. [48] studied convective cooling in different
PV array designs, taking into account the combined effects of spatial and atmospheric variation on
panel temperature and production. They used wind tunnel experiments, high-resolution numerical
simulations, and field data to explore parameters like row spacing, panel inclination, module height,
and wind velocity. All aspects of the arrangement, including angle and height, were encompassed
in a single value by utilizing a length scale based on fractal lacunarity [49]. A unified heat transfer
correlation between convection and farm-specific geometry was identified.

Numerous investigations have been conducted to explore the impact of module temperature on
the operational efficacy of a photovoltaic system. For example, Kaplani and Kaplanis [50] conducted
experiments to measure the energy output of a PV system under different module temperatures and
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found that high temperatures significantly reduce the efficiency of the system. The paper provides
insights into the importance of thermal management in the design and operation of PV systems. Otth
and Ross [51] presents a study of the effect of temperature on the performance of photovoltaic cells.
The authors measured the power output of cells under different temperatures and analyzed the data to
determine the temperature coefficient of power. They found that the power output of the cells decreased
with increasing temperature and used the data to develop a model for predicting the performance
of cells under different environmental conditions. Dupré et al. [52] reports on an experimental
investigation of the temperature distribution in a photovoltaic cell under concentrated solar radiation.
The authors used an infrared camera to measure the temperature distribution and compared it to
predictions from a numerical model. They found good agreement between the experimental and
numerical results and used the model to study the effect of various parameters on the cell’s performance.
Vaillon et al. [53] presents a numerical investigation of radiative transfer in a photovoltaic cell under
concentrated solar radiation. The authors developed a radiative transfer model that takes into account
the complex geometry of the cell and its constituent materials. The model was validated against
experimental data and used to study the effect of various parameters, such as cell temperature and
incident radiation intensity, on the cell’s performance. Recently, the work conducted by Rossa et al. [54]
delves into an analysis of the phenomenon of mismatch losses (MML) in photovoltaic arrays. MML is
characterized by a situation where the combined power output of a PV array is less than the sum of
power outputs of its individual modules when they operate autonomously, arising from variances
in the electrical conductivities of these modules. They have inferred that the underlying cause of the
overall MML could be traced back to deviations in the operating temperatures of the modules.
Numerous scholarly investigations have delved into the application of active flow control
mechanisms with the aim of augmenting the performance of solar panels. For example, Bastidas and
Roy [55] used a wind tunnel to test the effectiveness of vortex generators in controlling the boundary
layer flow over solar panels, finding that the vortex generators improved the power output by up
to 10%. Scognamiglio et al. [56] conducted a review of flow control methods in the wind and solar
energy systems, identifying the potential of active flow control methods such as boundary layer
control to significantly improve the efficiency of solar panels. Ramanathan et al. [57] used numerical
simulations to design and test an active flow control system, finding that the system increased the
power output of solar panels by up to 4%. Abdul-Rahman et al. [58] proposed a power smoothing
technique for grid-connected solar photovoltaic systems using active flow control, reducing power
fluctuation by up to 90%. Zhou et al. [59] proposed an intelligent control algorithm for the flow control
of air distribution systems in solar greenhouses, which improved microclimate control. Hossain
et al. [60] investigated the use of active flow control for reducing the boundary layer thickness on a
solar panel, resulting in a reduction of the impact of wind on the performance of solar panels. Abu
El-Nasr and Abdelaziz [61] presented active flow control for increasing the efficiency of solar panels
in solar farms and used numerical simulation to demonstrate that vortex generators can increase
the energy output of solar panels. Anderson and Mokry [62] examined the utilization of active flow
control in the context of renewable energy and emphasized the possible advantages of applying flow
control to enhance the efficiency of wind turbines and solar panels. Prasanth et al. [63] performed a
numerical investigation of active flow control using vortex generators on a solar panel, resulting in
a reduction of turbulence and an increase in energy output. Overall, these studies demonstrate the
potential of active flow control methods to improve the performance of solar panels. The efficiency
of solar energy systems can be enhanced through the use of flow control, which has been gaining
attention in recent years. Yu et al. [64] conducted a numerical study of active flow control on the
performance of solar farms and found that flow control using synthetic jets could improve the energy
output of solar panels. Sarka et al. [65] provides a comprehensive overview of flow control techniques
proposed for enhancing solar energy collection. The authors discuss both passive techniques, such
as surface texturing and roughness, and active techniques, such as vortex generators and boundary
layer control. Another recent study by Mahfouz [66] focuses specifically on active flow control in
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solar greenhouses to optimize the microclimate for plant growth. The author proposes a fuzzy logic
controller to regulate airflow and temperature inside the greenhouse, resulting in improved plant
growth and energy efficiency. Both studies highlight the potential benefits of flow control in enhancing
the performance of solar energy systems. Future research in this area may focus on optimizing the
use of active flow control for various solar energy applications and developing new control strategies
to further improve system efficiency. Jangra et al. [67] experimentally investigated the performance
enhancement of a solar farm through active flow control using a plasma actuator and found that the
use of flow control led to a significant improvement in the energy output of the solar panels. Afriyie
et al. [68] performed a numerical investigation of flow control strategies for improving energy output
in wind-solar hybrid farms and found that a combination of vortex generator and synthetic jet actuator
led to the highest power output. El-Sayed et al. [69] investigated airflow control in solar farms using a
dielectric barrier discharge plasma actuator and found that the use of flow control increased the energy
output of the solar panels. Hossain et al. [70] optimized active flow control of a solar panel using a
genetic algorithm and found that the optimized flow control using a combination of synthetic jet and
vortex generator led to a significant improvement in the energy output of the solar panel. Huang
et al. [71] investigated active flow control on the performance of solar farms under various weather
conditions and found that synthetic jets and plasma actuators could effectively enhance the energy
output of solar panels.

