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Renewable energy undergoes a continuous development
and improvement being driven by the growth in energy
demand, the need to reduce pollution, and the increase
in investment and policies at national and international
levels. The photovoltaic solar energy lately became an
important pillar for renewable energy to reach global and
European targets in the share of renewable electricity.
The first target for the energy generated by photovoltaic
systems is 10% from the total European electricity produc-
tion until 2020 [1], and until 2050, 60% from electricity
generation has to be from photovoltaic solar energy and
wind [2].

The global cumulative installed PV capacity reached over
500GW in the end of 2018 following an exponential growth
[3, 4]. In 2018, the 100GW of a new added PV capacity has
been reached for the first time; this was also the third consec-
utive year when PV had by far the largest new capacity addi-
tion among all energy technologies. This trend is expected to
continue [3–5]. The price of the PV module is continuously
decreasing, so at each doubling of the production, the price
goes down by 24% [5, 6]. All of these are possible due to
the common effort of the researchers, R&D centers, industry
communities, and government policies.

There is ongoing interdisciplinary research on the design
of advanced photovoltaic technologies and photovoltaic
systems contributing to the increase in cell and module
efficiency, PV system reliability and durability, maximization
of solar energy harvested, and overall system yield. Further-
more, advanced PV-based configurations and hybrid
systems, including PV, Solar Thermoelectric Generators

(STEG), PV/T, and concentrated or conventional PV sys-
tems, integrated with STEG, STC, and energy storage can
lead to an increase in the electrical and thermal energy gener-
ated and in system lifetime.

This special issue includes articles within the scope of
advancements in photovoltaic cell and system technologies.
These range from articles addressing the increase in photo-
voltaic cell efficiency through advancements in their struc-
ture or composition and enhancements in photovoltaic
module performance targeting the decrease in photovoltaic
cell temperature by passive cooling using recyclable materials
or phase change materials. Optimal solutions for a wide
range of applications are presented along with concepts for
enhancing the efficiency of the photovoltaic systems and
the final energy yield, including among others sun-tracking
systems, reflective and refractive systems, the most com-
monly applied cooling methods, and maximum power point
tracking techniques.

Conflicts of Interest

The editors declare that they have no conflicts of interest
regarding the publication of this special issue.

Daniel T. Cotfas
Dezso Sera

Eleni Kaplani
Petru A. Cotfas

Alireza Rezaniakolaei

Hindawi
International Journal of Photoenergy
Volume 2019, Article ID 8129137, 2 pages
https://doi.org/10.1155/2019/8129137

https://orcid.org/0000-0002-9606-8442
https://orcid.org/0000-0002-4987-4388
https://orcid.org/0000-0002-6301-7841
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1155/2019/8129137


References

[1] EERA Joint Programme Photovoltaic Solar Energy, November
2019, https://www.eera-set.eu/.

[2] IRENA, Global energy transformation: a roadmap to 2050 (2019
edition), International Renewable Energy Agency, Abu Dhabi,
2019.

[3] IEA, Snapshot of global PV markets, Report IEA-PVPS, 2019.

[4] SolarPower Europe, Global Market Outlook For Solar Power /
2019 – 2023, 2019.

[5] Renewables 2019 Global Status Report, REN21 Secretariat, Paris,
2019.

[6] Photovoltaics Report, Fraunhofer Institute for Solar Energy
Systems, ISE with support of PSE GmbH, 2019, https://www.ise
.fraunhofer.de.

2 International Journal of Photoenergy

https://www.eera-set.eu/
https://www.ise.fraunhofer.de
https://www.ise.fraunhofer.de


Review Article
Multiconcept Methods to Enhance Photovoltaic System Efficiency

D. T. Cotfas and P. A. Cotfas

Electrical Engineering and Computer Science Faculty, Transilvania University of Brasov, Romania

Correspondence should be addressed to D. T. Cotfas; dtcotfas@unitbv.ro

Received 18 April 2019; Revised 16 October 2019; Accepted 6 November 2019; Published 25 November 2019

Academic Editor: Jegadesan Subbiah

Copyright © 2019 D. T. Cotfas and P. A. Cotfas. This is an open access article distributed under the Creative Commons Attribution
License, which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is
properly cited.

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 98GW, and the total installed PV
capacity by the end of 2017 was 402GW [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
1000W/m2. 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 (Pmax) 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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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].

Table 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] 20.9 [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] 31.2 [16]
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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 100W/m2 to 1000W/m2, 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
100W/m2 irradiance to 17% at 1000W/m2 irradiance. The
gain in power, function of the irradiance, is linear (Figure 4).

Table 2: Sun tracker types and gain.

Type Description Gain in power Ref.

Single axis

(1) The rotation is on E-W direction, and on N-S, the panel is tilted at 30°.
It is an active tracker, based on closed-loop (two photodiodes are used).

15.3%—cloudy day
16.2%—partially clear

day
23.2%—clear day

[27]

(2) The rotation is on N-S direction. It is an active tracker, based on
closed-loop (algorithm). The system movement is electromechanical.

20% [28]

(3) The rotation is on E-W direction, and it is an active tracker with algorithms.
The fixed system is near earth for site A, is one of the 90 sun trackers but
deactivated for site B, and is tilted at 30° for site C.

37.7% site A
30.4% site B
31.5% site C

[29]

(4) The rotation is on E-W direction, and it is an active tracker based
on closed-loop (sensors).

45% [30]

(5) The rotation is on N-S direction, and it is a passive tracker based on
two bimetallic strips.

23% [31]

(6) Tracker with three positions (fixed angles) for morning, noon, and afternoon. 24.5% [32]

Dual axis

(1) It is an active tracker with a tracking algorithm. The system movement is
electromechanical.

42.6% [33]

(2) Equatorial sun tracker. It is an active tracker with sensors.
108Whr/m2—cloudy

day
603Whr/m2—clear day

[34]

(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]

Double axisSingle axis

Sun trackers

Active tracker Passive tracker

Sensors Algorithm Mix
�ermo hydraulic

actuator  
Shape memory or

bimetallic actuator 

Figure 1: Classification of sun trackers.
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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].

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. Kostić 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
24.84W. They obtained 28.84W 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%.

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: Pmax generated by the two PV panels.
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Figure 2: Dual-axis sun tracker active and fixed system, Patras,
Greece.
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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 efficiency 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
661W/m2 [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, 4.4 l/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

PV panel

Reflective
surface 

Figure 5: PV panel with mirror system.
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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 50 l/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 4 cm. 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
(AlOOH‐xH2O), Aluminum oxide (Al2O3), Zinc Oxide
(ZnO) and Titanium Oxide (TiO2), Magnetite (Fe3O4), Sili-
con carbide (SiC), and Copper Oxide (CuO) are used at dif-
ferent weight fractions.

Karami and Rahimi used water-based Boehmite with
0.01wt% to cool the photovoltaic panels, and the gain in effi-
ciency is 27% [74]. Hussien et al. used Al2O3-water nano-
fluid with concentration ratio 0.3% for improving the
performance of the hybrid PV/T panel. The tests are per-
formed at 1000W/m2 and mass flow rate of 0.2 L/s for
24min. 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 917W/m2 is cooled using the water, TiO2/water,
ZnO/water, and Al2O3/water, and the concentration ratio

Table 4: V-trough system.

Description Gain (%)
Rate of

concentration
Reference

Ya’acob et al. made a comparative study using three monocrystalline silicon
photovoltaic systems: fix (F), dual-axis sun tracker (DST), and V-trough system
with sun tracker (V); the rated power of all three systems is 1 kW

DST to F is 9.4
V to DST is 23.4
V to F is 32.8

2 [48]

Hu and Yachi proposed an innovative V system with tracker for each mirror
70 to the panel
without mirror

— [49]

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
tracking system with mirrors (M)

M to SA is 34 1.81 [51]

Solanki et al. proposed a system which consists of 6 monocrystalline silicon panels,
each of them being placed in a V system

7.7 to the panels
without mirrors

2 [46]

Maiti et al. study two 10W photovoltaic panels placed on V-trough. One
PV panel is cooled with PCM material, and the second is not. A manual sun
tracker on East-West direction is used. The panels are tilted at 18.9° to the horizontal,
which is the optimum angle

55 to the panels
without mirrors

and PCM
2 [47]

Singh et al. compared the generated power of two systems: one is V-trough system
and the other is compound parabolic concentrator (CPC). Four monocrystalline
silicon photovoltaic cell series connected are used for each concentrator

V to CPC is 17.2
at the specific tilt

angle 30°
2.2 [52]

Solar light 

Photovoltaic cell

Fresnel lens

Figure 6: Fresnel light concentration system.
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was 0.2%. The best enhancement in electrical efficiency was
found for Al2O3/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 0.4m3/h
to 12.5m3/h, and the level of illumination is 1000W/m2.
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 0.4m3/h to 12.5m3/h, and from 36°C to 24°C,
when the concentration rate varies from 0.01% to 0.8% at
12.5m3/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 80min at 1000W/m2 irradiance [80]. Indartono et al.
improved the efficiency of the roof integrated photovoltaic
panels (10W) 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
111.3W (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/-
GaInAs/Ge multijunction photovoltaic cell and Bi2Te3
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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Air cooling

Water flowing

Water spraying

Water cooling Phase change materials �ermoelectric

Forced air
circulation 

PV floating or
immersed 

PVT

RT35
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Calcium
hexahydrate 

TEG

TEM

Capric-
lauric acid

Nanofluids
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Figure 8: The main cooling methods.
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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

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
1 kW 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 1 kWp 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 fromOctober toMarch. By analyzing the solar radiation for

Figure 9: The temperature distribution [85].
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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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Figure 10: The main MPPT methods.

Table 5: Comparison of annual energy generated by 1 kW PV plant.

Location Geographical coordinates Optimal angle
Annual energy generated (kW)

mSi CIS CdTe
Fix DST Gain (%) Fix DST Gain (%) Fix DST Gain (%)

Heraklion, Greece
Lat. 35°34′

28° 1650 2330 41.2 1630 2290 40.4 1680 2390 42.3
Lon. 25°13′

Brasov, Romania
Lat. 45°65′

36° 1130 1470 30.1 1100 1430 30 1130 1490 31.8
Lon. 25°61′

Kaunas, Lithuania
Lat. 54°89′

38° 930 1230 32.2 909 1200 32 918 1230 33.9
Lon. 23°90′

Marbella, Spain
Lat. 36°50′

32° 1720 2430 41.3 1690 2390 41.4 1760 2510 42.6
Lon. -4°88′

Gain between Kaunas and Marbella
(kW) 790 1200 781 1190 842 1280

% 84.5 97.5 85.9 99.2 91.7 104
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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 l.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 (€/kWh) 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

the submerging method to cool the PV panel, the optimum
depth varies from 2 to 4 cm. 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 VMPP
is calculated by multiplying Voc with koc, the range of koc
being 0.73-0.8, 076 for monocrystalline silicon PV panel.
The accuracy of the method depends of the choice of koc.
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 ksc. The value of ksc
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].

Figure 11: Concentration PV plan Evora, Portugal.
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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 (0.48 s) than PSO (0.72 s) 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
0.53 s, but the Pmax is 34.64W 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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Photovoltaic (PV) panels are used for both standalone applications and grid-connected systems. In the former case, the PV panels
used vary in size, from very small, for smart solar garden lamps, to standard, in order to ensure the necessary electric energy for a
house. For these cases, it is very important to choose the best solution in terms of photovoltaic cell materials. In this paper, a
comparative study of two commercial photovoltaic panels, monocrystalline and amorphous silicon, is presented. The two
photovoltaic panels are measured in natural conditions, during two years, in Brasov, Romania. The emphasis is placed upon the
maximum power generated by the two panels, but the cost and the lifetime are also taken into consideration. The gain in
average maximum power for the monocrystalline silicon panel varies from 1.9 times for low irradiance to 2.4 times higher than
the one obtained from the amorphous silicon panel, during the test period. The temperature of the monocrystalline silicon
panels is lower than that of the amorphous silicon panel in the majority of measurements. The degradation rate determined in
two years is 1.02% for the monocrystalline silicon panel and 1.97% for the amorphous silicon panel.

1. Introduction

Different types of photovoltaic cells and panels were created
over time in order to improve the performance, to reduce
the cost and the amount of the materials used, and also to
increase their application possibilities. The photovoltaic cells
are classified into four groups generally referred to as gen-
erations [1]. For the first generation, the most representa-
tive is the monocrystalline silicon (mSi) photovoltaic cell,
whose theoretical efficiency limit is around 32% [2–4].
The polycrystalline silicon (pSi), amorphous silicon (aSi),
CdTe, and CIGS are the most important photovoltaic cells
from the second generation [1, 2]. The third generation is
represented by the organic or polymer, dye-sensitized solar
cell DSSC and multijunction photovoltaic cells [1, 5].
“Inorganics-in-organics” is the fourth generation [5]. The
photovoltaic cells obtained by incorporating the inorganic
components led to the improvements of the low-cost thin
film. The next generation of photovoltaic cells will be
based on the new discoveries, such as nanotube and gra-
phene, to improve the performance of the PVs [1].

The performance of different types of photovoltaic panels
was largely studied [6–19]. From two to six types were taken
into account in these studies. Most of them are made under
natural conditions, only two being based on the simulation
model [14, 19]. Some parameters are used to study the per-
formance of the PV panels, namely, Pmax (maximum power),
MAE (mean array efficiencies), CF (capacity factors), and PR
(performance ratio) (International Electrotechnical Com-
mission Standard IEC-61724 [20]) [21–24].

The performance of the photovoltaic panels, such as
monocrystalline, polycrystalline, and amorphous silicon,
cadmium tellurium, copper-indium-diselenide, and copper-
indium-gallium-selenide, is studied for a location, a region,
or a country. Carr and Pryor made a study for five different
photovoltaic panels, among which are crystalline silicon
and aSi, at Perth, Western Australia. The efficiency of the
laser-grooved buried contact crystalline Si module varies
between 11.5% and 12.5% on one year, and for triple junc-
tion, it is almost half [6]. Bashir et al. studied three types of
photovoltaic panels in Taxila, Pakistan for winter months
taking into account the efficiency and the performance ratio.
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The average efficiency of the monocrystalline panel was
almost 2.3 times higher than that of the amorphous panel,
while the average performance ratio of aSi is almost 1.3
times better than of the monocrystalline panel [7]. Dolara
et al. studied mono and polycrystalline panels in Milano to
achieve a forecast model for the power generated by panel
function of weather [8]. The parameters and the degrada-
tion of crystalline photovoltaic panels using the I-V char-
acteristics are studied for Adrar, from the southern part
of Algeria [10]. The performance of different photovoltaic
panels is studied for different climates, such as Mediterra-
nean climate (Malaga, Spain), temperate mountain climate
(Brasov, Romania) [13], milder climate with long winter
(Grimstad, Norway) [15], and semiarid climate (Amman,
Jordan) [16]. Ito et al. studied six different types of photo-
voltaic panels from the life cycle analysis in Hokuto, Japan
[17]. Amin et al. achieved a comparative study for differ-
ent photovoltaic panels under Malaysian weather [9]. Dias
et al. analyzed the models to estimate PV energy and pro-
posed a new one based on results obtained from six types
of photovoltaic panels among which are amorphous silicon
and monocrystalline silicon in Brazil [14]. Six photovoltaic
subsystems located in Madrid were analyzed based on the
performance and the degradation rate. They find out that
the CdTe/CdS technology has 2% in the first two years
while the monocrystalline technology has the lowest rate
[25]. Komoni et al. analyzed the performance of two
panels, mono and polycrystalline connected on a grid,
and obtained that the monocrystalline panel has a higher
performance which generated 1328.21 kWh/kWp com-
pared with 1286.57 kWh/kWp generated from polycrystal-
line panels [26]. The monocrystalline, polycrystalline, and
amorphous silicon panels were tested in Casablanca,
Morocco, and the results show that the monocrystalline
panel has the best efficiency in both types of day, clear
and cloudy [27]. Kumar et al. analyzed through simulation
the performance of the three photovoltaic panels inte-
grated in the buildings and obtained that CdTe is the best
technology [28]. Ameur et al. studied three grid-connected
photovoltaic technologies (monocrystalline, polycrystalline,
and amorphous silicon) in the region of Ifrane, Morocco.
They found out that the monocrystalline silicon and the
polycrystalline silicon have almost the same performance
during 51 months and the amorphous silicon has the low-
est performance [29].

Although researchers developed many types of photovol-
taic cells, the crystalline photovoltaic cells dominate the mar-
ket and there is a trend of steady growth. Therefore, the
market share is around 93% [30]. The amorphous silicon
photovoltaic cell is another major component of the silicon
family, with a market share around 50% from all thin-film
photovoltaic cells until 2011 [31], afterwards decreasing,
CdTe thus becoming leader [32], but the aSi photovoltaic
cells remain the most widely used in small applications.

Considering the aspects mentioned above, this compara-
tive study is focused upon two of the most commonly used
photovoltaic panels from their group: monocrystalline and
amorphous silicon. The previous aforementioned studies
are focused on medium and large applications, while the tar-

get of this study is their utilization for standalone small
applications, such as smart solar garden lamps, and by
extrapolation for home photovoltaic systems. Moreover, in
all studies mentioned before the photovoltaic panels had
the backside free, not covered as in this study. The perfor-
mance of the two photovoltaic panels is studied during two
years in Brasov, Romania, at latitude 45.655°N and longitude
25.597°E. The measurements were made in outdoor condi-
tions, taking into account the temperature of the panels and
the solar radiation.

2. The Experimental Setup

The space for photovoltaic panel in small applications is
limited, and its working conditions can be different in
comparison with normal PV power plants. For smart solar
garden lamps, the area of the photovoltaic panels has to be
as small as possible. Therefore, it is important for compar-
ison that the PV panels have the same area. The two pho-
tovoltaic panels under testing were chosen to have the sizes of
10 cm × 10 cm, which can be suitable for small applications.

The two PV panels, monocrystalline and amorphous sil-
icon, were mounted on the same support tilted at 55°.

The solar radiation is measured using the SPN1 pyran-
ometer. SPN1 measured the global solar radiation (G), and
the diffuse solar radiation (D) is calculated. This information
is very useful for determining the days or the period when the
sky is cloudy. The standard uncertainty for the global radia-
tion is 0.35W/m2.

The schema of the experimental setup is presented in
Figure 1.

The current-voltage characteristics, I-V , of monocrystal-
line and amorphous silicon panels are measured using the
capacitor technique [33].

The electronic load based on the capacitor technique is
developed in our laboratory and permits the measurement

SPN1 mSi
aSi

NI board
Electronic
load-based

on capacitor  

Temp.

