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Abstract: The objective of this review paper is to provide an overview of the current state-of-the-art
in solar road deployment, including the availability of anti-reflection and anti-soiling coating mate-
rials for photovoltaic (PV) technology. Solar roads are built using embedded PV panels that convert
sunlight into electricity, which can be stored for later use. Prototypes of solar roads have been tested
on various continents, but the lack of suitable PV materials has limited their effectiveness compared
to conventional PV systems. By analyzing the existing literature on solar roads and PV materials,
including anti-reflection and anti-soiling coatings, we aim to identify gaps in knowledge and pro-
pose an action plan to improve the resiliency, durability, and reliability of PV panels in solar road
applications. This will enable the deployment of solar roads as a clean, renewable energy source.

Keywords: photovoltaic systems; PV solar roads; anti-soiling coating; anti-reflecting coating

1. Introduction

Developing renewable energy sources is one of the most pressing concerns in a world
where environmental challenges are recurring, and fossil fuel supplies are dwindling. As
a renewable energy source, photovoltaic (PV) technologies are superior because they are
energy efficient, reliable, and environmentally friendly [1]. However, currently, all tech-
nological efforts are not solely directed towards improving PV performance and solar
cells but also toward mitigating external factors that can adversely affect the conversion
efficiency of solar panels. The soiling of the PV modules is one of these factors. The dust
accumulation on the modules gradually diminishes the PV cover glass’ transparency over
time, eventually reducing the amount of energy produced by the PV modules [2]. An ex-
cellent demonstration of soiled PV modules compared to a clean one can be seen in Figure
1. According to the findings of a global techno-economic study, global power losses due
to soiling are projected to reach 4 to 7% by 2023 due to excessive PV deployment in pol-
luted regions [3].

Figure 1. PV system after one month of soiling at the Qatari QEERI Solar Test Facility [4].
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As opposed to other types of power degradation, a reduction in power loss caused
by soiling can be accomplished by cleaning the PV modules, and the degradation resulting
from soiling can be completely restored. However, repetitive cleaning will increase the
cost of operating and maintaining the PV modules, particularly in areas with limited ac-
cess to water and labor [5]. For this reason, a lot of effort is being put into optimizing the
cleaning strategies in a variety of approaches such as dry or wet, manual, or automated,
as well as the type of cleaning material used to clean. In addition, there are other mitiga-
tion strategies for reducing dust deposition using natural mechanics such as wind and
rain, as well as developing anti-soiling coatings to maximize the effectiveness of the clean-
ing process.

Solar PV panels are commonly made from crystalline silicon solar cells, which are the
most widely used type of PV module. CIGS (copper indium gallium selenide) and GdTe
(gadolinium telluride) solar cells are also used in PV modules. GaAs (gallium arsenide)
solar cells are another type of PV module, but they are not as commonly used as the others
because they are more expensive to produce [6,7]. Crystalline silicon solar cells are used
in a wide range of applications, from small portable devices to large-scale solar power
plants. CIGS and GdTe solar cells are typically used in smaller applications, such as port-
able solar chargers and building-integrated PV systems. GaAs solar cells are used primar-
ily in specialized applications, such as satellite power systems and high-efficiency PV sys-
tems [8]. The CIGS solar panels have several advantages over other types of solar panels.
For example, they are generally more efficient at converting sunlight into electricity than
other types of solar panels, including crystalline silicon solar panels. They are also thin
and lightweight, which makes them easier to install and integrate into buildings. Addi-
tionally, CIGS solar panels are flexible, which allows them to be used in a wider range of
applications than other types of solar panels. Finally, CIGS solar panels are made from a
combination of relatively abundant and inexpensive materials, which makes them less
expensive to produce [9].

When a solar cell is exposed to sunlight, it absorbs the energy from the light and
converts it into electricity. However, some of the absorbed energy is lost as heat, which
can increase the temperature of the solar cell and reduce its efficiency. This is known as
the “heat effect” on solar cells [10]. There are several ways to mitigate the heat effect on
solar cells. One common approach is to use cooling systems, such as fans or water cooling,
to remove the heat from the solar cells. This can help to keep the temperature of the solar
cells within a reasonable range and maintain their efficiency. Another approach is to use
materials with high thermal conductivity in the construction of the solar cells [11]. This
can help to dissipate the heat more effectively and reduce the temperature of the solar
cells. Overall, it is important to consider the heat effect on solar cells and take steps to
mitigate it to maximize their efficiency and lifespan. This can be done using cooling sys-
tems and high-conductivity materials, as well as other strategies such as optimizing the
design of the solar cell and selecting appropriate operating conditions.

Perovskite solar cells are a new generation of thin film solar cells that have attracted
significant attention in recent years due to their potential to offer high efficiency and low
cost [12,13]. Perovskite is a type of crystal structure that has unique optical and electrical
properties, making it well-suited for use in solar cells. Perovskite solar cells are made by
depositing a layer of perovskite material on a substrate, such as glass or plastic, and then
exposing it to light. The perovskite layer absorbs the energy from the light and generates
electricity, much like other types of solar cells. Perovskite solar cells have several ad-
vantages over other types of solar cells. For example, they can be made using solution-
based processing techniques, which are relatively simple and inexpensive. This makes it
possible to produce perovskite solar cells on a large scale at low cost. Perovskite solar cells
are also flexible and lightweight, which makes them well-suited for use in a variety of
applications. Additionally, perovskite solar cells have demonstrated high efficiency in la-
boratory tests, with some achieving efficiency levels above 20% [14]. Despite these ad-
vantages, perovskite solar cells are not yet widely used in commercial applications. This
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is because they are still in the early stages of development, and there are several challenges
that need to be overcome before they can be widely adopted. For example, the stability of
perovskite solar cells is a major concern, as they can degrade quickly when exposed to
light and heat. Additionally, there are concerns about the safety and environmental im-
pact of the materials used in perovskite solar cells [15]. Overall, perovskite solar cells are
a promising new technology with the potential to offer high efficiency and low cost. How-
ever, more research and development are needed before they can be widely used in com-
mercial applications.