4. Atmospheric Boundary Layer and Solar Energy Meteorology

The formulation of effective strategies to fulfill energy demands requires a comprehensive
understanding of the intricate and complex interplays between the atmosphere and the earth’s surface.
The chaotic nature of the atmospheric system, like the butterfly effect elucidated by Edward Lorenz
[72], showcases interconnectivity of a profound magnitude. A pivotal determinant of the effectiveness
of a solar farm is the atmospheric boundary layer (ABL), which denotes the lowest stratum of the
Earth’s atmosphere where the movement of air is influenced by the terrain and other variables such as
temperature, pressure, and humidity. The ABL exerts a profound impact on the velocity and direction
of the wind, the distribution of solar radiation, and the temperature and moisture content of the air. The
consequences of the ABL on the efficiency of a solar farm are miscellaneous, for instance, during the
daytime, the ABL is often turbulent, engendering fluctuations in wind speed and direction [73]. These
erratic variations affect the temperature of the solar panels, thereby regulating the amount of heat
exchange between the panels and the surrounding air. High temperatures can diminish the efficacy of
solar panels, augment the likelihood of thermal damage, and yield a heat island phenomenon. Figure
1 provides an overview of all feasible flow dynamics pertinent to a solar farm.


https://doi.org/10.20944/preprints202306.2094.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 29 June 2023 doi:10.20944/preprints202306.2094.v1

7 of 26

Convection
O Heat storage

Figure 1. Illustration of a solar farm system, highlighting the pivotal mechanisms that determine its
efficiency and output.

4.1. Heat Island

The main objective of this section is to review the potential impact of large solar parks on
boundary layer meteorology. The researchers’ goal is to evaluate the hypothesis that these solar parks
hold the capacity to substantially disrupt the meteorological properties of the boundary layer. This
perturbation is believed to arise due to two key factors, including changes in the surface energy budget
and inducing large secondary circulations engendering a PV heat island (PVHI) phenomenon. The
high temperatures generated by the solar panels can instigate potent convective cells and secondary
circulations in the ambient air, thereby altering the microclimatic conditions of the region. It would
be highly advantageous to have the capability to pre-determine the convective cooling potential of
a given region prior to the installation of future solar parks to optimize the system’s efficiency from
the outset. However, the investigation of the impact of large solar farms is currently constrained by
limited research, with most studies solely examining the effect of solar canopies in numerical models
by modifying the surface albedo. Despite the overly simplistic approach, the available data indicated
significant alterations in the near-surface air temperature.
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In a distinct investigation, Fthenakis and Yu [74] developed computational simulation capabilities
to scrutinize the influence of large solar photovoltaic farms on the local microclimate by simulating air
velocity, turbulence, and energy flow fields. The researchers performed three-dimensional simulations
on a 1 MW portion of a solar farm in North America and compared the results with measured wind
and temperature data from the entire solar farm. Their analyses revealed that the yearly average
of air temperatures in the center of the PV field can escalate by up to 1.9 °C above the ambient
temperature, and this thermal energy disperses into the environment at altitudes ranging from 5 to 18
meters. Moreover, the thermal energy swiftly dissipates with distance from the solar farm, with air
temperatures nearing the ambient temperature at a distance of about 300 meters from the perimeter
of the solar farm. An analysis of 18 months of data established that the solar array effectively cools
down at night, making it improbable that a heat island effect would occur [74]. An experimental study
conducted by Barron-Gafford et al. [75] revealed that solar canopies, typically found in regular-sized
solar plants (around 1 MW and less than 1 km in size), can raise local air temperatures by as much
as 3-4 °C during the nighttime, compared to the surrounding wilderness. This finding confirms
the hypothesis that solar farms can create photovoltaic heat islands, similar to those seen in urban
canopies.

As solar panels can heat up to temperatures that are significantly higher than the ambient
and surrounding surface temperature, it is possible that large solar parks could generate powerful
convective cells and secondary circulations. However, the range and scale of these flow dynamics, as
well as the potential modifications they could cause, remain unclear. Moreover, because large solar
parks alter the local surface roughness, it is reasonable to speculate that they could impact atmospheric
flow in a similar manner as vegetated or urban canopies. Broadbent et al. [76] used field measurements
to investigate the effects of a large PV farm on local temperature and energy balance. They found
that the installation of a large PV farm can reduce local temperatures during the day by up to several
degrees Celsius, due to the shading effect of the panels and the cooling effect of the evapotranspiration
from the vegetation under the panels. At night, however, the PV panels can trap longwave radiation
and emit it back into the atmosphere, leading to slightly warmer temperatures. Additionally, they
discovered that the PV farm could alter the local energy balance by reducing incoming solar radiation
and increasing the amount of energy available for evapotranspiration and sensible heat flux. The
authors noted that these effects can vary depending on factors such as the size and design of the PV
farm, local weather conditions, and the type of ground cover used under the panels. Adeh et al. [77]
showed that installing solar photovoltaic parks on agricultural lands can be highly beneficial. The
study suggests that the evapotranspiration process of plants can help cool down the PV modules,
leading to increased energy harvesting of the system. Additionally, the shading provided by the
modules can lead to increased agricultural yield. To reduce the thermal effects of solar PV, two possible
approaches are either to decrease the heat generated at the cell level or to enhance heat dissipation.

Recently, Zhang and Xu [78] analyzed 23 of the world’s largest PV power plants and found that
the installation of PV power plants significantly reduced the daily mean surface temperature in the PV
power plant areas by 0.53 °C, with a stronger cooling effect observed during the daytime compared
to nighttime (0.81 °C vs. 0.24 °C). The study also found that the cooling effect was dependent on the
capacity of the power plants, with a cooling rate of -0.32, -0.48, and -0.14 °C/TWh for daily mean,
daytime, and nighttime temperatures, respectively. Moreover, the study showed that the construction
of PV power plants decreased the surface albedo, but increased the effective albedo (surface albedo
plus electricity conversion). This suggests that the conversion of solar energy to electrical energy is a
significant contributor to observed surface cooling. The study also found that the nighttime cooling
effect of the power plants was significantly correlated with latitude and elevation, as well as annual
mean temperature, precipitation, solar radiation, and normalized difference vegetation index. Studying
the heat island should be linked to the secondary flow motion, bulk advection, and dispersive fluxes
[79-82] and heterogeneity effect [83-85]. It is our contention that particular arrangements of solar farms
possess the capacity to augment or impede the inherent convective heat transfer transpiring between
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the photovoltaic panels and the ambient atmosphere, consequently diminishing or intensifying the
heat island phenomenon [86].