G and D LAN

I-V

PC

Figure 1: System setup with the two commercial photovoltaic
panels.
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of the I-V characteristics in the same time, using the data
acquisition board from National Instruments. The voltage
is measured with 0.1mV standard uncertainty and the cur-
rent with 0.08mA standard uncertainty. The temperature
of the photovoltaic panels is measured using two sensors,
LM 35 (the typical accuracy is ±0.4°C), which are mounted
on the back of each PV panel. The solar radiation is mea-
sured simultaneously with the I-V characteristics of the
photovoltaic panels. The program to perform the measure-
ment and the control is realized in the LabVIEW software.
The I-V characteristics of the photovoltaic panels, the tem-
peratures, and the solar radiation are measured at five
minutes each. The data is saved, and using a suitable pro-
gram developed by the authors, it is processed in order to
perform the comparison.

3. Theoretical Considerations

The maximum power (Pmax) generated by the photovoltaic
panels is the most important parameter to perform the com-
parison between the PV panels, in cases of small applica-
tions. The maximum power is determined using the power
voltage characteristic, P-V , of the photovoltaic panels
obtained from the I-V characteristic. The one-diode mathe-
matical model, which is used to analyze the I-V characteris-
tic, is described in [34]

I = Iph − Io eV+IRs/nVT − 1
� �

−
V + IRs
Rsh

, ð1Þ

where Isc is the short circuit current, Io is the reverse satura-
tion current, q represents the elementary charge, n is the ide-
ality factor of diode, k is the Boltzmann constant, T is the
panels’ temperature, Rs represents the series resistance, and
Rsh represents the shunt resistance.

Another parameter used for comparison is the efficiency
of the photovoltaic panels and it is calculated using

η = Pmax
A × Is

, ð2Þ

where Pmax is the maximum power, A represents the area of
the photovoltaic panels, and Is is the solar irradiance.

4. Results and Discussion

The measurements of the two photovoltaic panels are per-
formed on the roof of the Transilvania University of Brasov
throughout a two-year duration.

The goal of the PV power plants is to maximize the
energy amount for the entire year, but for the PV panel used
in smart solar garden lamps, the goal is to assure the energy
so that the lamps work uninterruptedly for the entire year,
even when there are periods without sun.

The tilt angle for the PV panel in the case of the smart
solar garden lamp was chosen, analyzing the data obtained
using the free PVGIS software and the Climate-SAF PVGIS
database [35], see Table 1. So, the PV panel inclination was
chosen, 55°, to maximize the amount of energy in the months
when the ratio between the energy needed and the generated
energy is critical taking into account the purpose of this
study. The critical months are from October to February. In
this period, the night is longer than the day, and the period
when the smart lamp is turned on is higher than for the rest
of year. For the other months, the energy generated by the
photovoltaic panels is generally over the needed energy.
There are other considerations for the use of tilted PV panels,
such as increase in the quantity of the solar radiation falling
on PV panels through reflections especially during winter
(the worst period from the energy point of view) when the
albedo of the fresh snow is around 90% and the self-cleaner
process is improved at this tilt.

A simple way to compare the performance of the PV
panels is to take into account the maximum power of the
two photovoltaic panels given by manufacturers, who per-
formed the measurements in standard test conditions
(STC): irradiance 1000W/m2, air mass 1.5, and temperature
25°C. These conditions are rarely encountered in natural
environment, and it is better to perform the comparison
using the values obtained for the PV panels under natural
sunlight illumination.

The maximum power generated by the PV panels and
consequently their efficiency are considered for comparison
because the area of the photovoltaic panels is limited and
equal for the two PV panels taken into account. The maxi-
mum power and the efficiency are function of irradiance
and time.

First of all, the two photovoltaic panels were measured
under natural sunlight at different tilt angles on the N-S axis
from 0 to 90 degrees and the azimuth angle is taken 0 degree
to determine the angle effect. The horizontal solar radiation
during measurements was 550 ± 5W/m2. The measurements

Table 1: The month optimum angle for Brasov and the month average irradiance at optimum angles 35°, 44°, 55°, and 64°.

Month Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

Opt. tilt (°) 63 55 44 29 16 9 13 25 40 55 64 65

Gopt (Wh/m2/day) 1910 2550 4070 4570 4970 5100 5480 5260 4310 3830 2600 1640

G 44½ � (Wh/m2/day) 2010 2630 4100 4470 4760 4830 5220 5110 4320 3960 2760 1730

G 55½ � (Wh/m2/day) 2090 2660 4040 4250 4390 4390 4770 4800 4210 4020 2870 1800

G 63½ � (Wh/m2/day) 2100 2640 3900 3980 4010 3950 4320 4450 4030 3970 2890 1820
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were performed using a sun tracker, in September when for
Brasov the optimum mathematical tilt angle is 40 degrees,
see Table 1. The sun tracker system consists of a tripod and
a pan/tilt device J-PT-1008-D which can work with an 8 kg
load and move the panels on two axis. The pan/tilt device is
controlled using the NI myRIO device, and two encoders
are used for feedback. The sun is followed using the mathe-
matical algorithm.

The maximum power generated by the two photovoltaic
panels is presented in Figure 2(a) and the normalized power
(NPmax) in Figure 2(b), being calculated as the ratio between
Pmax obtained for different angles and Pmax at 40

°.
The maximum value for Pmax is obtained at 40 degrees for

both photovoltaic panels which correspond to the optimum
angle for September in Brasov. The maximum power gene-

rated by the monocrystalline silicon panel is over two times
higher than the maximum power generated by the aSi photo-
voltaic panel, from 2.04 at 0° to 2.14 at 40°. The normalized
power of the aSi panel is slightly bigger than that of the
monocrystalline silicon panel, Figure 2(b), proving that the
aSi panel has better performance in NPmax for small values
of the solar radiation, but in our case, this is less important
because the monocrystalline silicon (mSi) panel generates
power around two times higher than aSi even for small values
of solar radiation.

The distribution of the maximum power generated by
the two photovoltaic panels, tilted at 55°, on two years’ dura-
tion function of the irradiance is presented in Figure 3(a).
The temperature correction for maximum power is not
taken into account to have the real behaviour of the two
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Figure 2: Performance comparison of the PV panels vs. tilt angle: (a) the maximum power and (b) the normalized power.
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photovoltaic panels over the two years of measurement. An
almost linear distribution of the maximum power function
of the irradiance can be observed. The slope of the linear
fit for the monocrystalline silicon panel maximum power is
bigger than the one for aSi, meaning that the gain in maxi-
mum power for mSi increases for high values of irradiance.
Figure 3(b) shows the distribution of the PV maximum
power for small irradiance from 50 to 100W/m2. The mono-
crystalline silicon PV panel generates 35.24mW at 50W/m2

while the aSi generates 18.34mW. These values are obtained
using the linear fit equation for the two PV panels. The
monocrystalline silicon panel gain in power is almost two
times larger than that for aSi.

The better performance of the monocrystalline silicon
photovoltaic panel in comparison with the amorphous sili-
con panel is due to its efficiency. The high efficiency is
obtained because the technology is very well developed and
the highest quality silicon is used, the purity is 99.9999%.
The monocrystalline silicon cell has the photoactive absorber
stable, but an indirect energy band gap. This can be over-
passed using surface texturing, suitable antireflection coating,
and effective surface passivation.

The dependency of the maximum power average gener-
ated by the two photovoltaic panels on the irradiance is con-
sidered to have a better image (Figure 4). The difference
between the average maximum power generated by the
monocrystalline silicon panel and the aSi panel is also pre-
sented in Figure 4.

The values of the difference are higher than the values of
the aSi maximum power for all irradiance values considered.
By analyzing the results for the average maximum power
function of the illumination levels, a gain is observed for
the mSi panel which varies from 2.4 times at 1000W/m2 to
2.393 times at 100W/m2. The same behaviour is observed
when the measurements were made only in a clear sky day
(Figure 2(a)). The difference in maximum power is under
two times for irradiance under 100W/m2 because the amor-
phous photovoltaic panel has good light absorbing character-
istics in low irradiance. This result is in concordance with the
one found by Bashir et al. [7].

In the following, analysis is made for day types in order to
obtain data for specific conditions. Therefore, two days, one
clear and one cloudy, were considered in winter and in sum-
mer. Figure 5 shows the maximum power variation for the
four days: 6 January 2014 (Figure 5(a)), 9 January 2014
(Figure 5(b)), 3 August 2015 (Figure 5(c)), and 22 August
2015 (Figure 5(d)).

The shape of the curves for the maximum power gener-
ated by both photovoltaic panels for each of the considered
days is almost the same.

The difference between the maximum powers of the two
PV panels is higher for high values of irradiance. The power
difference is higher in clear days than in cloudy days. The
maximum power generated by the monocrystalline silicon
panel can be almost three times higher than that generated
by the aSi panel in clear days especially in winter, when the
temperature of the monocrystalline silicon cells is smaller
than the temperature of the aSi cells. This is an advantage
for mSi because its maximum power temperature coefficient
is -0.47% and for aSi it is -0.18% [36], and the gain in maxi-
mum power generated by monocrystalline silicon cells
increases with the maximum power generated by aSi. The
aSi panel is less sensitive at temperature variation than the
monocrystalline silicon panel.

There are small deviations for some points which could
appear due to measurement conditions which are detailed
below. The difference in gain for the same type of days can
be explained due to the temperature variation in the photo-
voltaic panels especially for cloudy days when the influence
of the spectrum is high. The two panels respond differently
both in temperature (see above the temperature coefficients)
and spectrum. The spectral response for monocrystalline sil-
icon cells is between 350nm and 1200nm with a maximum
response for around 1100nm, and for amorphous silicon
cells, it is between 300nm and 800nm with a maximum
response for around 500 nm. The part of solar spectrum is
influenced by the clouds and the atmospheric conditions.
Song et al. show that the relative decrease of the solar radia-
tion on cloudy days is higher for wavelengths over 800nm
where decreasing is more than 70%, whereas below this
wavelength value it is smaller than 50% [37]. This explains
the better behaviour for the aSi panel in cloudy days when
the gain of the monocrystalline silicon panel is smaller than
for clear days.

Taking into account the amplitude of the gain, even on
cloudy days where this is almost two times higher, it is clear
that the mSi panels are the best choice in case the area is
the same for both PV panels.

The solar global and diffuse radiation for the four days
are shown in Figure 6. By analyzing these graphs together
with the data for the maximum power generated by the
PV panels, the same behaviour for radiation and power
can be observed.

The solar diffuse radiation is almost equal with the solar
global radiation, as can be seen in Figures 6(b) and 6(d), for
the entire day, proving that the sky was cloudy on these days.

The variation of the photovoltaic panel temperature is
presented in Figure 7(a) for a winter day (6 January 2014)
and Figure 7(b) for a summer day (3 August 2015). The
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temperature of the aSi panel in both cases is a little higher
than the temperature of the monocrystalline silicon panel.

In general, the photovoltaic panels used for small applica-
tions do not have a free backside. For solar garden lamps,
they have on the back the electronic circuit and the support
for the light source.

The two photovoltaic panels analyzed have in the back a
wooden support which is a thermal insulator to simulate the
real work conditions.

The temperature difference between the two photovol-
taic panels appears due to the better efficiency of the
monocrystalline silicon panel, which is two times higher
than the one of the aSi panel, the area of the two PV
panels being the same and the PV back being covered.
So, the heat dissipation effect is reduced compared to the
case of PV panels for large applications, when the back
of PV panels is free and the area of the aSi panel is almost
two times bigger than the area of the mSi panel [7]. In the
last case, the heat convection between the air and panel
surface is better than that for the case under study. The
higher temperature of the aSi panel is compensated by
the lower power temperature coefficient [24, 36].

The behaviour of the efficiency for the two photovoltaic
panels is the same as the maximum power because the areas

of the PV panels are equal and the irradiance is the same. The
average efficiency for the minimum and maximum irradi-
ance is presented in Table 2. There are significant differences
from the STC efficiency, in accordance with other studies [9].
The efficiency calculated in natural conditions is influenced
by the temperature of the photovoltaic panels, humidity,
spectrum of sunlight, and also dust and dirt, as PV panels
are naturally cleaned.

Using the current-voltage characteristics measured, in
the future work, the parameters for both photovoltaic
panels can be determined. They can be compared in func-
tion of the solar irradiance and the temperature. Also, other
photovoltaic panels are going to be measured and com-
pared. The behaviour of the photovoltaic panels when they
are covered with dust and snow will be taken into account
in a future study.

The comparison between the two photovoltaic panels is
incomplete without taking into consideration the lifetime
and the cost. For mSi photovoltaic systems, it is known that
after 10 years the power generated represents 92% from the
initial state and after 25 years the power is 82.5%. By analyz-
ing the research literature for the lifetime behaviour of the
two types of photovoltaic panels, the median degradation
rate found is 0.36%/year for the monocrystalline silicon

0
0.05

0.1
0.15

0.2
0.25

0.3
0.35

0.4
0.45

0.5

8:24

mSi
aSi

9:36 10:48 12:00 13:12 14:24 15:36
Time

Po
w

er
 (W

)

(a)

0
0.01
0.02
0.03
0.04
0.05
0.06
0.07
0.08

8:24 9:36 10:48 12:00 13:12 14:24
Time

Po
w

er
 (W

)

mSi
aSi

(b)

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

6:00 7:12 8:24 9:36 10:48 12:00 13:12 14:24 15:36 16:48
Time

mSi
aSi

Po
w

er
 (W

)

(c)

0
0.02
0.04
0.06
0.08

0.1
0.12
0.14
0.16
0.18

6:00 7:12 8:24 9:36 10:48 12:00 13:12 14:24 15:36 16:48

Po
w

er
 (W

)

Time

mSi
aSi

(d)

Figure 5: The maximum power generated by the two PV panels: (a) winter clear day, (b) winter cloudy day, (c) summer clear day, and (d)
summer cloudy day.
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photovoltaic panels, 0.87%/year for the amorphous silicon
photovoltaic panels manufactured after 2000, 0.47%/year
for the monocrystalline silicon panel, and 0.96% for the aSi
panels manufactured before 2000 [38]. For the photovoltaic
panels manufactured after 2000, the median degradation rate
decreases with 10% for the aSi panels and with 20% for the
monocrystalline silicon panels compared to that for panels
manufactured before 2000.

The degradation rate is influenced by climate conditions,
geographical relief, and so on. Therefore, it is important to
study the lifetime behaviour of the PV panels for particular
conditions. After two years, the degradation rate of the
monocrystalline silicon panel is 1.02%, and for the aSi panel,
it is 1.97% for this study. The monocrystalline silicon panel
has an advantage on the long term because the degradation
rate is almost two times smaller than that for the aSi panel.
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Figure 6: The solar global (RG) and diffuse radiation (RD): (a) winter clear day, (b) winter cloudy day, (c) summer clear day, and (d) summer
cloudy day.
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Figure 7: The temperature of the two photovoltaic panels: (a) winter day and (b) summer day.

7International Journal of Photoenergy



The aSi photovoltaic panel has a lower cost than the
monocrystalline silicon panel, but the difference is not signif-
icant. The medium price for the aSi panel is 0.84 $/W, while
for mSi it is 1.1 $/W [19]. The lowest price is 0.69 $/W for aSi
and 0.75 $/W for mSi [39]. The lower price for the aSi photo-
voltaic panel is an advantage, but in addition to this price, the
supplementary cost for the mounting must also be taken into
consideration because for the same power an almost double
area is needed.

The price for the two photovoltaic panels used, which are
commercial panels, is almost the same with the lowest price.
The common solar garden lamps use PV panels with a very
small area because the required energy is very low, and con-
sequently, the cost becomes a secondary aspect. It can be
important for smart solar garden lamps, such as XSolar L-S
[40], for whose prototype the authors contributed, where
the necessary energy is in the order of watts.

5. Conclusions

The performance analysis for two commercial photovoltaic
panels, monocrystalline and amorphous silicon, with small
sizes 10 cm × 10 cm, was performed and presented. The
experimental setup to measure the I-V characteristics of the
two photovoltaic panels, the solar global radiation, and the
temperature of the PV panels and the software for data pro-
cessing were developed.

The maximum power of the PV panels is the parameter
taken into account to achieve the comparison because the
area of the PV panels is the same. Firstly, the maximum
power generated by the two photovoltaic panels and the nor-
malized power are measured for tilts between 0° and 90° on
the N-S direction in order to have an initial image of their
behaviour. Then, the panels were tilted at 55° which is the
optimum angle for the critical period in the case of the solar
garden lamps. The I-V characteristics of the two panels are
measured during two years and are used to determine the
maximum power of them. Also, the temperature of the two
panels is measured during the test period. Comparing the
average maximum power generated by the two panels shows
that the average maximum power of the monocrystalline sil-
icon panel is over two times higher than the one generated by
the amorphous silicon panel. This value increases to almost
three on clear winter days due to the temperature decrease
of the monocrystalline silicon panel. The gain is over 1.9
times even for very low irradiance, under 100W/m2. The dif-
ference in temperature between the amorphous silicon panel
and the monocrystalline silicon panel is higher in winter days
than in summer days. It is positive during the measurement
period. Therefore, the monocrystalline silicon panel is space
efficient, analyzing the maximum power generated by the
two photovoltaic panels.

The median degradation rate is another advantage for the
panel which is almost two times lower than the one for aSi.
The cost and the maximum power temperature coefficient
are lower for the aSi photovoltaic panel which can be an
advantage. However, the cost of the aSi system increases
because it is necessary to double the area to obtain the same
power generated as in the monocrystalline Si case.

Taking into consideration these aspects, the monocrys-
talline silicon panel is the most suitable for the applica-
tions with limited space, such as smart and common
solar garden light.

The behaviour of the parameters, such as the short circuit
current, the reverse saturation current, the ideality factor of
diode, the series resistance, and the shunt resistance, for the
two photovoltaic panels will be analyzed in the future work
using the I-V characteristics and different parameter extrac-
tion methods.
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Supplementary Materials

Annex: the maximum power and the normalized power
for the two monocrystalline and amorphous photovoltaic
panels measured in function of the tilt angles are given.
Also, the average maximum power of the monocrystalline
and amorphous photovoltaic panels is calculated for differ-
ent values of the irradiance which varies from 100W/m2

to 1000W/m2, the two panels being tilted at 55°. The max-
imum power for different tilt angles (monocrystalline and
amorphous panels). (Supplementary Materials)
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The development in the field of semiconductor materials and electronic devices has a great impact on systems with renewable
energy sources. Determination of the functional parameters of photovoltaic solar cells is essential for the subsequent usage of
these semiconductor devices. Research was made on type P+PNN+ monocrystalline silicon wafers. Crystallographic
measurements of the photovoltaic solar cell were made by means of FESEM-FIB Auriga Workstation. Initial data were selected
from the study of models found in the specialized literature. The experimental results were compared to classical mathematical
models. Measurements made on the photovoltaic solar cell were realised in laboratory conditions on the NI-ELVIS platform
produced by National Instruments.

