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Abstract: The solar photovoltaic (PV) system is emerging energetically in meeting the present
energy demands. A rise in PV module temperature reduces the electrical efficiency, which fails to
meet the expected energy demand. The main objective of this research was to study the nature of
OM29, which is an organic phase change material (PCM) used for PV module cooling during the
summer season. A heat transfer network was developed to minimize the experimental difficulties and
represent the working model as an electrical resistance circuit. Most existing PV module temperature
(TPV) reduction technology fails to achieve the effective heat transfer from the PV module to PCM
because there is an intermediate layer between the PV module and PCM. In this proposed method,
liquid PCM is filled directly on the back surface of the PV module to overcome the conduction barrier
and PCM attains the thermal energy directly from the PV module. Further, the rear side of the PCM is
enclosed by tin combined with aluminium to avoid any leakages during phase change. Experimental
results show that the PV module temperature decreased by a maximum of 1.2 ◦C using OM29 until
08:30. However, after 09:00, the OM29 PCM was unable to lower the TPV because OM29 is not capable
of maintaining the latent heat property for a longer time and total amount of the PCM experimented
in this study was not sufficient to store the PV module generated thermal energy for an entire day.
The inability of the presented PCM to lower the temperature of the PV panel was attributed to the
lower melting point of OM29. PCM back sheet was incapable of dissipating the stored PCM’s thermal
energy to the ambient, and this makes the experimented PCM unsuitable for the selected location
during summer.

Keywords: Organic PCM; PV module cooling; Thermal absorption; Thermal dissipation

1. Introduction

The global energy demand has increased by 2.3% compared to 2010, and this increase is mainly
due to modernization and industrialization [1]. Air pollution has increased significantly because of the
forest to agricultural land transformation, burning of fossil fuels, dumping waste into water, burning
waste, and vehicle smoke emission. This increases by 1.7% the CO2 concentration every year, leading to

Energies 2020, 13, 897; doi:10.3390/en13040897 www.mdpi.com/journal/energies

http://www.mdpi.com/journal/energies
http://www.mdpi.com
https://orcid.org/0000-0003-3541-9218
https://orcid.org/0000-0002-8851-4334
https://orcid.org/0000-0002-5165-0754
http://dx.doi.org/10.3390/en13040897
http://www.mdpi.com/journal/energies
https://www.mdpi.com/1996-1073/13/4/897?type=check_update&version=2


Energies 2020, 13, 897 2 of 18

a threatening global climate change [2–4]. To overcome this issue, renewable energy systems are widely
engaged to meet energy demand [5]. Among other renewable energy sources, solar photovoltaic (PV)
systems gain attention for their low maintenance and payback period. A great amount of research
work is also carried out on PV materials to improve the efficiency of PV panel [6,7]. The PV system
can be operated on a standalone basis or in grid connected mode [8–12]. Crystalline silicon solar cell
converts 1/5th of the photon into electrical energy, while some is reflected, and this reflection can
be controlled by coating a thin layer of Al2O3 and Ta2O5 [13], and the rest is almost converted into
thermal energy. Excess thermal energy in the PV module results in the drop of efficiency by 0.3–0.4%
for every 1 ◦C more than the nominal operating cell temperature [14]. Further reduction in TPV can
increase the performance of the system.

Earlier PV module cooling was conducted using water or air as a cooling agent. Water has a high
specific heat capacity (4.2 J/g·K), and it can absorb higher thermal energy from the PV module.
Water-assisted PV modules are mostly performed as an active method by spraying water over
the PV module [15] or using heat pipe behind the PV module for both the electrical and thermal
applications [16,17]. Other than active method, thermosiphon concept has also been tested but the
result lowers the TPV reduction [18]. Air-based PV module cooling is mostly examined for hybrid
applications where hot air is used for thermal comfort and space heating [19,20]. In most cases, water
and air-based TPV reductions are not convenient due to lack of resource.

In recent years, phase change material (PCM)-assisted PV module cooling has gained great
attention in terms of its striking latent heat of fusion [21,22]. PCM can extract the generated thermal
energy from the PV module, and it is stored in the form of specific heat capacity and latent heat
of fusion; this is as expressed in Equation (1) [23]. PCM-aided PV modules are prominent and they
depend on the application of cooling methods chosen, either active or passive.

Q =
∫ Tm

Ti

mCp,sdT + mL +
∫ Te

Tm
mCp,ldT (1)

where Ti is initial temperature, Tm is melting temperature, Te is ending temperature, m is total mass of
PCM, Cp,s is solid specific heat capacity of PCM, Cp,l is liquid specific heat capacity of PCM, L is latent
heat capacity of the PCM, and Q is the total amount of energy stored in the PCM.

