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Abstract: Electricity has been paid much attention towards its entry in all sectors of human life,
ever long since its revolutionary invention. Networking the disconnected hamlets with reliable
electricity is still found to be challenging in many countries, due to demographic conditions, where
electricity remains elusive. Solar energy, a form of renewable energy that has been proved to be a
viable alternative to fossil fuels could bea potential solution for regions with poor distribution of
power. The present work aims t augmenting the solar energy harvesting in a PV module with a
phase change material. A portable PV module is fabricated based on an innovative design including
passive cooling with paraffin wax and arrangements for enhanced solar irradiation. The new design
is tested for its performance at different temperatures and it is found that the module with PCM has
shown 3% of increase in voltage generation over the conventional one. Also, paraffin wax is found
to maintain the module temperature at 5% lesser than the normal one on an average. Five different
angles of orientation of the mirrors say, 30°, 45°, 60°, 75° & 90° with module axis are tested and it
is observed that 60° is optimum in harvesting the voltage. The results revealed that the new design
is more efficient and viable for its usage.

Keywords: Solar energy, Photovoltaics, PV module, PCM, Renewable energy device.

1. Introduction

With the energy requirements of the 21 century having reached unsustainable levels and the use of fossil
fuels being discouraged for its harmful effects on the environment, renewable energy has come to the
forefront as the most promising source of energy in the world. Renewable energy accounted for up to 26.2
% of the global electricity produced in 2018, with more than 90 countries actively installing a minimum
of 1 GW of devices capable of generating energy from renewable sources [1]. Solar energy, a promising
form of renewable energy can go functional either as concentrated photovoltaics (CPV) or concentrated
solar power (CSP) for heating/cooling applications [2]. Annually, the Earth receives close to 173000 TW
of solar energy and roughly receives 1366 W/m” of power from the Sun on an average day [3]. Due to the
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spherical shape and the tilt of the earth on its axis, the poles receive lesser sunlight than equatorial regions
and thus it is most suitable to harness solar energy from tropical countries. In accordance with the Paris
climate goals, Solar Photovoltaic technology, if deployed with the aim of generating 8500 GW of energy
will be capable of sustaining 25% more energy than needed globally. In further, it will contribute a
reduction of 4.9 GT of CO: emissions by the year 2050, which is approximately 21% of total emission
reductions that need to be met [4].

The International Renewable Energy Agency (IRENA) estimates that the global scenario for PV power
may change dramatically by as much as 600% by 2030. Asia is set to contribute about 65% of the total
global PV installations. In Asia, China is estimated to be the main center for PV energy with about 1412
GW of installed capacity, followed by the United States in North America (437 GW) and then Europe
(291 GW) of installed PV capacity [5]. India has tremendous potential to utilize solar energy due to the
high overall irradiation, densely populated demographic and the sheer size of the subcontinent. However,
solar energy contributes only 4.59% of the total energy produced by renewable energy systems in India
[6]. As the country experiences about 250-300 sunny days, which translates to about 2200-3200 hours of
sunlight per year, the total electricity needs of the country can be achieved on a land of 3000 km?, a mere
0.1% of the total land in the country [6].

With continued usage over a period of time, kerosene lamps lead to ophthalmic and respiratory problems
[7] and hence it is of utmost importance to promote PV lighting systems. Solar water pumping systems
have been promoted for used in agriculture and drinking in regions that are disconnected from power
grids [8]. Photovoltaic distillation systems for the desalinization of water are also found to be promising
in small scale systems [9]. Solar PV technology is also used in space for the generation of electricity in
space stations and satellites [10]. PV-PCM modules have recently come to the forefront as promising
technology that will definitely change the global scenario of solar power plants. A study conducted by
Hasan et. al. (2008), using PCM for cooling showed that the temperature at the surface of a PV panel can
be maintained below 40°C for up to 6 hours [11]. Machniewicz et al., analyzed the surface temperature of
photovoltaic panels using software (ESP-r), and found that the PCM greatly reduced the system
temperature thereby increased the electricity production [12]. The present paper aims at demonstrating the
novel techniques to boost the efficiency of a smart solar photovoltaic module for the purpose of lighting.
With the objective of proposing clean energy product to rural masses living in tropical and sub-tropical
areas, a newly designed p-v module is fabricated and an extensive study on its performance is carried out,
and the results are reported.