1. Introduction

Absorption of photons under certain conditions in a semi-
conductor plate creates electrical power. The principle of
conversion is based on the fact that in a semiconductor the
electrons removed from the nucleus can be transformed into
free conducting electrons in motion. This creates a positive
load and a negative carrier simultaneously.

If there is a potential difference in the semiconductor
material due to a p-n junction, then this load carrier can be
forced to direct to an external circuit and thus an electric
power can be produced. In the case of crystalline silica, the
electric charge carriers that have been obtained can only
reach this potential barrier due to thermal vibrations. No
other force can lead them in this direction. This means that
loaded particles will have to survive until they reach the
potential barrier. The resulting lifetime is one of the key fac-
tors for the efficiency of photovoltaic energy production [1].

The physical effect was first observed by Becquerel in
1839 when he obtained power by exposing silver electrodes

to radiation in an electrolyte. The effect was further described
by Adams and Day in 1877 [2, 3]. They noticed that the expo-
sure of selenium electrodes to radiation produces electrical
voltage thus allowing them to obtain electrical power. Until
1949, when the semiconductor appeared, the photovoltaic
effect was not used. Then in 1954, in the US, Chapin devel-
oped the first solar cell based on crystalline silicon, which
had a 6% efficiency (very good for those times) [4]. In the
coming years, efficiency has increased to 10%.

The main reason for the spread of the application of the
photovoltaic effect to energy sources was the oil crisis of
1973. Since that time, specific research institutes have
emerged around the world. At the beginning of the 1980s,
it was recognized that the efficiency of solar cells is very
important for reducing the cost of alternative energy systems.
From this point on, research and development have been
focused on achieving greater efficiency. For the future, it is
expected that with the disappearance of fossil fuels, the
Sun will be one of the few inexhaustible sources of energy
widely used.

Hindawi
International Journal of Photoenergy
Volume 2019, Article ID 7945683, 14 pages
https://doi.org/10.1155/2019/7945683

https://orcid.org/0000-0002-2520-8794
https://orcid.org/0000-0002-6301-7841
https://orcid.org/0000-0002-9606-8442
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1155/2019/7945683


The efficiency record is 24-27% and is owned by a
monocrystalline silicon solar cell using very complex
technology [5, 6].

Cells currently commercially produced have an efficiency
of between 14% and 16%. In particular cases, cells that
stretch on larger surfaces have an efficiency of between
17% and 19% [7, 8].

In general, the efficiency of photovoltaic energy conver-
sion is very limited of physical causes [9]. Approximately
24% of the solar radiation has a wavelength so large that it
cannot be absorbed. In addition, 33% is lost as heat. The fol-
lowing 15-20% losses occur because the cell voltage reaches
only 70% of the value corresponding to the energy range [10].

From the recent literatures, it was found that there are no
studies on parasitic resistance and characteristics of PV cells
made of monocrystalline silicon P+PNN+.

This study aims to determine the technological character-
istics of PV cell monocrystalline silicon P+PNN+. The present
work has five sections. Section 1 covers a review of the liter-
ature. Section 2 is based on the experimental setup and meth-
odology of the studied PV cell. Determination and analysis
of technological parameters of the studied PV cell are dis-
cussed in Section 3. Afterwards, the experimental results
are interpreted in Section 4 and compared to theoretical
ones. Section 4 provides concluding remarks.

2. Experimental Setup and Methodology

Monocrystalline silicon solar photovoltaic cells are the
most stable from the family of photovoltaic cells made of
silicon [10–15].

The processing of monocrystalline silicon for obtaining
semiconductor devices for solar photovoltaic cells is a
complex manufacturing process [16–18]. The studied cells
are manufactured at ICPE-Bucharest, and they are type
P+PNN+ solar photovoltaic cells (see Figures 1 and 2). There
were type p silicon wafers used for its manufacturing. The
production flow chart contains a couple of basic stages, each
of it containing a few specific operations with longer or
shorter processing times for semiconductor structures, such
as photolithography and multiple high-temperature chemi-
cal processes. The attributes of semiconductor silicon devices
are strongly influenced by temperature [19].

Semiconductor junctions lay at the foundation of
manufacturing and functioning of the majority of semicon-
ductor device categories. Related to conversion efficiency
and power output, it is considered that the best results are
obtained for the photovoltaic solar cells with p-n junctions
[20]. Hence, if two semiconductor materials such as type p
and type n are put in contact, they create the p-n junction
of the material. Practically, this represents the separation area
between the two regions [21], the type p semiconductor being
doped with acceptor atoms (for instance, boron) and the
type n semiconductor being doped with donor atoms
(for instance, phosphorus). Pursuant to the diffusion of
majority carriers in the junction area, there appears an area
of positive spatial charge in layer n and an area of negative
charge in layer p. In this situation, the electric field oriented
from layer n to layer p appears [20, 22–24].

Crystallographic measurements of the photovoltaic solar
cell were made by means of Auriga FESEM-FIB Workstation
equipment. In Figure 3, the SEM analysis in a longitudinal sec-
tion on a metallic face at a resolution of 100 μm is presented.

X-ray diffraction is an analytic technique which offers
structural and chemical information about the crystallography
of a range of various materials [25], such as the crystallo-
graphic structure of the material, structural analysis of the
material, surface analysis of the material, analysis of thin
layers, and transformation due to the influence of tempera-
ture (see Figures 4 and 5) [25–27]. Graphics data processing
was made by the representation of data acquired using a D8
DISCOVER diffractometer, Bruker AXS GmbH.

Si

Al

Al

SiO2

WE
+

WB
+

WE

WB

NEmitter P

N-type base

Emitter P+

N

ND
+

NA
+Sn

+

Sp
+

Sn,ef

Sp,ef

N+-type base

Figure 1: The structure of the analysed photovoltaic cell.

Figure 2: Photovoltaic cell type P+PNN+.
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Silicon is one of the hardest materials to interpret by X-
ray diffraction. In order to be subjected to X-ray diffraction,
the analysed cell was treated with hydrofluoric acid for 1-
3minutes, because above it is the SiO2 layer, after which it
was ultrasonicated in ionized water and finally dried with a
flow of Azote. We identified with Si and the presence of
silicon oxide. On one side of the platelet, the silicon oxide
was intentionally created. On the other hand, the amount
of oxide is small and is due to an accumulation of oxide time
on the surface of the single crystalline platelets. From the
X-ray diffraction spectra for the solar cell, we observed a

shift of the peaks corresponding to the monocrystalline
silicon. I noticed not only the additional peaks corre-
sponding to the dopants but also the peaks corresponding
to the metal impurities from the metal contacts.

2.1. Data Acquisition of Technological Parameters. The
determination of functional parameters of photovoltaic
solar cells is essential for the subsequent usage of these
semiconductor devices. This is of major interest to manu-
facturers of such devices, because the parameter’s
improvement has as an effect on the growth of

Electron image 1100 𝜇m

Figure 3: SEM analysis in a longitudinal section at a resolution of 100 μm.

Electron image 13 𝜇m

Figure 4: SEM and EDX for the upper part of the metal-faced layer of a photovoltaic solar cell.
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photovoltaic cells’ efficiency [13–21]. Measurements made
on the photovoltaic solar cell were realised in laboratory
conditions on the NI-ELVIS platform produced by National
Instruments (see Figure 6) [26, 27].

I-V characteristics were determined by monitoring the
current getting through the photovoltaic solar cell at various
temperatures and illumination levels. The values obtained for
short-short-circuit current Isc and open circuit voltage Voc
were determined using NI-Elvis board and LabView software
(see Figure 7).

2.2. Interpretation of I-V Characteristics of the Studied
Photovoltaic Solar Cell. The I-V characteristics of the mea-
sured solar cell were represented and after that fitted using
the theoretical model with two exponentials, according to
the following relation [28, 29]:

I = I01 ⋅ exp
V − Rs ⋅ I
kT/qð Þ ⋅ n1

� �
+ I02 ⋅ exp

V − Rs ⋅ I
kT/qð Þ ⋅ n2

� �
+ V
Rp

,

ð1Þ

where I is the solar cell current, I01 is the saturation current of

the diffusion component, I02 is the saturation current of the
recombination component, Rs is the parasitic series resis-
tance, Rp is the parasitic parallel (shunt) resistance, n1 is the
ideal factor of the diffusion current, and n2 is the ideal factor
of the recombination current.

The current in equation (1) contains two components:

(i) A diffusion component representing the contribution
of optic-generated carriers which move by diffusion
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Figure 6: NI-ELVIS platform.
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in neutral regions of the p-n junction. For this com-
ponent, it was considered that the ideal parameter n
is the theoretical one, namely n1 = 1

(ii) The second exponential component of the solar cell’s
current is given by the recombination of carriers in
the transition region of the p-n junction. It was con-
sidered that the recombination process is mainly
controlled by the Shockley-Read-Hall recombination
from the respective region, being produced by the
existence of the contamination of metallic impurities
in that area [30, 31]. Because the most profound
metallic impurities, namely the ones that have the
energetic level close to the forbidden bandwidth of
silicon, are the ones that determine the recombina-
tion velocities, they were used as an ideal parameter
for this current component, n2 = 2

The values of parasitic resistances were determined by
means of an experiment, and they have the following values:
Rs = 0:750Ω and Rp = 379Ω.

From measurement analysis, using the equation with 2
currents, considering n1 = 1, n2 = 2, Rs = 0:75Ω, and
Rp = 379Ω and using Mathematica soft for the determina-
tion of the parameters by overlapping the curves (see

Figures 8 and 9), the following values have been obtained
(Table 1):

2.3. Analysis of Recombination Saturation Current I02.
Recombination saturation current of a photovoltaic solar cell
with the p-n junction is given by the following relation:

I02 = qw
ni
2τA ð2Þ

where q is the electron’s charge,w is the thickness of the tran-
sition region emitter base in direct polarization, ni is the
intrinsic concentration of carriers within silicon, A is the
junction area emitter base, and τ is the lifetime of minority
carriers from the silicon wafer volume.

The component of current I02 depends on the tempera-
ture by the medium of the intrinsic concentration ni. In the
range of the measured temperature T = 32 − 37°C, this varia-
tion is very weak and can be neglected. Abnormal values,
derived from measuring errors or errors of overlapping of
the curves, were deleted.

From Table 1, the medium value of recombination satu-
ration current, characteristic of a photovoltaic solar cell, is

I02 ≈ 2 × 10−9 A: ð3Þ

Figure 7: Isc and Voc study of the solar cell, as a function of temperature using the NI-ELVIS acquisition boards and LabView software.
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This value allows the estimation of a lifetime of the
minority carriers within the single-crystal silicon wafers used
for manufacturing of the photovoltaic solar cell.

From relation (2) we have

τmedium = qwniA
2I02,medium

: ð4Þ

The size of transition regionw of the p-n junction is com-
puted as follows [30, 31]:

w =
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2ε
q

⋅
NA +ND

NA ⋅ND
⋅ V0 −Vð Þ

s
, ð5Þ

where V0 is the internal voltage of the junction

V0 =
kT
q

⋅ ln NAND

ni2
, ð6Þ

and V is the direct voltage which drops on the solar cell in
conditions of a maximum power output.

From the accomplished measurements are obtained,

V = 0:35V: ð7Þ

For the technological case,

ND = 1016 cm−3,
NA = 1017 cm−3,

ð8Þ

which obtains:

V0 = 26 × 10−3 V × ln 1033 cm−6

1020 cm−6 = 60 × 13 × 10−3 V = 0:78V,

w =

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2 × 10−12 F/cm
1:6 × 10−19 C × 1

1016 cm−3 × 0:43V

s

= 0:23 × 10−4 cm = 0:23 μm:

ð9Þ

Finally, using relation (4), the lifetime results are

τmedium = 1:6 × 10−19 C × 2:3 × 10−5 cm × 1010 cm−3 × 4 cm2

2 × 2 × 10−9 A
= 3:7 × 10−5 s ≅ 40μs:

ð10Þ

Because of the technological conditions of the
manufacturing of photovoltaic solar cells, the following range
of values is used:

τSRH = 1 ÷ 100 μs: ð11Þ

From the interpretation of the measurements for the I-V
characteristics, a first important technological characteristic
of photovoltaic solar cells is deducted, namely the value of a
lifetime [17].

Hereafter, a qualitative analysis of diffusion saturation
current in an ideal p-n junction were made.

For the ideal diode, I01 has the following form [20, 21]:

I01 = qA
Dp

Lp
⋅
n2i
ND

+ Dn

Ln
⋅
n2i
NA

 !
, ð12Þ

which becomes, in the case of abrupt junction P+N,

I01 = qA ⋅
Dp

Lp
⋅
n2i
ND

, ð13Þ

or

I01 = qA ⋅

ffiffiffiffiffiffi
Dp

τp

s
⋅
n2i
ND

, ð14Þ

where Lp and Dp are the length of diffusion and the diffusion
coefficient of minority holes from base n doped with a
concentrationND of donor atoms.

By contrast with the recombination component I02, the
diffusion current I01 has a variation depending on the tem-
perature which cannot be neglected anymore. It comes from
the dependence of temperature of the following terms:

D = kT
q

⋅ μ ≈ T1, ð15Þ

Table 1: Determination of the parameters of a photovoltaic
solar cell.

Iph (A) I01 (A) I02 (A) T (°C)

0.0291 9:76 × 10−10 4:37 × 10−9 31.96

0.0357 1:38 × 10−9 1:49 × 10−9 32.50

0.0430 2:31 × 10−9 2:05 × 10−9 32.86

0.0512 2:1 × 10−9 2:13 × 10−9 33.17

0.0604 1:52 × 10−9 1:58 × 10−9 33.50

0.0705 1:71 × 10−9 1:73 × 10−9 33.85

0.0817 3:01 × 10−9 3:09 × 10−9 34.24

0.0941 1:62 × 10−9 1:63 × 10−9 34.64

0.1077 2:34 × 10−9 2:35 × 10−9 35.06

0.1225 1:98 × 10−9 1:17 × 10−9 35.54

0.1384 2:13 × 10−9 1:61 × 10−9 36.04
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τ = 1
c ⋅NT

= 1
σ ⋅ V ⋅NT

≈
1
V

≈
1

T1/2 , ð16Þ

ni ≈ T3/2 ⋅ exp −
EG

2kT

� �
: ð17Þ

By solving equations (15), (16), and (17) then from (14),
results

I01 ≈ T1/2 ⋅ T1/4 ⋅ T3 ⋅ exp −
EG

kT

� �
, ð18Þ

where qA ≈ T1/2 and ðDp/τpÞ = T1/4. With a good approxima-
tion, the following can be written:

I01 ≈ T4 ⋅ exp −
EG

kT

� �
: ð19Þ

From where

I01 T1ð Þ
I02 T2ð Þ = T1

T2

� �4
⋅ exp EG

k
⋅

1
T2

−
1
T1

� �� �
: ð20Þ

The experimental values obtained for a light source that
approach the condition AM 1.5 are presented in Table 2.

From this table, we have

I01 = 2 × 10−9 A,
la T = 309K:

ð21Þ

Below formula (21), the value of the diffusion component
at room temperature (T = 300K) was deduced. The following
was obtained:

I01 300Kð Þ = I01 309Kð Þ ⋅ 300
309

� �4

⋅ exp 1:1 × 103
26 ⋅

300
309 − 1
� �� �

:

ð22Þ

Then the numerical value is ((22)), we have

I01 300Kð Þ = 5 × 10−10 A: ð23Þ

This value will represent the main checkout key of com-
puter models.

3. Computing Programs for Correlation of
Experimental Data with Theoretical Models
Using Matlab Simulations

In order to compare the obtained experimental results, the
theoretical model of direct current-voltage characteristic
was used when τSRH = 5 μs. To analyse in Matlab, we used
the following material’s features, constants, and calculus for-
mulas, which are available for T = 300K [17, 31]:

(i) Intrinsic carrier concentration: ni = 1010 cm−3

(ii) Dielectric constant: ε = 10−12 F/cm
(iii) Electron charge: q = 1:6∙10−19 C
(iv) Thermal potential and thermal energy: T/q = 25:9

mV and kT/q = 25:9mV
(v) Coefficient of diffusion for load carriers:

D = D0
1 + N/N0ð Þd

D1, ð24Þ

where electrons are D0n = 35 cm2/s, D1n = 1:8 cm2/s,
N0 = 1017 cm−3, d = 0:6 and the holes are D0p =
12:5 cm2/s, D1p = 1 cm2/s, N0 = 1017 cm−3, and d
= 0:6.

The following are the relationships between diffusion
coefficient and electric mobility:

(i) Einstein’s relations are

Dn =
kT
q
μn,

Dp =
kT
q
μp:

ð25Þ

(ii) The Shockley-Read-Hall lifetime recombination is

τSRH = τ0
1 + N/Kð Þ , K = 7 × 1015 cm−3 ð26Þ

(iii) The lifetime of radiation recombination is

τrad =
1
BN

, B = 2 × 10−14 cm3/s ð27Þ

(iv) The Auger lifetime recombination is

τAug =
1

CN2 ð28Þ

where silicon-n is Cn = 10−31 cm6/s and silicon-p is
Cp = 2:8 × 10−31 cm6/s

Table 2: Values obtained for a photovoltaic solar cell measured in
condition AM 1.5.