2. Aim and Organization of this Paper

The purpose of this review is to present an analysis and summary of recent published
work on two key areas of photovoltaic (PV) applications: PV soiling and PV solar roads.
This includes a description of recent developments in mitigation, diagnostics, and mate-
rials selection for anti-reflecting and anti-soiling coatings for solar cells. The paper also
aims to summarize the current gaps in knowledge and outline exciting challenges in these
areas of research, including the deployment of solar roads. In addition, the review dis-
cusses existing techniques for inspecting PV solar panels, such as electroluminescence
(EL), photoluminescence (PL), and thermal imaging.

In this paper, we present our findings in the following manner. In Sections 3 and 4,
factors affecting PV soiling as well as state-of-the-art PV soiling mitigation and clearing
techniques are presented. Section 5 discusses the solar road deployment concept. Addi-
tionally, Section 6 summarizes all the concepts and ideas discussed in this paper. Finally,
Section 7 draws the main conclusions of this paper and outline future potential work.

3. Factors Affecting PV Soiling

As a phenomenon, soiling depends on various factors, including location, metrolog-
ical, technological, and climate conditions. Since dust deposits on the cover of the PV cells,
soiling can partially shade the cells, resulting in a substantial loss of power [16]. Several
factors have a significant impact on the soiling process, including:

(1) Tilt Angle: because dust particles tend to accumulate more on the horizontal surface
than the tilted angles, the effect of gravity will increase with the increasing tilt angle
[16]. In Figure 2, a contaminated PV module will suffer either reflections or absorp-
tion losses, however, when there is a greater angle of incidence than 0¢, there will be
a greater amount of reflection loss [17].

(2) Orientation: PV modules exposed to the wind will accumulate dust at a higher rate
than when they are facing the opposite direction with the wind blowing straight
down on them [18].

(3) Ambient Temperature: a recent study has found that temperature affects the viscos-
ity of the air, which affects the concentration of airborne particles. Therefore, when
the temperature decreases, the viscosity of the air will increase. This, in turn, will lead
to an increase in the concentration of aerosols in the atmosphere, resulting in a higher
soiling rate [19].

Absorption and Reflection
Losses due to soiling

S |\

PVModule PV Module

Higher Reflection
Loss due to soiling

/ Soil

Figure 2. Impact of the angle of incidence on a soiled module [17].

(4) Relative Humidity: an increasing body of evidence indicates that particles adhere
more easily to surfaces at high relative humidity [20]. An experiment that was carried
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out in Saudi Arabia in 2014 measured the adhesion strength between two different
flat silica and 48 um silica beads in different humidity levels. It was found that when
the humidity increases by at least 20% RH, it can reduce the PV module’s output
power by 8% [21].

(5) Characteristics of the site: Land features are considered by many to be a contributing
factor to increasing aerosol levels, which in turn increase soiling rates in that area
[16]. As human activity occurs throughout an urban area, the density of particles that
form the soil is influenced by the amount of human activity involved [22]. Addition-
ally, forests influence pollination processes through the pollen and dried leaves they
produce [23].

(6) Wind Velocity: In terms of the wind’s impact, there are two main aspects to consider.
One is that as the wind speed increases, it will cause the accumulation of dust to
increase [24]. In some papers, however, there has been an argument that with the
increase in wind speed, the panels will be cleaned against dust deposition if they are
originally oriented towards the wind movement [25].

(7) PV Technology: PV module degradation caused by soiling is mainly determined by
the type of PV technology. A study found that monocrystalline PV modules de-
graded by 20%, while polycrystalline PV modules degraded by 16% with a dust ac-
cumulation rate of 0.98 gm/cm? [26].

(8) Dust Properties: Depending on their chemical, biological and physical properties,
dust particles can display various characteristics. Due to this, the amount of dust that
will accumulate will differ depending on the properties of the surface. For example,
on a PV surface, small particles of dust can settle more readily than large particles
[27].

(9) Aerosols, fungi, and other contaminants: As a result of the absorption and scattering
of sunlight in specific wavelength ranges by atmospheric aerosols, solar energy ap-
plications experience significant spectral shifts [28,29]. In several studies, fungal
growth on solar panels and glass coupons aged at least 6 months has been shown to
contribute to soiling through biological growth, particularly fungal growth on the
surfaces of the panels [30,31] Furthermore, pollen behaves as a seasonal, local-scale
soiling agent. Pollen can build up on PV modules, especially near the lower edge of
the modules, reducing energy conversion [32].

4. PV Soiling Mitigation and Cleaning Techniques

A wide range of research is being conducted in soiling mitigation to develop methods
and techniques for reducing dust particles on the surface of PV modules. It is imperative
to perform periodic cleaning to recover the energy lost by dust. Despite this, environmen-
tal factors also play an influential role in dictating the frequency at which cleaning should
be performed [33]. As a result, many different techniques exist to remove dust from a
surface, including manual cleaning with water and labor or using robots, vibrating or
electrostatic machines, and so on [34].

