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The main goal of this paper is to review the most important methods previously developed to enhance the efficiency and increase
the lifetime of photovoltaic panels. The methods to increase the solar radiation incident on photovoltaic panels, as well as the
cooling and the maximum power point tracker methods, are concisely presented in this paper. The pros and cons analysis
reveals that the methods to enhance the power generated by the photovoltaic panels are strongly dependent on geographical
location, climatic conditions, and the materials used. This review paper is also of interest for engineers who attempt to identify

the most adequate solutions to maximize the energy output of photovoltaic systems for each location.

1. Introduction

The electricity demand has greatly increased in recent years
due to economy and population growth in developing coun-
tries, a gradual rise in comfort levels in well-developed coun-
tries, the demand for more goods and services, and the
increase in the number of electric vehicles for public trans-
portation and electric cars [1]. India’s energy demand will
increase the global one with 30% and only a part of the Chi-
nese industry will increase the electricity demand with 20%
by 2040, according to the International Energy Agency [1].
The increase in electricity demand leads to rising levels of
pollution. This can be prevented if the electricity is produced
by using renewable energy.

The photovoltaic systems (PV) which convert the solar
energy in electric energy are the most important systems
from the renewable energy ones. The added solar PV capacity
worldwide in 2017 was 98 GW, and the total installed PV
capacity by the end of 2017 was 402 GW [2].

The electric power generated by the photovoltaic panels
can be increased if their efficiency is enhanced. Moreover, if
PV lifetime is also increased, the total amount of the electric-
ity generated is further grown.

The efficiency of the most important photovoltaic
panels varies from 10% to 38% if the photovoltaic cells
and panels are measured under Standard Test Conditions
(STC)—air mass (AM) 1.5, temperature 25°C, and irradiance
1000 W/m?. The comparison between the most efficient pho-
tovoltaic cells and PV panels is presented in Table 1. The effi-
ciency of the PV panels is smaller than the PV cells used for its
construction. In the case of aSi, the difference is very small,
while for Perovskite, it is high, this being explained by the fact
that the technology is still young. The Perovskite cell is a
promising candidate for a very good efficiency as well as the
multijunction cells. Thus, one way to increase efficiency is to
find new proper materials to make better photovoltaic cells.

In order to ensure the necessary energy amount, the max-
imum power (P,,,) generated by the photovoltaic panels has
to increase. This can be achieved by the production process
following the research results and through extrinsic methods
which are the topic of this paper because the panels’ users can
bring improvements. For the first type issue, an example is to
maximize the active area of the photovoltaic cells. The Max-
eon third generation photovoltaic cells have fingers and bus
bars, which have been moved from the front face on the back
one; thus, all contacts are on the back of the cell. Thus, the
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TasLe 1: Efficiency of the PV cells and panels measured under STC [3].

Efficiency (%)
Material mSi a-Si/nc-Si GaAs CIGS Perovskite CdTe InGaP/GaAs/InGaAs
PV cell 26.7 [4] 12.7 [5] 29.1 [6] 22.9 [7] 209 [8] 21.0 [9] 37.9 [10]
PV panel 24.4 [4] 12.3 [11] 25.1 [12] 19.2 [13] 11.6 [14] 18.6 [15] 312 [16]

entire front area is active. The energy generated from the
Maxeon photovoltaic system is higher by over 30% than
other photovoltaic systems for the same area used during
the last 25 years [17].

For this study, it is important to identify, describe, and
discuss pros and cons of the methods and their results to
enhance the performance of existing photovoltaic panels in
work environment. The parameters of the photovoltaic
panels are given after their testing in STC conditions, which
are very rarely reached in real conditions. It is important to
add something to obtain the maximum power specified by
the producer or to exceed this amount.

The maximum power generated by the photovoltaic
panels increases with the solar radiation which falls on them.
This issue can be solved by using sun tracker systems [18-
20], which reflect the solar radiation on photovoltaic panels
[21, 22] and solar concentrating systems [23]. All these solu-
tions cause other problems which have to be solved in order
to obtain real improvements. One of the most important
problems is that the temperature of the photovoltaic panels
increases with the irradiance growth, and in concentration
systems, the acceptable functioning temperature for photo-
voltaic cells is very easily exceeded especially for high concen-
tration rates [24, 25]. The maximum power generated by the
monocrystalline silicon cell decreases with around 0.45%/°C
[24], and the lifetime also decreases [26]. The cooling
methods, passive as well as active ones, are used to reduce
the temperature of the photovoltaic cell. The uniformity of
the temperature on the photovoltaic panel surface is very
important for the PV to work properly, and the cooling
methods must ensure this. Another problem that arises is
whether the cooling method is sustainable from the eco-
nomic perspective. Does the additional energy generated
due to the cooling system used cover its extra cost? The extra
lifetime of the photovoltaic panels, ensured by the cooling
system, is important to be taken into consideration, also from
the economic point of view. Therefore, the cooling system is
absolutely necessary for the photovoltaic cells in concen-
trated light systems.

It is also very important to use all the power which can be
generated by the photovoltaic panels to enhance the perfor-
mance of the system, and thus, the use of the maximum
power point tracking (MPPT) becomes a necessity.

Other factors which can have negative consequences for
the PV panel energy output are dust, shade, humidity, wind
speed, direction, and tilt angle [25].