Active cooling methods are implemented for the performance enhancement of electrical and
thermal energy using working fluids [24,25]. This active method requires less PCM because it is assisted
with working fluid and periodically PCM temperature is removed by working fluid, which enables
the heat transfer between the PV module and PCM. Fayaz et al. performed COMSOL simulation for
a photovoltaic–thermal (PVT) system with and without PCM using heat exchanger-assisted model
and compared it with the PV module [26]. They found that numerical simulation results are accurate
compared to the experimental result and the remarkable increase in flow rate leads to reduce the TPV

maximum by 13.77 ◦C. Al-Waeli et al. studied a nano PCM and nanofluid-assisted PVT collector,
a copper absorber tube entrenched with nano PCM, to extract the heat from PCM container by flowing
nanofluid, which enhances the thermal energy transfer from PV to PCM container [27]. Silicon oil is
placed between the PV module rear surfaces and the PCM container to make perfect contact. The result
shows that nano PCM assisted TPV reduced from 68.46 ◦C to 36.04 ◦C with the help of nanofluid.

Modjinou et al. comparatively analyzed macro encapsulated PCM, micro-channel heat pipe
(MCHP), and regular PVT with water [28]. They found that PVT-PCM and PVT-MCHP enhanced both
electrical and thermal performance. Notably, PCM-based PV module maintains constant temperature
whenever there is a sudden drop in ambient temperature. Acetone influenced MHCP gains higher
performance than regular PVT setup since refrigerant fluid leads to enhance the heat transfer.

PCM-only (passive cooling) incorporated PV modules are widely performed to enhance
electrical efficiency without using an external source, and this system is totally autonomous and
maintenance-free. Sandro et al. examined RT 38 and pork fat as a PCM in Croatia. Both PCM
performed well throughout the year and there was no noticeable difference in TPV reduction except in
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June when ambient temperature is higher [29]. Zhao et al. analyzed different melting temperatures
of PCM (PCM15, PCM20, PCM25, and PCM30) using MATLAB to find the role of PCM melting
temperature [30]. A higher melting range of PCM sustains a longer time in summer, and a lower
melting range of PCM performs well in winter (PCM20). This study enhanced by 2.4% the annual
electric energy production.

The orientation of the PV module along with PCM plays an energetic role in TPV reduction
because, internally, PCM gains thermal energy by both the conduction and the convection [31].
When the PV-PCM tilt increases, PCM internal convection also increases and it helps to reduce the
higher TPV. During PCM melting, thermal energy gains by convection and it activates latent heat
property, and conduction occurs during PCM solid state. Thermal variation on the PV module was
simulated using ANSYS fluent under different climatic conditions such as 1–5 m/s wind variation.
It showed an increase in wind speed and wind azimuth angle lead to dissipate higher thermal energy
from both the PV module and the PCM container, which encourages heat transfer between the PV
module and the PCM. A 22.6 ◦C melting range of PCM extracts higher heat than a 30.6 ◦C melting
range of PCM [32].

In the passive cooling system, PCM temperature has been dissipated naturally without using any
working fluid. Mostly, PCM filled in a container that is made up of high thermal conducting material.
Considering cost-effectiveness and high thermal conductivity, aluminium is more widely used as a
PCM container than nickel, stainless steel, and iron. Thin aluminium is difficult to weld because of its
melting temperature, which is lower than other metals. During sunny days, PCM changes its phase and,
considering this phase change, PCM container is fabricated in the thickness of 4–8 mm metal [32–36].
In TPV reduction, low operating PCM temperature is used, which is sensitive in thermal conduction
whenever the thickness of PCM container material increases. To facilitate thermal dissipation, the high
conducting heatsink has been attached behind the PCM container.

Rajvikram et al. conducted a comparative analysis of PV with heatsink, PCM, and
PCM–heatsink [37]. The results show that PV only and heatsink-assisted PV module maintain 1 ◦C
reduction. PCM integrated PV module regulates better TPV than heatsink by almost 7.7 ◦C because
PCM enables high heat transfer from PV module. Finally, PCM–heatsink controls better than only
heatsink or PCM, because it dissipates the stored thermal energy to the ambient during sunshine
hours, which leads to maintaining a lower PCM temperature than only PCM and this discharge helps
to transfer the heat from PV module and PCM.