4.2. Cloud Influences

The influence of clouds on the aerodynamics of solar panels can be a determining factor in their
overall efficiency. The total cloud cover represents a primary contributor to notable intermittency in
solar energy provision, given that a photovoltaic panel’s output may precipitously plummet by as
much as 60% within seconds due to a cloud formation[87,88]. This phenomenon may also occur when
the sun is obstructed by a transitory cloud band during its celestial trajectory, leading to considerable
fluctuations in the direct normal irradiance that penetrates a solar PV panel and consequent decrease
in power generation [88,89]. The impact of clouds is contingent upon various factors, one of which is
the cloud type [90-92]. Thin, high-altitude clouds, such as cirrus clouds, have a less pronounced effect
on solar panel aerodynamics than thicker, low-altitude clouds like stratus clouds [93-95]. The latter
not only restricts the amount of sunlight that reaches the panels but also causes more turbulence in the
surrounding air, thereby elevating wind load and reducing efficiency. Another factor is the orientation
and layout of the solar panels. The typical angle at which solar panels are installed can alleviate
the impact of wind turbulence resulting from clouds passing overhead. Additionally, the spacing
between solar panels can also impact aerodynamics during cloudy weather. If panels are installed
too closely, a "wind tunnel” effect may be created, which further exacerbates wind load and reduces
efficiency. Therefore, proper spacing must be ensured to mitigate this effect. To address the impact
of cloud movement on solar panel performance, Nnamchi et al. [96] developed a dynamic model of
cloud movements, which allowed them to simulate the motion of clouds across the sky. The authors
then utilized an experimentally validated model of a photovoltaic generator to examine the effect
of moving clouds on its performance. The results highlighted the significance of cloud movements
on the fluctuation of power output from the photovoltaic generator, emphasizing the importance of
dynamic analysis over static analysis for a more accurate representation of solar panel performance
under varying cloud conditions.

Weather forecasting is a valuable tool for optimizing the performance of solar farms in multifarious
ways [97-99]. One of the approaches is through flow control of the generated energy. Solar farms
can leverage machine learning algorithms to analyze historical and real-time weather data to predict
future weather patterns accurately [88,100]. This information can then be used to regulate the flow of
energy to match anticipated demand, thus ensuring efficient use of energy. During periods of cloud
cover, for example, solar farms can reduce energy fed into the grid or divert excess energy to storage
systems [92-94]. In addition, weather forecasting can also optimize the positioning of solar panels to
maximize energy generation and minimize shade impact. It can facilitate better management of energy
storage systems by adjusting charge/discharge cycles during periods of high or low energy generation.
Furthermore, it can aid in scheduling maintenance activities during periods of low energy generation
and prevent disruptions to the energy supply. Weather forecasting can also aid in energy demand
management by anticipating changes in energy demand and adjusting energy flow accordingly. Finally,
it can enhance the planning and development of new solar farms by identifying the optimal locations
for optimal energy generation.

Developing a model to examine the impact of clouds on the aerodynamics of solar panels requires
a combination of expertise in aerodynamics, solar panel design, and cloud behavior. One potential
approach to such a model would involve an initial analysis of the aerodynamic properties of the solar
panel, such as the airfoil shape, angle of attack, and lift and drag forces. Subsequently, the model
would consider the solar panel’s design, including its size, shape, and weight, which can also impact
its aerodynamic performance. Cloud behavior is another crucial factor to consider as it can affect the
flow of air over the panel, and thus, the lift and drag forces generated. To predict the solar panel’s
performance under varying cloud conditions, the model should integrate all the available information
into a comprehensive simulation. This simulation should be able to forecast the lift and drag forces
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and any changes arising due to the presence of clouds. Finally, to validate the model, experimental
data could be collected by testing solar panels under various cloud conditions in a wind tunnel or
another controlled environment.

5. Agrivoltaic System

An agrivoltaic system is created by integrating a solar farm consisting of solar panels with an
agricultural system. The main purpose of this combination is to benefit both systems simultaneously
[101,102]. The solar panels are used to control the amount of sunlight reaching the crops, resulting
in improved water usage efficiency, see Figure 2. Additionally, the evapotranspiration from the
crops cools down the solar panels, increasing their power efficiency and lifespan. This mutually
beneficial approach is expected to address the food-water-energy nexus, a critical challenge in modern
times. By implementing a photovoltaic system, the associated products can benefit from reduced
heat and insolation stress, as well as improved water usage efficiency. To understand the dynamic
interplay between the photovoltaic and agricultural systems, it is necessary to develop detailed
models that incorporate shading and cooling of solar panels [77], as well as comprehensive models
of the soil-plant-atmosphere continuum, such as [103]. These models will integrate the sensible and
evaporative heat fluxes with soil moisture and solar panel temperature. By doing so, we can predict
the effect of different photovoltaic setups on soil moisture, crop water usage, and crop yield. In a
recent investigation, Williams et al. [104] have scrutinized the impact of integrating agrivoltaic design
elements on the microclimate and surface temperature of solar photovoltaic modules deployed in
a solar farm. The researchers have developed a microclimate model utilizing computational fluid
dynamics, which was further validated with experimental data to assess the impact of panel height,
ground albedo, and evapotranspiration on a solar PV site. The results of the study have shown that
elevating an agrivoltaic solar farm at a height of 4 meters and growing soybeans underneath can
effectively lower the temperature of solar modules by up to 10 °C in comparison to a solar farm erected
at a mere height of 0.5 meters over barren soil. These findings highlight the importance of panel height
and ground conditions in solar farm cooling and demonstrate the potential of agrivoltaic systems to
tackle the global food-energy crisis by improving solar PV conversion efficiency and simultaneously
promoting agricultural production on the same land.