The paper is structured in five sections, as follows: the
methods to increase the solar radiation which falls on the
PV panels are presented in Section 2. In Section 3, the
methods to increase the power generated by the PV panels
using cooling are discussed. Section 4 provides in a concise

manner the maximum power point tracking methods. The
last section is dedicated to discussions and conclusions.

2. Methods to Increase the Solar Radiation
Which Falls on the PV Panels

2.1. Sun Tracker Systems. Theoretically, the solar radiation
falling on the PV panels increases by 41% when the dual
axis sun tracker is used [18], but the increase in generated
energy varies between 10% and 45% in comparison with
fixed systems [19, 20]. The energy consumed by the PV
system to follow the sun when the tracking system is used
varies between 2% and 5% from the generated energy. If
the processes for the sun tracker are not optimized, this
can be even higher [20]. The sun tracker systems are more
complex than the fixed systems, and the maintenance is
more expensive. The sun tracker is absolutely necessary
for the concentrated light systems.

The main types of the sun trackers and the gain in power
in comparison with the fixed PV system are presented in
Table 2.

The power gain when the sun tracker is used is strongly
dependent on the type of trackers, the location [29], seasons,
months, day types [27, 34], and the PV panel technologies.
The most widely known classification of the sun trackers is
in function of the axis number: with single axis and dual axis
(Figure 1). For example, for the dual-axis sun tracker based
on MPPT, the gain is 28.8% in winter, 33.6% in spring,
43.6% in summer, and 38.3% in winter [35].

The power gain depends on the PV panel technologies.
The gain for four PV types when a dual axis with algorithm
is used is 17% for amorphous silicon panels, 18% for mono-
crystalline silicon panels, 5% for polycrystalline silicon
panels, and 20% for CIS panels [37]. The power gain also
depends on the seasons of the year and implicitly on the
month. The experimental results for the gain obtained using
a dual-axis sun tracker active system, in Patras, Greece, are
31.11% for April, 32.78% for May, 36.85% for June, and
34.2% for July (Figure 2) [38].

2.2. Reflective Systems. The maximum power generated by
the photovoltaic panels can be increased if the reflected solar
radiation falls on the photovoltaic panels. This can be
obtained in natural-passive reflectance and artificial-active
reflectance modes.

2.2.1. Passive Reflectance. The solar radiation is reflected by
the surface. The albedo provides the information about the
solar radiation amount which is reflected by each type of sur-
face. The albedo for different types of surfaces is presented in
Table 3 [39-41].

858017 SUOWIWOD BAEaID 3dedl|dde auy Aq peusenob ae Ssppiie YO ‘@SN JO SaInJ 10} A%Iq1T8UIIUO A8]1M UO (SUORIPLIOO-PUe-SWLBI W00 A8 | M AReiq1 Ul Uo//Sdny) SUORIPUOD PuUe SWid | 38U 88S *[5202/60/8T] U0 ArigiTauljuo /8|1 ‘ BlUeA|SUe) | BBTRISIBAIUN -SeH0D elted Aq THOS06T/6T0Z/SSTT OT/I0P/W0D A8 | Afeiq 1 pul|uoy/:sdny Wwoly papeojumod ‘T ‘6T0Z ‘LESE



International Journal of Photoenergy 3
TABLE 2: Sun tracker types and gain.
Type Description Gain in power Ref.
15.3%—cloudy day
(1) The rotation is on E-W direction, and on N-S, the panel is tilted at 30°". 16.2%—partially clear [27]
It is an active tracker, based on closed-loop (two photodiodes are used). day
23.2%—clear day
(2) The rotation is on N-S direction. It is an active tracker, based on 20% [28]
closed-loop (algorithm). The system movement is electromechanical. 0
Sinele axi (3) The rotation is on E-W direction, and it is an active tracker with algorithms. 37.7% site A
Ingle axis The fixed system is near earth for site A, is one of the 90 sun trackers but 30.4% site B [29]
deactivated for site B, and is tilted at 30° for site C. 31.5% site C
(4) The rotation is on E-W direction, and it is an active tracker based
45% [30]
on closed-loop (sensors).
(5) The rotation is on N-S direction, and it is a passive tracker based on
. . . 23% [31]
two bimetallic strips.
(6) Tracker with three positions (fixed angles) for morning, noon, and afternoon. 24.5% [32]
(1) It is an active tracker with a tracking algorithm. The system movement is
: 42.6% [33]
electromechanical.
108 Whr/m>—cloudy
Dual axis  (2) Equatorial sun tracker. It is an active tracker with sensors. day [34]
603 Whr/m>—clear day
(3) It is an active tracker based on MPPT. 37.1% [35]
(4) It is an active tracker based on an algorithm. 24.59% [36]
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FiGure 1: Classification of sun trackers.

The additional irradiance which falls on the photovoltaic
panels depends on the albedo, the shape of the reflective sur-
face, and the tilt angle of the PV panels.

There are some studies on the increasing maximum
power generated by the photovoltaic panels using the passive
reflectance. The photovoltaic panels which are mounted on a
flat large roof or large flat land can receive additional solar
radiation by reflection. The roofs are generally covered with
waterproof materials which have a small reflection, such as
bituminous membrane (BM) and cement slabs (Table 3).
Nowadays, there are waterproof materials with high reflec-
tion, such as white tiles or white waterproof materials, which
have an albedo above 70%. Also, the roof and the land in
winter can be covered with snow which has the albedo of
up to 92%.