It was noticed that using heatsink for PCM-based passive cooling technique enhances TPV

reduction [38]; however, the PV module backside (tedlar) is made up of non-metal, the whole PV
module is fragile, and it is not advisable to keep the PCM container or PCM container with heat sink.
To obtain perfect physical contact, PCM container is attached to the PV module back surface using
high-temperature adhesive material or conducting oil, even though perfect physical contact is not
justified. It was reported that total weight of the system could increase due to the thickness of PCM
container material and fastening heatsink behind the PCM container. Attaching a PCM container or
PCM container with heatsink reduces TPV, but it damages the PV module’s physical structure.

To prevent this contact loss and physical damage, PCM is filled on the back surface of the PV
module directly [39]. Nada et al. used 10-cm PCM and its rear side was sealed using a 5-mm galvanized
sheet to prevent leaks [40]. The comparative study of RT55 as pure PCM and Al2O3 nanoparticle
composited PCM shows better TPV reduction and the result shows that pure PCM reduced a maximum
of 8.1 ◦C and composite PCM reduced 10.6 ◦C. The reason behind the TPV reduction of composite PCM
is its enhanced thermal conductivity. Even though PCM is an effective thermal energy storage material,
it has a lack of thermal conductivity. This low thermal conductivity creates thermal conduction barrier
within the PCM.

Stropnik et al. conducted TRNSYS simulation for Ljubljana location using 3.5-cm RT28HC and
they validated it with experimental results [41]. Filling PCM directly behind the PV module enhances
heat transfer because PV module back surface temperature is directly in contact with PCM and
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there is no intermediate layer. The rear side of the PCM is covered by 5-mm acrylic glass, and the
direct enforcement of PCM leads to reduce the TPV by a maximum of 35.6 ◦C. The relative error of
the simulation is less than 3.8% compared to the experimental results. Total energy production was
enhanced from 242.36 to 260.17 kWh/year and, especially from March to September, better performance
is achieved.

Hasan Mahamudul et al. conducted the performance analysis of RT 35 PCM under Malaysian
climatic condition with a thickness of 2 cm, which is filled and fitted within the PV module frame
height, and the rear side of PCM is closed by using fiber optic glass [42,43]. The results show that
a maximum of 10–12 ◦C reduction is achieved, but this system yields TPV reduction for only 4 h
because the amount of PCM used in this system is less. Some of the literature works are summarized
in Table 1 for the understanding of the PCM behavior in PV module cooling under different climatic
condition. Selecting appropriate melting range of PCM is one of the most crucial decisions in PV
module cooling because thermal absorption of the PCM relies on its melting range and natural factors,
mainly ambient temperature, humidity, and wind speed [44].

The existing literature makes clear that PCM is an effective thermal absorber and storage medium
for TPV reduction. PCM only and composite PCM gains great attention because of its zero maintenance
and free from external energy. Systematically, PCM stores thermal energy during sunshine hours and
it discharges at night, which makes this system free from maintenance and external sources. The only
drawback in this system is physical contact between the PV module and the PCM container because it
could damage the physical structure of the PV module due to forging hard metal onto the soft material
of the PV module. Considering contact loss and weight, filling liquid PCM behind the PV module is
the most effective and safest method to reduce the TPV.

The main objective of this research was to analyze the effectiveness of the direct filling PCM on
the back surface (tedlar) of the PV module for the summer season. OM29 is used as PCM for the
location of Madurai, India (9.88◦ N, 78.08◦ E) to regulate the excess TPV. In this current work, thermal
absorption and dissipation of the PCM are exclusively discussed in the following section.

Table 1. Literature review of PCM integrated PV module.

Author PCM/Location System Description TPV without
PCM (◦C)

TPV with
PCM (◦C)

Waqas et al., [44] RT44/PV

PCMs are filled in a movable
container to detach from the PV
module back surface when it
turns to be liquid. Yearly
experimental results reveal that
in summer there
occurred a higher TPV reduction.

64 42

Hasan et al., [45] RT42/PV

Yearly performance of RT42
integrated PV module enhances
the electrical efficiency by about
5.9% and higher TPV reduction
was achieved during April.

71 61

Zhenpeng et al., [46] Paraffin 35/
China

One month experimental analysis
shows that, on 19 July,
the highest electrical energy conversion
noticed in the range of 499– 524 Wh.

68.7 53

Leila et al., [47] Sheep fat/
indoor

Sheep fat as PCM performed
better than paraffin wax and
cooled water flows in the channel
to enhance the heat transfer.

87 61.5
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Table 1. Cont.

Author PCM/Location System Description TPV without
PCM (◦C)

TPV with
PCM (◦C)

Nasrin et al., [48] Composed oil/
indoor

Zigzag PCM container along
with the combination of composed
oil (coconut oil+sunflower oil)
with boehmite. The final result
aids in better TPV reduction for
composed oil with boehmite.

