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This study examines the impact of incorporating phase change material (PCM) in photovoltaic thermal (PVT)
systems on their electrical and thermal performance. Although PVT systems have shown effectiveness in con-
verting solar energy into both electricity and heat, there is a necessity for studies to investigate how integrating
PCMs can further enhance performance. The study also aims to explore the effect of solar irradiation and coolant
mass flow rate on the electrical and thermal output of both PVT and PVT-PCM systems. A graphical user interface
was developed within the MATLAB Simulink under the weather conditions of Amman, Jordan. The results show
that the incorporation of PCM in PVT systems significantly reduces solar cell temperature and increases electrical
efficiency. The highest electrical efficiency of a PVT system with PCM was found to be 14%, compared to 13.75%
in a PVT system without PCM. Furthermore, the maximum achievable electrical power in a PVT system with PCM
was 21 kW, while in the PVT system without PCM it was 18 kW. The study also found that increasing the coolant
mass flow rate in a PVT system with PCM further reduced PV cell temperature and increased electrical efficiency,
while the electrical efficiency of both the PVT and PVT-PCM systems decreases as solar incident radiation flux
increases, resulting in a significant rise in cell temperature. At an increased solar radiation level from 500 W/m?
to 1000 W/m?, the electrical efficiency of the PVT configuration decreases from 13.75% to 11.1%, while the
electrical efficiency of the PVT-PCM configuration falls from 14% to 12%. The findings of this study indicate that
the use of PCM in PVT systems can lead to significant improvements in energy production and cooling processes.
The results provide valuable information for designing and optimizing PVT-PCM systems.

which absorbs thermal energy (Ey) and so lowers the Tsc [5,6]. This

1. Introduction

Photovoltaic (PV) cells are inefficient in converting solar energy into
electricity. Commercial solar panels have yet to achieve a maximum
efficiency of more than 20% [1]. As a result, 80% of the energy obtained
is lost as heat [2]. One of the most challenging aspects of this charac-
teristic is the increase in the Tsc, which affects the power produced and,
as a result, the efficiency of the solar cell [3]. As a result, to enhance PV
cell efficiency, the temperature of the cells must be kept low, around
typical test conditions (25 °C) [4]. The simplest and best way to handle
this problem is to utilize a hybrid PV system with a thermal collector,
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combination led to an increase in power generation, as well as an in-
crease in the 1, [7]. Phase change materials (PCMs) have numerous
applications, including PVT systems. In PVT systems, PCMs are utilized
to regulate and store thermal energy to achieve the highest possible
electrical n, and Ey [8]. PCMs have a broad range of applications
beyond PVT systems, such as thermal energy storage [9], battery ther-
mal management [10], electronics cooling [11], automobiles [12], and
cold chain management [13]. When used in PVT configurations, PCMs
offer the additional benefit of storing heat and reducing PV cell tem-
peratures compared to PVT systems without PCMs. In comparison to
PVT configurations without PCMs, the PCM used in PVT provides an
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Nomenclature

A Area (m?)

C, Cp Specific heat (J kg’1 Kb

E Energy (W)

G Solar irradiation (Wm2)

h Convective heat transfer coefficient (Wm 2K ~ 1)
Nu Nusselt number

mf mass flow rate (kg/sec)

PCM Phase change material

PV Photovoltaic

PVT Photovoltaic thermal

R, Reynolds number

T Temperature (°C)

8) Overall heat transfer coefficient (Wm 2K ~ 1)
f contact factor

k Thermal conductivity (Wm K1)
P Packing factor

o Absorption

) Thickness (m)

n Efficiency

B Viscosity (N.s.m ~ 2)

p Density (kg.m ~ %)

c Stefan- Boltzmann constant
T Transmittance coefficient
Subscript

0 Overall

amb Ambient

cond Conduction

conv Convective

e Electrical

env Environment

g Glass

ins Insulation

pv Photovoltaic

r Reference

sc Solar cell

td Tedlar

th Thermal

w Wind

abs Absorber

f Fluid

extra benefit in storing heat and lowering PV cell temperatures. The
latent heat of the PCMs is rather high. When the material’s transition
temperature from solid to liquid is reached, this enables the material to
store latent heat. However, as it transitions from liquid to solid form, it
releases latent heat into the environment in a cooler setting. PCM, in any
situation, retains sensible heat in the same way that a continuous solid or
liquid phase does [14,15]. Furthermore, the integrated PCM in PVT has
additional benefits, including a large heat capacity, no energy required
for circulation, non-corrosive and nontoxic properties, and the thermal
energy stored may be utilized at night [16].

Hasan et al. [17] examined the temperature response of solar panel
PVs to a PV-PCM configuration. Five PCMs were tested, with melting
temperatures around 25 + 4 °C and a latent heat of fusion of between
140 and 213 kJ/kg. The PV-PCM system maintained a temperature
substantially lower than the PV reference Tsc on a clear day with
considerable and active sunlight for about 10 h. The results showed a
maximum temperature reduction of 18 °C for 30 min and a sustained 10
°C temperature reduction for 5 h at 1000 W/m? insolation. Tan [18]
utilized TRNSYS software to study the influence of PCM on a concen-
trated solar collector both experimentally and numerically. According to
the research findings, the PV with PCM has a 35.6 °C lower temperature
than the PV without PCM. Furthermore, employing PCM resulted in a
7.3% increase in electricity efficiency over a one-year cycle. Preet et al.
[19] conducted an experimental study to enhance the performance of PV
systems. They examined three systems: a traditional PV panel, a
water-based PV/thermal system with a double absorber plate, and a
water-based PV/thermal system with PCM. The findings suggested that
using PV/thermal technology may improve the efficiency of both elec-
trical and thermal systems. The study also analyzed the effect of various
mass flow rates on the efficiency of these systems. Alzaabi et al. [20]
proposed adopting a water hybrid PVT configuration to boost n, and
thermal efficiency (ns) of PV systems under UAE climatic conditions.
The study showed that adopting the circulating water through the col-
lector at the backside of the PV panel significantly reduced the tem-
perature by 10-20 °Celsius during the afternoon, resulting in a 15% to
20% increase in the electrical output power. Furthermore, during system
operation, the thermal efficiency can attain 60% to 70%. Naseer et al.
[21] investigated the impact of varying the thickness of hybrid PCMs on
the performance of PV panels in Taxila, Pakistan. The PV module was
sandwiched between two PCMs with different melting points separated

by an aluminum plate. Three configurations were compared to the
natural cooling configuration. The configuration with the lower melting
point PCM showed better performance. The highest thickness of low
melting PCM resulted in an average temperature reduction of 8.1 °C and
an increase in electrical efficiency of 7.8%.