D.T. Cotfas and P.A. Cotfas proposed a simple method to
increase the power generated by the PV panels [21].

The expanded polystyrene was used to simulate the white
waterproof material or snow. The albedo of the expanded
polystyrene (EP) is over 80%. Two “twin” photovoltaic panels
are used to study the effect of the reflected solar radiation, one
being placed on the expanded polystyrene to receive the solar
reflected radiation from EP and another to receive the solar
reflected radiation from the bituminous membrane [21]. The
comparison of the maximum power generated by PV panels
with solar reflected radiation from the bituminous membrane
BMR and from the expanded polystyrene EPR is presented in
Figure 3. The comparison is made for different solar global
radiation values from 100 W/m* to 1000 W/m?, measured
with a pyranometer placed in the same plane with the PV
panels on a clear day. The gain in percentages for the maxi-
mum power of the PV panel with EPR varies from 8% at
100 W/m? irradiance to 17% at 1000 W/m? irradiance. The
gain in power, function of the irradiance, is linear (Figure 4).
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FIGURE 2: Dual-axis sun tracker active and fixed system, Patras,
Greece.

TaBLE 3: Albedo values.

Surface Albedo (%)
Dry soil (dark) 9
Bituminous membrane 13
Cement slabs 15
Green grass 23
Concrete 25
Concrete (milky) 46
Old snow 45-50
White tiles 71
Aluminum foil 75
White painted concrete 60-80
Expanded polystyrene 83
Fresh snow 90-92
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FIGURE 3: P generated by the two PV panels.

Meyta and Savrasov have obtained an increase by 7.3%
in the current generated by the monocrystalline photovol-
taic minipanel when it is placed on the ground covered
with snow [40].

International Journal of Photoenergy

Gain (W)

G =3.924E - 4] - 0.0178
R =0998

T T T T T T T T T T
0 200 400 600 800 1000
Irradiance (W/m?)

FIGURE 4: Gain in P, for PV panel in EPR case.

The passive reflectance plays a very important role in
radiation gain for the bifacial photovoltaic panels. The gain
in power of the bifacial PV panels in comparison with mono-
facial PV panels is reported to be between 13% and 35% for
sunny days and between 40% and 70% for cloudy days. The
variation is determined by the height at which the photovol-
taic panels are mounted from the ground [41, 42]. The height
influences the amount of the solar radiation reflected which
falls mainly on the back of the panels and also on their front.
Chiodetti et al. calculated the influence of the albedo for the
power generated by the rear side of the bifacial PV panels
[43]. They obtained that the contribution of the albedo is of
68.1% for 20% albedo, 81% for 40% albedo, and 86.5% for
60% albedo.

2.2.2. Active Reflectance. The reflected solar radiation which
falls on the photovoltaic panels can be artificially increased
by using different methods. One method is to use mirrors
(glass mirrors or anodized aluminum), but reflective sur-
faces, such as aluminum foil or zinc tiles, can be used in order
to reduce the system price. The concentration rate for these
methods is very low, up to maximum 3 times.

These systems can use from one mirror to four mirrors
[44]. The most used systems are those using two mirrors,
and they are called V-troughs [45-49].

The V-trough systems generally have to be used with sun
tracker systems. The systems with one or two mirrors
(Figure 5) can be used with or without the sun tracker [50].
The inclination angle of the mirrors is very important to
maximize the gain. Kosti¢ et al. calculated the optimal incli-
nation angle of the mirrors towards the PV panel. The opti-
mal angle was found 66° [51].

Arshad et al. measured the gain in power for the system
with mirrors without the sun tracker. The measured power
of the PV monocrystalline silicon panel without mirrors is
24.84 W. They obtained 28.84 W for the panel with one mir-
ror, 31.25W for the system with two mirrors, and 36.93 for
the system with three mirrors [44]. The gain for the last sys-
tem in comparison with the first is 48.7%.
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FIGURE 5: PV panel with mirror system.

The gain in power when the V-trough systems is used is
concisely presented in Table 4.

2.3. Refractive Systems. The Fresnel lens is the best candidate
and the most used for refractive concentration light
(Figure 6). The rate of concentration can vary from low con-
centration, of up to 10 suns, to high concentration, of up to
2000 suns [23]. The polycarbonate Fresnel lens is widely used
due to its lower cost and greater toughness in comparison to
methyl methacrylate. The latter is more resistant to scratch
[53] and has only longitudinal chromatic aberration [23].
The spherical and chromatic aberrations decrease the optical
efficiency at the high concentration rate [54]. There are some
solutions to reduce the chromatic aberrations and increase
the performance of the Fresnel lens, such as using a hybrid
refractive/diffractive design and using two different optical
materials [54, 55]. Zhou et al. obtained a 98.5% transmittance
[56] by using antifogging and antireflective coating for the
Fresnel lens. Another problem of the Fresnel lens is the angu-
lar acceptance which is acceptable for low concentration rates
and low for high concentration rates. The solution proposed
by Akisawa et al. is a dome-shaped lens [57].