72 42.5

Sajan et al., [49] RT30/
India

Hybrid application of water-based
PCM integration enhances the
efficiency more than water-based
cooling technique.

78 57

Nada et al., [40] RT55/
Egypt

Al2O3 nanoparticle improves the
PCM thermal absorption capability
with an increase in thermal
conductivity.

75 49.3

Dianhong et al., [50] Paraffin
50/China

The thermoelectric generator
attached heatsink incorporated behind
the PCM container to utilize the
stored thermal energy of PCM.

65 51

Torsten et al., [51] RT54HC/
Qatar

Metal fiber porous foam is
impregnated with PCM to enhance the
higher heat transfer from the PV
module to PCM.

80 60

Ankita et al., [52] OM39/
France

A fully wetted absorber channel
removes the thermal energy from the
PV module and it transfers to the
PCM container.

69.17 53.86

Sardarabadu et al., [53] Paraffin
42/Iran

Deionized water and ZnO nanofluid
used as working fluid to carry out the
PCM temperature for PVT application.

62 45

Modjinou et al., [28] PCM 45/
China

A microchannel heat pipe is used to
circulate the working fluid for both
PVT and PVT- PCM.

75 60

Soares et al., [54] RT22/
Portugal

Five days of experimental results
reveal that movable thermal energy
storage system claims negative impact
on peak sunshine hours because
selected RT22 PCM is not capable
of this desired location.

58 72

2. Materials and Methods

2.1. Phase Change Material

OM29 is a commercial organic PCM purchased from Pluss [43], India, and it is a combination of
several fatty acids. The physical appearance of OM29 is a white wax at 25 ◦C (solid-state). OM29 was
tested by PLUSS T-History method, resulting in 29 ◦C onsets melting temperature with high latent
heat of fusion, which makes this PCM able to store thermal energy effectively. In addition, OM29
is chemically and thermally stable for 2000 cycles, which means OM29 can perform effectively for
2000 days. It is considered that every single day TPV reduction is equivalent to a single thermal cycle.
The experimental location is rich in strong sunshine of approximately 300 days per year, which means
OM29 can perform effectively for 6.5 years without degrading its thermal property and performance.
The thermophysical properties of OM29 are listed in Table 2.
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Table 2. Thermophysical properties of PCM [43].

Sl. Property Range

1 Melting temperature (◦C) 29
2 Freezing temperature (◦C) 26
3 Latent heat of fusion (kJ/kg) 194
4 Liquid density (Kg/m3) 870
5 Solid density (Kg/m3) 976
6 Liquid specific heat capacity (kJ/kgK) 2.71
7 Solid specific heat capacity (kJ/kgK) 2.32
8 Liquid thermal conductivity (W/mK) 0.172
9 Solid thermal conductivity (W/mK) 0.293
10 Congruent melting YES
11 Thermal stability (No.) ∼2000
12 Maximum operating temperature 120

2.2. Experimental Setup

Two identical 20 Wp polycrystalline PV modules (Loom solar with the dimension 450 mm ×
350 mm × 22 mm) were used in this experiment, one for PV without PCM and another for PV with
PCM, as shown in Figure 1. Without further processing, 2.8 kilograms of liquid OM29 PCM was filled
on the backside of the PV module with 5% space left for volume change during phase transition or
volume expansion. Over the PCM layer, the rear side of the PCM was enclosed by using a 0.5-mm tin
combined with aluminium sheet and, thus, leakages were protected during phase change.

Figure 1. Experimental setup for PV with and without PCM using OM29.

The experiment was conducted in summer (6 July 2019) at the location of 9.88 N, 78.08 E. To make
an effective comparison of OM29, which was incorporated for the PV module cooling, the front and
back surface of the PV module temperature was captured using FLIR thermal imaging camera every
30 min for PV without PCM. For the PV with PCM front surface was captured, but it was difficult
to capture the back surface of the PV module because PV module back surface was not exposed to
the camera as it was incorporated with the PCM. Thus, PCM back sheet temperature was captured to
analyze the thermal dissipation of the PCM.

3. Thermal Heat Transfer Model

3.1. Heat Transfer Model for PV without PCM

Conventional PV module thermal characteristics are represented in the form of a heat transfer
model, as shown in Figure 2. In the conventional system, the PV module generated thermal energies
and they are mostly dissipated to the surrounding, depending on the ambient temperature (Tamb) and
wind speed.
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Figure 2. Heat transfer model for PV without PCM.