Cleaning using manpower is a traditional approach to removing dust from the PV
surface, and if it is organized in a systematic way, it can be an efficient method since it can
be used to remove cemented dust to a great extent. As with any technique, there are some
drawbacks associated with it. The first is that the method requires a lot of water that can
be difficult to obtain, especially in places with scarcity of water. The second is that the
method requires a lot of labor which increases maintenance costs of the system [35].

Furthermore, among several passive cleaning techniques, robots are one of the tech-
niques that require a great deal of energy to operate. There are both contact and contact-
less devices, which are static non-pressurized systems requiring considerable water to run
[5]. Figure 3 shows different robots used to clean the PV surface of solar panels. In Figure
3a the robot is Gekko, which was manufactured by Serbot, located in Switzerland, and
used a combination of brush and deionized water to clean the PV surface. Figure 3b is the
Qasis robot from the SunPower company in America which works on the same principle
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as the Gekko robot. Figure 3c is Hector from the Sener company in Spain which requires
a truck to assemble. Figure 3d is the Paris robot, which is also from the Sener company.
There is a growing market for this type of technology, and it is expected that new modules
with more autonomy and less need for manual intervention will appear on the market in
the near future.

There are several cost-effective cleaning approaches for solar PV panels. One ap-
proach is to use mechanical cleaning methods, such as brushing or wiping the panels with
a soft cloth or brush. This can be done manually, using a ladder and other tools, or with
the help of specialized cleaning robots that can climb onto the roof and clean the panels
automatically. Mechanical cleaning methods are relatively inexpensive and can be effec-
tive at removing light dust and debris from the panels. Another cost-effective cleaning
approach is to use water to wash the panels. This can be done by spraying the panels with
water from a hose or pressure washer, or by using a water-fed pole system that uses pu-
rified water to clean the panels. Water washing is more effective at removing stubborn
dirt and grime from the panels, but it can also be more expensive and time-consuming
than mechanical cleaning methods.

Overall, the most cost-effective cleaning approach for solar PV panels will depend on
the specific conditions and requirements of each installation. In general, a combination of
mechanical cleaning and water washing can provide the best balance of effectiveness and
cost-efficiency. It is also important to regularly inspect and maintain the panels to ensure
that they are functioning at their maximum efficiency.

e

Figure 3. Robotic cleaning examples [5]: (a) GEKKO, from SEBROT AG; (b) SunPower Oasis, from
SUNPOWER company; (¢) HECTOR, from SENER company; (d) PARIS from SENER company.

An electrostatic concept has been developed utilized by an electrodynamic screen
(EDS) that is based on the particles moving because of the electrostatic reactions between
the dust particles, which can either be positively or negatively charged. Essentially, elec-
trodynamics is a set of parallel electrodes engraved on the PV material’s surface in a par-
allel pattern [36]. During the energization process of the electrodynamic screen, the elec-
trodes are energized by the current, which in turn will cause the electrode waves to
transport all the charged particles through the electrodes, as shown in Figure 4. Despite
this, it has been reported that this method can result in another form of fault in the PV
modules, known as potential induced degradation (PID). The PID occurs due to the



Energies 2022, 15, 9620

6 of 24

leakage of the current from the PV module to the surface because of applying the EDS
technique. It is worth noting that PID can also result due to failure in the PV inverter and
grounding issues in the PV assets [37].

Dust Particle Migration :>

<

l'.lcclnnl\nacl;)nc screen 0 O v D = O v A v O
[ & 9 0 09 U 00O 0o oo e v |
l L 22 |

Solar Panel Phased Electrodes

Figure 4. The working principle of electrodynamic screen [17].

As a self-cleaning technique, anti-soiling coating (ASC) is one that does not require
an excessive amount of energy for its performance. Ultimately, the ASC surface is made
as a transparent surface that has been developed based on hydrophobic and hydrophilic
characteristics as well as photocatalytic properties. As a result of the photocatalytic action
of the coating and its hydrophobic properties, the dust will be broken down by the effect
of ultraviolet radiation, and the dust will then be displaced by the spherical drops formed
by the coatings as they slide down the surface and displace the dust as shown in Figure 5
[38]. As an alternative, hydrophilic properties will cause water to spread over the surface
and sweep any dust with it [39]. As a result of the study, it was found that the soiling rate
decreased with coated surfaces when compared to uncoated surfaces by 0.53% and 0.59%,
respectively [40].

Figure 5. Coating mode of action: (Left) hydrophobic; (Right) hydrophilic, presented by [5].

Among the ASC techniques, sol-gel-based is the most popular and easiest to imple-
ment. Additionally, a key aspect of the adaptability of the sol-gel method is its ability to
integrate easily with other forms of fabrication, such as laser engraving and plasma tech-
nology [41]. A schematic that shows a complete overview of the process of making sol-gel
for the development of ASC can be seen in Figure 6. Different methods are available to
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test the performance and durability of coatings such as determining the performance
transmittance, the contact angle between the coating and the water, reflections, and so on.
Several methods can be used for testing durability of coatings, which include thermal cy-
cling, dump heat, ultraviolet exposure, abrasion test and so on, which are all based on the
standards of the International Electrotechnical Commission (IEC) [42].