3. PV Panel Cooling Methods

The maximum power generated by the PV panels is strongly
influenced by their temperature. The temperature growth has
a negative influence on the electrical energy produced by
photovoltaic cells. The percentage of the maximum power
decreasing if the temperature rises by one degree for four
photovoltaic cells is presented in Figure 7 [24]. The most
widespread PV panels, monocrystalline and polycrystalline
silicon, have the highest maximum power temperature coef-
ficient. In semiarid and arid regions, the temperature of PV
panels reaches more than 80°C [58].

All methods presented in the previous section of the
paper increase the solar radiation received by PV panels
which leads to rise in their temperature and lifetime reduc-
tion. Thus, continuous efforts to improve or find new
methods to cool PV panels are necessary.

The main cooling methods of the photovoltaic panels are
presented in Figure 8.

3.1. Air Cooling. The natural air flow is the most common
method for cooling the PV panels due to its simplicity, no
extra materials being needed, and the cost being relatively
low. However, cooling of photovoltaic panels can be
improved if on the back of PV panels metallic materials with
fins are mounted to ensure a very good air circulation [59-
61]. By using natural air flow between the building vertical
walls and PV system mounted on them, the temperature of
the photovoltaic panels can be maintained at less than 40°C
[61] which is smaller with almost 20°C than the average.

The forced air circulation is an active method to cool the
photovoltaic panels. There are more methods to force the air
circulation, such as open channel beneath, steel plate with an
air channel underneath, and array of air ducts underneath
the PV panels with optimum fins [62, 63]. Teo et al. using
the array ducts significantly decrease the temperature of the
photovoltaic panels, and their efficiency increases between
12 and 14% [62].

3.2. Water Cooling. The cooling with water of the photovol-
taic panels has been studied since the end of the 1960s, when
the first hybrid PVT panels were build (photovoltaic panel
and solar thermal collector), and this technology underwent
a rapid development after the 1990s. Nowadays, there is a
multitude of types of PVT, such as with natural and forced
water circulation, using nonconcentrated and concentrated
sunlight, glazing and without glazing, with and without
absorber plate, and other types [64].

These hybrid panels can produce electric energy and
thermal energy in almost the same space. He et al. studied a
PVT which consists of a monocrystalline silicon panel placed
on the absorber plate with a water pipe attached beneath.
The water circulation is a natural one. The efficiency of the
photovoltaic panel is comparable with the one that does
not have a solar collector, and for the solar collector, the effi-
ciency is around 40%. The efliciency of the hybrid system is
much higher than that of a conventional system [65]. Yang
and Yin found that the maximum power of the PV panel
in hybrid systems increases with 23% in comparison with
PV panel alone, and the solar thermal collector generates
661 W/m” [66]. Xu et al. proposed a concentrated PVT sys-
tem. The Fresnel lenses and an optical prism are used to
concentrate the sunlight up to 1090 suns. The efficiency of
the photovoltaic cells is 28%, and the thermal efficiency is
60% [67].

The temperature of the photovoltaic panels can be
reduced using the water which flows on the panels or is
sprayed on them. Krauter proposed a method to cool the
photovoltaic cell using the water flow on the surface of the
panel. The results show that the efficiency of the PV panels
increases with 10.3%. The water flow, 4.41/min, is achieved
using a pump and 12 nozzles placed on the top of the PV
panel assuring the distribution of the water. The photovoltaic
cell temperature decreases up to 22°C which increases the
lifetime of the PV panels. The water film reduces the reflec-
tion by 2-3.6%. The gain of the system is 9% if the pump
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TABLE 4: V-trough system.
Description Gain (%) Rate Of. Reference
concentration
Ya’acob et al. made a comparative study using three monocrystalline silicon DST to Fis 9.4
photovoltaic systems: fix (F), dual-axis sun tracker (DST), and V-trough system V to DST is 23.4 2 [48]
with sun tracker (V); the rated power of all three systems is 1 kKW Vto Fis32.8
Hu and Yachi proposed an innovative V system with tracker for each mirror 79 to the Panel — [49]
without mirror
Tina and Scandura compared the power generated by two photovoltaic systems:
one is a single-axis tracking system (azimuth) (SA) and the second is a dual-axis M to SA is 34 1.81 [51]
tracking system with mirrors (M)
Solanki et al. proposed a system which consists of 6 monocrystalline silicon panels, 7.7 to the panels
; : / . 2 [46]

each of them being placed in a V system without mirrors
Maiti et al. study two 10 W photovoltaic panels placed on V-trough. One

: . . . 55 to the panels
PV panel is cooled with PCM material, and the second is not. A manual sun without mirrors 2 [47]
tracker on East-West direction is used. The panels are tilted at 18.9° to the horizontal, and PCM
which is the optimum angle
Singh et al. compared the generated power of two systems: one is V-trough system Vto CPCis 17.2
and the other is compound parabolic concentrator (CPC). Four monocrystalline at the specific tilt 2.2 [52]

silicon photovoltaic cell series connected are used for each concentrator

angle 30°

Solar light

-

dasassr

Photovoltaic cell

Fresnel lens >

FIGURE 6: Fresnel light concentration system.
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FIGURE 7: The decrease percentage in maximum power for different
types of photovoltaic cells.

consumption is taken into account [68]. Moharram et al.
developed a water spray system to cool the photovoltaic
panels [69]. The system consists of six PV panels, a water
tank, a centrifugal pump, 120 water nozzles for spraying
water, and a system to recover the water. The temperature
of the photovoltaic cells is decreased at 35°C when the spray-
ing system is used [69]. Abdolzadeh and Ameri also studied
the cooling system based on the water spray technique. The
working temperature of the PV panels is 37.5°C when the
ambient temperature is 33°C and the flow is 501/h [70].