2.P-V Module: Concepts and Modeling

Incorporating mirrors or cooling loop or both in the solar modules will have positive effects in enhancing
the efficiency of the system. Henceforth, in the present work a new design of PV module has been made
that has a provision for the mirrors and the passive cooling method. Though parabolic or non-planar
mirrors are widely used for commercial purposes, flat mirrors when positioned at appropriate angles at a
specific orientation (depends on frame design) could be viable and efficient in radiating the incident light
to the panels [13]. A silicon photo-voltaic cell converts only 20% of incident radiations in to electricity
whereas the rest dissipates as heat, which further raises the system temperature [14]. A passive cooling
system as schematically shown in Fig 1(a), with PCM is found to be a viable solution for this technical
issue [15 and16]. Five different angles of the plane mirrors for their effective irradiation on the solar
panels were analyzed and the optimum angle is identified. A scaled down model is fabricated using 3-D
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printing method (Model: Flashforge dreamer NX) as shown by its CAD model in Fig. 1(b) and the
capacity of solar panels in voltage generation is studied with and without PCM in the new model.

PV Cell
\— PCM

Insulation

Fig 1. (a) Schematic of passive cooling system with PCM (b) CAD model of the new P-V module

The new P-V module has a hexagonal-trapezoid 3D printed body that houses 6 photo-voltaic cells.
Adjoining mirror stands are placed at 60° angles from the base. This maximizes the incident sunlight
falling onto the solar panels and thereby directly increases power output. The slots behind the panels store
the PCM (Paraffin Wax) which cools down individual panels by absorbing latent heat when changing
phase from solid to liquid at 40°C. At center of the module a bulb holder, the electrical wiring and the
battery are placed. When required, the bulb can be pushed down into the central cavity via a corkscrew
mechanism by simply twisting. The hexagonal trapezoid shape is unique and ensures that the device
receives adequate sunlight from all directions throughout the day and the tilt of the panels ensures that the
device receives enough sunlight regardless of the angle of the sun.

3. Experimental Methods

The preliminary experiments are carried out with individual panels to measure the temperature profile
using a set-up located under clear and direct sunlight as given in Fig 2(a). The voltage and current
generated through the panels are measured throughout the day over the course of two weeks with the help
of a thermal imaging camera (+ 0.1°C accurate). Paraffin wax (melting range: 38-56°C) was selected for
regulating the panel temperature in the system. The wax would thus keep the cell in the range of
temperatures optimum for its efficiency. Fig 2(b) shows the plain solar cells and solar cell with PCM
(enclosed with red sealing). The PCM solar cell experimentally showed better voltage generation and less
heating up which directly correlates to higher efficiency.
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Fig 2. (a) Temperature measurement with thermal imaging camera (b) Voltage measurement in a PCM
system

4. Results and Discussion

At first, the orientation angle of the crystalline silicon (c-Si) panels to be used in the hexagonal-
trapezoidal model, with the horizontal is arrived to be at 60° from the literature [17].The panels are tested
for their capability of harvesting solar radiation at the specified angle and the trials are repeated for
sufficient number of days. The voltage and surface temperature values from the solar energy radiations on
the panels are recorded individually on all days using the energy meters. The average values of voltage
and surface temperature obtained from each panel is cross-verified for its repeatability. Table 1 shows the
average recorded values of voltage and surface temperature obtained from different panels for a day-time.
All the panels show similar trend of energy harvesting that could be observed from the recorded voltage
and surface temperature values as shown in Table 1. From the table it is apparent that the deviation of
voltage values between panels is 2% (max) at morning hours, 1.4% at noon time while it is 1% at the peak
hour (14.30 hrs). Similar trend is observed for the deviation in electric current values generated at the
panels with near zero deviation at noon time of the day. From the extensive collection of voltage and
surface temperature data from the panels for a period of 14 random sunny days, the average values of for
voltage and surface temperature are arrived for the panels. Similarly, the experimental procedures are
repeated for the panel which is stacked up with paraffin wax (PCM) on its backside. The voltage and
surface temperature from the panel with PCM are recorded for the aforementioned period of 14 random
days. It is witnessed that the paraffin wax stacked up behind the solar panel augmented the average
voltage harvesting capacity of the panel closely 3%. It is also observed that the paraffin wax decreased the
average surface temperature of the panel by 5.10 %.
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Table 1: Average voltage and panel temperature values generated from different panels