In hot region, less thermal dissipation occurs because of high Tamb and low wind speed,
which increases the TPV because excess thermal energy has been dissipated by radiation (Rrad, PV→ sky
and Rrad, PV→surr) and natural convection (Rconv, PV→amb and Rconv, PV→surr) on both the top and the
bottom surface of the PV module.

Thermal energy dissipations are exclusively represented in the form of an energy balance equation
in the following subsection.

3.1.1. Energy Balance for PV without PCM

The solar PV module is a specific heat storage material, and it stores thermal energy during the
photovoltaic effect. Equation (2) denotes the total amount of thermal energy stored in the PV module
corresponding to the solar irradiance, which is absorbed and transmitted to the solar cell for the energy
conversion process, and during that time the PV module generates thermal energy. That energy is
transferred to the ambient and sky by the mode of convection and radiation over the flat surface of the
PV module, respectively. The rear side of the PV module transfers thermal energy to the surrounding
by natural convection and radiation. PV module electrical efficiency is directly correlated with the TPV.

mPVCPV
dTPV

dt = [αgτgI (t)− hconv,g→amb
(
TPV,g − Tamb

)
− hrad,g→sky

(
TPV,g − Tsky

)
−hconv,t→surr (TPV,t − Tsurr)− hrad,t→surr (TPV,t − Tsurr)− ηPVI (t) ]βAPV

(2)

where mPV is the weight of the PV module; CPV is the specific heat capacity of the PV module; αg is the
absorbance of the PV module glass; τg is the transmittance of the PV module; I is the solar irradiance
in W/m2; t is the time in s; hconv,g→amb is the convection heat transfer between PV module glass
and ambient (W/m2◦C); hrad,g→sky is the radiation heat transfer between PV module glass and sky
(W/m2◦C); hconv,t→surr is the convection heat transfer between PV module tedlar and surrounding
(W/m2◦C); hrad,t→surr is the radiation heat transfer between PV module tedlar and surrounding
(W/m2◦C); TPV,g is the PV module glass temperature in ◦C; Tamb is the ambient temperature in
◦C; Tsky is the sky temperature in ◦C; TPV,t is the PV module tedlar temperature in ◦C, Tsurr is the
surrounding temperature in ◦C, ηPV is the efficiency of the PV module in %; β is the packing factor;
and APV is the area of the PV module.
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Convection over the PV module majorly occurs with the influence of wind (v) and an increase
in wind speed over the surface of the PV module dissipates higher thermal energy to the ambient,
as represented by Equation (3).

hconv,g→amb = 2.8 + 3v, 0 < v < 7m/s (3)

PV module front surface radiates thermal energy to the sky and this radiation truly depends on
the emissivity of the solar PV module glass [55]. It is represented by Equation (4).

hrad,g→sky = εgσ
(

TPV,g + Tsky

) (
TPV,g + Tsky

)2
(4)

where σ is the Stefan–Boltzmann constant and εg is the emissivity of the PV module glass.
Long-range thermal radiation to the sky is calculated using Equation (5) [56],

Tsky = 0.0522 ∗ T0.5
amb (5)

The backside of the PV module dissipates thermal energy to the surroundings. Usually,
this convection is poor due to the thermal resistance. PV module dissipated thermal energy stagnates
in the area between the PV module backsurface and the ground. Especially the hot and low wind area
suffers in thermal stagnation. This stagnation leads to reduce the thermal conductivity of air because
convection depends on the surrounding air thermal conductivity, as expressed in Equation (6), and the
increase in air temperature causes to reduce the thermal conductivity of the air.

hconv,t→surr =
Kair

LPV
Nuair (6)

where Kair is the thermal conductivity of air; LPV is the PV module length; and Nuair is
Nusslets Number.

The rear side of the PV module Nusselt number is calculated using Equation (7) and radiation to
the surrounding using Equation (8).

Nuair =

0.825 +
0.387R1/6

a[
1 +

(
0.492

Pr

)9/6
]8/27


2

(7)

where Ra is the Rayleigh number; Pr is the Prandtl number; and εt is the Emissivity of the PV
module tedlar.

hrad,t→surr = εtσ (TPV,t + Tsurr) (TPV,t + Tsurr)
2 (8)

Electrical efficiency of the PV module is calculated using Equation (9) [57],

ηPV = ηSTC [1− βSTC (TPV − TSTC)] (9)

where ηPV is the Efficiency of the PV module in %; ηSTC is the PV module efficiency at standard
test condition in %; TPV is the PV module temperature in ◦C; TSTC is the Standard test condition
temperature in ◦C; and βSTC is the Temperature Coefficient.