Clot et al. studied the behavior of the PV single crystal-
line silicon panel submerged in water [71]. The temperature
of the PV panel which operates in natural conditions is
around 70°C, but the temperature decreases at 30°C if it is
submerged at 4cm. The efficiency of the panel submerged
increases with 11%. This increase is limited by water absorp-
tion. If the PV panel is submerged at 40 cm, the efficiency
decreases with 23%.

The PV floating is another possibility to reduce the tem-
perature of the photovoltaic panels. Cazzaniga et al. [72]
described the PV floating plant which works in low rate con-
centrated light; the photovoltaic panels have been cooled
using water sprinklers. Sacramento et al. used two polycrys-
talline silicon panels to compare their behavior when one is
ground mounted and the other is water floating [73]. The
efficiency of the water floating PV panel is higher than that
for the other PV panel with 12.5%.

Water with different nanoparticles is successfully used to
reduce the temperature of the photovoltaic cells and to
increase the performance of the photovoltaic thermal hybrid
systems [74, 75]. Several nanoparticles such as Boehmite
(AIOOH-xH,0), Aluminum oxide (AlLO,), Zinc Oxide
(ZnO) and Titanium Oxide (TiO,), Magnetite (Fe;O,), Sili-
con carbide (SiC), and Copper Oxide (CuO) are used at dif-
ferent weight fractions.

Karami and Rahimi used water-based Boehmite with
0.01 wt% to cool the photovoltaic panels, and the gain in effi-
ciency is 27% [74]. Hussien et al. used Al,O5-water nano-
fluid with concentration ratio 0.3% for improving the
performance of the hybrid PV/T panel. The tests are per-
formed at 1000 W/m* and mass flow rate of 0.2L/s for
24 min. The temperature of the photovoltaic panel decreases
from almost 79°C to 35°C. The efficiency of the PV panel
increases from 8% without nanofluid to 12%, with it, which
means a 50% growth [76]. The photovoltaic panel illumi-
nated at 917 W/m” is cooled using the water, TiO,/water,
ZnO/water, and AlL,O,/water, and the concentration ratio
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was 0.2%. The best enhancement in electrical efficiency was
found for Al,O,/water 6.36%, and the lowest was for water
5.48% [77]. Rostami et al. used simultaneous nanofluids
and ultrasound to cool the photovoltaic panels. The study
took into account variation of the nanoparticle concentra-
tion from 0.01% to 0.8% and the flow rate from 0.4m?/h
to 12.5m’/h, and the level of illumination is 1000 W/m?.
The experiment takes 50 minutes. The PV temperature is
highly influenced by the flow rate and the concentration rate
of the nanoparticles. For 0.8% concentration rate, the PV
temperature decreases from 49°C to 24°C, when the flow rate
increases from 0.4 m>/h to 12.5m’/h, and from 36°C to 24°C,
when the concentration rate varies from 0.01% to 0.8% at
12.5m>/h flow rate [75].

3.3. PCM. The phase change materials (PCM) have the prop-
erties to absorb the excess heat and maintain the PV panels at
constant and uniform temperature [78]. There are different
PCM materials able to reduce the temperature of the PV
panels and to ensure a homogenous distribution of the heat
on all photovoltaic panel surface, some of them being noted
in Figure 4. Hasan et al, using different PCM materials,
obtained a temperature reduction for PV panels ranging
between 10°C and 18°C [79]. Biwole et al., using PCM mate-
rials, could maintain the PV panel temperature under 40°C
for 80 min at 1000 W/m? irradiance [80]. Indartono et al.
improved the efficiency of the roof integrated photovoltaic
panels (10 W) with 21.6% and with 6% for the stand-alone
panel using PCM (petroleum jelly material) [81]. The tem-
perature of the PV panels can be reduced with 21°C for Paki-
stan and 10°C for Ireland when salt hydrate is used [82].
Al-Waeli et al. tested and compared three PV/T systems:
one with water, the second with water and PCM, and the
third with PCM and nano-SiC-water nanofluid. The results
show that the third system has the best performance. The
efficiency varies from 13.7% for PCM and nanofluid and
11.4% for PCM and water to 8.5% for water. The electric

power generated varies from 81.3W (first system) to
111.3 W (third system) [83]. Sardarabadi et al. found that
the gain in electricity is higher than 13% when PCM/nano-
fluids are used in PV/T panels [84].

3.4. Thermoelectric. The thermoelectric generator (TEG) has
been considered a promising part of the PV-TEG hybrid sys-
tem since the early 2000s. The thermoelectric module can be
used to extract a part of the heat of the PV panels and convert
it into electric energy based on Seebeck effect. This device can
be used to cool the PV panels by consuming the electric
energy, based on Peltier effect.

Benghanem et al. cooled the PV panels from the semi-
and arid regions using one TEG for each panel. The necessary
energy to power the TEGs is generated by an additional pho-
tovoltaic panel [58]. Cotfas et al. used TEG to build a PV-
TEG-STC hybrid system and to study it in natural sunlight
conditions [85]. The temperature of the photovoltaic cell
was reduced with 19°C, and the power generated increased
with 11%. The temperature distribution of the photovoltaic
cell shows a very small variation of the heat which has a pos-
itive effect on the lifetime of the photovoltaic cells (Figure 9).