Nardi et al. [22] evaluated the effect of environmental factors on the
overall efficiency (n,) of the PVT system. The n, and ng of a com-
mercial PVT module, as well as infrared thermographic diagnostics,
were studied using both non-cooling and cooling scenarios. The exper-
iments were carried out throughout the summer with the goal of
determining the impact of the environment on system efficiency. Seven
experiments were carried out under various situations. According to the
findings of the experiments, the configuration with a flat reflector in
front of the module and no cooling had the highest temperatures, fol-
lowed by the setup with no cooling and no reflector. Moreover, the
authors claim that the ng and 1, increased significantly as a result of the
setup’s simplicity. They concluded that utilizing a basic reflector can
result in a significant increase of 28% in electrical efficiency. Liang et al.
[23] carried out experiments to assess the performance of a conventional
PV and a graphite-filled PVT solar collector. In terms of 1, and primary
energy-saving efficiency, the results reveal that the graphite-filled PVT
solar system surpasses conventional PV systems. The highest electrical
efficiency and primary energy-saving efficiency of the PVT collector
filled with graphite were 7.2% and 48%, respectively. The outputs of
four distinct types of PVT collectors in terms of sheet-tube, channel, free
flow, and two absorbers of PVT collector were examined by Zondag et al.
[24] . The ng and n, were examined in addition to the yearly production
of hot water. Although the sheet-tube of PVT collectors was not the most
effective device when compared to the others, it was the best choice due
to its ease of fabrication. Furthermore, the results indicated that the
uncovered collector has a 14 of 52% at zero reduced temperature.
However, the single cover sheet-and-tube design has a ny, of 58%, while
the channel above PV design exhibits the highest ng, at 65%. According
to Wu et al. [25], modeling a PVT device with water as the transfer fluid
might result in ng and n, exceeding 63.65% and 8.45%, respectively.
Using air as the coolant in a conduit at the rear of the panel to cool a PVT
arrangement yielded 7.3% more energy than without cooling the
system.

The PVT systems have been combined with PCM to innovate a new
system known as PVT-PCM. Due to material preferences where the
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substance can release and absorb appropriate energy to offer beneficial
heating and cooling, the new system is projected to boost energy pro-
duction and cooling processes significantly. Within the PVT there are
several types of cooling systems, including water cooling and air cooling
(both are utilized), as well as water heating in the winter.

Hassan et al. [26] explored using a PCM to control the PV system
temperatures. In the United Arab Emirates, where there are hot condi-
tions for most of the year, the authors installed five PV systems. Four of
these systems used various PV-PCM cells, which were all tested for their
impact on system functioning to ensure that they were acceptable for use
in a PV-PCM system. According to the study, the highest reduction in
peak temperature achieved by utilizing PCM was 5 °C on a foggy day and
11 °C on a clear sky day. Yang et al. [27] constructed a hybrid PVT-PCM
platform to evaluate ng and 1., compared with a traditional (PVT)
configuration. The study found that integrating PCM and PVT improves
the envisioned system’s overall ng and 1. Furthermore, it was observed
that incorporating a PCM layer into a PVT panel significantly reduces
the amount of heat lost to ambient. When the radiation is less intense or
insufficient, the heat absorbed in the PCM can be liberated into the
working fluid, increasing its lifespan to the desired building.

Through the utilization of the PCM layer for cooling, the PVT-PCM
module enhances its electrical efficiency, with the PVT-PCM system
achieving a higher solar . of 8.16% compared to 6.98% for the PVT
system. Browne et al. [28] tested a PVT-PCM system’s performance in a
controlled indoor setting. Compared to a PVT system, the time needed to
store heat was nearly twice as long under the same conditions. Likewise,
the water temperature increase in the PVT-PCM system was around 6 °C
higher than in the PV/T system. The performance of a PVT-PCM system
increases significantly. The potential for heat storage increases by 100%
in regions with higher temperatures. Ahmadi et al. [29] studied the
impact of passive and active cooling methods on the electrical and
thermal performance of PVT system under varying solar radiation levels.
They utilized PCM in the passive cooling system by infusing it into a heat
conductive foam. Results revealed that the PCM-composite system could
improve electrical efficiency by up to 14% and reduce PV-cell temper-
ature by up to 6.8% (approximately 4 °C). Additionally, active cooling
was evaluated by circulating water through a cooling block under the
PVT system. The PV-PCM-composite system with active cooling ach-
ieved the highest energy efficiencies ranging from 66.8 to 82.6%. Dog-
kas et al. [30] investigated the use of organic PCMs in a cold heat storage
system. It was found that the process of melting and solidification could
be shortened and that a higher heat transfer rate could be attained.
Righetti et al. [31] investigated how to improve the effective thermal
conductivity of RT70 paraffin wax, which has a phase transition tem-
perature of 70 °C. In practice, the optimal shape has been determined,
and a relationship between charging time and thermal boost has been
suggested.

A one-dimensional thermal energy balance framework for PVT-PCM
was simulated by Malvi et al. [32]. According to the research outcomes,
PCM boosts PV production by 9% and raises the temperature of the
water on average by 20 °C. Bhakre et al. [33] developed a 2-D compu-
tational model to investigate the performance of a PVT-PCM system with
different water container thicknesses (WCT) and system orientations.
The optimal WCT was found to be 30 mm, and increasing the system
orientation from 30° to 90° resulted in a decrease in the average tem-
perature of the PV panel and PCM, leading to an increase in average
electrical efficiency of 14.93% and 1.35% at 30° and 90° system ori-
entations, respectively. Hamid et al. [34] conducted a 3D numerical
simulation to compare the performance of PVT structures with and
without PCM, using water as a coolant. The study included six different
configurations, with buried water pipes and an additional PCM layer
with different melting temperatures. Results indicated that burying
water pipes inside the PCM improved overall performance. The glazed
and unglazed PV/T modules integrated with dual PCMs achieved the
highest daily average energetic and exergetic efficiencies.

In the meteorological situations of Lyon, France, Gaur et al. [35]
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examined the PVT technique with and without PCM computationally. A
thermal model was developed to investigate the temperatures of
different input components. Under winter environmental conditions,
the n, of photovoltaic panels of PVT collectors with or free of PCM
were measured to be 16.87% and 16.5%, respectively. This analysis was
conducted at a particular ambient temperature (Tgnp) and solar irradi-
ation. The performance of a solar PVT-PCM system under Malaysian
weather conditions was developed and analyzed by Hossain et al. [36].
The study revealed that using PCMs enhanced both electrical and ther-
mal efficiency, with maximum efficiencies of 14.57% and 15.32% for
PVT and 75.29% and 86.19% for PVT-PCM, respectively. A novel design
for a PVT collector was tested in a Mediterranean climate by Jurcevi¢
et al. [37]. The design was evaluated for performance, economic and
environmental aspects. The PVT collector consisted of four cooling
blocks with water as the working fluid and organic PCM in plexiglass
containers. The system achieved an overall energy efficiency of 62.2%,
with an estimated annual efficiency of less than 50%. The levelized cost
of energy was between 0.056 to 0.083 €/kWh. Hosseinzadeh et al. [38]
studied the PVT in conjunction with PCM and a ZnO/water nanofluid
working fluid to compute ng, and n, experimentally. Using PCM, the
production thermal intensity of the PVT with nanofluid was raised by
29.6% in August and September under the climatic circumstances of
Mashhad, Iran. In addition, the proposed system had the highest average
exergy performance of 13.61%. Riehl and Mancin [39] examined the
effect of a specific solid nanoparticle in the base fluid, and the results
were obtained in order to develop models that predicted nano-liquid
characteristics. Unfortunately, these models still provide inconsistent
findings for identical parameters of solid nanoparticles and base fluid,
resulting in inaccurate data. Al-Musawi et al. [40] investigated the ef-
fects of pure water, SiOy/water nanofluid, and a PCM on the perfor-
mance of PVT. The study compared two PVT modules, one with PCM
and one without. The results showed that using a water-based PVT/PCM
reduced the average PV cell temperature by 16 °C, leading to an 8%
increase in electrical efficiency and a 25% increase in thermal efficiency.
The study suggested that increasing the melting temperature of the PCM
enhanced the thermal efficiency of the PVT/PCM system. Asefi et al.
[41] investigated the utilization of porous materials to enhance the
effectiveness of PVT-PCM systems. The study revealed that porous ma-
terials could enhance the thermophysical properties of PCMs and
enhance the distribution of PV temperature, leading to improved elec-
trical and thermal efficiency. A 3D numerical model was employed to
analyze the system’s efficiency with different working fluids and porous
materials. The findings suggested that replacing pure PCM and water
with nanofluids and porous PCM significantly boosts the efficiency of
PVT-PCM. Khodadadi and Sheikholeslami [42] analyzed the efficiency
of a PVT-PCM system with multiple finned containers. The results
showed that increasing the number of fins improved heat transfer into
the PCM, increased the melting rate, and lowered the average surface
temperature. The inclusion of nano-powders in paraffin increased the
liquefied fraction by 2.13% when compared to pure PCM.