Isc (A) Voc (V) T (°C) I01 (A)

0.122 0.48 35.5 2 × 10−9
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(v) Total lifetime is

1
τ
= 1
τSRH

+ 1
τrad

+ 1
τAug

ð29Þ

(vi) The lengths of the diffusion of minority carriers are

Electrons : Ln = Dnτnð Þ1/2

Holes : Lp = Dpτp
À Á1/2 ð30Þ

(vii) The variation in bandwidth forbidden at high dop-
ing levels is

ΔEG = a
N∗

N

� �b

+ 1
" #−c

ð31Þ

where a = 0:231 eV; b = 3/4; c = 2/3; and N∗ =
1020 cm−3

(viii) The effective intrinsic concentration of carriers at
high levels of doping is

n2i,ef = n2i exp
ΔEG

kT
ð32Þ

(ix) The effective recombination speed at the P+P inter-
face of the emitter is

sp,ef =
D+
P

L+p

n2i+
n2i

ND

N+
D

s+PL
+
p /D+

p

� �
+ th w+

B/L+p
� �

1 + s+pL
+
p /D+

p

� �
th w+

B/L+p
� � ð33Þ

(x) The density of saturation power at the P+P
emitter is

J+b0 =
qDpni

2

LpND

sp,ef Lp/Dp

À Á
+ th wB/Lp

À Á
1 + sp,ef Lp/Dp

À Á
th wB/Lp
À Á ð34Þ

(xi) The effective recombination speed on the interface
on the base N+N is

sn,ef =
D+
n

L+n

n2i+
n2i

NA

N+
A

s+nL
+
n/D+

nð Þ + th w+
B/L+nð Þ

1 + s+nL
+
n/D+

nð Þth w+
B/L+nð Þ ð35Þ

(xii) The density of saturation power on the base N+N is

J+b0 =
qDnni

2

LnNA

sn,ef Ln/Dn

À Á
+ th wB/Lnð Þ

1 + sn,ef Ln/Dn

À Á
th wB/Lnð Þ ð36Þ

(xiii) Total saturation power is

I0 = Je0AE + Jb0AB,pas + J+b0AB,met

AB,pas + AB,met = Acel

J0 =
I0
Acel

ð37Þ

(xiv) The open circuit voltage is

VOC =
kT
q

⋅ ln JSC
J0

� �
ð38Þ

(xv) The efficient conversion of solar energy is

η = JSC ⋅ VOC ⋅ f
Psolar a

ð39Þ

(xvi) The solar power in conditions AM 1.5 is

Psolar a = 100mW/cm2 ð40Þ

(xvii) The average short-circuit current density value for
an AM spectrum 1.5 is

JSC = 35mA/cm2 ð41Þ

3.1. The Effective Recombination Velocities from an Emitter’s
Interface P+/P Dependent on Recombination Velocities on the
Region’s P+ Surface of Emitter sn

+. From Figures 10–12, we
observe that if at the emitter’s surface, the recombination
velocity is 105 cm/s for a doping concentration of the emitter
of 1017 cm-3, the recombination velocities decrease to a value
of sn,ef = 103 cm/s, sn,ef = 102 cm/s, and sn,ef = 1 cm/s, if an
additional diffusion P+ is used with a concentration of
1017 cm-3, 1018 cm-3, and 1019 cm-3, respectively. The mini-
mal value for the effective recombination velocities on the
interface P+/P of emitter sn,ef is obtained in the case of
NA

+ = 1018 cm−3, wE
+ = 0:5 × 10−4 cm, and τSRH = 5 μs (see

Figure 11), while using a doping concentration of the emitter
of NA

+ = 1015 cm−3, and its value becomes 0.2777 cm/s.

3.2. The Effective Recombination Velocities from Base’s
Interface N/N+sp,ef Dependent on Base’s Strongly Doped
Concentration ND

+. A similar effect to the one of the effective
recombination velocities from interface P+P is obtained at
the contact surface of Al base where the recombination
velocity is 106 cm/s (see Figures 13–14). If on the back of
the wafer an additional layer of diffusion N+ is made with a
thickness of 5 μm (see Figure 13) and a concentration of
1019 cm-3, then the effective recombination velocities go
down to the value of 10 cm/s for a base doped to 1015 cm-3.
The minimal value for the effective recombination value from
base’s interface N/N+sp,ef is obtained in the case of wB

+ = 20

9International Journal of Photoenergy



102 103

Recombination velocities on the region’s P+ surface of emitter sn+ (cm/s)

Th
e e

ffe
ct

iv
e r

ec
om

bi
na

tio
n 

ve
lo

ci
tie

s f
ro

m
 em

itt
er

’s 
P+ /P

s n
,ef

 (c
m

/s
)

104 105
100

101

102

103

104

105

106

107

NA
+ (cm–3) = 1017

wE
+ (cm) = 0,5 ⁎ 10–4

𝜏SRH
 (𝜇s) = 5

NA (cm–3) = 1017

NA (cm–3) = 1016

NA (cm–3) = 1015

Figure 10: The effective recombination velocities from the emitter’s interface P+/P sn,ef are dependent on recombination velocities on the

region’s P+ surface of emitter sn
+ in the following conditions: NA

+ = 1017 cm−3, wE
+ = 0:5 × 10−4 cm, and τSRH = 5 μs.
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× 10−4 cm and sp
+ = 106 cm/s (see Figure 15), using a doping

concentration ofND = 1014 cm−3, this value being of 0.5 cm/s.

The obtained values are available because they accom-
plish the following technological conditions:

(i) The average value of phosphorus base doping: ND
= 1:5∙1014 cm−3

(ii) The average value of emitter layer diffusion: NA =
1017 cm−3
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Figure 14: The effective recombination velocities from base’s interface N/N+sp,ef dependent on base’s strongly doped concentration ND
+ in

the case of wB
+ = 10 × 10−4 cm and sp

+ = 106 cm/s.
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(iii) The depth of junction p-n emitter-base: wE = 5 μm

4. Conclusions

In this study, current-voltage characteristics of a photovoltaic
solar cell, measured in various conditions of illumination and
temperature, are presented. Also, based on the analysis of
these characteristics, the technological characteristics of the
studied solar cell are determined.

A mathematical model of the physical processes which
leads to the generation of electric currents in a complex pho-
tovoltaic solar cell type P+PNN+ with a finite recombination
velocity on the surface is proposed.

Both recombination velocities of charge carriers on the
surface and regions N+N and P+P are essential in photovol-
taic solar cell type P+PNN+ functioning. In a photovoltaic
solar cell with a p-n junction, the saturation current is given
by the recombination on the two faces of the wafer.

The analysed case was accomplished for τSRH = 5 μs for
the purpose of the correlation of the experimental data with
theoretical models using Matlab.

The initial wafers of silicon are not competitive, but the
application of the diffusion process of metallic contamina-
tion impurities by doping a phosphorus layer on the back
of wafers led to a significant improvement of the lifetime in
their volume.
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This paper proposes a novel PV-Trombe wall system combined with phase-change material, which is named as PV-PCM-Trombe
system. The workmainly experimentally studies the effectiveness and characteristics of using phase changematerials to improve the
overheating problem of PV-Trombe wall in summer. Through experiments, the photoelectric performance of the system using
phase-change board surfaces with and without a matte black paint lacquer are compared; moreover, the influence on thermal
environment of building is evaluated. The results indicate the PV-PCM-Trombe wall system shows an effective cooling effect on
PV cell in both experiments and that the surface lacquer coating treatment of PCM plates affects little the photoelectric
performance of the system and can reduce the working temperature of PV cell.

1. Introduction

Building-integrated photovoltaic/thermal technology (BIPV/T)
is an important technology for using solar energy that gener-
ates solar energyphotovoltaicpowerwhile improving the ther-
mal environment of buildings to efficiently use solar energy.
This can be considered as a significant contribution to the
implementation of sustainable development of the energy.

Recently, focusing on BIPV/T technology, many numer-
ical and experimental studies have been carried out from var-
ious perspectives. Yang and Jie [1] established a heat transfer
model for photovoltaic-wall integrated (PV-WALL) struc-
ture and concluded that the heat gain of PV-WALL
structures could be significantly reduced in summer. Jie
et al. [2, 3] presented a novel Trombe wall with PV cells
(PV-Trombe), which theoretically and experimentally stud-
ied the effect of the PV-Trombe system on indoor tempera-
ture and electrical efficiency and found that the aesthetic
value was much more than that of normal Trombe wall. Hu
et al. [4] compared and analyzed the annual thermal per-
formance and electric performance of three types of BIPV
system, and the result showed that a PV blind-integrated

Trombe wall system (BIPVBTW) is superior to the other
two systems in the total electricity saving and CO2 emissions
reduction. Dupeyrat et al. [5] studied the electric perfor-
mance and thermal performance of PV/T solar collectors
with different laminates and the results indicated that PV/T
solar collectors could provide advantages over separated
solar thermal and PV technologies in configuration of limited
available space for solar collector area. Herrando et al. [6]
established a system performance evaluation model and
mainly analyzed the effects of cover ratio of cells and coolant
flow rate on system performance. Koyunbaba and Yilmaz [7]
researched energy performance comparison of single glass,
double glass, and a-Si semitransparent PV module integrated
on the Trombe wall facade of a model test room. The change
in electrical efficiency by surface temperature of the PVmod-
ule had been interpreted and the electrical power rate of the
PV module had been designated. Zogou and Stapountzis
[8] studied the flow and heat transfer of a BIPV/air wall sys-
tem for building application. In this work, the results from
flow visualization and hot wire anemometry measurements
performed on the basic structural module of a double-skin
photovoltaic (PV/T) façade were discussed. Jiang et al. [9]
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presented a novel photovoltaic-Trombe wall (PV-TW). The
electrical and thermal performance of the PV-TW are inves-
tigated experimentally and theoretically. Ahmed et al. [10]
attempted to enhance the performance of a hybrid photo-
voltaic/Trombe wall (PV/TW) system through employing
a porous medium. The results revealed that incorporating
the porous medium and DC fan offered favorable features
of the system performance, while the glass cover has a
conflicting effect.

(2) Photovoltaic glass

(3) Photovoltaic cell

(1) Upper shield

(4) Lower shield

IN1 

IN2 

IN4 

IN5 

5) Upper opening  

(6) Air passage 
CHM 

H‐out 

(7) Attched wall 

(8) Phase change board 
IN3/INM 

9) Lower opening 

Out

Figure 1: Schematic of structural principle of PV-PCM-Trombe
wall system and the arrangement diagram of thermocouples.

PV-PCM-Trombe wall Experimental room

PV cells

Figure 2: The test PV-PCM-Trombe wall system.

Table 1: Dimensions of the experimental setup.

Experimental setup
Length
(m)

Height
(m)

Width/thickness
(m)

Hot box room 3.0 2.6 3.0

Door 0.6 1.6 —

Window 1.0 1.0 —

Upper/lower opening 0.3 0.2 —

Upper/lower shield 1.0 — 0.15

Photovoltaic glass board 1.0 2.0 0.004

Phase change board 0.3 0.5 0.02

Air passage — — 0.15

South wall — — 0.24

Table 2: Main properties of PCM.

Properties Unit Number

Melting point °C 29-31 (standard 29)

Solid point °C 26-28 (standard 26)

Latent heat (18-33°C) kJ/kg 160

Solid density(20°C) kg/L 1.43

Liquid density (40°C) kg/L 1.23

Volume expansion rate % 13.98

Thermal conductivity W/(m·K) 0.6

Viscosity (50°C) m2/s 16.88

PCM
panels

Vents

PH3

PH2

PH1

Figure 3: Distribution of phase change board and the
thermocouples.

Table 3: Uncertainty of sensors at test conditions.

Copper-constantan thermocouples:
temperature

±0.5°C

Pyranometer
Secondary standard

(global irradiance on the
south wall surface)

Output voltage: Voc 1% of Voc ± 0:1V
Output current: Isc 1% of Isc ± 9mA
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Combining PCM (phase change material) and PV
(photovoltaic) technologies to cool PV board or store heat
by PCM has attracted scholars’ attention. Huang [11–13]
applied PCM to PV board and carried out many studies on
the effect of PCM on the thermal regulation performance of
BIPV systems. Lin et al. [14] floored all the internal walls of
a room with PCM to study the influence of PV/T solar collec-
tor and PCM on indoor thermal environment. Through
experiments and transient energy balance approach, Hachem
et al. [15] and Kibria et al. [16] studied the effect of PCM on
the performance of PV board and concluded that PCM could
decrease the temperature of PV board and increase the elec-
trical efficiency. Curpek and Hraska [17] compared and stud-
ied the PV board with and without PCM as well as the flow
passage with and without ventilation, the results showed that
natural ventilation of PV façade with added PCM could
reduce the temperature of PV board better. Aelenei et al.
[18, 19] developed a simplified thermal network model for
BIPV-PCM and studied the thermal behavior of the system.
Ma et al. [20] conducted a detailed review of the literature
focusing on the use of PCM for PV module thermal regula-
tion and electrical efficiency improvement and found that
the PV-ST-PCM system, i.e., PV-PCM integrated with a solar
thermal (ST) system, had an obvious scope for practical
applications but met challenges.

Focusing on the inclination of solar heating wall of regu-
lar PV-Trombe wall system being overheated in summer
working conditions, based on the feature that the tempera-
ture cannot rise during phase-change heating process of
PCM, the present work proposes a novel PV-Trombe wall
system combined with PCM, i.e., the PV-PCM-Trombe.
The proposed system uses the thermal feature of PCM by
combining the PCM and conventional PV-Trombe wall

ystem to reduce the temperature of solar heating wall in
summer working conditions to avoid overheating issue of
the wall resulted by solar radiation. This work mainly
studies the effectiveness and characteristics of using phase
change materials to improve the overheating problem of
PV-Trombe wall in summer. Under summer working condi-
tions, experimental investigations are carried out on a test
system including the comparison of photoelectric perfor-
mance of the novel system with and without matte black
paint lacquer coating on phase-change board, and the analy-
sis of their effects on thermal environment of the building.

2. Principle of PV-PCM-Trombe Wall System
and the Experiment

The PV-PCM-Trombe wall system is composed of photovol-
taic glass units, upper and lower openings, upper and lower
shields, phase-change heat-storage wall, air passage, and a
frame (Figure 1). The system is installed on the south
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Figure 4: Solar irradiation intensity and ambient temperature.

Table 4: Test results of ambient temperature and solar irradiation
intensity.

Date
Max. Ts
(°C)

Mean Ts
(°C)

Max. Ic
(W/m2)

Mean Ic
(W/m2)

2017.05.27 33.3 28.3 392.8 178.8

2017.05.28 34.8 29.3 388.5 181.2

2017.05.29 34.9 30.5 388.2 175.5

2017.07.14 39.7 34.5 379.5 155.2

2017.07.15 40.6 35.1 345.0 163.5

2017.07.16 40.3 35.0 364.5 126.6
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elevation (Figure 2), where the PCM board is attached to the
external side of the south wall of building to form the PCM
wall; the photovoltaic glass units cover the PCM wall and a
certain gap is kept to form an air passage. By upper and lower
openings and upper and lower shields, the system achieves
passive heating in room in winter and heat dissipation to out-
door ambient to cool the room down in summer. Therefore,
photoelectric conversion efficiency increases and indoor
thermal environment improves. The design purpose of
phase-change heat-storage wall is to use the characteristics
of great phase-change energy storage, no increase in temper-
ature during phase change process and phase-change tem-
perature selected near the human comfort temperature;
reduce the temperature of the passage where photovoltaic
cells work especially in high-temperature summer while
ensuring sufficient hot air supply in winter to meet the
demand of building heating corresponding to human com-
fort temperature requirement; and achieve the overall
effects of the system that the photovoltaic cells are cooled
better and the photoelectric efficiency is higher, and the
indoor thermal environment better meets the requirement
of human comfort.

The working principle of the system is as follows.

1. Photovoltaic Part: the DC current generated by
photovoltaic glass is converted into AC current

2. Solar Thermal Part

In summer, the upper opening (5) and the lower opening
(9) are closed while the upper shield (1) and the lower shield
(4) are opened so that the air passage (6) and the outdoor air
forms a loop; thermal siphoning causes the air flowing

upwards from bottom in the passage, bringing away the heat
absorbed by the phase-change heat-storage wall (7, 8) and the
photovoltaic glass (2), and thereby the photovoltaic cells can
be cooled down to some extent and overheating of the room
in summer can be prevented. In addition, when the air tem-
perature in the passage rises to the phase transition tempera-
ture of PCM, the PCM undertakes phase change process; the
temperature can hardly rise as the PCM absorbs a significant
amount of heat in the phase change process, and thus the rise
of air temperature in the passage is inhibited and meanwhile,
the photovoltaic cells and the building walls can be cooled
down to some extent.

In winter, the upper opening (5) and the lower opening
(9) are opened while the upper shield (1) and the lower shield
(4) are closed so that the air passage (6) and the indoor
room form a loop, bringing the heat absorbed by the phase
change heat-storage wall (7, 8) and photovoltaic glass (2) into
the room.

To investigate the system, a test system is established on
a comparable hot box test platform. The experimental setup
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Figure 5: Electric power and efficiency of photovoltaic cells.

Table 5: Photovoltaic performance.

Date
Max. P
(W)

Mean P
(W)

Daily power
generation (kW·h)

Mean ηc
(%)

2017.05.27 55.4 23.5 0.322 10.7

2017.05.28 54.6 23.7 0.325 10.8

2017.05.29 54.1 22.3 0.299 10.5

2017.07.14 56.2 21.4 0.306 11.0

2017.07.15 51.8 22.2 0.318 10.6

2017.07.16 53.1 16.6 0.239 10.2
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consists of one hot box room, photovoltaic collector wall
combined with PCM, openings, and a measurement system.
Among them, the hot box room installed with photovoltaic
collector wall combined with PCM is the experimental
room. The south wall of both hot box rooms are brick
structure, while other walls are lightweight insulating mate-
rial. The dimensions of the experimental setup are shown
in Table 1. The area of photovoltaic cells AC is 1.125m2,
and the coverage ratio of photovoltaic cells on the photo-
voltaic glass board is 56.25%. The package material of
PCM plate is aluminum, the surface is plated with a light
color anticorrosion material, and the inner portion is crys-
talline hydrate and organic PCM; thus, the advantages of
both PCMs, hydrate and organic matter, are met. The
phase transition temperature of the PCM plates is 29°C;
its surface can be treated by matte black paint or kept as
it is to perform comparable experimental analyses. The
material properties of the PCM are listed in Table 2. The
array configuration of the phase-change board is shown in
Figure 3.

Measured parameters of the system include voltage,
current, temperature, and solar irradiation intensity.
Table 3 summarizes the ranges of parameters’ accuracies.
The temperature is measured using a conventional copper-
constantan thermocouple (accuracy of ±0.5°C). The main
measuring points for temperature measurement are shown
in Figures 1 and 3. Figure 1 represents a structural section

view of the system to show the locations of temperature mea-
suring points marked by “×,” i.e., external surface of photo-
voltaic glass board (1 point), back side of photovoltaic cells
(5 points along height), air passage (1 point), external surface
of the wall attached by phase change board (1 point), and
indoor air temperature (1 point). Figure 3 presents the loca-
tions of the thermocouples distributed on the external sur-
face of phase change heat storage board marked by “●.” In
addition, one thermocouple is placed on external surface of
the south wall of experimental room. For the control room,
there are two temperature measuring points which are
indoor air temperature (1 point) and external surface of the
south wall (1 point). The measurement system also includes
the measurement of ambient temperature, output voltage
and current of photovoltaic cells, and the total solar irradia-
tion intensity on the south-faced vertical surface measured
by a TBQ-2 pyranometer. DC voltage isolation sensor and
AC–DC current isolation sensor are used, respectively, to
detect the output voltage Voc and current Isc. The real-time
acquisition of all data are done by an Agilent 34970A data
acquisition instrument.