Panel 1 2 3 4 5 6

Time (Hrs)| (V) 0| ™ 0| ™M 0| ™ 0| & 0| ™ O

940 6.67 38.6 6.58 39 6.58 40 6.72 38 6.67 39 6.58 40

10:00 6.53 38.6 6.08 40.1 6.45 42 6.5 39 6.53 40.1 6.45 42

10:15 6.65 46.2 6.5 46.8 6.5 47.2 6.54 45.1 6.65 46.8 6.5 47.2

10:30 6.56 50.2 6.48 49.9 6.47 51.5 6.47 473 6.56 49.9 6.47 515

1045 6.63 46 6.48 46.5 6.47 46.5 6.53 50 6.63 46.5 6.47 46.5

11:00 6.68 48.6 6.55 48.8 6.55 49.5 6.51 50.2 6.68 48.8 6.55 49.5

11:15 6.56 427 6.49 442 6.51 47.1 6.54 437 6.56 44.2 6.51 47.1

11:30 6.67 43 6.54 43.5 6.55 44.2 6.5 46.9 6.67 43.5 6.55 44.2

11:45 6.48 47 6.52 49.5 6.43 49.2 6.52 474 6.48 49.5 6.43 49.2

12:00 6.62 434 6.53 47.6 6.53 47.8 6.54 474 6.62 47.6 6.53 47.8

12:15 6.5 47.6 6.32 47.6 6.36 48.9 6.44 475 6.32 47.6 6.32 47.5

1230 6.57 47 6.41 46 6.38 45.8 6.36 46.8 6.41 47 6.41 46.8

12:45 6.44 45 6.39 46.2 6.4 46 6.43 45.9 6.39 45 6.39 45.9

13:00 6.45 44 6.3 43.7 6.39 45.6 6.37 46.4 6.3 44 6.3 46.4

13:15 6.37 443 6.43 44.5 6.39 45.2 6.34 46.7 6.43 443 6.43 46.7

13:30 6.35 43.2 6.46 44.2 6.35 45.2 6.32 46.5 6.46 432 6.46 46.5

1345 6.4 49.5 6.36 49.1 6.41 49.7 6.34 48.9 6.36 49.5 6.36 48.9

14:00 6.33 47.2 6.28 47 6.34 46.2 6.36 46.6 6.28 47.2 6.28 46.6

14:15 6.36 45.2 6.33 43.8 6.35 434 6.4 42.5 6.33 452 6.33 42.5

14:30 6.34 47.5 6.3 46.6 6.39 48.8 6.37 44 6.3 47.5 6.3 44
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Fig 3. Influence of different time of the day on the changes in panel voltage
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Fig 3 shows the variation of the voltage in each panel and the trends in voltage variation with each hour of
a day are found to be matched with the results obtained by Patil et al [18]. The values of voltage generated
by the panels at the present orientation angle of 60° (with horizontal) are attaining the peak values at the
mid of the day while it drops down after 12.00 hours. This trend of decline in voltage after the mid of the
day could be due to the data recorded using individual panel and it could be improved when the panels are
assembled in the hexagonal-structure.

The voltage variation of the panels throughout the day follow a similar trend wherein peak values are
obtained earlier in the day between 10:00 hrs to 12:30 hrs. The values of voltage then begin decreasing
non-linearly with several aberrations due to the inconsistent pattern of sunlight received. In Fig 4, the
average of the aforementioned curves has been taken and compared with the curve for the PCM
reinforced panel marked as Panel 5. There is a noticeable visual difference in the values of voltage
obtained throughout the day. Panel 5 consistently shows a higher voltage output as is evident from the
graph made in accordance with experimentally obtained values.