Although there have been studies on the impact of PCM on PVT
systems, there is still a need to investigate the effect of PCM on the
thermal energy storage and thermal efficiency of PVT-PCM systems.
While PVT systems have been shown to be effective in converting solar
energy into both electricity and heat, there is a lack of research on how
the integration of PCMs can further improve the performance of these
systems. Additionally, there is a need to investigate the impact of
coolant mass flow rate on the electrical and thermal performance of PVT
and PVT-PCM systems. The main objective of this study is to develop and
analyze the performance of a new integrated system called PVT-PCM,
which combines photovoltaic thermal (PVT) systems with phase
change materials (PCMs). Furthermore, it investigates the impact of
PCMs on PVT systems by performing a comprehensive comparison be-
tween a PVT system without PCM and an integrated PVT-PCM system.
The study aims to compare the thermal and electrical efficiencies of the
PVT-PCM system with those of a conventional PVT system without PCM
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Fig. 1. Configuration of the PVT-PCM module showing heat transfer modes.

under the weather conditions of Amman, Jordan. Additionally, the study
aims to investigate the impact of PCM on the thermal energy storage and
thermal efficiency of PVT-PCM systems, as well as the effect of coolant
mass flow rate on the electrical and thermal output of PVT and PVT-PCM
systems, which can provide valuable information for designing and
optimizing PVT-PCM systems. The ultimate goal is to provide new in-
sights into the potential benefits of integrating PCMs in PVT systems and
to identify ways to further improve their performance. The study uses a
graphical user interface developed within the MATLAB Simulink pro-
gram and investigates the thermal and electrical efficiencies of the PVT-
PCM system under the weather conditions of Amman, Jordan. To the
best of our knowledge, this is the first study that investigates the use of
PCM in a PVT system under the weather condition of Amman, Jordan,
which is characterized by high solar radiation and high temperature.
The results of this study will provide valuable insights for future
research and the design of PVT-PCM systems.

2. Methodology

The electrical and thermal efficiencies of both PVT and PVT-PCM
hybrid configurations were simulated and compared using the MAT-
LAB program. The two systems were studied numerically with irradia-
tions varying between 500 and 1000 W/m?, mass flow rate (mf) ranging
from 0.7 to 0.95 kg/s at a temperature of 25 °C. The use of PCM in PVT
systems offers great advantages in the form of PV cell cooling and heat
conservation. In the first system, a thermal collector was connected to a
PV without a PCM in order to build a PVT system, whereas, in the second
system, a PCM was used to construct the PVT-PCM for numerical
assessment.

The following assumptions underpin the mathematical model that
was used to simulate the PVT system [43-46]:

The temperature of the working fluid in the collector fluctuates
axially, that is, solely in one direction.

Compared to the electrical output, the ohmic losses of the solar cells
are negligible.

The sky is considered to be a black body with a given temperature.
The thermal-physical parameters of the absorber plate, collector tub,
and PV layers remain constant and independent of temperature.
PVT/PCM systems have negligible contact resistance among solid
components.

In the numerical simulation, parameters of the PCM, such as melting
temperature and thermal conductivity, are considered constant.

No dust on the surface of the PV will impact solar energy absorption.
PCM is homogenous and isotropic in both liquid and solid phases.

International Journal of Thermofluids 18 (2023) 100365
2.1. System description

This system is constructed from a PVT collector integrated with PCM
material, a heat exchanger for the storage tank, a standby boiler, two
pumps, a flow meter, and numerous sensors at different locations,
including thermocouples, pyranometer, multimeter, and flow meter to
measure temperatures, solar irradiation, voltage and current, and fluid
flow rate respectively. A transparent glass cover with high transmittance
of more than 95%, a PV unit, a group of round copper tubes combined
with a layer of PCM, and an insulating layer beneath the solar panel to
prevent heat leakage are all included in this model. The PVT-PCM
configuration is shown in Fig. 1.

The storage tank is built from a combination of galvanized steel and
PCM. To avoid heat leaking into the environment, it is separated from
the exterior using glass wool. Because of their low cost and superior
thermal conductivity, copper and galvanized steel were used [47]. A
heat exchanger is employed to transmit heat from the working fluid to
the household water.

Throughout the day, solar radiation strikes the PV unit’s surface;
some of it converts to electricity, some is reflected, while the rest con-
verts to Ey. The copper tubes gather heat and warm the fluid inside the
PV unit, and the PCM stores a portion of this energy for use when solar
radiation is insufficient or unavailable.

A heat exchanger is used in the PVT-PCM and PVT schemes to cool
down the operating fluids in a closed loop. Following the absorption of
heat from the PV panel, it transmits the heat to the domestic water,
which is stored in a tank embedded with PCM. A supplementary boiler
system was employed to provide Ey, during the night or when there is no
solar irradiance on the PV module’s surfaces.

Two alternative systems were used in this study, both of which are
polycrystalline silicon photovoltaics. The first is a solar system with a
thermal collector made of copper tubing (PVT). The second system is
similar to the first, except that PCM surrounds the collector (PVT-PCM).
The n. and ng, of both proposed systems were assessed. A schematic of
the two systems is illustrated in Fig. 2. Table 1 presents the PV that was
utilized in this investigation.