3. Experimental Results and Analysis

Experiments were carried out in Nanchang city in 2017, in
three consecutive days on 27–29 May (experiment 1) and
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Figure 6: Temperature distribution of PCM plates.

Table 6: Characteristic data of mean temperature of external side temperature of phase change board 1, 2, and 3.

Temperature
Experiment 1 Experiment 2

Day 1 Day 2 Day 3 Day 1 Day 2 Day 3

Max. temperature (°C) 39.3 41.1 41.6 44.4 46.2 44.8

Mean temperature (°C) 31.3 32.6 33.5 36.4 37.1 36.6

5International Journal of Photoenergy



14-16 July (experiment 2). During the tests, the outdoor
openings were kept open and the indoor openings closed,
while room doors of the experimental room and the control
room were kept open all the time. Matte black paint lacquer
covered the external surface of the phase change board dur-
ing the tests in July, like the treatment for the surface of the
heating wall of a regular passive Trombe wall system. For
the tests in May, the surface of the phase change board was
not coated.

Figure 4 presents the distribution of solar irradiation
intensity and ambient temperature during the three days of
tests, and the detailed data is listed in Table 3 (mean ambient
temperature is the average over a whole day; solar radiation is

the irradiation on the south-faced vertical wall, and its mean
value is the average in the period from sunrise to sunset). Ic is
the solar irradiation intensity and Ts is the ambient temper-
ature. Their subscripts 1 and 2, respectively, represent exper-
iment 1 and experiment 2. Based on Figure 4 and Table 4, the
solar irradiation intensity of experiment 2 is slightly lower
than that of experiment 1 on each corresponding day in the
three days, while the ambient temperature is higher. The
mean ambient temperature of experiment 1 is 29.4°C while
that of experiment 2 is 34.9°C.

3.1. Power and Efficiency of Photovoltaic Cells. Electric power
and photoelectric conversion efficiency are two important

Table 7: Test results of inner and outer temperatures of PV cells.

Date
TAVE (°C) TOUT (°C) Maximum difference

between TAVE and TOUT (°C)Max. temperature Mean temperature Max. temperature Mean temperature

2017.05.27 50.5 32.1 44.0 30.6 6.5

2017.05.28 52.1 33.5 45.8 32.0 6.3

2017.05.29 51.1 34.2 45.1 32.7 6.0

2017.07.14 48.4 36.2 44.1 35.2 4.3

2017.07.15 51.4 37.3 46.7 36.1 4.7

2017.07.16 50.8 36.4 46.2 35.5 4.7
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Figure 7: Inner and outer temperature distributions of PV cells.
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parameters measuring the performance of photovoltaic cells.
Through the definition of electric power P =U × I, being U
the voltage and I the current, electric power of photovoltaic
cells can be calculated once voltage and current are
measured. The photoelectric conversion efficiency can be
obtained by Eq. (1).

Electric power of photovoltaic cells is given by

P = ηcIcAc, ð1Þ

where Ac is the area of photovoltaic cells, m
2; Ic is the solar

irradiation intensity, W/m2; and ηc is the photoelectric
conversion efficiency.

Figure 5 presents the trends of electric power and effi-
ciency of photovoltaic cells with time for experiments 1 and
2. P and ηc are the electric power and efficiency of photovol-
taic cells, respectively. The electric powers and efficiencies of
photovoltaic cells are similar between each pair of corre-
sponding days in both experiments, and the efficiency varies
in the range of 7%~13.5%. Table 5 lists the daily measured
data from sunrise to sunset, i.e., at around 5:30~19:00 in
experiment 1 and 5:15~19:30 in experiment 2. From the
table, regarding experiment 1, the mean efficiency of power
generation is about 10.7%, the daily mean power output is
23.1W, and the daily power generation is 0.315 kW·h; for
experiment 2, the mean efficiency of power generation is
about 10.6%, the daily mean power output is 20.0W, and
the daily power generation is 0.287 kW·h. The difference in
photovoltaic performance of photovoltaic cells is small
between the two experiments, and the overall change charac-
teristics are almost consistent. Thus, the matte black coating
treatment slightly impacts on both electric power and effi-
ciency of photovoltaic cells.

3.2. Temperature of PCM Plate. Figure 6 presents the external
side temperatures of phase change boards 1, 2, and 3
(see Figure 3) in experiments 1 and 2. TPH is the temperature
of the external side of the PCM plate, and subscripts 1, 2, 3,
respectively, represent PCM plates 1, 2, and 3. From the
curves, all the external side temperatures of PCM plates 1, 2,
and 3 in the two experiments are almost identical, and those
in experiment 2 are higher than those in experiment 1. The
external side temperatures of PCM plates 1, 2, and 3 are aver-
aged, and the compared results of both experiments are listed
in Table 5. According to Table 6, the highest temperature of
the PCMplates in experiment 1 was 41.6°C and in experiment
2 46.2°C. On the one hand, the coating on the surface of the
PCM plates in experiment 2 increases the absorption of solar
heat. On the other hand, experiment 2 has a higher ambient
temperature.

3.3. Cooling Effect on PV Cell. Figure 7 presents the tempera-
tures at different height locations on the inner side and at the
middle of the outer side of PV cells in experiments 1 and 2.
T IN is the temperature of each node along the high direction
on the inner side of PV cells, and the subscript numbers 1-5
from small to large represents the high direction from low to
high. TOUT is the temperature at the middle of the outer side
of PV cell. TAVE is the mean temperature of the four locations

in the upper part of the inner side of PV cell. As shown in the
figure, during daytime, the internal temperatures are all
higher than the outer temperature of PV cell; during night-
time, the internal temperatures at different height locations
are close to the outer temperature of PV cell; the temperature
distribution laws of PV cells are similar in both experiments.
The specific data for TAVE and TOUT are listed in Table 7. As
shown in the table, although the ambient temperature is
higher in Experiment 2 and the maximum outer temperature
of PV cells in experiment 2 is slightly higher than that of
experiment 1, the internal maximum temperature of the
PV cells in experiment 2 is slightly lower than that of exper-
iment 1. The result shows that the absorption coating
treatment on the surface of the PCM plates will increase the
temperature of the PCM plates; however, there is a reduction
in the working temperature of the PV cells.

Figure 8 shows the temperature in the middle of the inner
side of PV cell and that of passage varying with time in exper-
iments 1 and 2. T INM is the temperature in the middle of the
inner side of PV cell, and TCHM is the temperature in the
middle of passage. From the comparison between experi-
ment 1 and experiment 2, the value of TINM in experiment
2 is close to that in experiment 1, even slightly lower, but
TCHM in experiment 2 is higher than that in experiment 1.
The results also indicate that the absorption coating treat-
ment on the surface of the PCM plates can reduce the
working temperature of PV cell. Table 8 lists the specific
test results of the two experiments. The maximum value
of T INM is 52.3°C in experiment 1 and it is 51.7°C in
experiment 2. The maximum values of TCHM are 41.4°C
and 45.3°C in experiments 1 and 2, respectively. The tem-
perature difference between the inner side of PV cell and
the passage reaches 11.6°C in experiment 1 and 6.7°C in
experiment 2. According to [21], without a ventilation
passage on the PV wall, the working temperature of PV
cell reaches up to 70°C in summer. From the comparison,
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the PV-PCM-Trombe wall system shows the effective cool-
ing effect on PV cell both in experiments 1 and 2.

3.4. Thermal Effect on the Indoor Room. As is shown in
Figure 9, TE−out, TC−out, and TH−out are, respectively, the tem-
peratures of the external side of the south wall of experimen-
tal room, south wall of the control room, and Trombe wall in
experiments 1 and 2. TE−out smooth is the smoothed curve of
TE−out. For each of experiments 1 and 2, the two temperature
curves of the external side of the south wall of the experimen-
tal room and control room are almost coincident with each
other; in daytime, the temperatures of the external side of
the south wall of the experimental room and control room
are higher than that of the Trombe wall which means that
the passive solar building will not result in summer overheat-
ing problem of the wall, and the peak of temperature occurs
earlier; in nighttime, the temperature of the external side of

the Trombe wall is higher than the that of others. From the
comparison between the two experiments, the main charac-
teristic is that the peak temperature difference between the
south wall and the Trombe wall for the experimental room
are lower in experiment 2. Take day 2 as an example, as is
given by Table 9, the delay is 2 hours in experiment 1 and
40 minutes in experiment 2. In addition, the maximum value
of TC−out in experiment 1 is almost the same as that of exper-
iment 2, but the maximum values of TE−out and TH−out in
experiment 2 are slightly greater than those in experi-
ment 1; in each experiment, the daily mean values of
TE−out, TC−out, and TH−out are substantially identical. Overall,
though the coating on the external side of phase change
board increases the solar heat absorption and the tempera-
ture of the Trombe wall slightly, the effect of preventing the
wall from overheating in summer is still available for the pas-
sive solar system.

Table 8: Test results of the inner side temperatures of PV cell and passage temperatures in the middle position.

Date
T INM (°C) TCHM (°C) Maximum difference

between T INM and TCHM (°C)Max. Temperature Mean temperature Max. Temperature Mean temperature

2017.05.27 50.6 32.2 39.6 30.2 11.6

2017.05.28 52.3 33.6 41.3 31.4 11.4

2017.05.29 51.4 34.3 41.4 32.3 10.3

2017.07.14 49.2 36.5 43.1 35.3 6.5

2017.07.15 51.7 37.5 45.3 36.2 6.5

2017.07.16 51.2 36.6 44.6 35.6 6.7
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Figure 9: External side temperatures of the south wall and the Trombe wall.
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4. Conclusions

Aiming at the summer overheating problem existing in regu-
lar PV-Trombe wall system, the present work proposes a
novel PV-Trombe wall system combined with PCM, i.e.,
the PV-PCM-Trombe wall system. This work mainly exper-
imentally studies the effectiveness and characteristics of
using phase change materials to improve the overheating
problem of PV-Trombe wall in summer. Through hot box
experiments, two experiments were carried out in summer
for comparing the proposed PV-Trombe wall system com-
bined with phase change material (PV-PCM-Trombe sys-
tem). Experiment 1 was carried out without coating the
external surface of PCM plates, whereas in experiment 2,
the external surface of the PCM plates was coated; in exper-
iment 2, the solar irradiation intensity is slightly lower and
the ambient temperature is higher. The following conclu-
sions are addressed:

1. From the two experiments, electric power and the effi-
ciency of photovoltaic cells are similar, so the coating
treatment on the external surface of phase change
board impacts a little on both electric power and effi-
ciency of photovoltaic cells

2. The lacquer coating on the surface of the PCM
plates can increase the absorption of solar heat.
Therefore, it can increase the temperature of the
PCM plates

3. The PV-PCM-Trombe wall system shows the effective
cooling effect on PV cell compared with the regular
PV-Trombe wall system, even the absorption coating
treatment on the surface of the PCM plates can reduce
the working temperature of PV cells

4. Though the coating on the external side of phase
change board increases the solar heat absorption, the
novel phase change heat storage-type PV-Trombe wall
system will not induce room overheating whether the
external surface of the phase change board is coated
or not

The improvement of the PV-PCM-Trombe wall system
is the use of phase change material layer. The above experi-
mental results show that this improvement can help to avoid
the summer overheating problem of the regular PV-Trombe
wall system. In the future, this system will be further studied
and optimized mainly from the aspects of theoretical model-
ing analysis and economic analysis.
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Currently, demand-side management (DSM) covers a whole range of technological and policy measures aimed at reducing
electricity consumption connected with economic activities. Thus, the development of wind PV and other renewable energy
technologies, combined with microgrid technology, offers the remote consumers and prosumers ample opportunities to stabilize
long-term costs and increase local energy system security. Apart from that, DSM from microgrid based on renewable sources
also has certain social benefits, such as protection of the environment and conservation of natural resources. Due to the
advances in photovoltaic material research and solar panel price reduction over the last years, the usage of this alternative
energy source in Baltic region countries seems more attractive. The usage of energy storage devices can help use the solar power
more efficiently and smarter. This paper deals with the optimization of a proposed solar panel array of a renovated office
building’s communal lighting in Riga, using storage devices and demand-side management of the produced power, looking into
a way to calculate the needed storage capacity on the basis of potential PV system and existing power consumption for communal
space lighting system. The proposed approach will become one of the first basic steps in applying DSM to help reduce the
communal space’s illumination power consumption, in turn helping to reduce the needed PV generating power and energy storage.

1. Introduction

Today, the use of renewable energy is one of the most prom-
ising forms of electricity consumption that can be considered
as a virtually inexhaustible source of energy. This future
perspective is determined by the ecological aspects, low
operating costs, and projected deficit of nonrenewable nat-
ural resources. According to the forecasts of the European
Commission, the renewable energy industry will account
for 1.1% of the total product in 2020.

Many large corporations contribute to the use of renew-
able energy. For example, Apple Inc., as the leading solar
power station owner, provided the operation of two data cen-
tres with alternative energy [1]. Tesla, for its part, is investing
in solar power plants with the aim to reduce CO2 emissions in
regions with high levels of atmospheric pollution [1].

In northern countries, where the sun’s radiance is not
that high throughout the year, the introduction of solar
energy as a viable renewable energy source has been hard.

But in recent years, the efficiency of the photovoltaic (PV)
panels has been improved greatly [2] and this has caused
the prices to drop [3] significantly. These advances should
be considered, when thinking of ways to reduce on-grid
power consumption and solving the problem of demand-
side management.

The air temperature affects the work ratio of the solar
panels. The majority of solar cells demonstrate a drop of
work ratio (up to 30%) as the temperature rises, but while it
is exceeding the operating temperature value, the equipment
can be damaged. For almost all types of solar cells, the oper-
ating temperature is in the range of -40°С to +85°С. Taking
into account the average air temperature in Latvia (-5.9°С)
(LEGMC data, Figure 1) [4], the operating temperature of
the cells would not be exceeded and there would not be an
additional need for the installation of cooling equipment.
But during hot summer days, the air temperature can
exceed +30°С, when the panel surface is heated to 60°C-
70°С, reducing its work ratio. This problem can be solved
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by installing solar panels on the metal structures of a roof,
thus creating a gap of few centimetres in order to ensure
air flow between the roof and solar panels.

Germany is the EU’s leading country in the extraction of
electric energy by means of solar cells. In 2015, nearly
40GWh of solar energy was generated in Germany [5]. As
shown in the map (Figure 1), in Latvia, there is approxi-
mately the same solar activity as in Germany (1000 kWh/m2

and 1200 kWh/m2, respectively), which suggests that the pro-
duction of electric energy from solar cells would be as suc-
cessful as in neighbouring countries.

The map (Figure 2) visually shows that greater solar
activity is in coastal areas, in the vicinity of Riga and in Zem-
gale. So, the installation of solar panels for Riga buildings
(including the office ones) shall be considered useful. The
average annual solar activity is 1000 kWh/m2. According to
the data of the Latvian Environment, Geology and Meteorol-
ogy Centre (LEGMC) [6] collected since 1950, the longest
duration of sunshine per year is observed on the Baltic Sea
coast (Kolka, Ventspils, and Liepaja): 1840-1940 hours per
year. The sun shines in Zemgale about 1850 hours a year.
In the eastern regions, the duration of sunshine is less:
1670-1720 hours per year; but in the Vidzeme Highland, it
is only 1580 hours per year. In general, in coastal areas in
summer, there are the biggest number of clear days and fewer
fall-outs than in region areas, located further away from the
sea. The duration of sunshine is also largely determined by
the amount of clouds, not only by astronomical factors. The
sun is shining slightly less than half the probable duration

of sunshine in the territory of Latvia as a result of great cloud-
iness. During the winter months in the territory of Latvia, the
sun shines only 10-25% of the possible shining time. In the
summer months, in general, the average the sun shines is
only 50-60% of the possible duration of sunshine. In the ter-
ritory of Latvia, without the sun, there is an average of 90-110
days per year; in the Vidzeme and Latgale Highlands, 110-
120 days. In the winter months, on average, more than half
of the days of the month the sun does not shine. As can be
seen from the above data, the maximum sunny hours in Riga
are 2110 hours per year, but the minimum is -1519 hours per
year. When installing solar cells in Riga, their average work-
ing time will be about 22% of the total time.

This paper considers ways to ensure the illumination of a
renovated office building’s staircase and communal space,
using solar power as much as possible.

Due to the increase in the tariff for electricity, there is
interest in switching office loads to renewable energy sources.

This article considers the possibility of switching the
load of communal lighting to renewable sources; in partic-
ular, the use of solar batteries (PV) is planned. The choice
was made based on the aspects and limitations of the urban
environment.

The consumption of communal lighting has partly prob-
abilistic nature. When considered in detail, like any other
load curve, the load curve of the lighting system can be
divided into a stationary and probabilistic component.

The office building itself is newly renovated. Its common
space is equipped with LED lights. Nevertheless, the total
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Figure 1: Average air temperature in Latvia (in 2016).
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daily energy consumption for the communal space lighting
system is more than

Ecl = 380 kWh, ð1Þ

where Ecl is the communal space light system energy
consumption.

2. The PV Generation and Sun
Insulation Analysis

2.1. Types of the Solar Panel

(i) Monocrystalline solar panels

(ii) Polycrystalline solar panels

Thin film solar panels:

(i) Amorphous silicon solar panels

(ii) Cadmium telluride solar panels (CdTe)

(iii) Copper indium gallium solar panels (CIGS or CIS),
(Table 1) [7]

2.2. Optimal Position of the Solar Panel. The efficiency of
solar panels is determined not only by the intensity of the
received solar radiation but also from the angle at which
the panel is directed towards the direction of the solar radia-
tion. Therefore, for the panel to get maximum solar radia-
tion, this angle should be 90°. In order to find out the angle

of a stream of the sun and the sun’s height in solstice, you
need to know the geographic latitude and geographic longi-
tude of the particular place (Figures 2 and 3); Riga: latitude
56°56′56″N, longitude 24°6′23″E (56.948889, 24.106389)
(Figures 4 and 5) [4].

Using the Photovoltaic Geographic Information System,
it is possible to determine the optimal angle of inclination
of the position of the solar panels (Figure 5) [8], where Hh
is the solar radiation on a horizontal surface (Wh/m2/per
day), Hopt is the radiation to the optimal angle of inclination
(Wh/m2/per day), Hð39Þ is the radiation at the inclination of
39° (Wh/m2/per day), Iopt is the optimal angle of inclination
(°); PP is the repayment factor of the investment project, I0 is
the amount of initial investment, and CF is the cash flow
from project implementation.