Atmosphere
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Figure 2. Illustration of an agrivoltaic system and integrating model representation for fluxes and
storage of water within the plants.

The primary aims of the system are multifaceted, encompassing the maintenance of optimal
temperature ranges conducive to maximizing crop yield, the attainment of light levels proximate to
the light saturation point, thereby ensuring high power production, while preserving crop yields,
and the mitigation of soil and crop water loss to minimize irrigation needs and water stress [102,105].
Given that these objectives fluctuate throughout the day and the growing season, it is incumbent upon
us to concentrate on a supple solar panel array that can accommodate ever-changing environmental
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conditions and facilitate crop management and soil preparation during different seasons. Anticipated
outcomes include the amplification of productivity and the alleviation of water stress for cool-season
crops via the reduction of temperatures and insolation. However, these results are inextricably linked
to the specific characteristics of the photovoltaic system, such as height, orientation, and surrounding
environmental conditions [103]. Therefore, in order to gain a comprehensive understanding of the
benefits and limitations of the agrivoltaic system, it is crucial to conduct meticulously controlled
laboratory experiments, field measurements, and numerical simulations. Such empirical investigations
will enable the development of a reliable comprehension of the workings of the system, thereby
facilitating its widespread implementation on a grand scale.

To attain the coveted operating temperature for the system, it is imperative to increase both heat
dissipation and convective heat transfer coefficient. The key to heightening energy harvesting efficiency
by 10% lies in maintaining the solar module at a temperature close to the ambient temperature. Our
expectation is that the cooling effect of the crops in the system, via evapotranspiration, will engender
this heightened thermal diffusivity, or cooling. However, the proposed agrivoltaic systems, while
efficacious in mitigating soil and crop temperatures, can also reduce the intensity of solar radiation
on crops. This reduction in solar radiation can have a salutary impact on crop and soil temperatures,
thereby augmenting crop water use efficiency, which in turn, can raise soil moisture content and
reduce crop water stress. This, in turn, leads to superior product quality by averting ‘bolting’, a
phenomenon engendered by warm temperatures and water stress, which results in a bitter flavor
and poor-quality harvest [106]. Effective temperature control is of paramount importance since lower
temperatures during the seedling phase can impede growth, while higher temperatures can stimulate
accelerated bolting and yield an inferior harvest. Crop shading techniques are often employed to
mitigate photoinhibition, a phenomenon caused by a reduction in photosynthetic capacity due to
excessive exposure to light. The agrivoltaic system is uniquely suited to mitigate photoinhibition by
offering shading under high-light conditions. Moreover, the system is also efficacious in increasing
soil moisture content by curbing the rate of soil moisture loss through evapotranspiration, which is
directly proportional to temperature.

One of the main challenges posed by agrivoltaic systems lies in the potential competition for light
between solar panels and crops. However, this can be effectively mitigated by carefully analyzing the
light-response curves of each crop. Crop yield typically shows a linear increase in response to light
intensity, up to a certain saturation point, beyond which yield may decline due to photoinhibition
[107]. Experimental evidence suggests that the productivity of certain crops is optimized under solar
radiation levels that fall below typical maximum solar radiation intensities [107,108]. This implies that
a portion of the solar radiation can be harnessed without adversely affecting crop yields. Another
concern surrounding agrivoltaic systems is the potential for increased disease risk due to higher
humidity levels. To gain a comprehensive understanding of how carbon and water cycles in crops are
affected by different stress scenarios, it is crucial to focus on the underlying physiological responses to
stress [109]. Such responses may include tree hydraulics, gas exchange, carbon allocation, growth, and
recovery from stress, among others. Additionally, it is crucial to evaluate the severity and timing of
stress/shading in crops to fully appreciate the effects of agrivoltaic systems.

The research conducted by Hartzell et al. [110] underscores the various mechanisms that plants
have evolved to contend with hydraulic stress. These mechanisms are contingent on the frequency
and intensity of the stress, as well as factors such as evaporative demand, which changes daily due to
fluctuations in temperature and vapor pressure, and soil moisture, which is influenced by seasonal
shifts in climate patterns and rainfall events that can have sustained effects lasting several days
[111,112]. To cope with these stressors, plants have developed a range of coping strategies, one of
which is transpiration, which is the process by which water moves from the soil through the plant and
into the atmosphere, following a decreasing water potential gradient. The flow of water through each
medium, such as soil, plant xylem (vascular tissue), plant stomata (microscopic pores), and atmosphere,
is dependent on hydraulic conductance and the water potential gradient across the medium. In most
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plants, water typically flows continuously from the roots to the leaves, where it evaporates into the
atmosphere through open stomata. Transpiration is often modeled using a steady-state water balance
assumption, whereby the flux of water entering the plant is equal to the flux leaving the plant, as long
as plant water storage is minimal. Under this assumption, transpiration is proportional to the product
of the plant’s water conductance and the water potential gradient between the soil and the leaf. The
work of Chopard et al. [113] has led to the creation of a sophisticated decision support tool that assists
in evaluating the health of crops grown under solar panels. This system comprises an integration of
three critical indicators - predawn water potential, canopy temperature, and carbon production - to
provide a comprehensive assessment of crop status. The system is thoughtfully designed to account
for the intricate interplay between crops and their environment, taking into consideration factors such
as panel orientation and crop growth stages. In addition, this advanced decision support system is
equipped with the capability to provide valuable recommendations on optimal agricultural practices
based on changes in solar panel configuration. The findings of Smith et al. [47] offer compelling
evidence supporting the integration of their study with diverse plant species to create multifaceted
agrivoltaic systems. Such systems possess the potential to revolutionize traditional farm design by
facilitating the implementation of efficient and customized agricultural practices that can adapt to
various spatial, agricultural, and environmental limitations. Furthermore, these compound agrivoltaic
systems can be implemented at a modest cost, rendering them a practical and economically feasible
approach for streamlining farming operations. In essence, this research illuminates a promising
trajectory for the development of sustainable and pioneering farming practices capable of surmounting
the challenges confronting modern agriculture.