3.2. Heat Transfer Model for PV with PCM

Excess thermal energy from the PV module is absorbed by PCM, which is filled up on the back
surface. The conventional PV module rear surface dissipates thermal energy to the surrounding
with the help of temperature difference and wind. In this model, PCM plays a major role during
energy conversion time by absorbing the excess thermal energy and, simultaneously, it is expected to
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discharge. The rear surface of the PV module thermal energy is transferred to the PCM by conduction
(Rcond, PV→PCM) and it is stored in it. Stored PCM thermal energy is transferred to the PCM back-sheet
by conduction (Rcond, PCM→Al). From PCM back sheet, thermal energy is dissipated to the surrounding
by natural convection (Rconv, Al→surr) and radiation (Rrad, Al→surr). Default front side of the PV module
dissipates thermal energy by convection (Rconv, PV→amb) and radiation (Rrad, PV→sky). The working
principle of the PCM integrated PV module is represented in the form of a heat transfer model,
as shown in Figure 3.

Figure 3. Heat transfer model for PV with PCM. Rconv,PV→amb is the convection resistance between the
PV front side and ambient; Rrad,PV→sky is the radiation resistance between the PV front side PV and
sky; Rconv,PV→surr is the convection resistance between the PV rear side and ambient; Rrad,PV→surr is
the radiation resistance between the PV rear side and surrounding; Rcond,PV→PCM is the conduction
resistance between the PV rear side and PCM; Rcond,PCM→Al is the conduction resistance between the
PCM rear side and PCM back sheet; Rconv,Al→surr is the convection resistance between the rear side of
the PCM back sheet and surrounding; and Rrad,Al→surr is the radiation resistance between the rear side
of the PCM back sheet and surrounding.

3.2.1. Energy Balance for PCM Integrated PV Module

Equation (10) denotes the amount of thermal energy stored in the PV module after PCM
absorption. The front side of the PV module absorbs and transmits the solar irradiance to the PV
module for energy conversion. During that time, the PV module generates thermal energy, and it is
absorbed by the PCM, which is incorporated on the back surface by direct conduction. The rest is
dissipated to the sky and the ambient the same as for PV without PCM. In this case, the electrical
efficiency of the PV module is directly correlated with the amount of thermal energy absorbed by PCM.
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mPVCPV
dTPV

dt = [αgτgI (t)− hconv,g→amb
(
TPV,g − Tamb

)
−hrad,g→sky

(
TPV,g − Tsky

)
− hcond,t→PCM (TPV,t − TPCM)− ηPVI (t) ]βAPV

(10)

where hcond,t→PCM is the conduction heat transfer between PV module tedlar and PCM (W/m2◦C)
and TPCM is the PCM temperature in ◦C.

Moreover, regulating TPV for longer and effectively depends on the ratio of PCM thermal
conductivity and PCM thickness, as expressed in Equation (11).

hcond,t→PCM =
KPCM

∆XPCM
(11)

where KPCM is the PCM thermal conductivity and ∆ XPCM is the PCM thickness.

3.3. Energy Balance for Conduction Sourced PCM

Equation (12) denotes the amount of thermal energy stored in the PCM during energy conversion.
Excess thermal energy from the PV module is transferred to the PCM by conduction and this energy
is stored in three different phases, as expressed in Equation (13). During charging and off sunshine
hours, PCM thermal energy is transferred to the PCM back sheet by conduction. Thus, dissipating
PCM thermal energy to the surrounding leads to enhance the heat transfer from the PV module to
PCM. PCM back sheet transfers thermal energy to the surrounding by natural convection and radiation
because the PCM backside is not insulated. PCM should discharge the stored thermal energy before
the next sunshine (overnight), else the next day PCM would not be able to initiate the absorption
effectively.

mPCMCPCM
dTPCM

dt = [−hcond,t→PCM (TPV,t − TPCM)− hcond,PCM→Al (TPCM − TAl)

−hconv,Al→surr (TAl − Tsurr)− hrad,Al→surr (TAl − Tsurr) ]βAPCM
(12)

where mPCM is the mass of PCM; CPCM is the storage capacity of PCM; hcond,PCM→Al is the conduction
heat transfer between PCM and PCM back sheet (W/m2◦C); hconv,Al→surr is the convection heat
transfer between PCM back sheet and surrounding (W/m2◦C); hrad,Al→surr is the radiation heat
transfer between PCM back sheet and surrounding (W/m2◦C) ; TPCM is the PCM temperature (◦C);
TAl is the PCM back sheet temperature (◦C); and Tsurr is the surrounding temperature (◦C).