Different approaches have been used to certify different ASCs for efforts involving
laboratory studies or outdoor studies which have lasted for days, weeks or even years in
order to evaluate the ASC’s performance with respect to its capabilities [43]. Yet, most of
those studies focus on a single ASC or have limited location tests since each ASC performs
differently in different locations.

Acid catalyzed sol Spin t"Oﬂﬁll_g

Pm}mon :
Catalyst S -
" c%%i o

\

l Dip coating
Sol Base catalyzed sol 4
— — i Dense film
Gelation/ f
L

Solvent ":S."-:‘-' Aging \\‘ Dc:;l::iou I Drying/
| s poaigs g
7 S P : b
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—

Figure 6. Schematic of some of the important sol-gel processes leading to various type of films/coat-
ings [41].

Several tests have been conducted to determine whether different ASCs degrade ap-
propriately as they age, and one of those tests was conducted in Denmark using two dif-
ferent ASCs: one per fluorinated silane layer, and the other hexamethyldisilane and func-
tionalized silica nanoparticles that were exposed outside for 24 weeks [44]. Analyzing the
ASC using SEM before exposing the silane layer ASC outside revealed defects, as shown
in Figure 7, which may cause premature failure and compromise its durability. Also, it
demonstrated a reduction in water contact angles (WCA) for the silane layer (2%) and
silica nanoparticles (5.2%), which had an impact on hydrophobicity [44].

In addition, ASC development is a major concern for all the world right now, but
there are three things that should be taken into consideration when developing different
ASCs:

e Itis expected that the ASC will have exceptional dust repellency.
e  ASC optical transmittance should be equal to or greater than solar cover glass.
e  The durability of an ASC should be similar to that of a solar PV panel (25 years).
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(c) (d)

Figure 7. SEM images of as-received coupons with A in: (a) planar view revealing surface defects
and (b) cross-sectional view showing the presence of voids, and B in (c) planar view, (d) cross-sec-
tional view showing no defect [44].

As a result of the complexity of the factors that affect soiling, it makes comprehend-
ing them more challenging because some of these factors have a double effect, both posi-
tive and negative. In addition, due to the fact that the effects are linked to one another, it
is challenging to consider each one separately. There have been many different cleaning
techniques developed over the last few decades. Still, it is hard to pin down the actual
performance of each method because the PV panels’ efficiency majorly depends on the
site’s conditions and environmental factors.

There is a growing amount of research taking place on new cleaning mechanisms, as
a result of which, there exists an underlying problem with using a cleanser, usually water,
to clean. Due to their anti-static properties and potential photocatalytic capability, ASCs
are often capable of extending the time between cleaning, which is particularly advanta-
geous in cases where water conservation is required. Despite this fact, in dry weather and
high temperatures, ultraviolet and extreme temperatures also cause degradation to the
coating. Furthermore, it is always imperative to add water in order to enhance the coat-
ing’s performance, regardless of whether the coating is hydrophobic or hydrophilic in na-
ture. Although implementing techniques that require almost no water to be used can also
be an intriguing direction to follow, it is virtually impossible to achieve the same level of
cleanliness without using a liquid cleaner at some point in the process. Therefore, using
improved cleaning techniques with less water consumption would be the most feasible
solution. Despite the fact that there are various types of ASC, there are still a limited num-
ber of materials that can be used to develop them.

In spite of the fact that there are different kinds of cleaning methods and techniques
that are used for soiling, every method and technique has its own limitations, meaning
that no one of them is superior to the others. Figure 8 summarizes some of the key chal-
lenges that different cleaning methods face.
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Figure 8. Summary of key challenges of PV anti-soiling methods.

5. PV Solar Roads

Anti-soiling methods, such as coating the PV panels with anti-reflection and anti-
soiling materials can also extend the reliability and durability of the panel, and therefore,
this would improve the resistance of the solar cells towards cell cracking, hot-spots, and
other structural issues when being placed in the concept of a “solar road”.

The solar road concept was first developed by American engineers Scott and Julie
Brusaw [45]. Due to the insufficient land resources and the high cost of land, PV technol-
ogy faces one of the greatest challenges in its development and it is necessary to find an
alternative method to mitigate this problem and make it viable. One of the most efficient
ways is to install PV panels on roads [46]. As far as the feasibility of solar roads is con-
cerned, it is determined by two factors, the first of which is that countries rich in solar
energy are also those with highly developed roads, and China is one of the best examples
of this [47]. Secondly, keeping PV technology innovative has led to a decrease in installa-
tion costs, which must keep decreasing [48]. As a result of these driving factors, solar roads
are considered to be a promising solution [46]. In addition, solar roadways have the ability
to support some of the roads’ basic functions, such as street lights and traffic lights [49].

The Netherlands built the world’s first solar bicycle path in 2014, while France con-
structed the world’s first solar road in 2016 [50]. In addition, based on the analysis of the
solar bicycle path, it was found that power degradation was as high as 8% compared to
normal solar PV panels, which was caused by the tilt angle as well as the high operating
temperature of almost 89 °C, which means every 1 °C increase in temperature results in a
power degradation of 0.5% [51]. There have been numerous countries that have started
implementing solar road projects. In Jinan City, China, nearly 8800 square meters of solar
roads have been constructed, which have the potential to generate almost 1000 kWh of
power a year. Also in Georgia, in the United States, 29 km of solar roads are expected to
generate approximately 1280 kWh of power per year [46].
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The solar road is composed of three different layers as shown in Figure 9. The top
layer consists of transparent concrete infused with light-absorbing compounds that enable
it to transmit sunlight into the PV cells at the bottom layer of the road [52]. In the central
layer of the design, there is a PV panel layer that is coated with silicon film to provide it
with support in the event of traffic pressure [53]. As well as this, there is an insulation
layer on the bottom of the panel, so that the panel is kept away from the wet soil around
it [54].

