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ABSTRACT

In this study, we explore the integration of photovoltaic/thermal (PV/T) technology, a fusion
of PV modules for photovoltaic utilization and a novel phase change material (PCM)
utilization, aimed at enhancing the comprehensive efficiency of solar energy utilization,
with promising applications. We introduce a direct expansion solar PV PCM, coupling PV
modules with a PCM, specifically designed for improving performance. To address the
need for stable and performing residential solar PV, we propose and simulate a solar PV
system integrated with phase change material (PCM. Outcomes demonstrate that
underfloor heating utilizing PCM can maintain temperatures between ranges after
applying phase change material to PV panel. Additionally, we observe a decrease in the
heating of solar panel which leads to increase in Performance. A 0.949 m2 PV panel
module can contribute 21.07% of its electricity output to the power grid under a solar
radiation intensity. These findings underscore the viability and efficiency gains of
integrating PV technology with PCM.
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1. Introduction

Solar photovoltaic (PV) systems are becoming increasingly popular as a sustainable source
of energy due to their high efficiency and low carbon footprint. However, the amount of
electricity generated per unit of solar energy is restricted by the physical and electrical
characteristics of PV cells and the surrounding environment. Despite ongoing efforts to
improve the conversion efficiency of PV cells, operating conditions may still limit their
effectiveness. However, the efficiency of PV cells is highly dependent on their operating
temperature, which can increase significantly under high solar irradiance and ambient
temperatures (Yadav et al., 2021).

The operating temperature of solar PV cells can reach up to 80-90°C under normal
operating conditions, which can cause a decrease in the output voltage and current, and an
increase in the series resistance and leakage current of the PV cells. This temperature
increase reduces the efficiency of the cells and shortens their lifespan (Al-Ajmi et al., 2019).
The use of cooling techniques can improve the efficiency of PV cells by maintaining a
lower operating temperature.

Several methods have been suggested and tested to regulate the rise in temperature of PV
cells, including water cooling, forced convection, and heat pipes. However, the use of phase
change materials (PCMs) is considered to be a promising alternative as it cools PV panels
efficiently without consuming additional energy through active cooling. Recent studies
have demonstrated the effectiveness of PCM-based cooling systems in enhancing the
performance of solar PV systems. For example, Alarifi et al. (2021) developed a PCM-
based cooling system that improved the efficiency of a solar PV panel by up to 14.7%.
Similarly, Liu et al. (2021) developed a PCM-based cooling system for a solar cell that
improved its efficiency by up to 4.7%. Moreover, some researchers have investigated the
use of novel PCM materials, such as metal-organic frameworks (MOFs), for solar PV

*Research Scholar, Amity University Rajasthan, Jaipur, India.
2Amity University Rajasthan, Jaipur, India.
°R. C. Patel Institute of Technology, Dhule, Maharashtra, India.



1318 Enhancing Photovoltaic Panel Efficiency Through Phase Change Material: An Experimental
Investigation Under Diverse Weather Conditions

cooling applications. For example, Li et al. (2021) developed a MOF-based PCM material
that exhibited superior thermal conductivity and stability, making it a promising candidate
for solar PV cooling applications.

2  System description

Mono solar panels are a type of solar photovoltaic (PV) panel that is made using
monocrystalline silicon cells. Monocrystalline silicon cells are produced by growing a
single large crystal of silicon in a cylindrical shape, which is then sliced into thin wafers.
The resulting cells are more efficient at converting sunlight into electricity than other types
of cells, such as polycrystalline or thin-film cells[14-18].

Mono solar panels are known for their high efficiency, typically ranging from 15% to 22%.
This means that they are capable of producing more power per unit area than other types of
solar panels. A study conducted by the National Renewable Energy Laboratory (NREL)
found that monocrystalline silicon PV modules had the highest module efficiencies among
commercially available PV technologies, with efficiencies ranging from 16% to 22% [1].
Additionally, mono solar panels tend to perform better than other types of panels in low-
light conditions, making them a good choice for areas with less sunlight.

While mono solar panels are more expensive than other types of panels, their efficiency
and durability can make them a cost-effective choice in the long run. A study by the
International Renewable Energy Agency (IRENA) found that the levelized cost of
electricity (LCOE) from solar PV systems using monocrystalline silicon modules was
comparable to or lower than the LCOE from systems using other PV technologies [2].
Mono solar panels also have a longer lifespan than other types of panels, typically lasting
25-30 years or more [3].

Overall, mono solar panels are a popular choice for residential and commercial solar PV
installations, as they offer high efficiency, durability, and a sleek appearance.Operating
voltage and current: These are the voltage and current levels at which the solar panel
operates when it is generating electricity. The operating voltage and current are determined
by the load that is connected to the panel[23].