Equation (13) represents three different phases of PCM during thermal energy storage. When the
PCM temperature is less than the melting point, thermal energy stores in the form of solid specific
heat capacity. When it is equal to the melting point, PCM stores thermal energy in the form of latent
heat of fusion. It is recommended to maintain the PCM to be in latent heat of fusion state because the
liquid specific heat capacity of the PCM is not effective in storing thermal energy and thus thermal
conductivity of the liquid PCM is low.

CPCM =


solid specific heat capacity, TPCM < Tmelt

latent heat of fusion, TPCM = Tmelt
liquid specific heat capacity, TPCM > Tmelt

 (13)

where Tmelt is the melting temperature.

4. Results and Discussions

4.1. Temperature Profile of PV Module

The experimental setup of the PV with and without PCM was developed and examined in
the summer (6 July 2019) under the direct sunlight to observe the thermal behavior. During every
30 min interval, thermal images of the PV module and PCM back sheet were taken. Figures 4 and 5
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show the meteorological data of solar irradiance and ambient temperature on the corresponding
experimental day.

Figure 4. Experimental day solar irradiance.

Figure 5. Experimental day ambient temperature.

The examined OM29 organic PCM enabled thermal energy transfer from PV module to PCM
by conduction. Figure 6a shows a thermal image of the PV module at 8:00. There was a noticeable
TPV reduction of 0.4 ◦C because, during that time, PCM had solid specific heat capacity as well semi
mushy region.

PCM absorbed the TPV effectively when the PCM attained its melting point. The results show that
PCM utilized its thermal absorbing and storing capability until 8:30 because TPV reduction achieved
up to 8:30 maximum of 1.2 ◦C. From 9:00, TPV started to rise slightly less than the PV without PCM,
as shown in Figure 6b,c. Even though the latent heat capacity of the PCM was high, TPV reduction
sustained for a lower period due to its low melting point, which is inappropriate for the selected
location for the summer season. Further following this, TPV was not achieved during the peak sunshine
hours, as shown in Figures 7 and 8. After 9:00, PCM was completely liquid completely, as listed in
Table 3. Liquid specific heat capacity was not effective for storing the thermal energy such as latent
heat of fusion (mushy state).
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(a) (b) (c)

(d) (e) (f)

Figure 6. Thermal imaging of PV module spot 1 without PCM and spot 2 with PCM: (a) 8:00; (b) 8:30;
(c) 9:00; (d) 9:30; (e) 10:00; and (f) 10:30.

(a) (b) (c)

(d) (e) (f)

Figure 7. Thermal imaging of PV module spot 1 without PCM and spot 2 with PCM: (a) 11:00; (b) 11:30;
(c) 12:00; (d) 12:30; (e) 13:00; and (f) 13:30.
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Table 3. Temperature profile of PV only and PV with PCM.

Time (h) PV without PCM ( ◦C) PV with PCM ( ◦C)
Front Surface Back Surface PV Front Surface PCM Backsheet

8:00 42.2 44.3 41.8 27.3
8:30 41.8 43.8 40.6 28.1
9:00 42.3 44.6 42.9 28.9
9:30 38.7 43.6 44.1 32.5

10:00 39.5 44.1 44.8 33.8
10:30 41.7 46.8 48.3 37.5
11:00 40.7 46.1 47.1 38.6
11:30 39.2 45.8 45.3 39.1
12:00 36.4 42.8 42.6 38.4
12:30 38.1 44.5 44.1 38.7
13:00 38.5 45.3 44.7 39.1
13:30 41.8 47.1 48.5 41.9
14:00 41.6 47.9 48.5 41.6
14:30 41 47.2 47.7 41.3
15:00 41.2 46.9 47.9 40.9
15:30 41.5 47.1 48.1 41.5
16:00 40.6 46.8 47.2 41.1
16:30 39.3 46.4 45.4 40.9

Secondly, in this experiment, PCM failed to discharge the stored thermal energy during sunshine
hours, because thermal conductivity of the PCM was low, increasing the thermal conduction resistance
within the liquid PCM, and the PCM back sheet (tin combined with aluminium) was not an effective
thermal dissipater as compared to pure aluminium [39]. Increasing the thickness of PCM enhanced
the heat transfer between the PV module and the PCM [58–60]. In this system, 2-cm PCM was
used, which melted completely within 1 h from and, during the rest of the period, TPV increased to
a maximum of 7 ◦C, which was more than the conventional PV module (PV without PCM), as shown
in Figures 8 and 9.

(a) (b) (c)

(d) (e) (f)

Figure 8. Thermal imaging of PV module spot 1 without PCM and spot 2 with PCM: (a) 14:00; (b) 14:30;
(c) 15:00; (d) 15:30; (e) 16:00; and (f) 16:30.
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Figure 9. Overall PV module temperature with and without PCM.