2.2. PCM thermophysical characteristic materials

Compounds with the ability to absorb and release a considerable
amount of latent thermal energy by transitioning from one phase to
another (solid/liquid) across a limited temperature range are known as
phase change materials (PCM). These materials go through several
stages in which their physical states change in the solid and liquid states
[48,49]. The thermophysical characteristics of Lauric acid [50,51],
employed in this work, are shown in Table 2. As displayed in Table 2,
Lauric acid has a melting point of 43.8 °C and a boiling point of 297.9 °C.
Therefore, it can be used as a PCM for thermal energy storage applica-
tions in the temperature range of 20-50 °C. Lauric acid has been shown
to have good thermal stability and heat storage capacity. It is worth
noting that the transition temperature is expected to affect the produc-
tivity of PV-PCM or PVT-PCM systems. The PV and water pipes will
share the heat with the PCM. In a typical PV, the backboard temperature
is between 30 and 80 °C. The PCM has been added to the PV to effec-
tively bring down the PV’s temperature while increasing its electrical
output. To achieve an acceptable temperature differential between the
PCM layer and the water pipe, it is important that the melting temper-
ature of lauric acid is not too low. Therefore, we adopted lauric acid in
this study since the melting temperature of lauric acid is 40-45 °C, with
high latent heat, strong thermal and chemical stability, and almost no
supercooling or contamination [52]. It has been often synthesized with
other PCMs and used in engineering because its excellent phase change
temperature makes it suitable for solar energy applications.
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Fig. 2. Arrangement of the (a) PVT, and (b) PVT-PCM.

temperatures of various portions of the systems, solar irradiations, and

3. Mathematical modeling
mass flow rates.

The entire amount of energy absorbed by the module’s top surface

and n, are quantified
(Ewp) can be calculated as follows from Eq. 1 [53]

The system output parameters in terms of 1,
using data obtained through computational modeling, such as



S. Alsaqoor et al.

Table 1
Properties of the PV module used.
Item Specification
Materials Polycrystalline silicon
Area of a cell 0.015 m?
Number of modules 150
Short-circuit current 4A
Open circuit voltage 70 V
STC 1000 W/m?, AM 1.5, 25 °C
PCM layer thickness 10 mm
Tube diameter 12.5 mm
Tube number 25
Table 2
Thermophysical properties of Lauric acid.
Property Liquid Solid
Melting temperature ( °C) 43.3
Specific heat (kJ/kg.K) 2.20 1.95
Thermal conductivity (W/m.K) 0.15 0.45
Viscosity (kg/m.s) 0.0006
Volumetric expansion (K ~ 9.107*
Melting latent heat (kJ/kg) 187.2
Eip = Tgax('pxcGA (@)

where 1, is Transmittance coefficient of the glass cover, ay is Absorp-
tivity of solar cell, ps is Packing factor of solar cell, G is Solar irradiation
(Wm_2), A is PV Area (mz).

The convection energy loss at the module’s top surface (Epwas
evaluated as follows from Eq. 2

E = Uvm(Tsc - Tamb)A (2)
where Uy, is Overall heat transfer coefficient from top surface of module
to ambient through glass cover (Wm 2 K™ 1).

The electrical power (E,) generated from the solar cell’s absorbed
energy was computed using Eq. 3 [54]:

Ee =1, Py Tt GA[l — i (Toc — T,)] 3

where 1 is solar module’s electrical efficiency, p is Temperature co-
efficient of PV, T} is Reference temperature.

Eq. 4 is used to calculate the energy transmitted to the module’s
bottom surface.

Ep = Uy(T. — Tu)A 4)

where Ey, is Energy from thermal collector (W), Uy is Heat transmission
coefficient from glass to Tedlar (Wm 2 K’l), Tyq is Temperature of the
Tedlar (°C)

Total energy transfer from the top glass to Tedlar and the atmosphere
can be evaluated by the use of the conservation of energy principle.

Ew=E +Ey+E. ()

The temperature of solar cells can be calculated using Eq. 6 [55]:

_ PG (mee —1,.) + (UseaTa + UiT)

TS(‘
(Usea + Ur)

(6)

The 1, N, and n, of a PV system, may be calculated using the formulas
of Eq. 7, Eq. 8, and Eq. 9 respectively.
_ Produced electrical power _ E,

N = = 7

Total received energy E,,

Extracted thermal energy  Ey,

_ - 8
o Total received energy E,: ®

International Journal of Thermofluids 18 (2023) 100365

_ Ee + Eth

= ©
o=

The following are the detailed energy balance equations for the
subsystems [46]:
For glass

T,
d £ — agG + hmd,g—»em‘(Tsky - Tg) + hw(Tamb - Tg)

pg‘sgcg?

+ Beond.gpy (Tpw — T 10)
where pg is glass density (kg.m™>), 8, is glass thickness (m), Ty, is
temperature of the sky (°C), Cy is glass specific heat (J kg 'K, Qg is
Absorption of glass, hraqg — eny is equivalent irradiation coefficient be-
tween the PV and the sky (Wm 2 K’l), h,, is convection coefficient due
to the wind (Wm2K™1), heond.g — pv is equivalent conduction coefficient
between glass and PV (an2 K’l).

The transient energy variations in the cover glass are represented on
the left side. The first term on the right-hand side of the equation is the
irradiation collected by the glass cover; the next term is the radiation
between the cover glass and ambient; the third term is the convection
between the cover glass and the outside; and the fourth term is the
conduction from the PV cells to the cover glass.

For photovoltaic panel

dT,,
pppépvcpvil = avagG - Eelm‘ + hcond,pvag (Tg - Tpv)

dt
+ hmnd,pvaabs (Tabs - Tpv) (1 1)

where p,, is is a PV density (kg.m’S),Spv is Thickness of PV (m),Cpy is PV
specific heat (J kg_1 KD, py is Absorption of PV, heondpy — ¢ is equiv-
alent conduction coefficient between the PV and the glass (Wm ™2 K’l),
Reondpv — abs is equivalent conduction coefficient between the PV and the
absorber plate (Wm 2 K’l), Taps is absorber plate temperature (°C), Tpy
is PV temperature (°C).

For absorber plate

0Tab:
P apsOabs Cabs—— = eonv.pv—abs (Tabs - 7}7u) + fubs tubeeond abs—tuve (Tuuve — Tabs)

dt
+ fubs.insPeond.abs—ins(Tins — Taps)

12)

where pgps is absorber plate density (kg.m_g), Saps is absorber thickness
of (m), Cgs is absorber specific heat (J kg’1 K’l), heondpy — abs iS
equivalent conduction coefficient between PV and absorber (Wm 2
K™D, heondabs — mbe iS equivalent conduction coefficient between
absorber and tube (Wm 2 K’l), fabs,ube is the contact factor of the
absorber and tube, which is equal to one in contact parts or zero in
noncontact. Between the absorber and the insulation, a comparable

factor may be defined as fups,ins, Taps is absorber temperature (°C),  Tips is
insulation temperature (°C).
For tubes
oT, b
pmbgérubeP d)’ Clube% = Aabs.rubeh(‘ond.ab_y—>tube(Ttubf - Tabs)
+ hz‘om'.lubf—»fpdy(Tf - Tlube)
+ Ains,zuheheund.mbeain.x (Tins - Tmhe) (13)

where pype is tube density (kg.m’3),6mbe is tube thickness (m), Cupe is
tube specific heat (J kg’1 K’l), heond.ube — £ is equivalent conduction
coefficient between the tubes and the fluid (Wm ™2 K1), heond.cube — ins i
equivalent conduction coefficient between the tubes and the insulation
(Wm’2 K’l), P is perimeter