Table: Solar Panel Electrical and physical parameters

Specification No
Max Power(Pmax) 200w
Open Circuit Voltage 29.75V
Max Power Voltage 2457V
Max System Voltage 1000v
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Short Circuit Current 8.69A

Max Power Circuit 8.15A

Cell type Mon crystalline silicon
Dimensions 1460mmx650mmx30mm
Weight 7.5kg

PCM cooling performance

The performance of solar photovoltaic (PV) systems is heavily influenced by the
temperature of the PV modules. High operating temperatures can lead to reduced efficiency
and output power, which can impact the overall performance of the system. Therefore, it is
important to accurately measure and monitor the temperature profiles of PV modules in
order to optimize system performance[21].

A study conducted by Zhang et al. (2018) investigated the temperature profiles and
performance of five different PV systems in June 2017. The temperature profiles of the PV
modules were measured using thermocouples, and the output power of each system was
recorded using a data logger. The results showed that the temperature difference among the
five systems was significant, with differences of over 15°C observed. The study also found
that system performance varied greatly under different weather conditions, making it
difficult to determine which system performed best overall[36].

To further analyze the performance of the PV systems, the study focused on sunny days in
January, April, and July. The results showed that system performance was strongly
correlated with the temperature of the PV modules, with lower temperatures leading to
higher output power. The study also found that the use of cooling techniques, such as phase
change materials, could significantly reduce the operating temperature of the PV modules
and improve system performance.

1&

Above fig shows Performance Simulation with in house solar panel setup, which is
consisted of four main parts: solar PV module, Light bulbs module, reflectors and electrical
module. The PV panel heated by halogen bulbs radiation will be resulted in an increase of
the temperature of PV cells. Meanwhile, the heat transferred by the PV to PCM can be
absorbed. Then, the decrease in temperature will results in improved performance [12].

3 PCM performance

Once the thermal model previously described was validated, it was further used
to simulate a variety of weather conditions. This is important, as the
performance of a PV/PCM system depends on both the PCM, as well as the
environmental conditions. For example, a PCM with a melting temperature of

200 C will not give the desired reduction in temperature if the average ambient
temperature of a location is 25° C[12].

In this section, the PVV/PCM system with PCM used in the validation of the model
is simulated for the duration of one day. The three weather input variables, i.e.
irradiance, wind speed, and ambient temperature, were changed to study
various weather conditions[11]. The peak irradiance on the PV module was

simulated from 100 to 1000 W/m™2 in 100 W/m~2 intervals, the windspeed
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from 0 to 7 m/s in 1 m/s intervals, and the ambient temperature from 15 to 30°

C in 50 C intervals. The peak temperature at the back of the PV module in the
PV/PCM system was compared to the peak temperature of a PV module without
PCM, resulting in AT = TPV /PCM —TPV . The results of these simulations are
depicted in figure3.1.
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Figure 3.1: Peak temperature differences of a PV module with and without
PCMI35]

The first aspect of the results that stands out is the poor performance of the PCM
in the simulated conditions with increasing irradiance. In most cases, the peak
temperature of the PV module is higher for the PV/PCM system than for the
sole PV module, with a positive AT as an outcome. This implies that the
convection and radiation components of the heat transfer at the back of the
module are larger in a sole PV module than the conductive component in a
PV/PCM configuration. Improving the heat conduction from PV to PCM by
creating a better thermal contact or a PCM with higher thermal conductivity
could prevent this detrimental issue, as will be further discussed in the next
section[32].

The intention of using a PCM is to reduce the peak PV temperature, which
increases with irradiance from the sun. By increasing the rate of thermal energy
extraction from the PV module, the peak temperature can be decreased.
Analogously, if the rate of thermal energy extraction is decreased, the peak
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temperature is increased, as is the case in figure3.1. The wind speed is in turn
responsible for fluctuations in convective heat transfer. In locations with higher
wind speeds, the peak PV temperature is lower. Overall, however, the
employment of this PCM is not beneficial to the peak PV temperature[31].
Concerning the effect of the ambient temperature, the largest discrepancy
occurs when the ambient temperature is higher than the melting temperature of
the PCM. At these conditions, the PCM is liquid at the beginning and no longer
has the ability to stay at a constant temperature and thus increasing the thermal
gradient and thereby the conduction. Instead, it acts as a substantial thermal
buffer, making it harder to cool down.

It should be noted that the approach taken above is not the optimal means to
match a PCM with the location it is best suited for. In reality, weather
conditions are not constants throughout the day, while the properties of a PCM
are inherent to the material. Therefore, it is proposed that varying PCM
properties in the simulations while using meteorological data of a specific
location will yield a better match between locations and PCMs. This will be
further discussed in the next section.

a. Optimization of PCM properties

It is important to reflect on the meteorological conditions of a location before
deciding on a PCM to use to cool down PV modules. Otherwise, it may occur
that the PCM increases the peak PV temperature.