Voltage, V

9:36 10:48 12:00 13:12 14:24 15:36
Time of the day (Hrs)

o
o
4

Fig 4. Average value of voltage curves in comparison with the PCM reinforced panel

Surface temperature values were recorded throughout the day and were found to be more evenly
distributed than panel voltage which achieved peak values around mid-day. The trends in temperature of
the 5 panels excluding Panel number 5 were observed as displayed in Fig 5. These were regular panels
without PCM additions. Subsequently a comparison was made between the average value of the curves
from Fig 5 and the curve for the temperature profile of the PCM reinforced panel as displayed in Fig 6.
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It can be observed that the PCM backed panel consistently showed lower temperature values throughout
the day compared to non- PCM based regular solar panels. This result is found to be consistent with
results obtained from previous studies that were performed on PCM based cooling systems for
photovoltaic cells, in which, the phase-change materials were found to be effective in maintaining the
temperature of photovoltaic cells.

Noteworthily, the surface temperature variations in the panel circuits showed gradual increase from the
morning hours, reaching the peak value at 10.30 hrs and showed decrease in value thereafter. However, it
is observed from the experimental data that surface temperature values though decrease after 10.30 hrs the
magnitude is still higher than the value obtained at the morning hours. This trend of surface temperature
variation proved that the present orientation of panels is optimal in harvesting the solar energy during an
operational day. It was apparent that the voltage from the panel with paraffin wax consistently increased
while the surface temperature was found to be reduced. This may probably be due to the phase change of
the wax material induced by latent heat which plays a major role in maintaining the panel temperature at a
reduced value. Furthermore, the reduction in temperature of the panel surface at all hours, leads to better
efficiency of the solar panel.

The improvement in efficiency after incorporating the PCM panel was found by firstly find the efficiency
of the panel without PCM and then comparing it with the efficiency of the PCM incorporated panel.
Standard test conditions were assumed under which the working surface temperature of the panel is
assumed to be 25° C, Incident Solar Radiation as 350 W/m? , surface area of each panel is found out to be
0.004 m*, current flowing through each panel is 60mA and the thermal coefficient is -0.4.

CASE - I:

Here, the voltage and surface temperature are reported for non-PCM panels. The average value of voltage
is found to be 6.45 V and average surface temperature is 45.78° C. The Standard Test Conditions (STC)
efficiency (in %) can be obtained using the formula (1) as given below,

(Current )x (Voltage ) <100
(Incident Solar Radiation)x (Surface area of panel ) (1)

By substituting the aforementioned values for Current, Voltage, Incident Solar Solar Radiation and
Surface area we find the the STC efficiency to be 27.66%. The formula for Efficiency drop is given
below,

(P max)x (Average surface temperatur e — STC surface temperatur e)

Substituting the aforementioned values in this formula we get Efficiency drop as 8.312. We obtain the
final Operating efficiency of the non- PCM solar panel by subtracting this efficiency drop from the STC
efficiency. Hence, the Operating efficiency for non- PCM solar panel used for this experiment was found
to be 19.34%.
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CASE - 1I:

Here, the voltage and surface temperature are reported for PCM reinforced panels. The average value for
voltage was found to be 6.60 V and average surface temperature was 43.45° C. We use the above formula
for STC efficiency again to obtain STC efficiency for PCM reinforced panels as 28.294 %. The
efficiency drop is found to be 7.37 and hence the final Operating efficiency for the PCM panel was found
to be 20.99%

5. Conclusions

The effects of phase change material and orientation angles are experimentally analyzed with a newly
designed solar P-V module and the following outcomes are arrived,

The addition of PCM based cooling system drastically improved the voltage output of the panels of the P-
V module. The new design ensured that a minimum of 3 faces have moderate to good exposure to sunlight
in a day. PCM enhanced the voltage harvesting around 3% while it reduced the surface temperature of the
panels by around 5%.

The Operating efficiency of the non-PCM panel was found to be roughly 19.3% and that of PCM based
panel was found to be roughly 21%. This change translates into an increase in efficiency by 0.1%. This
value was obtained under Standard test conditions.

The features included in the present design of the P-V module will ensure adequate power generation
even at minimal operating conditions.
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