5.1. Shading Factor

In designing an agrivoltaic system, an essential aspect to consider is the shading factor emanating
from the solar panels on the crops beneath. The degree of shading, expressed as a percentage, caused
by solar panels can significantly impact crop growth and yield. To calculate the shading factor, one
can conduct a shading analysis using either computer modeling software or physical measurements.
Optimal shading factors depend on various factors such as the panel orientation, tilt angle, height above
the crops, and crop type [114,115]. Typically, a shading factor of approximately 30% is considered ideal
for most crops [116]. Striking the perfect balance between maximizing solar panel energy production
and minimizing shading on crops is crucial in achieving optimal results in an agrivoltaic system.
Hence, a modern control adjusting the panel orientation and tilt angle, as well as the height above the
crops, can help regulate the shading factor and attain the desired balance.

A multitude of advanced computer modeling software programs exists for carrying out shading
analysis in agrivoltaic systems, which utilize intricate algorithms and mathematical models to simulate
the shading impacts of solar panels on crops. Notable among them are PVsyst [117], HelioScope
[118], SAM [119], and PVSOL [120]. PVsyst, a widely used program for designing and simulating
solar energy systems, incorporates a shading analysis tool that factors in various parameters such as
geographical location, orientation, tilt angle, size of the solar panels, and position and height of the
surrounding objects. Meanwhile, HelioScope, a web-based software program, employs a fusion of 3D
modeling and satellite imagery to develop a detailed model of the designated site and can generate
comprehensive reports and proposals for the system design. SAM, on the other hand, is a free software
program, created by the National Renewable Energy Laboratory, that can simulate the performance of
diverse renewable energy systems, including solar, wind, geothermal, and biomass systems. Finally,
PVSOL is a sophisticated software program created by Valentin Software, which utilizes a 3D model of
the site to simulate the shading effects of the surrounding vegetation and objects on the solar panels
and generates comprehensive reports and proposals for system design.

Shading analysis in agrivoltaic systems can also be carried out through physical measurements,
albeit they can be time-consuming and require specialized equipment and expertise. Among the
methods employed is the utilization of sun path diagrams, which graphically depict the sun’s position
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in the sky at various times of the year. Additionally, solarimeters can be used to measure solar
irradiance and the degree of sunlight blocked by a solar panel at different times of the day and year.
Shadow analysis can also be employed, whereby the length and direction of shadows cast by objects
are measured to approximate shading effects. Furthermore, on-site observations of the solar panel and
crops can be conducted to record the duration of crop shading by the panel. Nevertheless, despite their
accuracy, physical measurements can be inefficient, and computer modeling software presents a more
efficient and extensive analysis of shading effects, incorporating geographical location, orientation,
tilt angle, and size of the solar panels, as well as the position and height of surrounding objects. An
illustrative instance of this is the pioneering work of Bany and Appelbaum [121], who developed an
algorithm to determine the shading impact on a solar collector field across the course of a day and
to assess its ramifications for the design of the field. Their investigation revealed that the shadow
cast on a collector is influenced by various parameters, such as the height of the collector, row length,
inter-collector spacing, and latitude of the location. The equations they devised further account for
different types of solar collector fields, taking into consideration the levels of insolation, including
direct, diffuse, and global irradiance. In a study by Cascone et al. [122], a sophisticated calculation
procedure was developed to determine shading factors under complex boundary conditions. The tool
was designed to provide shading factor values for any oriented and tilted surface, taking into account
generic-shaped windows and external environment, including obstructions and vegetation. The
simulation is capable of running for various sky conditions and time frames, providing instantaneous,
daily average, or monthly average shading factor values. This state-of-the-art approach offers a
more accurate and comprehensive evaluation of solar heat gains, thus elevating the performance
and efficiency of energy assessment models. This study stands as a testament to the continuous
advancements in the field of agrivoltaics and the ever-increasing demand for cutting-edge research in
sustainable energy.

Moreover, recent literature has presented several studies that delve into the modeling and analysis
of photovoltaic systems and their performance under shading conditions, as well as their impact on
crop yield. For instance, Gilman et al. [123] comprehensively describes the widely-used SAM PV
model, which considers the electrical and thermal characteristics of the PV system and accounts for
shading and soiling effects. The model’s algorithms and parameters are presented in detail, along with
validation results against experimental data. Meanwhile, Prilliman et al. [124] conducted an empirical
study on the effects of shading on PV modules’ performance, which involved measuring the modules’
power output under varying shading conditions. They developed a model based on the experimental
data to predict shaded module performance accurately. Furthermore, Campana et al. [125] introduced
an optimization model that optimizes the performance of vertically-mounted agrivoltaic systems
with bifacial PV modules. This model comprises three sub-models that consider solar radiation and
shading, photovoltaics, and crop yield. The multi-objective optimization model allows for trade-off
exploration between various agrivoltaic performance indicators. Their results highlight the significant
impact of bifacial module row distance on the distribution of photosynthetically active radiation (PAR),
which directly affects crop yield. In addition, Zainali et al. [103] developed mathematical models that
precisely calculate shading factors for three different agrivoltaic system configurations. These models
accurately estimate the shaded beam and diffuse shaded horizontal irradiance at ground level, which
is crucial in assessing the agrivoltaic systems’ impact on crop yield.