For working fluid

T,
pfAfdnyaitf = hcamambeﬁfpdy(Tmbe - Tf) (14)
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Fig. 3. The following procedures were executed to compare the electrical and thermal efficiencies of PVT systems with and without PCM under various solar

irradiation levels and mass flowrates.

where pyis fluid density (kg.m™%, Cris fluid specific heat (J kg 'K™h, Ag
is fluid area, Ty is fluid temperature (°C).
For Insulation in PVT

ATy
p in. \-5 ins Cinx = hz‘und \ins—tube ,ﬁubejn: (Ttubc - Tins )

dt
+f;1hs,[ns hcond.ubsﬂins(Tabs - T}ns) + hw(Tamb - T[n.&) (15)

For Insulation in PVT-PCM

aﬂnf
PinsOins Cins—— = Neondins—pcmfremtins(Tperr — Tins)

dt
+ Peond.sube—sins Suuve,ins(Tube — Tins) ~+ Moy (Tamp — Tins) (16)

where pis is insulation density (kg.m_3); Sins is insulation thickness (m);
Cins is insulation specific heat (J kg’1 K™D, heondins — twbe iS €quivalent
conduction coefficient between the insulation and the tubes (Wm 2
Kb, fremyins is the contact factor of the PCM and insulation, which is
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Fig. 4. Flowchart diagram of the Matlab calculation procedure.
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equal to one in contact parts or zero in noncontact; fype ins is the contact
factor of the tube and insulation, which is equal to one in contact parts or
zero in noncontact; Acondabs — ins iS €quivalent conduction coefficient
between the absorber plate and the insulation (Wm 2Kk

Heat transfer coefficients

The heat transfer coefficients in use in the computations are listed
below. The irradiance heat transfer coefficient between the PV and the
atmosphere is estimated as

hrad.g—»env = Egg(T; + Ts2kv> (TS + TS]‘)) (17)

where ¢ is Stefan- Boltzmann constant = 5.670367 x 10~8 (Wm 2 k’4),
Tsky, is calculated by the following empirical equation [56]

Tyy = 0.0552%T"3, 18)
The wind-induced convective coefficient is defined as [57]
. m 078 - m
Iy =57+ 3.8V, Vi <5 = 647+ V™0 V- 5 (19)

Between the fluid and the tube, the convective coefficient heony, rupe — £
is represented as [58]

Re < 2300=>Nu = 4.364; Re > 2300=>Nu = 0.023Re™* Pr** (20)

where R, is Reynolds number, Nu is Nusselt number, the Prandtl number
(Pr) may be determined using the following formula:

_ G

P
r kf

(2D

where s Dynamic viscosity of the fluid (N.s.m™2), and kg Thermal
conductivity (Wm’lel).

4. Simulation system design

The procedures used to compare and contrast thermal and electrical
characteristics of the PVT systems with and without PCM are depicted in
Fig. 3. The PVT-PCM model was developed employing MATLAB/Simu-
link to test the functionality of the proposed solar system. A flowchart
diagram of the Matlab calculation procedure is displayed in Fig. 4. The
flowchart of the proposed PVT-PCM system from generation to

Table 3
PVT and PVT-PCM system components’ characteristics.
Components Material Description
Cell Area: 0.015 m?
PV Panel Polycrystalline Silicon Number of Cells: 36
Number of Modules: 150
Thermal Copper Tube Diameter: 12.7 mm

Pipes Number of Tube: 25

PCM Used Lauric Acid Thickness: 10 mm
Melting Temperature:
43.3 >°C
Latent Heat: 210.8 kJ/kg
Pump Stainless Steel Pump Type: Centrifugal

Pump Efficiency: 0.75
Pressure Drop: 1 bar
Galvanized Steel Combined with Shape: Cylindrical

PCM Material

Storage Tank

consumer is displayed in Fig. 5. The user may easily access and manage
the system settings for each subsystem. Table 3 lists the specific struc-
tural parameters of each component of the system.

5. System validation

Experiments and numerical investigations have been used to verify
the simulation approach for the two separate systems, PVT and PVT-
PCM. The operational conditions and input parameters for both of
these systems are chosen the same way as in references [59-62].

5.1. PVT system validation

The predicted outlet temperature of the collector/PVT system was
subjected to both theoretical and experimental results reported by
Khanjari et al. [59] and Selmi et al. [60] to validate the simulation
findings.

The input solar energy in these investigations ranged from 470 to
542 W/m?2, mf was 0.000136 kg/s, the temperature of the inflow ranged
between 32 and 46 °C., and the fluid flow was water.

The current investigation’s design and operating circumstances are
substantially identical to the input values. In Fig. 6(a), the collector’s
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Fig. 6. Validation of a current numerical analysis with other scholars; (a) PVT configuration, (b) PVT-PCM configuration.

output temperature throughout the day is compared to the current study
utilizing both numerical and experimental methods. The figure shows
that the average difference between current study and the numerical
analysis performed by Khanjari et al. [59] , and the experimental results
reported by Selmi et al. [60] is approximately 10.9% and 3.2% of the
Celsius degree, respectively. The simulated PVT model, based on these
observations, offers adequate accuracy and durability for all the simu-
lations in this study.

5.2. PVT-PCM system validation

Experimental and computational studies on a PVT/PCM system were
performed by Su et al. [62] and Brown et al. [61]. It is worth mentioning
that the current investigation’s layout and design variables are sub-
stantially identical to those of the two reference publications. All input
parameters are chosen in the same way as in the references to ensure
that the numerical research is valid. Fig. 6(b) shows the present study’s
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surface temperature as well as that in the two reference models.

Based on the acquired data, the average and lowest discrepancies
among the present findings and the experimental results of Brown et al.
[61] are 4.1% and 16% of the Celsius degree, respectively. Furthermore,
the average and highest deviations between the ongoing findings and
numerical results of Su et al. [62] are 2.75% and 6.9% of the Celsius
degree, respectively, implying that the current study and other in-
vestigations are in good agreement.

6. Results and analysis

In this study, the effectiveness of PVT and PVT-PCM collectors was
quantitatively examined. A new thermal collector approach was
implemented by using copper as a material. The main parameters for
the irradiation range of 500-1000 W/m? are considered in this research.
Temp and the inlet cold-water temperature to the PVT are both chosen
to be 25 °C. The simulation has been used to evaluate the efficiencies of
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Fig. 7. Effect of solar irradiation on (a) cell temperature; (b) electrical output power, and (c) electrical efficiency for PVT and PVT-PCM configurations.

the two systems. The electrical output power, cell and water output
temperatures, 1, N, and 1,, and influence of PCM on PVT and storage
tank were all factors considered in the comparison.