Considering the fact that most solar road PV panels are required to have a durability
of 25 years, and this time frame is very long, it is necessary to perform a simulation test in
the lab by comparing two different solar road cells mounted and unmounted, and then
compare the degradation of both based on the short circuit current Isc, the open-circuit
voltage Voc, and the fill factor FF.

Transparent
Shield Cover

Solar Panel

Figure 9. Schematic diagram of the pavement solar box [54].

To verify the solar road’s reliability and inspect its performance, not only I-V and P-
V curves are to be measured, but also several inspection methods must be considered, i.e.,
electroluminescence (EL) [55-58], photoluminescence (PL) [59-63] or drone/in-suite ther-
mal images [64—66].

As one of the methods to detect cracks in PV cells, EL is the most widely utilized and
reliable methods available [55]. As shown in Figure 10a, forward biasing mode is used in
the solar cells, whereby a current is produced that can create an excited state for the solar
cells on the connection band. From there, an EL image can be obtained [56]. In addition to
the fact that this method is feasible for small-scale PV cells, it can also be applied to large-
scale PV cells [57]. It is recommended that the EL setup be placed in a pitch-black room or
to take the EL images at night to avoid colliding the EL waves with any other form of light
[41]. Images of the cracked cells should be taken using cooled charge-coupled devices
(CCDs) [58]. To perform the EL procedure, the examined solar cell should be in the for-
ward bias condition to generate infrared radiation, producing EL waves that have a wave-
length between 950 and 1250 nm [56].

The PL method is another way to solve the problem of crack detection, where silicon
wafers are used on a medium or large scale [59]. To achieve this phenomenon, as shown
in Figure 10b, luminescence and its electronic interaction are used between the states of
the carriers, namely excited and equilibrated when reverting to their original conditions.
Hence, the luminescence that results when extra carriers are induced by photoexcitation
is known as photoluminescence PL [60]. The imaging of PL is contactless and straightfor-
ward to implement, making it a convenient way to determine all relevant parameters of
solar cells in a concise period [61]. Like the EL, the PL can also provide all the necessary
details pertaining to the degradation of power generated by the PV cells, such as bypass
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diode failure, potential induced degradation (PID), series resistance effects, and so forth
[62]. However, as a drawback, this method is expensive due to the use of a costly detection
camera, and it is also possible for the irradiation light to damage the PV cells during the
imaging process [63].

Inspecting a single PV system is more manageable than looking at a large PV instal-
lation with thousands of PV modules to be examined. This is where drone-based thermal
imaging is employed to simplify inspecting solar assets [64]. An intelligent drone
equipped with a wireless thermal camera can take pictures during flight, storing them
and allowing later inspection of the images, as shown in Figure 10c [65]. However, despite
the advantages of this system, there is a drawback in that it is manual labor intensive, and
the system needs to identify the exact location of the faults, so the whole inspection pro-
cess is delayed [66].

ot

:

(b) o T

Figure 10. Solar cell inspected under three different industrial inspection methods: (a) EL, (b) PL,
(c) thermal.

We have conducted a pilot study to investigate the cracks initiated in two solar roads,
as shown in Figure 11a. In fact, we have taken the I-V and P-V curves for the panels as
well as the EL image when operated under the “road” condition. The I-V curves were
taken using Seaward PV200 electrical testing equipment, with a curve resolution of +2%.
The EL images were taken using the EL testing equipment shown in Figure 11b. Further-
more, the EL image was taken by using a digital camera that had a resolution of 6k x 4k
pixels with a lens that covered a range of 18-55 mm and was connected to PV cells by
power supply for biasing functions that were carried out under short circuit conditions.
The examined solar panels have the following electrical parameters,

Voc = 0.66V
Isc = 45A
Vmpp = 059V
Impp = 42A
Power = 248 W
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Figure 11. PV solar road tested in a public path at the University of York: (a) Picture of the solar
panels, (b) EL imaging setup.

On day one, for both PV modules the cells have a homogeneous distribution of EL
intensity and no cracks can be seen. The cells, however, have been impacted by major
cracks after only being in the field for 30 days, resulting in significant power losses.
Consequently, we have taken the I-V curve for days 1 and 30 with solar irradiance of 760
W/m2 and temperature of 16 degrees, as seen in Figure 12b. The Voc and Isc of PV
module#1 decreased by 29.5% and 3.2%, respectively. Under the same operating
conditions, the panels produce 1.94 W at day 1 compared with 1.58 W on day 30 (power
loss = 18.5%). The PV module#2 suffered greater losses in both Voc and Isc with 36.1%
and 11.36%, respectively, for a total loss of 51.3%. Based on this result, we confirm our
earlier review of solar road that further durable PV panels are needed and that anti-
resistance materials for solar cells need to be improved.
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Figure 12. PV solar road: (a) Obtained EL images of the solar panels on day 1 and after 30 days of
installation. The EL images were taken during night-time at short-circuit conditions, and the irradi-
ance level at 0 W/m? and the temperature at 16.3 °C, (b) Measured I-V curve for both PV modules.