Despite notable advancements in enhancing the efficiency of PV systems, they remain vulnerable
to a plethora of environmental and natural factors that impede their optimal functionality. These
include but are not limited to the accumulation of soil, salt, avian excrement, and snow on PV module
surfaces, leading to inefficiencies in their performance [126-129]. The introduction of particles onto
the surfaces of PV modules can result in a multitude of physical and chemical interactions, such as
the formation of hot spots [130,131]. The phenomenon of shading-induced soiling can be broadly
classified into two distinct categories, including the more benign form of "soft" shading, caused by
airborne pollutants, and the more severe "hard" shading, stemming from the accumulation of solid
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materials, such as dust, that obstruct the transmission of sunlight [128]. The effect of soft shading on the
performance of photovoltaic modules is limited to a reduction in the electrical current generated, while
the voltage output remains unaffected. In contrast, the extent of the damage inflicted by hard shading
is contingent upon whether the entire module or only a subset of its constituent cells are obstructed.
When only a portion of the cells are shaded, the module continues to produce electricity as long as
the remaining, unobstructed cells are exposed to solar irradiance, albeit with a decrease in voltage
output. The degree of dust buildup on the surface of photovoltaic modules exerts a notable influence
on the total energy output of said modules across daily, monthly, seasonal, and annual timeframes
[132-135]. Thus, the characterization of the accumulation of soiling on solar panels is determined by
two interrelated factors: the properties of the dust and the characteristics of the local environment
[130,136,137]. It is worth mentioning that certain soil patches, such as leaves, bird droppings, and dirt
patches, which obstruct only certain cells of a PV module rather than the entire module, may still have
a substantial impact on PV performance [138-140].

5.2. Surface Energy Budget

The surface energy budget and evapotranspiration are fundamental concepts in the study of the
Earth’s hydrological and energy cycles, as they are closely interrelated. The former refers to the balance
between the incoming and outgoing energy fluxes at the Earth’s surface, while the latter describes the
process of water transformation into water vapor and its release into the atmosphere. These complex
processes are modulated by a myriad of interacting factors, including atmospheric temperature,
humidity, wind speed, vegetation cover, and incoming solar radiation. Land surface models (LSMs)
are sophisticated computational tools that enable the representation of physical processes occurring at
the Earth’s surface, including water and energy fluxes, as well as the calculation of energy balance
[141]. LSMs accomplish this by accounting for the exchange of heat and moisture between the surface
and the atmosphere, as well as incoming solar radiation and outgoing longwave radiation. The
available energy for evapotranspiration is subsequently estimated based on this balance. The rate of
evapotranspiration is modeled by considering the transport of water through the soil, the uptake of
water by vegetation, and the transfer of water from vegetation to the atmosphere through transpiration.
The rate of evapotranspiration is determined by the availability of energy and the water supply at the
surface. The seamless integration of these complex processes through LSMs is indispensable for the
comprehensive understanding and accurate simulation of the Earth’s water and energy cycles.

The endeavor of modeling the surface energy budget and evapotranspiration entails various
approaches, each dependent on the specific research inquiry and the data availability. Land surface
models (LSMs) can be integrated into broader climate models to evaluate the interaction between
the land surface and the atmosphere and appraise the repercussions of climate change on the Earth’s
water and energy cycles. The Penman-Monteith model is another prevalent model used to estimate
evapotranspiration, based on empirical equations that incorporate weather data to evaluate the
rate of evapotranspiration [142]. It considers both the aerodynamic and energy components of the
evapotranspiration process and can be applied to a wide range of land surfaces, including natural and
agricultural ecosystems. The Priestley-Taylor model is an alternative to the Penman-Monteith model
and is used for simpler applications [143]. It assesses evapotranspiration based on the net radiation and
air temperature at the Earth’s surface, provided that the soil has enough moisture and the vegetation is
well-watered. The Shuttleworth-Wallace model is also used to simulate the surface energy budget and
evapotranspiration, based on the premise that the transfer of energy and water vapor from the surface
to the atmosphere is governed by a resistive layer of air at the surface [142]. This model integrates a
parameter that represents the resistance of this layer, dependent on variables such as vegetation cover
and soil moisture. The Simplified Surface Energy Balance (SSEB) Model is yet another model that uses
satellite data to estimate evapotranspiration [144]. It employs two essential parameters, the surface
temperature and vegetation index, which are measured by remote sensing satellites, and combines
them with the energy balance equation to estimate Evapotranspiration over large areas. This makes it
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particularly useful for applications such as irrigation management and water resource planning. The
Hargreaves-Samani Model estimates evapotranspiration using air temperature and extraterrestrial
radiation, making it a simpler model compared to others as it only requires temperature data and can
estimate evapotranspiration for areas where other input parameters are not available [145]. However,
this model has limited accuracy compared to more complex models that utilize additional parameters.
The Turc Model is another widely used model that estimates evapotranspiration using mean air
temperature, sunshine hours, and latitude [146]. It is valuable for assessing evapotranspiration in areas
where data is limited, as it only requires basic weather data. Nonetheless, like the Hargreaves-Samani
Model, its accuracy is limited compared to more complex models. Finally, the Blaney-Criddle Method
estimates evapotranspiration using mean daily air temperature and monthly mean percentage of
daylight hours [147]. This model is also relatively simple and requires limited data inputs, making it
useful for areas where other input parameters are not available. However, its accuracy is also limited
compared to more complex models.

The nexus linking surface energy budget, evapotranspiration, and solar farms derives from the
fundamental principles of energy balance and water cycle dynamics. The surface energy balance
on the Earth’s surface is upheld by the interplay of energy exchange between the surface and the
atmosphere [148]. Upon installation, solar farms can significantly modify the energy balance at the
Earth’s surface in multiple ways. Firstly, solar panels absorb a portion of the incoming solar radiation
that would have been absorbed by the surface otherwise. This occurrence may potentially reduce the
energy available for evapotranspiration, which may result in implications for local water resources and
the health of the ecosystem [149,150]. Additionally, the solar panels may alter the surface reflectivity,
which can influence the equilibrium of incoming and outgoing energy. This change can cause shifts in
temperature and patterns of atmospheric circulation, which can further affect evapotranspiration and
other surface processes [151]. The correlation between solar farms and the surface energy budget is
likewise impacted by factors such as the regional climate, vegetation coverage, and the design and
placement of the solar panels. For instance, in arid regions with scanty vegetation, the impact of solar
farms on evapotranspiration may be less pronounced than in humid regions with dense vegetation
[152]. Similarly, the placement and design of solar panels can influence the amount of energy that the
surface absorbs or reflects, which, in turn, can affect the local energy balance and water cycle dynamics.