6.1. Electrical performance at various irradiation stages

Fig. 7 depicts the influence of incident irradiation on: (a) cell tem-
perature (Tg); (b) electrical output power (E.); and (c) electrical effi-
ciency (1) for PVT and PVT-PCM configurations. Numerically,
according to Fig. 7(a), the average Ts, rises as the irradiation rate rises.
As incident irradiance increases, the PV absorbs more heat, causing the
PV cells’ ambient levels to increase. The Tgpp is 25 °C, and the inflow
water temperature is 25 °C at a constant mf of 0.7 kg/s. The PVT-PCM
system, as shown, has the best performance with the least amount of
Tsc increases. Because the PCM absorbs heat latently, the Ty of the PVT-
PCM system is reduced. The T, of PVT reaches a high of 85.4 °C and a
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low of 43.4 °C. In addition, every 50 W/m? increase results in a 4.1 °C
rise in cell temperature. PVT-PCM has a lower Ty than PVT, with a high
of 64.9 °C and a minimum of 42.1 °C. In addition, every 50 W/m? in-
crease results in a 2.8 °C rise in cell temperature. When the radiation
exceeds 800 W/m?, the variation in temperature between the PVT and
PVT-PCM becomes more visible. This is because the PCM layer cools the
collector through both sensible and latent heat, minimizing the impact
of solar radiation on the collector.

The effect of incident irradiation on E, is shown in Fig. 7(b). It should
be noted that when the irradiation rises, E, improves at the same rate
since both voltage and current increase, but the current develops more
quickly than the voltage. As a result, the voltage rises linearly with
increasing irradiation intensities. The E, of the PVT system is lower
than that of the PVT-PCM system as displayed in Fig. 7(b). The PVT-PCM
absorbs more heat from the Ts. than PVT and eliminates the excess heat,
but PCM retains heat while cooling with water, resulting in superior



S. Alsaqoor et al.

International Journal of Thermofluids 18 (2023) 100365

(a) Output Water Temperature (b) Em
80 150 T
e PUT-PCM e PVT e PUT-POM e PVT
— ]
0 1
L . 130
@
5 6 2l
-—
g 60 @ ]
@ J
o 55 g W}
E Lu 1
U 50 — 1
% s £y
@ ]
R .
3 £ =}
L 35
[ ]
oW o —r————
S 450 500 550 600 650 700 750 800 £50 900 950 1000 1050 450 500 550 600 650 700 750 800 850 900 950 1000 1050
. : 2
Solar Irradiance [W/m?] Solar Irradiance [W/m’]
(C) Nth (d) No
0.9 09
—a— PVT-PCM —4—PVT-PCM —a—PVT
0.85 085
3 4 PR, yy
g 08 __a—h—h—k R 08 7 A—k
5075 50T
T 07 G 07
& 0565 £ 065
Y oos < 06
o m
£ 0.5 5 055
> >
O 05 E
0.45 045
04 F—— 04—ttt
450 500 550 600 650 700 750 800 850 900 950 10001050 450 500 550 600 650 700 750 00 850 500 950 1000 100
Solar Irradiance [W/m?] Solar Irradiance [W/m?]

Fig. 8. Effect of solar irradiation on the (a) output temperature, (b) thermal energy (E,), (¢) thermal performance (), and (d) overall efficiency (n,) for the PVT and

PVT-PCM systems.

power production.

Fig. 7(c) displays the influence of incident irradiation on electrical
efficiency for PVT and PVT-PCM systems. As the incident solar radiation
flux increases, the electrical efficiency of the system decreases due to the
significant rise in cell temperature that occurs at high incoming radia-
tion flux levels. The trend observed was in line with the study conducted
by Fayaz et al. [63]. As shown in the figure, the n, of the PVT configu-
ration decreases from 13.75 to 11.1%. The 1, of the PVT-PCM configu-
ration falls from 14% to 11.9%. Furthermore, with every 50 W/m?, the
e declines by 0.17%. In contrast, the PVT is shown to have a 0.25% drop
in 1, with every 50 W/m?2.

6.2. Thermal performance at various irradiation stages

The influence of solar irradiation on (a) the output temperature, (b)
thermal energy (Ew), (c) thermal performance (1), and overall effi-
ciency (n,) for the PVT and PVT-PCM systems are depicted in Fig. 8.

As the irradiation intensity grows from 500 W/m? to 1000 W/m?, the
water outlet temperature rises, as illustrated in Fig. 8(a). The heat
transfer rate between the PV plates and from Tedlar towards the
aluminum heat exchanger by conduction and convection, and
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eventually to running water, is rising because of the increased temper-
ature gradient.

The heat transmission is accelerated by a large temperature differ-
ential. Therefore, additional energy is delivered to the working fluid at
higher rates as the amount of irradiation rises. Consequently, the tem-
perature of the industrial process rises. The rate of heat transfer remains
constant from 500 W/m? to 1000 W/m?2. The PVT system produces
water output temperatures of 37.4 °C and 73.4 °C at 500 W/m? and
1000 W/m?, respectively. On average, the output temperature increases
for PVT and PVT-PCM by 3.6 °C and 2.8 °C for every 50 W/m? increase,
respectively. The water output temperature for PVT-PCM is 34.3 °C and
62.99 °C at 500 W/m? and 1000 W/m?, respectively.

The Ey, interaction with solar irradiation in the range of 500-1000
W/m? is depicted in Fig. 8(b). When the temperature differential
affected by excessive solar irradiation is significant, the amount of heat
transferred from the thermal collector to the water grows dramatically.
Consequently, 1000 W/m? produces more Eg, than 500 W/m? due to
enhanced heat transfer mechanisms inside the system. The highest Eg,
value for the PVT system is 130.6 kW at 1000 W/m?% At 500 W/m? a
minimum Ey, value of 57 kW is attained. Thermal energy is achieved at
an average of 7.3 W per 50 W/m? irradiation. Similarly, the highest Eq,
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Fig. 10. Temperatures of the cell and PCM layer in the PVT-PCM.

obtained by PVT-PCM at 1000 W/m? is 97.88 kW.

Fig. 8(c) displays the thermal efficiency of both systems within the
solar irradiation range of 500 W/m? to 1000 W/m?. The PVT system
reaches a maximum g of 71.7% at 1000 W/m?. At 500 W/m?, the
lowest 1 is 56.1%. On average, for every 50 W/m? the ng, rises by
0.8%. The PVT-PCM has a ng;, of 68.4% at 1000 W/m?. The minimum ng,
is 48.1% at 500 W/m?. For every 50 W/m? the ng, rises by 2.03% on
average. When PCM is integrated into PVT, the Ey and ng decrease
because some of this energy is stored in the PCM layer to be used at a
later time, such as at night or when the PV is in shadow.

Fig. 8(d) displays the total efficiency of the systems as a function of
solar irradiation. The sum of n, and n, gives the overall efficiency (n,),
with the latter accounting for the bulk of the variation in n, with
changing solar irradiation. The n, of the PVT system at maximum values
is 83.7% at 1000 W/m?. The lowest 1, is 75.7% at 500 W/m?. The PVT-
PCM system has the lowest 1, of 61.9% at 500 W/m? and the maximum
1o of 80.35% at 1000 W/m?2.
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6.3. Evaluation of comparative performance at various irradiation stages

The performance of a PVT-PCM system has been compared to the
performance of a PVT system. Fig. 9 shows the performance of the PVT-
PCM system and that of the PVT, revealing that the 1, of the PVT-PCM
increased by 2.97% compared to the PVT systems, while the ngof the
PVT-PCM decreased by 10.63% compared to the PVT system. The drop
in Eg, in the PVT-PCM system is due to the PCM storing a considerable
portion of this energy for usage when solar radiation is not available.
This study exhibited outcomes consistent with Fayaz et al. [63].