Several tests have been performed to verify the durability and reliability of PV mod-
ules before deployment on the roads since temperature and humidity are the major factors
contributing to power degradation during the field installation. Most of the tests are con-
ducted in a laboratory with the aid of various methods, such as thermal cycling (TC), to
check the effect of temperature, and damp heat (DH) to test the impact of relative humid-
ity. In the DH procedure, the PV modules are subjected to a temperature of 85 °C and
relative humidity of 85 % for 1000 h in the climatic chamber. In contrast, the TC test is
performed according to IEC 61215 by fast changes in the PV module’s temperature from
85 °C to —40 °C. For example, in one of the recent studies carried out, comprehensive re-
search was conducted regarding the failure and degradation of PV modules mounted on
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concrete slabs when subjected to TC stresses. This work is one of the only works so far
demonstrated in the literature. As shown in Figure 13, a 1540 cm? monocrystalline PV
module was divided into two sections, the first with PV modules mounted on concrete
slabs and the second without them, to compare degradation results [67]. It was placed in
a chamber regularly maintained between —40 °C and 85 °C by automatic control.

Figure 13. Optical image of photovoltaic (PV) modules inside the thermal cycling chamber [67].

EL images were used to detect the cracks caused by the TC stress. There were differ-
ent cycles of thermal use for the PV modules without a concrete slab, as shown in Figure
14, and the PV modules” brightness did not diminish until cycle 40, when there was a
noticeable decline in brightness. This was caused by the extreme temperatures that were
present during the test, which caused the electrical connections to become stressed, result-
ing in thermal fatigue, which in turn increased the series resistance, which ultimately led
to the degradation of the power output. On the other hand, PV modules that are attached
to concrete slabs also showed the same dark areas as the PV modules that are not mounted
on concrete slabs. Still, the dark areas were not as spectacular as the ones without concrete
slabs, as shown in Figure 15. It can be observed that fewer cracks were created in the PV
modules with concrete.

Furthermore, it was shown that the impact of TC is not significant with concrete PV
modules, and it can be demonstrated that the temperature of the PV module can be sig-
nificantly reduced by using concrete and the durability of the PV modules. EL image in-
spection is one of many ways to inspect the comparison. Still, other performance param-
eters can be compared, such as maximum power, short circuit current, open-circuit volt-
age, and conversion efficiency with the thermal cycle.
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Figure 14. EL images of PV modules without concrete after various thermal cycling tests (0, 40, 80,
120, 160, and 200 cycles) [67].

TC_O TC_80

TC_120 TC_200

Figure 15. EL images of PV modules with concrete after various thermal cycling tests (0, 40, 80, 120,
160, and 200 cycles) [67].

In the solar road literature, there are a limited number of tests have been performed
for PV modules that can be mounted on roads [68-70], and most current research focused
on experimental laboratory work. Currently, limited tests have been conducted outside,
which constrains the amount of literature that is now available in this field. There is no
doubt that this concept has a very bright future since it can mitigate the problem of insuf-
ficient land resources, but more research needs to be carried out on it, in light of the fact
that the majority of the countries that have developed solar roads are facing significant
challenges.

PV modules that are durable, resistive, and crack-free are another constraint of de-
ploying solar roads. The reliability of solar cells has been studied in several studies re-
cently [71-73], but it has not been tested under “solar road” conditions. Further, we have
demonstrated that coating solar modules improves their resistance to environmental con-
ditions and reduces degradation. In spite of this, there are currently only a handful of
research papers studying coatings that can be used to improve solar cells” durability. The
future may hold a lot of potential for further research in this area.
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The deployment of PV modules in the solar road concept is also hindered by inactive
bypass diodes and soldering mismatches. For example, Figure 16A shows a PV module
with inactive bypass diodes increasing the surface temperature of the sub-string and as
evidenced by the EL image, a complete inactive EL exposure in the module. As a result,
the module output power can be reduced by one third. According to a recent study [74],
a suitable procedure was demonstrated to fix soldering, hot-spotting, or bypass diode fail-
ures, as shown in Figure 16B. As a first step, it is necessary to disconnect the PV module
electrically, and then remove the back sheet to re-solder the mismatched location or re-
pair/replace the bypass diode.

Among the challenges of the solar road is that the PV panels must be positioned hor-
izontally on the surface of the road, which is not an optimal angle for capturing sunlight.
This means that the panels will not be able to generate as much electricity as they would
if they were tilted at an angle that is more favorable for sunlight exposure. Additionally,
shading from buildings, trees, and other obstacles can reduce the amount of sunlight that
reaches the PV panels, further reducing their productivity. Another challenge is that soil-
ing, and cleaning efforts can be difficult on PV solar roads. The panels are exposed to the
elements and can easily become covered in dust, dirt, and other debris, which can reduce
their ability to generate electricity. Cleaning the panels regularly would be necessary to
maintain their efficiency, but this would be difficult to do on a large scale. Additionally,
the use of water and other cleaning agents on the road surface could pose environmental
and safety concerns. Overall, PV solar roads face several challenges that must be ad-
dressed to make them practical and efficient. These include the need to position the panels
at an optimal angle, the impact of shading, and the difficulties of soiling and cleaning
efforts.