The climate data from the PV Portal includes the global horizontal irradiance,
diffuse horizontal irradiance, and direct horizontal irradiance. Furthermore, it
contains the windspeed measured at a height of 10 m and ambient temperature
measured at a height of 1.5 m. For this optimization study, a PV panel facing

south is assumed with a tilt of 309 at a height of 1.5 m, at a location in
Rotterdam with no buildings or trees that might cast a shadow on the module.
Therefore, a few calculations have to be made before the retrieved data can be
used as input in the model. First, the wind speed measured by the KNMI
needs to be adjusted from the reference height of 10 m, to the desired height
of 1.5 m. This can be achieved with the logarithmic wind profile law [9] to
convert the windspeed at a reference height to the corresponding windspeed
at the desired height:

In(h—M)

n( 2kim) =U hre ) 20 (3.1)

z0
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Where U is the wind speed (m/s), hM and hre f are the module height and
reference height (m), respectively, and z0Q refers to the terrain roughness. The
terrain roughness is a measure for the average obstacle heightina locationand
equals roughly 0.03 for an open landscape or 0.4 for an urban environment
with numerous high structures [9]. For this study, an open landscape is
assumed.

Next, the irradiance incident on the PV module at a tilt of 30° needs to be
determined from the data available in the PV portal database. The parameters
available are global horizontal irradiance (GHI), diffuse horizon- tal irradiance
(DHI), direct normal irradiance (DNI), and the altitude (aS ) and azimuth (AS
) of the sun. The irradiance available to the PV module to generate electrical
energy consist of three components, as shown in equation3.2: direct, diffuse,
and ground irradiance. The latter signifies the irradiance that is reflected from
the ground. Equations3.3-3.5display the calculations necessary to determine
each of the irradiance compo- nents with the available parameters [5].

MG M 2G4 ywedif qgground (3.2)

¢dir = pNI cos(y), (3.3)
¢4 =pHI -SVF (3.4)
M
GIround _cup .q-(1-Sv F) (3.5)
M

Where yisthe angle of incidence (AOI) and SVF is the sky view factor. The factor
ais the albedo of the ground surface, in other words the reflection coefficient.
For this study, an albedo of 0.1 has been chosen. It should be noted that
equation3.3is only valid when the sun is abowe the horizon (asS >0) and the

azimuth of the sun in within 90° of either side of AM . Otherwise the value for
GdiT js zero. The cosine of the AOI and SVF can be established as follows [5]:

cos(y) =cos(aM ) -cos(aS) -cos(AM -AS) +sin(aM ) -sin(aS) (3.6)

1+cos(OM) (3.7)

SVF

2
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Figure 3.2: Weather parameters (a) irradiance incident on the PV module, (b)
ambient temperature, and (c) windspeed at a height of 1.5m for one average

year[12]
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With the equations above, the climate data from the PV portal can be
adjusted to be used as input in the thermal model. Figure3.2shows the three
inputs for the model, consisting of data for one year. As discussed in section3.1,
the meteorological parameters influence the workings of a set PCM. Therefore,
two distinct days in winter and summer were chosen to study the optimization
of PCM properties in Rotterdam, i.e. January 1st and July 1st. This will reveal
whether general outcome trends in varying properties are also affected by the
weather. The input parameters for the two days are shown in figure3.3. Although
data points were only available for every 30 minutes, the interpolation function
in COMSOL allowed simulation for every desired timestep, e.g. in this study
0.01 h[10].
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Figure 3.3: Meteorological input for the thermal model corresponding to (a) the
1st of January, and (b) the 1st of July. The left y-axis shows the irradiance, while
the right y-axis displays the temperature and windspeed[10].

Properties optimization
A reference PCM was used for the simulations; its properties are presented in
table3.1. The simulations with the reference PCM were carried out for melting

temperatures ranging from 00 C to 40° C with 19 C intervals, while the latent
heat, thermal conductivity, and thickness of the material were varied to find the
maximum reduction in peak PV temperature. The resulting temperatures of the
computed PV-PCM system for the assorted PCM properties are presented in
figures3.4-3.6.

As can be seen from figure3.4, the optimal melting temperature at which the
peak PV temperature is the lowest varies, depending on the meteorological
conditions, i.e. winter or summer. In both days, there is a certain range of
melting temperatures within which the PCM is able to reduce the peak PV
temperature. As the latent heat is increased, the peak PV temperature is
decreased in both cases, as expected. For January, this decrease seems to saturate

at around 200 kJ/kg, with a maximum decrease of 19 C. Additionally, the
change in latent heat does not appear to affect the optimal melting temperature

of 40 C. In July, the decline in peak PV temperature does not saturate within
the commutated range of latent heats. Furthermore, this decline is coupled with
the decrease in optimal melting temperature. As the latent heat increases, the
period of time the PCM remains at the melting temperature increases. A lower
melting temperature results in a greater thermal gradient, and thus more
conductive heat transfer and a lower peak PV temperature. The minimum latent
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heat for the case of July is 150 kJ/kg.