6.4. Effect of PCM on PVT and storage tank

Fig. 10 depicts the temperature variation of the PV module and PCM
layer in the PVT-PCM, showing the temperature progression of the PV
module and PCM layer over a six-hour period. The results demonstrate
that the temperature of the PVT-PCM layer increased from 37 °C to 67
°C, while that of the PCM layer increased from 35 °C to 64 °C, and both
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followed a similar pattern. Lauric acid was used to store latent heat
energy. At 36 °C, the PCM layer was in the solid phase. Consequently,
during the rapid rise in temperatures of the cell and PCM layer in
response to the solar radiation, the PCM absorbed thermal energy and
cooled the cell significantly.

Fig. 11 represents the effect of the mass of PCM on the amount of Eth
stored in the storage tank.

The results show a linear relationship between the PCM mass and the
stored energy, resulting in an increase in the amount of energy stored as
the mass of PCM increases from 5 to 30 kg. This increase in stored energy
improves the efficiency of the storage tank in retaining heat, which is
reflected in the system’s power, which can reach up to 7 kW.

Fig. 12 demonstrates the variations in output and input temperatures
in the storage tank of the PVT and PVT-PCM systems with solar irradi-
ation ranging from 500 W/m? to 1000 W/m?. As a result, as the intensity
of the irradiation increases, the temperatures of the output and input in
the storage tank increase. The PVT system’s output and input

temperatures in the storage tank are greater than for the PVT-PCM
system. The drop in temperatures in the PVT-PCM system is due to the
PCM absorbing a considerable portion of the energy, resulting in lower
temperatures than in the PVT system.

6.5. Impact of mass flow rate on the electrical and thermal output of PVT
and PVT-PCM

Fig. 13(a) shows the effect of mass flow rates on the cell temperature.
As shown in Fig. 13(a), the mean temperature of the cell drops as the
mass flow rate (mf) rises. Surplus heat is transmitted to flowing water
via convection when the inflow mf is increased, resulting in a fall in Tj.
There is a considerable decline in Ts. when the m increased from 0.7 kg/s
to 0.95 kg/s. The largest quantity of heat is lost because of a large
temperature difference since the Ty is greater and the inflow mf is
lower. There is a considerable difference in Ty reductions between the
two systems. This distinction is drawn because the PCM retains more
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heat from the cell concurrently with the PVT system, hence the PCM
removes the most heat. The maximum T for PVT is 74.6 °C, whereas
the greatest T for PVT-PCM is 69.1 °C, as shown in Fig. 13(a).

The effect of mass flow rate on electrical efficiency is depicted in
Fig. 13(b). In a PVT system, increasing the mass flow rate can increase
the electrical efficiency by improving the cooling of the photovoltaic
cells. Higher mass flow rates lower the Ty dramatically. As a result, the
PV voltage increases while the current decreases, boosting 1, and the
output capacity of the PVT system. In other words, the increased flow
rate helps to remove excess heat from the cells, which reduces the cell
temperature and improves their performance. However, increasing the
flow rate too much can lead to a higher pressure drop and pumping
power requirements, which can reduce the overall system efficiency.
The PVT-PCM has a higher n, than the PVT system due to the greater
cooling effect. n, is around 13.5%, with a minimum n, of 12.7%.
Furthermore, the increase inn, for every 0.1 kg/s increase is 0.4%. The
findings were in agreement with the study conducted by Pang et al. [64].

Fig. 13 (c & d) depicts the outlet water temperature thermal energy
versus different mass flow rates for the PVT and PVT-PCM. The tem-
perature of the output water reduces when mf is raised, as seen in Fig. 13
(c). Low mass flow rates result in a higher water generation temperature
due to more heat occupying the limited mass of water. Conversely, an
increase in mass flow rate causes a decrease in output temperature
because a larger mass of water accumulates more heat at a lower tem-
perature. This behavior is because a low mass absorbs a given amount of
heat at a higher temperature than a larger mass. In PVT-PCM systems,
the high thermal storage capacity of PCM materials is the cause of the
low output water temperature. However, this capacity presents a sig-
nificant advantage for prolonged heat availability. Therefore, PVT-PCM
systems are an excellent choice for supplying thermal energy during
nighttime hours. As a result, the flow rate should be kept between 0.70
and 0.80 kg/s in order to maintain a warm water source for improved
heat quality. The interaction of thermal energy with various mass flow
rates is depicted in Fig. 13(d), with the highest Eth value for the PVT
system being 103.1 kW. The minimum Eth value was 92.4 kW at 0.7 kg/
s. In the case of the PVT-PCM system, the highest and lowest Eth values
of 73.4 kW and 59.6 kW were recorded at mass flow rates of 0.95 kg/s
and 0.8 kg/s, respectively.

Fig. 13(e) shows the thermal efficiency variation when mf changes
from 0.70 kg/s to 0.95 kg/s for both the PVT and PVT-PCM systems. At
0.95 kg/s, the PVT and PVT-PCM systems achieve a maximum ng, of
70.8% and 42.7%, respectively. The lowest ng, is 63.2% at 0.70 kg/s
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for the PVT system and 35.8% at 0.80 kg/s for the PVT-PCM system. For
every 0.1 kg/s increase in flow rate, the PVT system experiences a 3%
increase in 1, while the PVT-PCM system experiences a 5.2% increase.
The PVT-PCM system has a lower thermal efficiency compared to the
PVT system due to the large thermal storage capacity provided by the
PCM material. This results in a longer heat availability duration but at a
lower temperature, which leads to a lower overall efficiency. Further-
more, the reduced thermal efficiency of the PVT-PCM system in com-
parison to the PVT system could be attributed to the thermal resistance
introduced by the PCM layer. This additional resistance can lower the
rate of heat transfer between the PVT panel and the heat storage me-
dium. Moreover, the melting and solidification of the PCM can cause
temperature fluctuations, potentially leading to a decrease in the overall
efficiency of the system. The results were consistent with the study
carried out by Fayaz et al. [63].

6.6. Evaluation of comparative performance at various mass flow rates

The effectiveness of a PVT-PCM system has been compared to the
effectiveness of a PVT for different mass flow rates. Fig. 14 depicts the
PVT-PCM system’s performance in comparison to the PVT system’s
performance, showing a small improvement of 1, of the PVT-PCM of
about 2-4% and a reduction in 1, of 8-18% in comparison with the PVT
configuration. The trend was consistent that observed by other scholars
[65].

Table 4 provides an overview of several studies that have been
conducted on PVT and PVT-PCM systems for different applications.
These systems have been evaluated in a variety of weather and operating
circumstances, which have a substantial influence on their performance.
As depicted in the table, the electrical or thermal efficiency values differ
widely among the different systems evaluated in different environments.
Thus, comparing systems with different designs and configurations
operating under varying weather conditions can be challenging. None-
theless, each system has demonstrated a significant improvement in
performance. Our current study has successfully increased the electrical
power output of a PV module by up to 14% under the weather conditions
of Amman, Jordan. It is worth mentioning that the electrical efficiency
of our proposed system is among the highest compared to other systems
presented in Table 4. However, several factors, such as PV technology,
location, system configuration, thermal system type, and cooling
methods, can impact the results.
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Table 4
. A Comparative performance analysis of the current study and the literature.
Reference System Thermal Electrical Remarks
Configuration Efficiency Efficiency
(%) (%)

Alzaabi PVT 60% to - -In the climate
et al. 70% conditions of
(2014) Sharjah, UAE
[20] - Compared to a PV

panel, the PV/T
system shows an
increase in
electrical power
output by 15 to
20%.