Based on the results (Table 2) obtained, the optimal angle
of inclination of the installation of solar panels for the map-
ping point is 38°. Positioning solar panels at this angle will
reduce reflected solar energy and thus increase the efficiency
of the solar plant.

3. The Load Analysis in Office Building’s
Staircases and Communal Space

Five recorders “Circutor CIR-e3” were installed to record the
overall energy consumption and load character of the office
building, as well as to carry out audit and further analysis
of the data obtained. Two analyzers were connected to the
input cable for fixing the data of the total electricity con-
sumed in the building (Figure 6) [9].

Global horizontal irradiation (GHI) Latvia

Ventspils

Rīga

Valmiera

Jêkabpils
Rēzekne

Daugavpils

0Average annual sum, period 1994–2010 25 50 km

Jūrmala

Liepāja

Jelgava

< 950 1000 1050 kWh/m2

Figure 2: Solar activity in Latvia [6].
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The solar panels are intended to be used only for utility
lighting; internal installation was reorganized, and the lift
equipment (the peaks indicated by the arrows at Figure 6)

was connected to another entry. After the pump was discon-
nected, measurements were made again and graphs were
obtained (Figure 7).

As a basic model of the lighting load, the load sched-
ule of communal lighting of office space was adopted.
The schedule is presented in 10x relative units, because
the typical lighting load is minor than the typical whole
office building load curve.

Table 1: Types of solar panel.

Name

Type Monocrystalline Polycrystalline Thin film (CIS)

Product name Sharp NU-RD280 Trina Solar TSM-270 PD05 Solar Frontier SF170S

Nominal power Pmax (W) 280 270 170

No-load voltage Uoc (V) 39.2 38.4 112

Short-circuit current Isc (A) 9.67 9.18 2.2

Voltage at maximum power Umpp (V) 31.2 30.9 87.5

Current at maximum power Impp (A) 8.97 8.73 1.95

η (%) 17 16.5 13.8

Panel area S (m2) 1.643 1.553 1.228

Occupied area of solar panels per 1 kWp SkWp 5.87 5.75 7.22

The cost of solar panels per 1 kWp CkWp 996.4 959.3 923.5

Temperature factor kt (%/°C) -0.31 -0.41 -0.30

Power losses Pzud, % at T = 70°C 13.95 18.45 13.5

Price per piece (EUR) 279 259 157

Figure 3: Visualization of solar panel design.
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Figure 4: Geographic latitude and longitude in Latvia [4].

Figure 5: Calculation of the optimal angle of inclination [8].
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On the basis of lighting schedule data for mathematical
model, the common consumed power of building’s commu-
nal space lighting (Figure 8) is built.

4. The Mathematical Model of Sun Insulation
and PV Generation

A load analysis was performed, using a mathematical model
[10]. The result data are represented in Figure 8. The com-
munal space lighting system’s consumption in our case is
constant through the season in summer and winter months,
because the communal space is without windows and there
is no daylight component.

To model the electrical load of the lighting system, we use
the probability and statistical model:

Ppi = �Pl + βσ ⋅ Pið Þ, ð2Þ

where Pi is the wattage rating on the ith hour of the daily
schedule; �Pl is the mathematical expectation on the ith hour
of the daily schedule; β is the reliability factor of the calcula-
tion, which determines the probability with which the ran-
dom load values will remain lower than the assumed
estimated value Ppi, and σðPiÞ is the average square deviation
for the ith stage of the daily schedule.

Under the normal probability distribution law of the load
values under β = 2, σðPiÞ = 0:025.

Ppi = �PiPmax ⋅ 1 ± βσ Pið Þð ÞKs, ð3Þ

where KS is the seasonal factor, the value of which in our case
is equal to1 [11].

The intensity of solar radiation depends on a variety of
factors, geographical latitude, the angle of inclination of the
receiving surface towards the sun, climate, air pollution, sea
level elevation, and season. The study assumes the installa-
tion of PV on a roof of the existing building in Riga. Arising

from these, all the above-mentioned parameters were taken
into account.

The direct solar radiation Q1 is found by Kostrov’s
formula:

Q1 =
Q0 sin α

sin α + c
, ð4Þ

where Q0 is the solar constant of 1370W/m2 and c is the
value characterized by the degree of transparency of the
atmosphere (in our case c = 0:81).

Calculation of the sun’s altitude α, geographical latitude,
and inclination towards the horizon is calculated using the
Kupar approximation formula.

Diffuse solar radiation is calculated by the formula

Q2 =Q2h 0:55 + 0:434 cos θ + 0:313 cos θð Þ2Â Ã
, ð5Þ

where Q2h is the flow of diffuse solar energy falling on the
horizontal plane (according to Berlage’s expression) [12].

Thus, the orientation angles of the site were set using the
above-mentioned expressions to determine the given energy
falling on the inclined platform (at an angle of 38°). After
the data analysis, it was decided to place 72 photovoltaic
panels on the building’s roof; the generation is represented
in Figure 9 [11].

5. Calculation of Power Balance and Optimal
Battery Storage

Assuming the transfer of the power of communal lighting to
alternative sources of generation, potential balance of capac-
ities is shown in Figure 10.

The main condition for the working capacity of the
planned closed-loop system is the ability to provide the con-
sumer with sufficient power.

PGPV + Pa ≥ PcKs, ð6Þ

where PGPV is the generated PV power, Pa is the accumulated
power, Pc is the consumed power, and Ks is the safety factor.

The amount of energy possible to save at the current
time (t) is determined by two parameters of “free” capac-
ity of the accumulation system (Da) and the maximal
charge current value (Ic).

If the battery capacity is equal to Ca, then

0:8 ⋅ Ca ≥Da: ð7Þ

Coefficient 0.8 is taken from the equation ð1 − KpÞ, where
Kp is the coefficient of allowable battery charge (Kp~0:8) [10].

Thus, the mathematical expression for the required accu-
mulation when calculating the power balances of the system
of communal lighting in the charging mode of accumulating
devices will be equal to

Pa = PGPV −
Pc
Ei

≥ 0, ð8Þ

Table 2: Monthly solar activity on the roof of an office building.

Month Hh Hopt H 39ð Þ Iopt T24h

January 450 847 847 71 -5.5

February 1060 1730 1730 64 -4.3

March 2570 3730 3730 55 0.1

April 4210 5150 5150 41 6.2

May 5540 5870 5870 27 12.5

June 5860 5810 5810 18 16.1

July 5550 5630 5630 22 19.6

August 4400 5010 5010 35 17.9

September 2860 3770 3770 48 13

October 1380 2110 2110 60 6.8

November 513 895 895 68 3.8

December 297 558 558 72 -1.1

Per year 2900 3430 3430 39 7.1
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where PGPV is the generated PV power, Pc is the power con-
sumed by the system, and Ei is the efficiency of the inverter.

Correspondingly, in the battery discharge mode

Pa = PGPV −
Pc
Ei

< 0: ð9Þ

The mathematical expression for calculating the power
balance in the charging mode of the accumulating unit will
be equal to

Pat ≤DaUaKa,

Ia =
Pa

naUa
≤ IC,

8><
>:

Pat >DaUaKa,

Ia =
Pa

naUa
≤ IC,

8><
>:

ð10Þ

where na is the number of battery units, Ua and Ia are the
voltage and the charge current of one battery, and Ka < 1 is
the efficiency of the battery [10].

Optimizing the expression will look like

�Da =Da − IatKa,
PC = Pa − IaUa,

(

�Da =Da − IatKa,
PC = Pð Þ½ �a − IaUa:

( ð11Þ

Mathematical expressions for calculating the power bal-
ance in the discharge mode of the accumulating unit will be
equal to [10]

Paj jt ≤ 1 − Kp
À Á

Ca −Da

Â Ã
Ua,

Ia =
Paj j

naUa
≤ Ip:

8><
>: ð12Þ

The Ca and Ia values determine the working capacity of
an autonomous electrical power supply system using renew-
able energy sources.

By adding battery storage, it is possible to use the solar
power more efficiently, but there is the unknown variable,
how much exactly has to be stored.
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By looking back to Figure 9 and adding the energy
produced by photovoltaic elements, it can be seen that
in summer months there is potentially a lot of wasted
energy, which can be stored. And for the time of the year
when there is not enough solar energy to cover the whole
daily consumption, it can be used to shave off the
demand peaks.

The minimum storage capacity can be calculated, using
the following procedures:

(i) For consumption and generation graph, both pro-
ducing functions PPV = f ðtÞ and Pc = f ðtÞ can be
found, see Figure 11

(ii) Two intersections can be found

(iii) Three regions Pst1, Pst2, and Pst3 can be separated for
integration operations

(iv) The sum of these areas (13) is the minimum storage
capacity of the needed battery storage

Pst:sum = Pst1 + Pst2 + Pst3: ð13Þ

Individual areas of the graph can be found using equa-
tions (13) to (14).

Pst1 =
ðb
a
PC tð Þdt −

ðb
a
PpV tð Þdt, ð14Þ

Pst2 =
ðd
c
PC tð Þdt −

ðd
c
PpV tð Þdt, ð15Þ

Pst3 =
ða
d
P tð Þdt, ð16Þ

where a is the sunrise time t = tsunrise, b is the first intersection of
functions PC and PpV, c is the second intersection of functions
PC and PpV, and d is the sunset time t = tsunrise (Figure 12).

The calculation should be done for summer months to
fully consider the maximum generating potential of the solar
panels. At the same time, equation (17) must be considered:

Pst:summ ⋅ kloses ≤ POG, ð17Þ

where

POG =
ðc
b
PpV tð Þdt −

ðc
b
PC tð Þdt ð18Þ

is denoted as the maximum overgenerated power.
The kloses coefficient considers conversion and other loses.
The building in question has already taken steps to

decrease the usage of electrical energy for communal space
lighting, but further improvements are possible. The usage
of direct current (DC) and wireless dimming sensors can
bring great benefits.
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6. Repayment Calculation

Such a repayment calculation is not permissible, as the
annual profit will be different, because the amount of elec-
tricity produced will vary from year to year, as well as the

price of electricity will be different. At the same time, the
manufacturer of solar panels indicates a decrease in the
panel’s work ratio over time (no more than 10% after 10
years of operation and no more than 20% after 25 years
of operation).
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Therefore, a formula that takes into account discount
rates will be applied:

NPV = 〠
n

t=0

CFt
1 + ið Þt , ð19Þ

whereNPV is the current net value, i is the discount rate, CFt
is the incoming cash flow during the period t, n is the repay-
ment deadline, and t is the period of time [10].

During the year, the solar panel produces a maximum of
11970 kWh at a constant electricity tariff (€ 0.14/kWh),
which means annual profits will be approximately € 1600
with a decrease every year thereafter. In light of this, we will
construct the investment repayment schedule (Figure 13).

As the schedule shows, the investments will be paid back
in 12-13 years, which is to be considered an acceptable indi-
cator. Given the constant rise in electricity prices, invest-
ments can be paid even more quickly (Figure 14).

The calculation of the total payment amount is based on
the following formula [13]:

Y = D i/mð Þ
1 − 1/ 1 + i/mð Þð Þn ⋅mð Þ , ð20Þ

where Y is the monthly payment amount, D is the amount of
a loan, i is the interest rate, m is the number of interest
accruals during the year, and n is the loan maturity in years.

7. Conclusion

Choosing the right size for PV panel quality, quantity, angle,
and energy storage in the photovoltaic system can prove itself
to be difficult, especially in Baltic region countries, where the
initial investment can be expensive and should be considered.

In this paper, the authors have looked into a way to calcu-
late the needed storage capacity on the basis of potential PV
system and existing power consumption for communal space
lighting system.

Future work will incorporate other factors, such as the
usage of DC power supply to help reduce the communal
space’s illumination power consumption, in turn helping to
reduce the needed PV generating power and energy storage.

The usage of direct current (DC) and wireless dimming
sensors can bring great benefits. The next optimization step
is the possibility to combine local DC lighting distribution,
avoiding the voltage conversion loses in LED luminaires.

Data Availability

Unfortunately, the PV measurement data used to support
the findings of this study will not ever be made available
because all those are confidential information which we
have no right to disclose. We can present only a link to
the site https://www.csb.gov.lv/en from which the statisti-
cal data was obtained.
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Constant exposure of a photovoltaic (PV) panel to sunlight causes it to overheat and, consequently, its rated efficiency decreases
leading to a drop in its generated power. In this study, a PV panel was tested under standard test conditions in a halogen lamp
solar simulator at different solar irradiance values. The PV panel was then fitted with heat dissipating fins and measured under
identical test parameters; thereafter, repurposed materials such as high-density polyethylene (HDPE) and plastic bags were,
separately, added to the PV panel with fitted heat-extraction fins and the performance was evaluated again. Passively cooling the
PV panel with fins and repurposed materials resulted in a 22.7% drop in the PV panel’s temperature, while an 11.6% increase in
power output occurred at 1000 Wm-2. Utilizing repurposed waste materials in PV cooling improves a panel’s efficiency and
saves the environment from the ecological effects of dumping these materials.

1. Introduction

Photovoltaic (PV) cells’ efficiency for converting sunlight
into electricity is low, and it drops even more as the cells
are heated when exposed to a great deal of solar irradiance.
There is an approximately 0.25% and 0.5% drop in efficiency
for amorphous and crystalline silicon cells, respectively, for
every 1°C increase in the cells’ temperature [1]. Hence, cool-
ing PV panels is essential in utilizing the maximum conver-
sion efficiency. The two currently used PV panel cooling
systems are active cooling and passive cooling. Active cooling
is a system based on expending energy to cool the PV panel
down, while passive cooling is a system that does not use
any energy to cool off a PV panel.

PV cooling has been widely researched [2, 3]. Hybrid
integrated PV/thermal systems are classified as (i) water
based, (ii) air based, (iii) refrigerant based, (iv) heat pipe
based, and (v) phase change material (PCM) based [4], while
passive cooling systems are divided into air (heat sink), liquid

(liquid immersion), and PCM [5]. Heat sinks, or fins, were
also effective cooling additives to various applications [6–8];
PV panels can benefit from these properties to reduce their
temperature and to increase their relative efficiencies, as
was confirmed by multiple studies. There are plenty of uses
for fins, such as in electronic equipment, heat exchangers,
and turbine cooling. Increases of up to 0.3~1.8% and
1.8~11.8% in average electrical efficiency and average output
power, respectively, were reported after the addition of pas-
sive cooling fins to a PV panel [9]. Installing aluminium
fins to the backside of PV panels increased the electrical
conversion efficiency by 1.75% [10] and the output power
by 2% [11]. A study investigated a hybrid solar photovol-
taic/wind system to maintain the cell’s surface temperature,
and according to the results, the system not only enhanced
the PV cell’s performance but also helped the wind turbine
generate more electrical power [12].

PCMshavebeen extensively investigated asheat-extraction
additive components to PV panels yielding favorable outcomes
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in increasing the relative efficiency by reducing the PV
panels’ surface temperatures [13–16]. The advantages of add-
ing PCMs to PV panels are their high heat transfer rate, pas-
sive heat exchange, no maintenance cost, among others,
while some of the disadvantages are high cost, toxicity, fire
safety, and corrosion issues [17]. Additional investigations
of passive methods of PV panel cooling include the use of
cotton wicks [18], rainwater [19], and radiative cooling [20].

State-of-the-art PV passive cooling reviews [21, 22] show
a plethora of research on the subject but none look into the
utilization of materials that would otherwise be discarded as
passive cooling additives to PV panels. This work focuses
on passive cooling and the repurposing of different materials
to aid in reducing a PV panel’s temperature. Repurposing of a
material is defined as the utilization of a material, which was
originally manufactured to serve a primary function, to serve
a secondary purpose instead of being disposed of after its pri-
mary function is spent. An alternative to the disposal of par-
ticular materials or products is repurposing them to cool
down a PV panel. Polyethylene is made from petroleum
and considered as a thermoplastic (a plastic material that
solidifies when it is cooled down and is easy to shape and
bend when it is heated). High-density polyethylene (HDPE)
is used for manufacturing plastic bags, plastic bottles, geo-
membranes, lumber plastic, and anticorrosion pipes. This
work introduces a new hybrid passive cooling classification
that combines air cooling using heat sinks (fins) under natu-
ral ventilation and no wind speed with repurposed materials.
The repurposed materials that will be explored in this work
are ground HDPE and plastic bags.

The disposal of plastic creates plenty of negative envi-
ronmental impacts. Despite the fact that plastic is a durable
material, it poses a considerable threat to the environment
as it decomposes slowly and its incineration could lead to
the emission of poisonous gases into the atmosphere. In
addition to that, producing plastic proved to have a harm-
ful effect on the environment as a large number of pollut-
ants, together with enormous amounts of fossil fuels, are
needed during the production process. Recycling is not
always a viable option in many parts of the world; there-
fore, reducing the nonbiodegradable waste and using it
for PV cooling can be beneficial to both the environment
and to the efficiency and output power of PV panels.
Renewable energy generation combined with environmen-
tal protection support the new trend of sustainable cities’
design [23].

2. Methodology

The overheating problem in PV panels will be experimentally
investigated. A PV panel will be prepared according to the
test requirements; it will be tested under laboratory condi-
tions. Halogen lights will be set to the required intensity,
and the PV panel’s front and back temperatures will be mon-
itored. The temperature will be recorded after ensuring that a
steady state was reached.

Heat loss from the PV panel is important for the fins’
design. To estimate the heat loss from the PV panel, a math-

ematical model will be proposed and solved analytically. The
following assumptions were considered:

(i) Steady state, one-dimensional problem in the direc-
tion of flow. Thus, the temperatures of the glass
cover, solar cells, and plates vary only in the direction
of working fluid flow

(ii) The capacity effects of the glass cover, solar cells, and
back plate have been neglected

2.1. Heat Dissipation Rate by Convection, Qconv. Qconv is the
degree at which heat dissipates through convection from
the top and bottom surfaces of the PV panel and is assigned
a function of convection coefficient and the temperature gra-
dient between the surface and ambient temperature [24].

Qconv =Qconv,front +Qconv,back,
Qconv,front = A × hfront × Tpv − Tamb ,

Qconv,back = A × hback × Tpv − Tamb ,
1

where A is the surface area of the PV panel, hfront and hback
are the heat convection coefficients for the front and back
surfaces of the PV panel in Wm-2 K-1, and Tpv and Tamb
are the PV panel and the ambient temperatures, respectively.