65.7 °C Thermal Image
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N string
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Figure 16. Thermal vs EL images of PV module affected by inactive bypass diode. PV module test:
(A) Thermal vs EL images of PV module affected by inactive bypass diode, (B) Procedure for sol-
dering and bypass diode fixing proposed by [74], the process as shown in the figure is as follows,
(a) to accurately mark the punch location on the RSB hotspot part, shine a light source from the
bottom of the part, (b) remove the back sheet and EVA of the part using a specially manufactured
iron, (c) use tweezers to remove the carbonized EVA around the bus bar and the interconnector
ribbon, and ensure that it is sufficiently dry at room temperature, (d) apply flux and re-solder the
area using additional solder, and remove the solder smoke. Instead of using the lamination process,
fill the re-soldering part and the part from which the EVA was removed with a silicon resin to insu-
late the soldering part, (e) allow the resin to dry at room temperature in a well-ventilated place to
remove the organic solvent, (f) apply a sealant for the PV module to the junction box of the PV
module and the insulation inside the box, and finish with tape made of the same material as the
back sheet.

6. Discussion

There are many factors that need to be taken into account when it comes to develop-
ing ASC/ARC materials, such as the material and its structure, as well as the optical per-
formance and the cost efficiency, in order to get clear picture for the overall process.

Among the materials considered in the ASC/ARC, there are several different classes.
For example, a silicon-based coating might be considered, or perhaps a metal-based, such
as Au, Ag, or even metallic coatings like TiOz. Additionally, it could also be made up of
metal oxides like TiOz, as shown in Figure 17a,b. Aside from that, it could be made from a
metal fluoride or sulfide, such as MgF2, ZnS, or even a polymer like polystyrene. For most
research studies, it has been found that silica, TiOz, SiOz2 and ZnO are the most commonly
used materials for ASC/ARC, and each of these materials enhances the multifunctionality
of the PV system. For example, TiO2 improves photocatalysis efficiency, while MgF- coat-
ings enhance hydrophobic properties, and so forth, and all of it depends on it is fabrication
in order for it to be as multifaceted as possible.

The coating material and fabrication technique are equally important when it comes
to cost estimation. Nevertheless, a point is lost when producing an ASC/ARC that has
desirable characteristics while being extremely expensive. Although AR coatings have
primarily been manufactured in a cost-effective manner, a number of studies have shown
that manufacturing performance-enhancing coatings in a cost-effective manner will have
a significant impact on the field of photovoltaics. Additionally, multifunctional coatings
are of great interest and are much needed, but there is a limited number of materials that
can perform both functions simultaneously, since using two layers with different func-
tions can degrade the light transmittance to the PV surface.

Even though ASC/ARC have excellent performance for the PV surface, the main
drawback is that this material degrades with prolonged exposure and therefore is an im-
portant parameter to take into consideration when designing PV surfaces. However, there
are only a few studies in the literature that provide an analysis of its degradation. It can
be determined whether the coating of the ASC/ARC will be durable by how it responds
to outdoor environmental conditions, such as temperature exposure and UV exposure, and
it is therefore necessary to carry out experiments on all coatings in order to determine
whether the coating will be able to withstand outdoor environmental conditions in the fu-
ture.

As part of the optical performance of ASC/ARC, the most important parameters to
consider are the transmittance and reflection of the coatings, which describe the ability of
the coatings to capture light. Moreover, it is found that in most of the research reviews,
transmittance exceeds 90%, and reflection is below 10%. Even though the majority of them
have excellent transmission and reflection characteristics, it is not sufficient for them to be
chosen as the best coating due to their high transmission and reflection properties. We
compared the current literature for the available ASCs and ARCs, and created Table 1
with the results to see if any emerged as more favorable options. It was found that there
is not sufficient knowledge available about each coating, and that there are missing data,
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such as reflectance percentages and transmittance percentages; nor is there enough data
available in the literature on the life expectancy for the majority of the coatings, which
makes it impossible to determine which among them may be superior. For the develop-
ment of coatings to advance, this situation will need to be improved.

Various solar roads have been developed so far, with the most popular ones found
in the Netherlands, France, and China, and the common component between all of them
is either tempered glass or resin, which can be used as a transparent surface. All of these
systems were built on top of concrete slabs, which serve as a barrier between the ground
and the PV systems, that were prefabricated at various locations and then transported to
the site without any civil works having to be done. However, as for the surface of the solar
roads, there are many different methods that have been developed, such as a semi-trans-
parent surface made of glass aggregates bonded together with a transparent polyure-
thane; however, their main drawbacks are that they reduce transparency and of friction,
as well as attracting dust, which makes regular cleaning necessary.

(a) (b)

Figure 17. Materials selection: (a) currently available anti-soiling materials [75-80], (b) currently
available anti-reflecting materials [81-86].

A major challenge for solar roads is the high temperatures associated with the PV
panels being placed inside the ground. Since this causes a loss of power, a water pipe
system [49] placed in the ground has been proposed, which has been mathematically val-
idated but has not yet been implemented. So, there is still room for improvement in the
temperature challenge, and more research needs to be done before it can be solved. In
addition to the first challenge, another of the challenges of the solar road is the fact that
solar panels are not usually put on a tilt angle and are usually placed on flat surfaces,
resulting in a power deficit compared to solar panels on roofs which face an angle.

Table 1. Comparison of various ASC/ARC coatings.