Mahmoudinezhad et al. studied the behavior under low
concentration of the hybrid system which consists of GaInP/-
GalnAs/Ge multijunction photovoltaic cell and Bi,Te,
thermoelectric generator [86]. The temperature of the multi-
junction photovoltaic cell increases only up to 120°C at 39
suns due to the heat extracted by the thermoelectric genera-
tor. Kil et al. determined a gain about 3% for the power gen-
erated by a PV cell used in the hybrid system in comparison
with the PV cell alone for a concentrated rate of 50 suns [87].

4. MPPT Methods

In order to make maximum use of the output of the PV
panels, the DC load has to intersect the current voltage char-
acteristic in the maximum power point. In real operation
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FIGURE 9: The temperature distribution [85].

conditions, this rarely happens due to the load mismatch, the
variation of the solar radiation, and temperature. This prob-
lem can be overcome by using DC/DC or DC/AC converter
with MPP controller [88].

A lot of MPPT methods are being developed, each of
them with its own applications and limitations [89, 90]. They
depend on whether the PV panels are used in stand-alone or
grid connected systems. A classification of the main MPPT
methods is presented in Figure 10.

Karami et al. give some criteria to choose the best MPPT
technique for an application such as the following [88].

Implementation: some methods are very simply imple-
mented, for example, the constant voltage; others are more
complex, such the methods based on artificial intelligence.
For implementation, it is also important that the irradiation
and temperature are uniform. The success of the MPPT
depends on whether there is shadow or not on the PV panels.

Sensors: the number of sensors must be limited, but suffi-
cient; there are in general four sensors for temperature, solar
radiance, voltage, and current. Using simple methods, such
as constant voltage or constant current, the number can be
reduced at one.

Efficiency: there are methods which have a simple value
and methods which allow oscillations around the maximum
power point. The losses can become important and can influ-
ence the costs.

Cost: cost depends on the complexity of the circuit and
method [88].

5. Discussion and Conclusions

The performance of the photovoltaic panels can be
enhanced if the solar radiation falling on them is increased,
the photovoltaic panels are cooled, and smart electronic cir-
cuits are used.

The important issue for increasing the irradiance on the
photovoltaic panels through sun trackers, active reflectance,
and concentration systems is that these systems use mobile
parts and the temperature of the photovoltaic panel
increases when more solar radiation falls on it. Therefore,
the systems are more complex, and questions appear which
refer to the additional cost, the energy consumption to move
the system, maintenance, the losses in case the system does
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not work properly or is broken, and which the gain in pro-
duced energy is.

The answers for these issues are the following:

The gain: it depends on the sun tracker system type, for
single axis the gain is 10-25% and 25-45% for double axis;
geographical location where the PV system is placed; tech-
nology; and materials used for photovoltaic panels. Table 5
comparatively presents the annual energy generated by the
1kW PV plant with fixed panels and the 1 kW PV plant with
the dual-axis sun tracker. Three technologies are considered,
such as mSi, CIS, and CdTe, and four locations. The gain
between the annual energy generated by PV plants placed
in Kaunas and Marbella is also calculated. Data used for this
comparison is obtained from the Photovoltaic Geographical
Information System [91]. The gain can be improved by
reflections especially in the morning and in the evening espe-
cially in case of dual-axis sun trackers.

Energy consumption: it is 3.5% in average from the total
energy generated, if the sun tracker process is optimized, if
not, it can be over 5%. It also depends on the speed and accu-
racy of the positioning.

Losses: they depend on the problems which appear. The
worst case is when the PV system remains blocked for opti-
mum position towards East or West. In this case, the losses
are over 95% from the energy generated per day. In the case
of concentration systems, the losses depend on the accuracy
of the sun trackers due to the fact that their performance is
a function of the acceptance angle, which plays a very impor-
tant role.

Costs: it is an important factor which must be taken into
account when considering whether to implement the sun
tracker system or not. It depends on the type of the sun
tracker systems, as the cost to produce 1kWp varies from
$600 to $1900 for dual axis and varies from $135 to $930
for single axis. The variation appears due to the producers,
the components, and the accuracy. Singh et al. assert that
the cost for PV fixed photovoltaic panels varies between $2
and $2.4/watt. The supplementary cost for single-axis sys-
tems is around $1.17/watt for dual axis systems, and it is
$0.36/watt comparatively for single axis [19].

Maintenance: it has to be made regularly in order to
avoid losses. It is a factor which increases the costs of the
PV systems.

In case of fixed photovoltaic systems, it is very important
to choose the tilt angle and orientation (azimuth) of the sys-
tem. The optimum choice of both leads to an increase in gen-
erated energy, due to the growth in incident solar radiation
and self-cleaning. The fixed PV panel grid connected has to
be mounted at the optimum annual tilt angle, because the
yearly energy must be maximized. Rhodes et al. et al. calcu-
lated for Austin, USA, the optimal annual tilt angle and the
azimuth angle, which are 28° and 188", respectively [92].

The calculation of the tilt angle for stand-alone applica-
tions, such as home systems or solar garden lamps, has to con-
sider other factors, among which the most important is the
solar radiation in critical periods of the year. Cotfas et al.
et al. developed a prototype for intelligent solar garden lamps
in the Steinel project [93]. The critical period for such devices
is from October to March. By analyzing the solar radiation for
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TaBLE 5: Comparison of annual energy generated by 1 kW PV plant.