The convection coefficients are a mixture of both forced
and free convections. They differ in velocity, air temperature,
and geometry of the PV panel. In this research, not much
attention was paid to forced convection. On the contrary, free
convection is the main focus of attention. Free convection
coefficients are derived from the base of a heated inclined
plate for the entire range of Rayleigh numbers that were
assigned to the Nusselt number (Nu). All equations were pro-
vided by [24].

2.2. Heat Dissipation Rate by Radiation, Qrad. Qrad is the
degree to which the PV panel gives off heat. It relies on the
emissivity of the PV panel as well as the temperature gradient
between the PV panel and the environment. As for horizon-
tal surfaces, the radiation heat transfer between the front and
back surfaces of the panel and the surroundings was repre-
sented by the following:

Qrad,front = A × σ × εpv × Tpv + 273 15 4 − Tsky + 273 15 4 ,

Qrad,back =
A × σ × Tpv + 273 15 4 − Tground + 273 15 4

1/εpv + 1/εground − 1
2

As for the tilted panels, the net heat, which is dissipated
through radiation, was among the panel, the sky, and the
ground and was given by the following:
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Qrad,front = A ∗ σ ∗ εpv ∗ Tpv + 273 15 4

−
1 + cos∅

2 ∗ εsky ∗ Tsky + 273 15 4

−
1 − cos∅

2 ∗ εground + Tground + 273 15 4 ,

Qrad,back = A × σ × εpv × Tpv + 273 15 4

−
1 + cos∅

2 × εground × Tground + 273 15 4

−
1 − cos∅

2 × εsky × Tsky + 273 15 4 ,

3

where σ is the Stefan-Boltzmann constant at 5 67 × 10−8 W
m−2 K−4, PV is the panel’s emissivity, and εpv is considered
to be 0.9. Here, the sky’s temperature of 15K is lower than
the ambient temperature and the ground temperature is pre-
sumed to be 10°C warmer than the ambient temperature.

2.3. Fin Design. The degree of heat transfer could be escalated
through expanding the surface where convection takes place.
This can be achieved through the application of fins, which
stretch from end to end on the backside of the PV panel.
The fin material’s thermal conductivity could have a consid-
erable impact on the circulation of temperature across the fin.
Ideally, the fin material should possess a high level of thermal
conductivity in order to diminish the variations in tempera-
tures from top to bottom.

2.4. Selection of Fins’ Shape. The fins’ configurations were
selected based on a few parameters such as weight, space,
and cost. On one hand, fins can have simple designs such
as rectangular, triangular, parabolic, annular, and pin shapes.
On the other hand, fins’ design can be complicated such as
spiral shapes. In this study, rectangular fins were selected
from three known and easy-to-install configurations. These
configurations were (i) rectangular fins, (ii) parabolic fins,
and (iii) pin fins. Table 1 shows the results of that calculation
where each fin design produced a different efficiency; based
on these results, the rectangular fin shape was selected.

The rectangular fin shape allows airflow in one direction
only; if the air blows from a transverse direction, the fin will
create high drag on the panel and will negatively affect the
heat transfer. To overcome the flow direction problem, a per-
forated fin was used. Perforations in the rectangular fin allow
the air to flow in all directions and reduce the amount of
material used in the fin, thus making it lighter in weight. Per-
forated, lighter-weight fins are cheaper and exert less stress
on the panel.

The perforated fin is shown in Figure 1. Under natural
convection conditions, a perforated fin dissipated more heat
than an identical solid fin. Perforated fins achieve better heat
transfer than solid fins. In addition, light permeable fins
reduce the cost of the fin material compared to solid fins.
Furthermore, using a large number of permeable fins leads

to an increase in the Nusselt number [25]. The permeable
nature of perforated fins leads to a larger heat loss and a
drop in the PV panel’s temperature due to air passing
through the fins freely. The fin’s area, pores’ area, and fin’s
weight were all calculated.

The fin’s heat transfer rate was assessed using the qfin rule
on the fin’s base as shown in equations (4)–(6) [24].

qfin =M
sinh mL + h/mk ∗ cosh mL
cosh mL + h/mk ∗ sinh mL , 4

M = hPkAcθb, 5

m = hP
kAc

, 6

θb = Tbase − T∞ 7

Fins were utilized to boost the heat transfer from a partic-
ular surface by expanding the surface area. Nevertheless, the
fins installed were resistant to heat transfer through conduc-
tion from the designated surface. Therefore, any increase in
the heat transfer rate could not be guaranteed. To address
this issue, fin efficacy, εf , had to be evaluated. Accordingly,
fins’ effectiveness can be defined as the proportion of the heat
transfer rate with fins to the heat transfer rate without the use
of fins [24].

εf =
qfin

hAc,bθb
, 8

where Ac,b is the fin’s cross-sectional area at the base. The
results of the fins’ effective calculations are shown in Table 2.

Table 1: Fin efficiency based on design type.

Design Efficiency (η)

Rectangular fin 84%

Parabolic fin 78.4%

Pin fin 81.5%

Figure 1: A perforated fin that was attached to the backside of a PV
panel to act as a heat sink and to reduce the PV panel’s temperature.
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2.5. Selection of Fins’ Material. There were many factors
considered when selecting the fins’ material to guarantee
maximum heat conduction through the fins. Those factors
involved weight, thermal conductivity, and cost. Table 3
shows the benefits and drawbacks of three main and available
materials: iron, aluminium, and copper; based on the table,
aluminium was preferred to the other materials because of
its good thermal conductivity, light weight, and medium cost.
Therefore, a rectangular aluminium fin was designed.

3. Experimental Setup

The experimental investigation aimed at evaluating the PV
panel after having been fitted with heat-extraction fins and
later with fins and repurposed materials, as illustrated in
Figure 2. The new PV cooling system’s effects on the electri-
cal performance of a PV panel and its efficiency were
assessed. The PV panel’s electrical performance is com-
monly determined according to the standard test conditions
(STC) that correspond to 1000 W m-2 and 25°C cell temper-
ature, with a reference solar spectral irradiance called Air
Mass 1.5, as defined in IEC 60904-3 [26]. The testing condi-
tions, including the nominal operating cell temperature
(NOCT), STC, high-temperature condition, and low irradi-
ance condition, together with irradiance and temperature
measurement procedures are determined by this standard.
Controlled indoor test conditions were preferred to fluctua-
tions in temperature and to enable the repeatability of tests.
A solar simulator was used to mimic solar irradiance for the
indoor testing.

3.1. Solar Simulator. A locally designed solar simulator, shown
in Figure 3(a), was utilized covering an area of 2 × 2m2

using thirty-six 1000 W tungsten halogen lamps with a col-
our temperature of 3000 K.

3.2. PV Panel. A 30 W PV panel, shown in Figure 3(b), was
first tested as is in the solar simulator. Then, it was fitted with
aluminium perforated fins, as illustrated in Figure 3(c)
(before attaching the fins) and in Figure 3(d) (after attaching
the fins). Later, repurposed materials were added to the fin-
fitted PV panel. The thermal behaviour was evaluated at the
three stages to determine the fins’ effects on the PV panel’s
temperature and efficiency, first without and then with
repurposed materials. The data collected was used as a refer-
ence to compare the thermal and electrical behaviour of the
PV panel at the different stages.

3.3. PV Analyser. The PVA-1000 PV Analyser Kit is a 1000-
volt I-V curve tracer designed by Solmetric Corp., as shown
in Figure 3(e). It has integral performance modelling and
excellent wireless irradiance, and it detects tilt and tempera-
ture. This device can achieve measurement throughput along
with accuracy. Both the I-V curve (current vs. voltage) and
P-V curve (power vs. voltage) were measured using this
device, and then a comparison was made between the mea-
sured results and the anticipated performance in terms of
irradiance and PV panel temperature when carrying out
the I-V measurement. The I-V unit communicated with
the data acquisition computer wirelessly.

3.4. Measuring and Monitoring Devices. The ambient tem-
perature, as well as the PV panel’s temperature, was mea-
sured through the application of a Type K thermocouple
(SE029) exposed junction and a 0.2 mm PTFE insulated
twisted pair conductor. The thermocouples were positioned
on the item’s surface to measure its temperature. Conse-
quently, the measured temperature was a mixture of the sur-
face and the ambient temperatures. The measurements of the
thermocouples were automatically recorded via a Pico Tech-
nology Environment Quad Temperature Converter together
with a Pico Technology Environment DataLogger. The dis-
tribution of thermocouples is shown in Table 4. The device
used to measure radiation was a silicon cell pyranometer
(SP-212) with ±5% accuracy. The measurements of the pyr-
anometer were automatically recorded by a Pico Technology
Environment DataLogger.

4. Results and Discussion

All measurements were conducted in a laboratory setting to
mimic the behaviour of the sun on a typical day; when the
sun rises, its irradiance is low and when it is at its hottest,
its irradiance reaches its peak and then starts to decrease
until it diminishes. Hence, the PV panel was placed under
the solar simulator with 500 W m-2 irradiance to simulate
solar radiation in the morning (8 a.m.). The solar simula-
tor’s temperature started to rise gradually, and as it became
stable, the irradiance of the solar simulator was adjusted to
750 W m-2, late morning (10 a.m.). Similarly, when the
temperature was stable once again, the irradiance was
adjusted to 1000 W m-2, noon (12 p.m.). Once the temper-
ature reached a steady state, the irradiance was adjusted
back to 750 W m-2, afternoon (2 p.m.). Finally, irradiance
was dropped to 500 W m-2, late afternoon (4 p.m.). All

Table 2: Calculations of the fins’ effectiveness.

Area of PV panel 0.156m2

Ambient temperature 25°C

Heat convection coefficient (hlower) 3.06Wm-2 K-1

Length of the fin (l) 0.15 m

Width of the fin (w) 0.31 m

Thickness of fin (t) 0.001 m

Material’s thermal conductivity (k) 237 W m-1 K-1

Number of fins 21

Finned area 1.56 m2

Unfinned area 0.15 m2

Heat rate from the finned area (q) 110.8 W

Heat rate from the unfinned area (q) 10.117 W

Backside temperature of PV panel 47°C

Fin’s cross-sectional area (Acs) 0.00031 m2

The effectiveness of fin (εf ) 11.455

The efficiency of the fin (η) 84.2%
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tests were conducted under identical conditions and no
wind speed.

4.1. As-Is PV Panel. The surface temperature and the output
power of the PV panel measurements were recorded at differ-
ent trials and consistently resulted in similar outcomes. The
PV panel’s surface temperature increased with the rise in
solar irradiance until it reached a steady maximum of 106°C
at 1000 W m-2. As expected, the PV panel’s output power
increased with the increase in solar irradiance. Figure 4(a)
shows the PV panel’s temperature consistency over three tri-
als, and Figure 4(b) shows the average surface temperature
and the average output that were used for comparison.

4.2. Modified PV Panel. The PV panel was fitted with perfo-
rated aluminium fins as illustrated in Figure 3(d), and the
thermal and electrical properties were measured. 19 cylin-
drically shaped wraps of ground HDPE grains weighing
70 mg each with an average diameter and height of
4.07 mm and 3.24 mm, respectively, were stuffed between
the backside of the PV panel and the fins; two wraps are
shown in Figure 5(a) before attachment to the PV panel.
Plastic bags (PBs), as shown in Figure 5(b), were folded in
a way that closely resembles the HDPE wraps and replaced
HDPE wraps to evaluate their thermal and electrical effects
on the PV panel.

The results in Figure 6 show that a significant drop in
temperature occurred when the PV panel was modified.
The as-is PV panel’s surface temperature dropped by 23%,
22.7%, and 22% for the PV panel modified with fins, fins
+HDPE, and fins+PBs, respectively, at a solar irradiance of
1000 W m-2. Inversely, the as-is PV panel’s output power

increased with the cooling modifications by 11.5%, 12.1%,
and 11.6% for the PV panel modified with fins, fins+HDPE,
and fins+PBs, respectively, at a solar irradiance of 1000 W
m-2. For the other solar irradiance values, the trend was sim-
ilar for the PV panel’s surface temperature. As for the output
power, the highest increase was recorded at 1000 W m-2 and
was maintained, albeit at lower percentages, as the solar irra-
diance values dropped. As expected, less heat was received at
lower solar irradiance values reducing the increase in output
power compared to that observed at the maximum irradiance
of 1000 W m-2.

The certainty and reproducibility analyses were consid-
ered. The maximal difference in temperature measurements
between the tests was 1.7°C, and the relative error between
them was 1.6%. As a result, no corrections were required to
determine the fins’ effects on temperature. The maximum
error for the measured PV panel was 2.4% with a maximum
relative uncertainty of 0.32.

4.3. The Efficiency of As-Is and Modified PV Panels. The effi-
ciency was calculated according to equation (9). The three
different modifications that were applied to the PV panel
all yielded higher efficiency than the unmodified one. The
highest increase in efficiency was recorded at a solar irradi-
ance of 1000 W m-2 where the as-is PV panel’s measured
efficiency was 8.67%, while the efficiency of the cooled PV
panel with fins+PBs was 9.67% as shown in Figure 7. The
highest overall efficiency, 10.15%, was measured at the
morning solar irradiance of 500 W m-2 for the PV panel
cooled with fins+HDPE. The efficiencies of the modified
PV panels dropped as time went by, and solar irradiance
values changed because the additives had retained some of
the heat from the PV panel itself, essentially rendering them
as thermal storage additives. Yet with that aforementioned
decrease in efficiency, the modification aided in the reduc-
tion of the PV panel’s surface temperature and resulted in
higher efficiencies for all cooling cases.

ηmax =
Pmax
GAc

9

5. Conclusions

The PV panels’ conversion of solar radiation into electricity
decreases with the rise in the panels’ temperature. Therefore,

Table 3: Merits and demerits of common fins’ materials.

Advantages Disadvantages

Aluminium

Relatively lightweight material (density = 2702 kgm−3)
Corrosion-resistant material

Relatively high thermal conductivity
Flexible and easy-to-install material

Relatively high cost

Copper
A high thermal conductivity of 401 W m-1 K-1

Corrosion-resistant material
Relatively heavyweight material (density = 8933 kgm−3)

High cost

Iron Low cost
Relatively low thermal conductivity

Corrosive material
Heavyweight material (density = 7870 kgm−3)

Aluminium
fin

Repurposed
material

PV panel

Figure 2: Schematic of a PV panel fitted with repurposed materials
and fins.
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it is important to cool PV panels to maintain their rated con-
version efficiencies. In this study, a hybrid passive cooling
system was proposed that consisted of aluminium heat-
extraction fins along with repurposed materials, i.e., HDPE
and plastic bags. Recycling is not always an option, so repur-
posing certain materials can reduce nonbiodegradable waste
and cool down PV panels.

The results obtained showed that modifying a PV panel
with fins and repurposed materials reduced the temperature
of the panel and increased its efficiency. Different solar irra-
diance values using a solar simulator, in a controlled labora-
tory setting, were utilized to mimic the sun’s behaviour on a
typical day. The highest temperature drop of 23.7°C at

(a) (b)

(c) (d)

(e)

Figure 3: (a) Solar simulator, (b) PV panel used, (c) backside of the PV panel with paste for fin installation, (d) installed perforated
aluminium fins, and (e) PV analyser.

Table 4: Distribution of thermocouples.

Thermocouple Location

A Ambient temperature

B, C Backside temperature

D, E Surface temperature

F Frame temperature

J Fin temperature

K Repurposed materials temperature
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1000 W m-2 was observed when the PV panel was cooled
with fitted fins and HDPE grain wraps. The highest output
power was attained at 1000 W m-2 when the PV panel was
cooled with fitted fins and folded plastic bags showing a rise
of 11.6%. Lastly, the highest efficiency increase was recorded
at 1000 W m-2 when fitted fins and folded plastic bags were
used to cool down the PV panel; all those values were com-

pared to the PV panel’s measurements prior to making cool-
ing modifications.

Passively cooling PV panels can effectively reduce their
temperatures and enhance their thermal and electrical per-
formance. Using repurposed materials that can otherwise
be harmful to the environment if thrown away reduces the
cost of raw cooling materials; at the same time passive
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Figure 4: Measurement of the PV panel at three different solar irradiances to simulate morning, late morning, noon, afternoon, and late
afternoon (a) surface temperatures of three trials and (b) average surface temperature and average output power.

(a) (b)

Figure 5: Additives to the PV panel between its backside and the installed fins: (a) HDPE grain wraps and (b) folded plastic bags.
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Figure 6: Comparison of results for the as-is PV panel and the PV panel modified using fins, fins+HDPE, and fins+PBs for (a) a PV panel’s
surface temperature and (b) a PV panel’s output power.
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cooling requires no energy input for the cooling process. The
main drawbacks to the utilization of this repurposed
material-based system are the collection of those materials
before disposal and the possible labour cost of installation.
However, if those disadvantages are addressed, the new PV
panel cooling system could prove to be an important step
in maintaining the rated efficiency and reducing negative
environmental impact.

Nomenclature

A: Surface area of PV panel (m2)
Ac: Cross-sectional area of fin (m2)
Ac b: Cross-sectional area of the fin at the base (m2)
ηmax: PV panel’s maximum efficiency
εf : Fin’s effectiveness
εground: PV panel emissivity
εpv: Ground emissivity
G: Incident solar irradiance (W m-2)
h: Conventional heat transfer coefficient around the

fin (W m-2 K-1)
hfront: Heat convection coefficient of the front of the PV

panel (W m-2 K-1)
hback : Heat convection coefficient of the back of the PV

panel (W m-2K-1)
HDPE: High-density polyethylene
k: Fin material’s thermal conductivity (Wm-2K-1)
L: Fin’s length (m)
P: Fin parameter (m)
Pmax: PV panel’s maximum power output (W)
PV: Photovoltaic
PCM: Phase change material
∅: PV panel’s tilt angle (°)
Qconv : Heat dissipation through convection (W)
Qconv,front: Qconv of the front of the PV panel (W)
Qconv,back : Qconv of the back of the PV panel (W)
qfin: Fin’s heat transfer rate rule
Qrad: Heat dissipation through radiation (W)
Qrad,front: Qrad of the front of the PV panel (W)

Qrad,back : Qrad of the back of the PV panel (W)
Tamb: Ambient temperature (K)
Tbase: Fin’s base temperature (K)
Tground: Ground temperature (K)
T∞: Room temperature (K)
Tpv: PV panel temperature (K)
Tsky: Effective sky temperature (K)
σ: Stefan-Boltzmann’s constant

(5.67× 10-8Wm-2K-4).
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Nano-silver-titanium dioxide (Ag-TiO2) composites were prepared from commercial TiO2 (P25, Degussa) and silver nitrate
(AgNO3) by gamma Co-60 irradiation method with various initial concentrations of AgNO3. The nano-AgTiO2 composites are
utilized as the photoanode for dye-sensitized solar cells (DSCs). Under full sunlight illumination (1000W/m2, AM 1.5), the
efficiency of DSCs has improved significantly despite the Ag content of below 1%. The DSC—assembled with 0.75 Ag-TiO2
(0.75% Ag) photoanode—showed that the photocurrent was significantly enhanced from 8.1mA.cm−2 to 9.5mA.cm−2

compared to the DSCs using bared TiO2 photoanode. The unchanged open-circuit voltage resulted in the overall energy
conversion efficiency to be increased by 25% from 3.75% to 4.86%. Electrochemical impedance spectroscopy (EIS) analysis
showed that the charge transfer resistance is reduced when increasing Ag content, demonstrating that the charge transfer at
TiO2/dye interface was enhanced in the presence of silver nanoparticles.