6. Modeling and Control Strategies under Non-Uniformity Irradiation Conditions

Since the advent of PV modules, the phenomenon of partial shading has emerged as an inherent
predicament when uneven irradiation is cast upon these modules [153,154]. The solar module’s
exposure to shade results from an adjacent building in close proximity to the installation site.
Consequently, this partial shading scenario, coupled with the absence of an effective maximum
power point tracker, precipitates an annual average reduction in production of 20%. In such cases, the
power generation potential undergoes a decline attributable to the intrinsic resistors stemming from
solar cell physics. To counteract this issue, a commercially available safeguard in the form of a "Bypass
Diode" is integrated by the manufacturer. This diode is connected in parallel to the module’s terminals
and effectively prevents the dissipation of energy through the internal resistors within the photovoltaic
material [155,156]. Through the utilization of sophisticated modeling techniques and comprehensive
investigations, the challenges associated with PV panels operating under non-uniform irradiation
conditions have been extensively examined [154]. These studies encompass a broad range of practical
PV applications, such as developing mathematical models for PV fields experiencing partial shading
[157], exploring the reverse characteristics of solar cells [158], assessing the accuracy of PV models
[159], analyzing the generation of multiple power peaks resulting from partial shading [160], and
devising models to quantify power losses attributed to partial shading scenarios [161,162].

The pivotal role of power electronic converters in photovoltaic technology is indispensable for
optimizing the utilization of solar energy harnessed through panels. Given the varying voltage
levels and fluctuating power generation capacities inherent in photovoltaic applications, a stable
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output is essential to attain optimal plant performance. This necessitates the incorporation of specific
components, such as deep discharge lead-acid batteries for "Off-Grid" systems, or the synchronization
of alternating current and voltage levels with an "On-Grid" electricity network [156]. The meticulous
design of a photovoltaic system, encompassing the integration of all requisite features to address
underlying issues in solar cell physics, is of paramount importance in rendering photovoltaics a
viable solution for the energy industry. In the realm of solar energy conversion, algorithms known as
Maximum Power Point Trackers (MPPT) assume the responsibility of governing and orchestrating
the efficient operation of photovoltaic plants. The magnitude and caliber of power extracted from
the PV panels hinge upon the adeptness exhibited by these trackers across a wide spectrum of
illuminative conditions. As the characteristics of PV panels exhibit nonlinearity and are subject to
fluctuations induced by irradiation and temperature, a swift and adaptable response mechanism
becomes imperative for the system to thrive [154,155].

It is widely recognized that for PV cells connected in a series chain, harmonization of their
characteristics is imperative. This requirement arises from the fact that the operating points of cells
are determined by the load imposed on the string, with the series configuration enforcing a uniform
current flow through all cells. Even slight disparities in cell properties can result in cells operating
at divergent voltage points. This discrepancy in operating points engenders losses that undermine
the overall performance of the panel [154]. An increment in current magnitude induces a negative
(reverse) voltage across the shaded cell, rendering it a load rather than a power source. Consequently,
the output power derived from the panel diminishes substantially, as it is consumed by the shaded cell.
This dissipation of power can result in detrimental consequences for both the cell material and the
module encapsulation. By employing an equivalent circuit model to scrutinize the situation, it becomes
apparent that the equivalent diode within the shaded cell operates in reverse bias, necessitating the
current to traverse through the resistances. Such an effect may lead to physical damage in the form of
a "hotspot" within this particular cell [163,164].

To address the challenge posed by partial shading, the integration of bypass diodes in parallel
with the PV modules has proven to be an effective solution [165]. Typically, each diode is connected to
a cluster of cells. The bypass diode exhibits a rapid switching response when a slight negative voltage
is applied, contingent upon the specific diode type [154]. This negative voltage materializes when the
voltage of the shaded cell matches the combined voltage of the irradiated cells and the bypass diode.
While the integration of bypass diodes provides a straightforward remedy for partial shading, it is
not the most efficient solution due to the inherent drawback of energy loss from the shaded PV panel.
When a shadow swamps a panel, the corresponding bypass diode conducts, effectively diverting
the current away from the shaded portion. While this protective measure shields the shaded panel
from potential harm, it concurrently obstructs its ability to generate any power, resulting in an energy
harvesting shortfall [166-168]. Recent research efforts can be classified into five distinct categories,
each addressing specific facets of the problem at hand. These categories encompass Partial Shading
investigations, Bypass Diode Topology explorations, Field Tests scrutinizing real-world scenarios,
studies incorporating Artificial Intelligence methodologies, and the development of novel Mitigation
Techniques [169].

In recent studies, novel approaches have been explored to address the challenges associated
with shading, hotspots, and bypass diodes. Notably, research conducted by Pannebakker et al.
[170], Dhimish et al. [171,172] introduced innovative techniques such as smart bypass diodes and
metal-oxide-semiconductor field-effect transistor (MOSFET) replacements for conventional bypass
diodes. These alternative strategies have demonstrated remarkable efficacy in mitigating hotspot
formation and minimizing power losses. However, it should be noted that, like any emerging
technology, these approaches often entail higher costs. Field Tests, a pivotal category within the
research landscape, play an indispensable role in evaluating the performance of PV systems under
real-world conditions. The results obtained from such tests provide invaluable insights for researchers
and serve as a foundation for addressing key issues in PV system design [90]. However, it is important
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to acknowledge that conducting field tests can be costly compared to simulation studies and may
necessitate a longer time frame. Nevertheless, the analysis of field tests highlighted the essential role of
bypass diodes in ensuring the reliability of PV modules, despite their susceptibility to potential failures
that can result in power losses and the emergence of hotspots. Artificial intelligence techniques are
being increasingly employed in the field of PV systems. These techniques hold significant promise for
modeling and predicting the performance of PV systems, particularly in relation to shading, hotspots,
and bypass diodes. These studies have enhanced the detection of device faults, facilitated visual
inspections, and enabled the identification of shading in PV systems. Artificial intelligence serves as a
valuable tool, as it allows for early detection of potential failures that could lead to losses or system
damage [173,174]. However, it is important to recognize that there may be certain unforeseen scenarios
that were not accounted for during the training of the artificial intelligence models.