Annual energy generated (kW)

Location Geographical coordinates Optimal angle mSi CIS CdTe
Fix DST Gain (%) Fix DST Gain (%) Fix DST Gain (%)
Lat. 35734 .
Heraklion, Greece o 28 1650 2330 41.2 1630 2290 40.4 1680 2390 42.3
Lon. 25713
Lat. 45°65'
Brasov, Romania . 36° 1130 1470 30.1 1100 1430 30 1130 1490 31.8
Lon. 2561
Lat. 54°89’
Kaunas, Lithuania . 38° 930 1230 32.2 909 1200 32 918 1230 339
Lon. 23790
Lat. 36'50" .
Marbella, Spain o 32 1720 2430 41.3 1690 2390 41.4 1760 2510 42.6
Lon. -4°88
. (kW) 790 1200 781 1190 842 1280
Gain between Kaunas and Marbella
% 845 975 859 99.2 91.7 104

these months, it was concluded that the best solution for the
optimum angle was 55°. This solution is validated through
experiments, where three small photovoltaic panels, mono-
crystalline, polycrystalline and amorphous silicon are mea-
sured at different angles. The best solution of the solar
garden lamp is the monocrystalline photovoltaic panels. The
difference between the consumed energy and the energy gen-
erated by the photovoltaic panel is negative for all six criti-
cal months if the panel is horizontal and for four months
(November-February) if the panel is tilted at the optimum
annual angle and is positive or zero if the panel is tilted at
55°. Moreover, the chosen tilt angle has the following
advantages: generated maximum energy in months with
problems in terms of solar radiation, the additional radia-
tion by reflection is incident on the PV panel; improvement
of self-cleaning; and temperature reduction for the summer
months.

Quesada et al. proposed a strategy for sun tracker system
function of the weather: in case of clear sky or only partly

sunny, the sun tracker has to work normally; for cloudy days,
the sun tracker must be positioned with the PV panels hori-
zontally; and for snowy days, the PV panels have to be at the
optimum angle [94].

A method proposed by paper authors to reduce energy
consumption for sun tracker systems is to move the position
of the system discretely, not continuously, using a mathemat-
ical algorithm, for example, once per hour. The first position
on the East-West axis is at 7.5" westwards from the optimal
position at sunrise time. The temperature of the PV panels
in this case is lower than that for the PV panels directly ori-
ented towards the sun, which leads to the increase of gener-
ated power from the temperature point of view. This
increase can partially compensate for the losses due to the
positioning mismatch between the PV panels for certain
periods of time. This method cannot be used for sun tracker
systems used for concentrated PV systems, where the PV
panels must be permanently oriented directly towards the
sun (Figure 11).
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F1GURE 11: Concentration PV plan Evora, Portugal.

The sun trackers increase the solar incident radiation, but
the temperature of the photovoltaic panels also increases.
There are studies on this for different types of sun trackers
or technologies [43, 95]. Ya’acob et al. concluded that the
maximum difference between the average daily temperature
PV fixed panel and PV panels mounted on a dual-axis sun
tracker is 3.8°C, and between a fixed one and a V-trough con-
centrator, it is 6.1°C. These differences are higher (more than
15°C) in the morning and evening because the mobile PV
panels received more solar radiation.

There are some issues which have to be analyzed when
the cooling is used to decrease the temperature of the photo-
voltaic panels among which the temperature distribution, the
extra costs, the location, and the sustainability.

Temperature distribution: uniform temperature distribu-
tion on the photovoltaic panels is a key parameter to maxi-
mize the power generated by the photovoltaic panels and to
increase their lifetime. The nonuniform temperature distri-
bution has as effect growth in the photovoltaic cell tempera-
ture, increase in series resistance, fill factor decrease, and
maximum power reduction [78]. There are several methods
which assure the uniform cooling of the PV panel: direct
immersion, phase change material, heat sinks, jet impinge-
ment, thermoelectric generators, and microchannels [78,
85]. Bahaidarah shows that if impingement cooling is used
instead of the rectangular channel heat exchanger, the tem-
perature nonuniformity is reduced from an average of
3.55°C to 1.81°C [96].

Costs: Baloch et al. calculated that the cost of the uncooled
PV system is 282.9 whereas for cooled, it is 328.9. Leveled cost
of energy (LCE) is calculated to be 1.95 (€/kWh) for an
uncooled PV system and 1.57 (€/kW h) for cooled [97].

Location: the energy generated by the PV system is
dependent on the location. The temperature of the PV sys-
tem depends on the location; in arid areas, the PV tempera-
ture can exceed 85°C. The cooling system must be more
efficient for these areas. Another problem is which type can
be successfully used. For arid areas, thermoelectric generators
prove to be a suitable choice.

The extracted heat can be converted in thermal or electric
energy by using cooling methods, such as PVT or PV-TEG,
and the energy generated by the PV panels due to their cool-
ing can increase with around 7.5% [24]. The electrical and
thermal efficiencies of nonconcentrated PVT systems are in
the range of 10-12% and 50-70%, respectively. In case of
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the submerging method to cool the PV panel, the optimum
depth varies from 2 to 4cm. The disadvantages for this
method are that the efficiency of the PV panels decreases over
time due to the ionized water and in the cloudy days the gen-
erated power is lower than that for ground PV panels.