1. Introduction

Research and application of new energy resources are
essential approaches to reduce dependence on fossil fuels,
and solar energy is considered one of the feasible solutions
to solve the world’s energy crisis. Dye-sensitized solar cells
(DSCs) have promised to replace conventional silicon-
based solar cells in the context of using clean solar energy
due to their low cost, massive production, and facile pro-
cess. Thus, DSC technology has been an attractive
approach for the large-scale solar panel [1–5]. In DSCs,
the cell architecture comprises nanostructured TiO2 photo-
anode as an electron conductor, a dye Ru-complex as a
light absorber, a redox shuttle for dye regeneration, and
a counter electrode to collect electrons and reduce positive
charges generated through the cell [1]. Commonly, the

DSCs showed efficient solar energy-to-electricity conver-
sion of 10% [1, 6].

Many approaches have been studied to alternately
improve the conversion efficiency of DSCs, including
researching the novel counter electrode, electrolytes, dyes,
and semiconductor photoanode materials. Among these,
the photoanode plays a decisive part in determining the per-
formance of cells [1, 7–9]. Many semiconductor materials
have been studied to be used as photoanode in DSCs such
as TiO2, ZnO, SnO2, Nb2O3, and SrTiO3. In particular,
TiO2 has been universally used due to its chemical stability,
excellent charge transport capability, low cost, and easy prep-
aration [2, 10, 11]. In DSCs, TiO2 plays three roles: (i) provid-
ing a substrate for dye adsorption, (ii) accepting electrons
from the dye’s excited state, and (iii) transporting the elec-
trons from conduction band of TiO2 to the conducting
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substrate then to the external circuit [11, 12]. TiO2 possesses
a wide bandgap energy in both common structures: anatase
at 3.2 eV and rutile at 3.0 eV. To improve the solar energy-
to-electricity conversion efficiency, the surface of TiO2 are
modified with metallic ions such as Fe3+ and Zn2+, alterna-
tively, metallic nanoparticles such as Au, Ag, and Pt [3, 9,
10, 13, 14]. Study incorporation of Ag nanoparticles onto
TiO2 surface showed that the coupling of semiconductor
and metal nanoparticles might yield a photoinduced electron
transfer across the interface, which in turn may lead to the
increased energy conversion efficiency of DSCs [11, 15–17].
Most of the previous reports showed the enhancement of effi-
ciencies (4.86%) due to the plasmonic effect of Ag nanoparti-
cles at high content (>2.5%) [8]. Many methods have been
reported to prepare Ag-TiO2 composite such as microwave-
assisted sol–gel techniques [18], a microwave-hydrothermal
technique [19], and UV irradiation [20]. Gamma irradiation
has been well known as an effective method due to its simple
preparation, massive produce, high efficiency, and eco-
friendliness [14, 16, 21].

In this work, we prepared nano-Ag-TiO2 composites at
low Ag content (<1%) via Co-60 gamma irradiation. The
nano-Ag-TiO2 composites were used to prepare the photoa-
nodes for DSCs. The role of Ag on the photoperformance of
DSCs were investigated by the current-voltage method and
the electrochemical impedance spectroscopy.

2. Experimental

2.1. Materials. TiO2 (P25, Degussa), AgNO3 (99.9%, Sigma-
Aldrich), two types of ethyl cellulose (EC) powders (5-
15mPa⋅s and 30-50mPa⋅s, Sigma-Aldrich), ethanol (95%,
Sigma-Aldrich), and terpineol (anhydrous 99.9%, Sigma-
Aldrich) were commercially available. Fluorine-doped tin
oxide (FTO-TEX-8X, 15Ω/cm2) conductive glass substrates
(Dyesol, Australia), electrolyte solution HPE (Dyesol, Aus-
tralia), ruthenium complex dye N719 (Dyesol, Australia),
and platinum paste PT1 (Dyesol, Australia) were used to fab-
ricate the cathode of the DSCs.

2.2. Preparation of Nano-Ag-TiO2 Composites. 4.00 g TiO2
was dispersed in 20mL solution of ethanol and distilled water
(1/1, v/v) by magnetic stirring for 30 minutes; then, the solu-
tion was vibrated by ultrasound for 30 minutes. 10mM
AgNO3 solution was added to the colloidal solution with
the various weight ratios of Ag : TiO2. The mixtures were
irradiated via the gamma-radiation from a Co-60 irradiator
in the dose range of 10-30 kGy with a dose rate of 1.3 kGy
per hour (VINAGAMMA Center, Ho Chi Minh City).
Table 1 details the volume of AgNO3 solution, the weight
ratios of Ag : TiO2, and the dose of gamma-radiation. The
irradiated colloidal solutions were centrifuged with speed
up 10,000 rpm for 30 minutes to collect the powders; then,
the final products were dried in air at 60°C overnight.

2.3. Fabrication of DSCs. DSCs (an active area of 0.2 cm2)
were assembled following our process in previous reports
with four steps [22–24].

2.3.1. Ag-TiO2 Printing Paste Preparation. The Ag-TiO2
printing paste is composed of Ag-TiO2 (20% wt.), ethyl cellu-
loses (10% wt.), and terpinol (70% wt.). 4.50 g EC (5-
15mPa⋅s) and 3.50 g EC (30-50mPa⋅s) was dissolved in abso-
lute ethanol to form 10% EC solution. 0.40 g nano-Ag-TiO2
composites and 1.40 g terpineol were added to 2.00 g EC solu-
tion. The mixture was sonicated in three steps, each for 30
minutes. The final solution was heated in a vacuum oven at
40°C for 10 hours to remove the ethanol and water.

2.3.2. Photoanode Ag-TiO2 Preparation. The FTO glass, as a
current collector, was first cleaned in a detergent solution
via ultrasonic for 15 minutes, and then rinsed with distilled
water and ethanol. The FTO glass was soaked into a 40mM
TiCl4 solution at 70°C for 30 minutes and re-washed with
distilled water and ethanol. The Ag-TiO2 paste with a thick-
ness of 12-14 μm was coated on FTO substrate by using
screen-printed method. After screen-printing, these coated
electrodes were heated at 500°C under airflow for 30 minutes
to form the Ag-TiO2 photoanode.

2.3.3. Platinum Cathode Preparation. The FTO glass was
treated in 0.1M HCl in ethanol in an ultrasonic bath for 15
minutes and washed with acetone. The platinum cathode
on the FTO substrate (Pt/FTO) was prepared by the screen-
printing method using platinum paste PT1. The cathode
Pt/FTO was annealed at 450°C for 30 minutes.

2.3.4. DSC Assembly. Both electrodes were arranged into
sandwich-type cells by using a ply of melted surlyn at
190°C for 30 seconds. The dye solution (10mM N719 in
DMF) was injected successively into the cells through a hole
in the back of platinum cathode, soaking in 4 hours and
removing the DMF solvent. The cell was cleaned with aceto-
nitrile for three times before being injected with electrolyte.
The hole was then scaled using a quick-drying adhesive.
The DSC assembly was performed in a nitrogen-filled
glove-box to avoid oxygen and water.

2.4. Structural Characterization. The crystalline structures of
nano-Ag-TiO2 composites were characterized by X-ray dif-
fractometer D8 Advanced (Bruker, Germany) with a copper
anode (λKα = 1 54Å). The XRD patterns were acquired in
the 2θ range of 20°-80° (0.02° per second). The particle size
of nano-Ag-TiO2 was analyzed by transmission electron
microscopy (TEM) images on a TEM 1400 (JEOL, Japan).
The UV-vis spectra of nano-Ag-TiO2 composites were
recorded on a UV-vis spectrophotometer (Jasco-V630,

Table 1: Preparation of Ag-TiO2 samples by gamma irradiation.

Sample
VAgNO3

(mL)
mTiO2

(g)
Ratio of Ag :

TiO2 (% weight)

Dose γ
-irradiation

(kGy)

0.25 Ag-
TiO2

9.3 4.0 0.25 13.7

0.50 Ag-
TiO2

18.5 4.0 0.50 20.4

0.75 Ag-
TiO2

27.8 4.0 0.75 27.3
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Figure 1: XRD patterns of nano-Ag-TiO2 composites.
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Figure 2: (a) TEM image of 0.75 Ag-TiO2 composite. Digital photo of TiO2 (b) and 0.75 Ag-TiO2 composite (c).
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Figure 4: UV-vis absorption spectra of (a) the as-prepared nano-Ag-TiO2 composites in powder. (b) Ag-TiO2 photoanode films and (c)
Kubelka-Munk plot for TiO2 photoanode film.
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Japan). The chemical composition of the materials was ana-
lyzed by EDS method using HITACHI S-4800 FE-SEM/EDS
instrument.

2.5. I-V Characterizations. The photovoltaic characteristics
(I-V) of the cells were recorded by Keithly 2400 source
meter. The light source was a solar simulator from a 450W
halogen lamp with an infrared filter (AM 1.5). The incident
light intensity was 1000W/m2 calibrated with a standard Si
solar cell. Electrochemical impedance spectroscopy (EIS) of
DSCs was carried out by an AUTOLAB 302N apparatus
(Ecochemie, Netherlands) in the frequency range of 0.1Hz-
100 kHz and under illuminations of 1000W/m2.

3. Results and Discussion

3.1. Structural Characterization of Nano-Ag-TiO2
Composites. Figure 1 illustrates the XRD patterns of commer-
cial TiO2 (Degussa P25) and nano-Ag-TiO2 composites. All
diffraction peaks can be indexed in the anatase phase
(Tetragonal, space group I41/amd) and rutile phase (Tetrag-
onal, space group P42/mnm). Structural conservation of
TiO2 indicates that the γ-irradiation with Co-60 irradiator
does not affect the crystalline structure of TiO2 as well as
the ratio of anatase phase and rutile phase. No diffraction
peak of Ag was observed in XRD patterns of the Ag-TiO2
samples due to the low content of Ag nanoparticles (below
1%). To determine the existence of Ag naoparticles in com-
posites, other techniques (TEM, EDS, and UV-VIS) were
applied.

Figure 2 exhibits the TEM images of the nano 0.75 Ag-
TiO2 composite. We observed the well-defined TiO2 nano-
particles (bright color) in the range 10-25 nm and the nano-
Ag (dark color) on the background of TiO2 particles. The
EDS pattern of 0.75 Ag-TiO2 (Figure 3) composite powder
confirms the existence of Ag on the composite.

Figure 4(a) shows the UV-vis spectra of the samples in
powder. We observed that the band-edge absorption of
nano-Ag-TiO2 composites shifted towards the red wave-
length (redshift) and the plasmon resonance effect of the
silver nanoparticles appeared in the range of wavelength
500-550 nm. The results verified the formation of nano-Ag
on TiO2 by the gamma Co-60 irradiation. Based on the
Kubelka-Munk plot, the bandgap energy (Eg) of nano-Ag-
TiO2 composite in powder (Table 2) dropped slightly as
compared to TiO2 (Eg = 3 1 eV) following the increase of
Ag content.

Following the fabricating process of photoanodes, nano-
Ag-TiO2 composites were calcinated at 500°C for 30 minutes.
We keep track of the photoproperties of photoanodes, with
the UV-vis spectra visible in Figure 4(b). The UV-vis spectra
of photoanodes in Ag-TiO2 changed significantly. The disap-
pearing of the plasmonic effect in nanosize, as well as the
blueshift, was observed due to the agglomeration of Ag nano-
particles after the annealing process. The calculated bandgap
of the four photoanodes was approximated in 3.1 eV. Many
researches indicated the role of plasmon resonance effect
of Ag nanoparticles to increase the performance of DSCs

Table 2: Bandgap energy (Eg) of the as-prepared nano-Ag-TiO2

composites in powder and Ag-TiO2 photoanode films, calculated
by the Kubelka-Munk plot.

Bandgap (eV)
As-prepared nano-
Ag-TiO2 composites

Ag-TiO2
photoanode films

TiO2 3.1 3.1

0.25 Ag-TiO2 3.1 3.1

0.50 Ag-TiO2 3.0 3.1

0.75 Ag-TiO2 2.8 3.1
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Figure 5: I-V curves of DSCs.

Table 3: Performance parameters of DSCs based on photoanodes
nano-Ag-TiO2 and TiO2-P25.

Sample Voc (V) Isc (mA/cm2) FF ɳ (%)

TiO2 0.77 8.12 0.67 3.75

0.25 Ag-TiO2 0.79 8.90 0.67 4.83

0.50 Ag-TiO2 0.79 9.25 0.67 4.88

0.75 Ag-TiO2 0.77 9.56 0.64 4.86

FTO

e –

CB

N719

TiO2

TiO2

Ag

AgAg

Ag
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Figure 6: Electron transfer pathway in Ag-TiO2 photoanode.
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[11, 16, 19, 25]. The lack of plasmonic effect of low Ag
content was detailed in DSCs Performance section.

3.2. DSCs Performances. We fabricated the DSCs using
nano-Ag-TiO2 composites as well as TiO2-P25 as the
photoanode and studied the photoperformance under the
1000W/m2 intensity light. The DSCs’ performances’ results

were gathered in Figure 5 and Table 3. The DSCs assembled
from TiO2-P25 photoanode receive a short-circuit current
(Isc) of 8.12mA/cm2, open-circuit voltage (Voc) of 0.77V,
and fill factor (FF) of 67%; the overall photocurrent conver-
sion efficiency (ɳ) is calculated to be 3.75%. In the case of
Ag-TiO2 photoanodes, the photoperformance of DSCs
essentially increased. It is noted that the open-circuit voltages
(Voc) were nearly unchanged and stabilized around 0.77V,
indicating that the energy structure of photoanodes (Fermi
level) is unvaried. The short-circuit current (Isc) enhanced
gradually with the Ag content; particularly, the 0.75 Ag-
TiO2 photoanode exhibited the highest Isc to 9.56mA/cm2

as compared to 8.12mA/cm2 with TiO2-P25 photoanode.
The photoefficiency (η) also improved significantly to
4.86%. We believed that the Ag nanoparticles at low content
played as the electron-bridge between TiO2 and the current
collector FTO which limited the grain boundaries’ effect
across the TiO2 matrix. We described the mechanism of pho-
toelectron transfer of Ag-TiO2 photoanodes in DSCs in
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Figure 7: (a) Nyquist plot and (b) Bode-plot of DSCs based on photoanodes nano-Ag-TiO2 and TiO2-P25.

Table 4: Cathode charge transfer resistances (Rct) and
recombination resistances (Rr) of DSCs measuring at Voc under 1
sun illuminate.

Sample
RPt

(ohms)
Rr

(ohms)
Cμ

(μF)
τn

(mS)
f max
(Hz)

TiO2 2.9 43.1 210 7.4 37.3

0.25 Ag-TiO2 4.1 36.5 233 7.6 37.3

0.50 Ag-TiO2 4.5 36.6 230 7.2 37.3

0.75 Ag-TiO2 3.7 36.5 235 6.7 37.3
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Figure 6. When the photoanodes Ag-TiO2/N719 were illumi-
nated under sunlight AM 1.5, N719 dye was excited and
transformed to N719∗ following by ultra-fast electron injec-
tion from N719∗ to the conduction band (CB) of TiO2 semi-
conductor. Due to the lower energy (Fermi level) of Ag-CB
than TiO2-CB, the photoelectrons can collect on Ag particles
and transfer facilely in TiO2 matrix to the current collector
FTO. Moreover, the recombination of eCB

– and h+VB on
TiO2 particles can be restricted which also enhances the pho-
tocurrent in DSCs.

To clarify the role of Ag-TiO2 photoanodes on the photo-
efficiency of DSCs, the electrochemical impedance spectros-
copy (EIS) was performed at the Voc under illuminations of
1000W/m2 in the frequency range of 0.1Hz-100 kHz. The
Nyquist plots and Bodes plots are presented in Figure 7; the
analysis of EIS spectra is detailed in Table 4. The equivalent
circuit is given in the inset of Figure 7. The EIS spectra of
DSCs in Nyquist plot (Figure 7(a)) show two semicircles, cor-
responding to two processes: (i) electron transfer in cathode
platinum and (ii) electron transfer in TiO2 network and from
TiO2-CB to triiodide in electrolyte via reaction (1), called
recombination-process.

TiO2/e + I3− → TiO2 + 3I– 1

At high frequencies, we observed a negligible variation of
electron transfer resistance (RPt) in cathode platinum. At
intermediate frequencies, the recombination resistances (Rr)
were decreased drastically (from 43 1Ω for photoanode
TiO2 and 36 6Ω for photoanodes Ag-TiO2) that reveal the
role of Ag electron-bridge to facilitate the electron transfer in
TiO2 network. According to the research of Wang et al. [4],
the reducing recombination resistance Rr reflects the fast elec-
tron transfer in the photoanode whereby the photoperfor-
mances were beneficial. Moreover, the chemical capacitance
of conduction band electron (Cμ) was also increased that indi-
cated the electron lifetime (τn)—composed of resistance and
capacitance (τn = RrCμ)—was slightly decreased. Further-
more, the characteristic frequency of Rr was stabilized at
37.3Hz in Bode plots (Figure 7(b)), indicating stable free elec-
tron lifetime.

4. Conclusions

In conclusion, we demonstrate the direct preparation of
nano-Ag-TiO2 composites by the γ-irradiation method
from a Co-60 irradiator and the Ag-TiO2 showed a capa-
bility as photoanode in dye-sensitized solar cells. The
DSCs—based on nano-0.75 Ag-TiO2 composite photoano-
de—presented an encouraging performance with Voc of
077V, Isc of 9.56mA/cm2, fill factor of 0.64, and photoef-
ficiency of 4.86%. Studying the role of Ag by EIS, we
observe only a reduction of recombination resistance in
photoanode due to the formation of Ag electron-bridge
that improves the electron transfer process but do not
reduce electron lifetime.
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