The reason behind this TPV rise is that the PCM integrated PV module back surface was not
interacting with the ambient and wind. Since PCM was filled on the back surface of the PV module,
the PCM integrated PV module thermal dissipation depended on the PCM and PCM container
material. For PV without PCM, thermal energy could be easily dissipated to the surrounding because
there was no storage medium between the PV module back surface and the surrounding. However,
PCM integration reduced TPV effectively when the PCM sustained the mushy state for a longer
time, but, once it became liquid, PCM acted as an insulating material compared to PV without PCM.
Thus, PV without PCM had a lower TPV than PV with PCM. Since the back surface of the PV module
had PCM, it had stored thermal energy in it. Note that the experimental day ambient temperature was
higher than the PCM melting temperature.

The 2.2-cm PCM layer contained only 2.8 kilograms of PCM. It could not maintain the mushy state
for a long time and had difficulty reducing the PCM temperature lower than the melting temperature
using passive cooling because it depended on the natural factor. If the PCM back sheet also had a good
thermal dissipating material, PCM would not reach its melting point or mushy state again during the
experimental day, because ambient temperature was higher than the PCM melting point. Thus, the only
possible way is active cooling method, which could lower the PCM temperature forcibly and help to
maintain the mushy state for longer time. Many researchers addressed this ineffective TPV reduction
by categorizing inappropriate PCM melting temperature selection [44], PCM thickness [61], and PCM
thermal conduction barrier [35]. Existing experimental investigation states that PCM selection is the
crucial term in the whole process of the PV module cooling; selecting a lower or higher melting range
of PCM will make the TPV reduction ineffective because TPV reduction is only achieved when the PCM
reaches its melting point. Lower melting range of PCM will utilize its latent heat property before the
peak sunshine hours and higher melting range of PCM will not use its latent heat property during
peak sunshine hours. The only solution for this issue is to select PCM with melting range 2–3 ◦C higher
than the peak ambient temperature so that the PCM will not gain thermal energy from ambient during
sunshine hours.

During the experimental day, the recorded high ambient temperature was 33.5 ◦C. If the selected
PCM melting range were 35–36 ◦C, a better TPV reduction would have been achieved. A general rule of
thumb indicates that an increase in the thickness of PCM leads to sustainability of the TPV reduction for
longer time, as well as creates the thermal conduction barrier during thermal absorption. To overcome
this issue, several researchers have incorporated thermal additives to enhance the thermal conductivity
of the PCM by adding metal foam [62], metal scrap [63], copper powder [64], graphite [64], expandable
graphite [65], and nanoparticles [48].
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4.2. Temperature Corrected Electrical Efficiency

The electrical efficiency of the PV module was directly correlated with the TPV; the increase in TPV

led to reduce electrical efficiency by −0.43%/◦C. However, this experiment enhanced the electrical
efficiency until 8:30; afterwards, PCM integrated PV module electrical efficiency was lower than PV
without PCM, as shown in Figure 10.

Figure 10. Temperature corrected electrical efficiency of the PV module with and without PCM.

The corresponding increase in TPV in the PCM integrated PV module reduced the electrical
efficiency by a maximum of 0.38%, which shows that PCM acted as a thermal source to the PV module
when it turned completely liquid.

5. Conclusions

The heat transfer capability from the PV module to the PCM can be greatly enhanced by the direct
filling of PCM behind the PV panel without the use of an intermediate layer. It is an efficient way
of keeping the temperature of the PV panel within a reasonable limit by means of passive cooling
methodology. However, f an OM29 PCM tends to behave differently in the summer season because
of the atmospheric condition. On the day of experimentation, TPV dropped up to 8:30; after that,
the OM29 was unable to absorb the PV module generated thermal energy due to the impact of a lower
melting range of the PCM. The experimental results reveal that the OM29 PCM was not capable of PV
module cooling, especially for a hot and humid region such as India. Many researchers addressed this
issue because selecting PCM melting temperature is the most challenging task for the module cooling
for an entire year. The selected OM29 PCM performed well in winter, while, in summer, it did not
dissipate the stored thermal energy; in addition, OM29 lost its latent heat property within 8:30 and
after that PCM started to act as an insulating material for the PV module. Hence, it was concluded
that OM29 was not a suitable PCM for cooling the PV module in the summer season. Further, it is
recommended to select an appropriate PCM for this desired location. In addition, it is necessary
to increase the thickness of the PCM and thermal conductivity in order to attain better absorption
and dissipation.
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