The multiple PCM (multiple melting points) could be a
very good solution for cooling and for homogenous heat distri-
bution. PCM with a low melting point (25°C) can reduce the
PV panel temperature more than PCM with a high melting
point (over than 30°C), but for short periods, and hot spots
can appear on the PV panel surface. The disadvantages of the
PCM are that the absorptive capabilities of material degrade
over time and they do not have the same efficiency worldwide.
They are more efficient in hot regions than in cold regions.

Although there are plenty of MPPT methods, two of
them are most frequently used, Perturb and Observe (P&O)
and incremental conductance (IC). Recently, new methods
have been developed using algorithms from the field of arti-
ficial intelligence.

The methods from the constant parameter family are the
simplest ones to implement, very fast but unstable. In case of
the open circuit voltage method, the maximum voltage Vypp
is calculated by multiplying V. with k., the range of k.
being 0.73-0.8, 076 for monocrystalline silicon PV panel.
The accuracy of the method depends of the choice of k.
The short circuit method is analog with the open circuit volt-
age method. In this case, the maximum current is obtained by
multiplying the short circuit current with k.. The value of k.
varies between 0.85 and 0.92, for polycrystalline silicon pho-
tovoltaic panels being 0.85. The P&O and IC methods are net
superior to open circuit voltage and short circuit current
methods for the majority of irradiance levels. However, the
open circuit voltage method performs better at low solar
radiation than the P&O and IC methods. To improve the
MPPT efficiency, the open circuit voltage method can be
combined with one of the two Hill climb methods obtaining
a MPPT hybrid method, which can perform with high effi-
ciency for all irradiance levels.

MPPT methods, which use algorithms from artificial
intelligence, are more efficient, very fast, and stable. For
example, the biological swarm chasing method has an effi-
ciency of around 12% higher than the P&O method [98].

The solar radiation and temperature can vary rapidly. In
this case, the IC method is a better solution than the P&O
method. The demerit of the IC method is the high time of
computation. The intelligent algorithms can be a very promis-
ing MPPT method to solve the problem for rapid changes of
temperature and solar radiation. The implementation of one
method must take into consideration several factors, such as
efficiency, cost, the simplicity or difficulty of algorithm imple-
mented, hardware availability, and convergence time.

Problems for the MPPT appear in case of the photovol-
taic panels which are partially shaded. This case is commonly
met; for example, Eftichios and Gosumbonggot and Fujita
show that 10% of the energy is lost because over 41% from
panels which are mounted on roofs in Germany are affected
by shading [99, 100]. Another study shows that not detecting
the maximum power leads to loss of 70% from the energy
produced by PV systems [101].
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There are multiple local maximum power values for
shading cases and only one global maximum in normal case,
without shading. Therefore, in shading cases, it is very
important to determine the correct global maximum power.
The conventional MPPT algorithms, such as constant voltage
or short circuit current method, cannot detect the changes
determined by shading or find the maximum power. Moha-
patra et al. affirm that an accurate mathematical model is
not available for shading conditions [89]. The correct global
maximum power in shading conditions can be obtained
using the new methods based on artificial intelligence or
improved conventional methods such as perturbation, obser-
vation, or incremental conductance.

The improvement of consecrated MPPT leads to their
aim fulfillment, but some issues appear as the tracking time
is high [100]; results are good for short time, but results for
long time are not presented [102]; the oscillation problem is
still present when the system operates in rapid solar radiation
changes and temperature variation [103-105]; the electronic
circuit becomes increasingly complex due to additional con-
trol circuit, switches, and sensors, which eventually lead to
cost increase. The methods which use artificial intelligence
present almost the same issues in terms of complexity and
cost implementation, but they can reduce the computational
time due to increased speed and the accuracy. These are
reached using improved PSO (particle swarm optimization)
or hybrid bioinspired algorithms [106, 107], the oscillation
also reducing. The premature convergence is a problem for
the bioinspired algorithms. Mirjalili et al. proposed the salp
swarm algorithm (SSA) which uses a control parameter and
assures the convergence through the adaptive mechanism
[108]. Wan et al. improved the performance of the SSA algo-
rithm using the grey wolf optimization algorithm in order to
provide a better leader structure but which keeps the adaptive
mechanism [109]. They compare the results in terms of time
convergence and maximum power of the PVs obtained for
one consecrated method P&O, and three algorithms PSO,
SSA, and SSA-GWO. The consecrated method P&O gives
better results for the uniform irradiance case from the time
convergence point of view (0.48s) than PSO (0.72s) and
SSA (0.58 s) algorithms, but not for SSA-GWO (0.46 s) algo-
rithm [109]. The maximum power determined through P&O
is the lowest one due to the oscillations. In the case of one
pattern with three local maximum points, the P&O deter-
mined the global maximum very fast in comparison with
the other three ones, but the accuracy is the lowest. Thus,
the time for the P&O is 0.15 while for SSA-GWO it is
0.53s, but the P, is 34.64 W for P&O and 44.55W for
SSA-GWO [109]. By using bioinspired algorithms or the
hybrid algorithms, the power fluctuations are reduced, the
global maximum power point is rapidly but accurately deter-
mined, and they can be successfully used for partial shading
and for rapid changes in irradiance.
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