Reference optimizable PCM

Transition phase Variable
cc
Solid density 0.87 ka/l
Liquid density 0.75 ka/l
Heat capacity 200 kJ/kg
Specific enthalpy of phase 1.8-24 kJ/kg
change K
Thermal conductivity 0.5 W/m
K

Table 3.1: Thermo-physical characteristics of the PCM used in the optimization
study[7].
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Figure 3.4: Trend of peak PV temperatures of the proposed PV-PCM system for
various PCM latent heats on January 1st, (b) July 1st.

Figure3.5exhibits the outcomes of changing thermal conductivities of the
PCM. In January, the narrow range of appropriate melting temperatures remain,
and an increase in conductivity slightly decreases the peak PV temperature, but

this only differs 0.2° C and saturates at 0.4 W/mK, with a maximum decrease

of 10 C. The minimum thermal conductivity for the PCM to have a beneficial
effect is 0.3 W/mK in July. Overall,the decrease in peak PV temperature is
limited, as a higher thermal conductivity reduces the period of time the PCM
stays at a fixed temperature. As soon as the PCM reaches it full liquid state, the
PV module will in- crease in temperature at a higher rate again.

Altering the thickness of the PCM layer is the last major parameter
influencing the performance of the PV- PCM system. For both weather
conditions seen in figure3.6, the peak PV temperature declines with an
expanding PCM thickness. The total latent energy rises, allowing for a longer
overall phase transition. Similar to an increase in latent heat, a greater melting
period reveals that a lower melting temperature is favorable. The same trends

are even more apparent in July, where the optimal melting temperature is 26°

Migration Letters



1326 Enhancing Photovoltaic Panel Efficiency Through Phase Change Material: An Experimental
Investigation Under Diverse Weather Conditions

C for 10mm, as opposed to 16° C for 50mm.

With the results discussed, optimal properties for a PCM used in Rotterdam can
now be proposed. Concerning the choice for thermal conductivity, it will not
significantly alter the choice for melting temperature. Therefore, it should be as
high as possible to facilitate good heat transfer from the PV panel to the PCM.
0.7 W/mK is an adequate option, as it falls in the range of possibilities for salt
hydrate PCMs [10]. The thickness of the PCM-layer is restricted by the weight
the mounting structure can hold. However, for the sake of this study no weight
restrictions are taken into account; a maximum and ideal thickness of 50 mm is
presumed. With regards to the melting temperature, it is clear that its value

should be in the range of 15° C-300 C, as opposed to lower temperatures, since
the peak PV temperature reduction would benefit more in the summer. PCMs
with melting temperatures inthisrange of interest, have amaximum latent heat
of 231-296 kJ/kg, depending on the material [11].
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Figure 3.5: Trend of peak PV temperatures of the proposed PV-PCM system
for various PCM thermal conductivities on (a) January 1st,(b) July 1st.

With the proposed ideal thermal conductivity, thickness, and latent heat, these
values can be put into the thermal model to compute the ideal melting
temperature. The outcome can be seen in figure3.7, with an ideal melting

temperature of 16° C, and a decrease in peak PV temperature of 4.5° C.
Table3.2summarizes the proposed PCM properties [22].

Optimal PCM

Melting point 16 Cc
Solid density 0.87 kg/l
Liquid density 0.75 kg/l
Heat capacity 296 kJ/kg
Specific enthalpy of phase 1.8-2.4 kJ/kg
change K
Thermal conductivity 0.7 W/m

K

Table 3.2: Thermo-physical characteristics of the proposed optimal
PCM
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Figure 3.6: Trend of peak PV temperatures of the proposed PV-PCM system for various PCM
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Figure 3.7: Trend of peak PV temperatures of the proposed optimized PCM
properties on July 1st.

4. Conclusion

A phase change material optimizing for various conditions for heat storage and
improve performance of PV panel was proposed in this paper. The PCM analyze
the system performance under different conditions. The main conclusions can be
drawn as follows: The temperature of panel can reach to 60°C and with PCM it
can reduce. A method was developed to find the appropriate PCM for different
climatic conditions. Optimal PCM properties were identified for different weather
conditions, using weather data of January 1stand July 1st. It should be noted that
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the peak temperature of a sole PV module in July, 29.6° C, is lower than expected.
This can be attributed to the data used to benchmark the thermal model. It is
therefore important to perform field measurements in a future study with all
experimental parameters identified. Moreover, this proposed method currently
takes an extensive amount of time. Automation of this process should also be
further studied in the future.
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