7. Research Gaps

Notwithstanding the extensive research that has been conducted on solar energy systems,
there remain several gaps in our understanding that necessitate further investigation to enhance
our understanding of the complex interplay between solar panel design, wind conditions, and
environmental factors, ultimately leading to more efficient and reliable solar energy systems. Several
areas of potential inquiry include comprehending the impact of varying wind conditions, turbulence,
gusts, and shear on the aerodynamic performance of solar panels. Moreover, the design and layout
of solar panels can substantially influence their aerodynamic behavior, necessitating meticulous
examination of different panel shapes, sizes, and layouts. Furthermore, the effect of varying levels of
roughness and surface properties on solar panel performance has yet to be fully comprehended. In
addition, exploring the impact of atmospheric factors such as temperature, humidity, pressure, and
airflow directionality on the aerodynamic behavior of solar panels is critical.

Wind tunnel experiments are an essential tool for examining the flow control of solar panels, as
they allow for controlled testing of design variables and environmental conditions. These experiments
offer several opportunities for improving solar farm design and performance, including gaining a better
understanding of aerodynamic performance, validating computational models, testing innovative
panel designs, optimizing panel placement and spacing, and developing advanced tracking systems
[8,175]. However, wind tunnel experiments encounter several challenges when simulating airflow
over solar panels. One primary obstacle is the scale of experiments, as wind tunnels are often limited
in size, making it difficult to match the size of large solar farms. Additionally, wind tunnel experiments
are conducted under controlled conditions that may not replicate real-world conditions accurately
[176-178]. Replicating the complex geometry of solar farms can also be challenging, with panels
mounted at different angles and orientations, and the presence of other structures and terrain features
impacting airflow over the panels. While wind tunnel experiments provide valuable insights into solar
panel aerodynamics, various factors can influence the accuracy of results, including wind tunnel type
and boundary conditions. Furthermore, further research is necessary to understand the long-term
durability of solar panels under various environmental conditions, such as UV radiation and moisture
exposure. Combining solar power with other renewable energy sources can create a more stable
energy system, and investigating the effects of different panel materials and coatings on solar panel
performance can provide more efficient approaches for enhancing endurance and productivity. Finally,
analyzing the impact of wind-induced vibrations on solar panel structural soundness can help develop
more robust solar panel systems capable of withstanding a variety of wind conditions, making them
more reliable and efficient.

Despite significant research on the benefits of agrivoltaics, several research gaps remain that
require further exploration to fully optimize this technology. Some of these areas include crop selection
optimization, assessing the impacts of climate change on agrivoltaic systems, determining their
economic feasibility, designing and optimizing the system, and ensuring social acceptance. One of
the research gaps in agrivoltaics is the need to optimize crop selection and placement within the
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photovoltaic array to maximize both electricity generation and crop yields. While agrivoltaics has been
shown to increase crop yields in some cases, the selection of crops and their location within the system
can significantly impact its overall performance. Furthermore, another critical area that requires further
research is the potential impact of climate change on agrivoltaic systems. Although these systems have
the potential to mitigate the impacts of climate change, their ability to sustain crop yields and energy
production under the effects of climate change requires further exploration. The economic feasibility
of agrivoltaic systems is also a vital research area. Despite their benefits such as increased crop yields
and reduced land use, their economic feasibility is not yet fully understood. Hence, further research is
necessary to optimize agrivoltaic systems for different regions and crops and determine their costs and
benefits. Additionally, designing and optimizing agrivoltaic systems, including the placement and
orientation of PV panels, the use of tracking systems, and the integration of energy storage, remains an
important research area. Finally, social acceptance is an essential consideration for agrivoltaic systems,
and further research is necessary to understand how farmers and local communities perceive them and
how to promote their adoption, given that they may require changes to traditional farming practices
and land use.

8. Conclusion

The review paper highlights the potential benefits of understanding the flow dynamics of
solar farms. The thermal efficiency of a solar farm is subject to a myriad of influential factors,
notably including the complex interplay of turbulence, wakes, and the atmospheric boundary layer.
Furthermore, the heat island effect and cloud impact are crucial determinants that significantly impact
the solar farm’s overall performance. Implementing agrivoltaic systems and shading factors offers
promising opportunities to boost the solar farm’s efficiency by mitigating the adverse effects of the
heat island phenomenon and optimizing the usage of available land. Additionally, to guarantee that
the solar farm operates sustainably and efficiently, a thorough assessment of its surface energy budget
is imperative. In light of these findings, ongoing research and development in this domain are pivotal
to the long-term viability and success of the renewable energy industry.

Although considerable research has been conducted on solar energy and agrivoltaic systems,
several research gaps remain that need further exploration to enhance the effectiveness, efficiency, and
long-term viability of these technologies. In solar energy systems, further investigation is required to
understand the complex interplay between wind conditions, environmental factors, and panel design
to optimize their aerodynamic behavior. Additionally, the durability of solar panels under various
environmental conditions and the impact of different materials and coatings on their performance
requires further examination. In agrivoltaic systems, optimizing crop selection, assessing the impacts of
climate change, determining economic feasibility, designing and optimizing the system, and ensuring
social acceptance are all vital areas of research. By addressing these research gaps, we can create more
efficient, reliable, and sustainable solar energy and agrivoltaic systems, contributing to the ongoing
expansion of renewable energy and sustainable agriculture.
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