ASC/ARC Materail ~ Reflectance %  Transmitance Fea51b111t¥ and Cost- Durability Reference
Effectiveness
; Cost-effective,
TiOz Less than 3 As-yet unkown As-yet unkown [87]

manufacturing in large scale
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Cost-effective method and Mechanically and

MgF: As-yet unkown 97.03 simple technique environmentally [88]

stable
ZnO 1.4 As-yet unkown Lab-preparable and cheap  As-yet unkown  [89,90]
Efficacious and rapid
Polystyrene 4 As-yet unkown fabricatiom As-yet unkown [91]
SiO:z and TiO: (double As-yet unkown 977 Durable and resitve against Facile a'nd élmple [92]
layer) temperature and fabrication

Due to the large number of PV panels that need to be installed, solar roads are more
expensive up front than conventional roads. However, they pay off in the long run, since
they serve both functions, allowing traffic to use them while making energy at the same
time. From Table 2, it can be seen that most solar roads that have been developed require
millions of dollars to build, and there are challenges involved.

Table 2. Summary of currently available solar roads.

Location and

Year Area Cost Material Image of PV Setup Refrences
70 m long and
Iign‘;vriiiig A1 cm thick layer of
2014 North " £1,300,000 thick glass is placed on ¥ [93,94]
Holland, The top of fabricated slabs
Netherlands
Road in the Polymers and resins
i he cell ki
2016 countryside, £4,300,000 coat the cells, making [93,95]
Normandy, them transparent and
France, 1 km resistant to traffic.
The top is concrete
permeable to light, the
~1.1 km i iddle is thi
2017 SLlkmin gy 50000 muddleisthin [93,96]
Jinan, China amorphous silicon

panels, and the bottom
is waterproof insulate.

While most countries still consider the possibility of changing conventional roads to
solar roads, such as the American dream, it is estimated that implementing it will cost
USD 56 trillion [97] in the long run. The panels are most effective when exposed to direct
sunlight, which is the case for solar roadways that lay flat. If a solar panel is laid flat, it
will produce 60% less power than if it were facing direct sunlight. The environment
around it further limits the already limited amount of energy available. Despite not being
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driven over, flat panels are also more prone to shading. It is possible to reduce power
generation by 50% by shading over just 5% of the surface of a panel. In addition to being
covered in dirt and dust, the panels would need significantly thicker glass in order to
withstand the weight of traffic, which will further reduce their light-absorbing ability.
Without considering the constant wear and tear that the panels will endure for the dura-
tion of their lifetime, the panels are at a disadvantage [98-102], which indicates that fur-
ther research and application of solar concepts are necessary to address the current lack
of knowledge in this area.

7. Conclusions

Not only can solar pavements help develop new clean renewable energy, but they
can also be used for a wide range of energy conversion applications, such as traffic engi-
neering technology, intelligent road equipment, and electric vehicle power. To achieve the
“carbon peak” and “carbon neutrality” goals, we must find a sustainable balance between
limited resources and social and environmental needs. The following main conclusions
can be drawn from the literature-related work and the case study:

o  There are three layers in the solar pavement structure: the translucent layer on top,
the photovoltaic layer in the middle, and the protective layer at the bottom. The three
layers of the solar pavement must be coordinated for it to function normally. Solid
plate and hollow plate structures are the most widely used structures for solar pave-
ments. There is no fracture failure risk with the solid plate structure, as it has good
bearing capacity and stability, but the panel is flat, and the high-efficiency monocrys-
talline silicon cell cannot be used. A fracturing failure of the battery panel is not a
problem for the hollow plate structure, and the angle of placement can be adjusted.
Nevertheless, hollow plates require more packaging technology and water-resistance
and drainage capabilities.

e By using solar pavements, smart pavements can be powered sustainably, renewable
energy sources can be decentralized, power lines can be avoided, and energy losses
can be avoided, smart transportation and electric vehicles can be developed, road ice
and snow melting is effectively reduced, greenhouse gas emissions are reduced, ur-
ban heat island effects are mitigated, and jobs are created while fuel/energy con-
sumption is reduced in the project or nearby buildings. Testing projects have not sur-
vived or been as durable as expected due to traffic loads, degradation of material
performance, and environmental factors (temperature, humidity, dust). Solar pave-
ments that can withstand traffic loads while generating efficient electricity do not
exist at present thanks to a lack of suitable technology. There are still challenges to
be overcome when it comes to structures, materials, and collection circuits.

e Based on a sample analysis of two PV modules in a solar road system, it has been
found that the output power can degrade by at least 18% even in its first 30 days of
operation without considering any coating device and sub-layer of the panels. The
reason for this is due to the solar cells” low resistance to heavy loads and continuous
pressure causing massive cracking and breakdown. Hence, the surface of the road
must be sufficiently rough to meet the requirements of skid resistance, while it must
also be sufficiently smooth to allow good light transmission. Therefore, a balance
should be made between the light transmission effect and skid resistance of the sur-
face due to the apparent contradiction between skid resistance and light transmit-
tance.

e  There are several factors that affect solar pavements’ ability to generate power, in-
cluding location, climate, and uncertain factors such as environment and traffic. To
adapt to changing operating conditions, further research can optimize solar pave-
ment circuit designs based on the characteristics of the road environment, thereby
increasing the flexibility of load management by enabling the solar pavements’
power generation to meet the demand of the load. Furthermore, appropriate energy
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storage technology can be developed to ensure that the solar pavements can meet the
load demand. The cell coating elements also need to be backed up by appropriate
circuit design.
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