Liangetal.  PVT - 7.2% - PVT solar
(2015) collector filled with
[23] graphite

Wu et al. heat pipe PVT 63.65% 8.45% The range of
(2011) operating
[25] temperatures for

solar cells on a solar
PV panel varies by
less than 2.5 °C.

Yang etal.  PVT and 58.35 and 6.98 and The total
(2018) PVT-PCM 70.34 8.16 conversion
[27] efficiency of solar

energy is 63.93%
for the PVT system
and 76.87% for the
PVT-PCM system.

Ahmadi PV-PCM + 13and 13.2 40 and 54 The addition of
et al. water cooler PCM reduced the
(2021) PV- PCM- temperature of the
[29] composite + PV-cell by up to

water cooler] 6.8% (around 4 °C)
and increase the
electrical efficiency
by up to 14%.

Gaur et al. PVT and 16.5% and 33 and 38 In Lyon, France,
(2017) PVT-PCM 16.87% for for winter; PCM incorporation
[35] winter 22 and 22 in the PVT system

15.4% and for summer led to a significant

16.3% for reduction in

summer module
temperature during
summer and winter
days. The
maximum
temperature
reduction observed
was approximately
16.04 °C at 12 PM
during summer and
approximately 5 °C
at 1 PM during
winter.

Hossain PVT and PVT- 75.29 and 10.56 and Under climate of
et al. PCM 86.19 11.51 Malaysia, the
(2023) utilization of PCMs
[36] resulted in an

increase in the
performance of
both electrical and
thermal aspects of
PV systems.

Fayaz PVT and PVT- 74% and 9.2 and Kuala Lumpur,
et al. PCM 65% 12.75% Malaysia.
(2019)

[65]

Hossain PV and PVT 74.62 for 9.88 and Under climate of
et al. PVT 10.46 Malaysia, the
(2019) electrical efficiency
[66] of PV/T systems

was found to be
enhanced by 5.76%
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Table 4 (continued)

Reference System Thermal Electrical Remarks
Configuration Efficiency Efficiency
(%) (%)
compared to PV
systems.

Al-Waeli PVT, PVT-PCM 35.4, 50.5, 9.92, 9.92, By using nanofluid
et al. PVT-nano PCM  and 72 and 13.70 as a coolant for a
(2017) PV/T system, the
[671] thermal energy

obtained from
photovoltaic cells
were increased.

Current PVT and PVT- 70.8% and 13.75% Under the weather
Study PCM 64.5% and 14% conditions of

Amman, Jordan
Investigated the
effect of mass flow
rate on the
electrical and
thermal output of
PVT and PVT-PCM
systems

7. Study limitations

This study provides valuable insights into the application of phase
change material on the performance of photovoltaic thermal systems.
However, it is important to note that this study is hindered by three
significant limitations that must be addressed in future research. The
first limitation is that the assumptions underlying the mathematical
model used to simulate the PVT system may not fully represent the
actual behavior of the system in the field. For example, the assumption
of a dust-free PV surface may not be valid in practice, which could
impact the efficiency of the system. The second limitation is that the
study only examines the impact of PCM on PVT systems with copper
pipe. The results may not be applicable to other types of PVT systems.
Finally, the study does not investigate the long-term durability of the
PCM material or the impact of thermal cycling on its performance.

To address the first limitation, future research could focus on vali-
dating the assumptions made in the mathematical model by conducting
experiments under real-life conditions. This would involve measuring
the impact of dust and other factors that may affect the system’s per-
formance and PV efficiency. To overcome the second limitation, future
studies could investigate the impact of PCM on PVT systems with
different types of cooling systems. This would provide a more compre-
hensive understanding of how PCM can improve the performance of PVT
systems. Finally, to address the third limitation, future research could
explore the long-term durability of the PCM material and its perfor-
mance under different environmental conditions. This would help
identify any potential issues with using PCM in PVT systems over
extended periods and inform the development of more reliable and
durable PCM materials.

8. Conclusion

This study examined the performance of PVT and PVT-PCM systems
employing copper pipe using numerical analysis in MATLAB. Although
there have been studies on the impact of PCM on PVT systems, there is
still a need to investigate the effect of PCM on thermal energy storage,
and the electrical and thermal efficiency of PVT-PCM systems. The study
investigated the thermal and electrical efficiencies of the PVT-PCM
system and compared it with those of a conventional PVT system
without PCM, under the weather conditions of Amman, Jordan.
Furthermore, the study aimed to investigate the impact of coolant mass
flow rate and solar irradiation on the solar cell temperature, water
output temperature, electrical and thermal output and efficiencies of
PVT and PVT-PCM systems. The following are the key findings of this
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study:

Compared to the PVT system without PCM, the PVT system with
PCM was capable of lowering cell temperatures by 24% (up to 19 °C)
and enhancing electrical efficiency by 5.9%.

The electrical efficiency of both the PVT and PVT-PCM systems could
be enhanced by increasing the mass flow rate, which improves the
cooling of the photovoltaic cells. Higher mass flow rates considerably
decrease the temperature of the solar cell, leading to an increase in
PV voltage while the current reduces. Consequently, the electrical
efficiency and output capacity of the system are boosted.

The solar cells in the PVT system experience temperatures ranging
from 43.44 °C to 85.4 °C, with variations in irradiance causing a 4.1
°C increase for every 50 W/m? increment. The PVT-PCM system has
a maximum cell temperature of 64.9 °C and a minimum of 42.1 °C,
with a 50 W/m? increase in irradiance leading to a 2.8 °C rise in cell
temperature.

The inclusion of a PCM in the PVT system resulted in a negative
impact on both the thermal energy and thermal efficiency, causing
an average reduction of 32.18% and 10.63%, respectively. The
reduction in thermal energy and thermal efficiency can be attributed
to the significant thermal storage capacity offered by the PCM ma-
terial. This capacity prolongs the availability of heat but at a reduced
temperature, thereby decreasing the overall efficiency.

On average, the water output temperatures of the PVT-PCM system
were observed to be 6.8 >°C and 5.3 >°C lower than that of the PVT
system, under varying solar irradiance and mass flow rates,
respectively.

1000 W of solar irradiation produced the maximum overall effi-
ciency for both the PVT and PVT-PCM systems, 83.3% and 80.35%,
respectively. Similarly, the highest thermal efficiency for the PVT
and PVT-PCM systems were 71.7% and 68.35%, respectively, at the
same solar irradiation level.

In the future, the following areas will be examined in depth:

Investigate the impact of different types of PCMs on the performance
of PVT-PCM systems.

Study the effect of varying the PCM thickness on the performance of
PVT-PCM systems.

Conduct experimental studies to validate the numerical analysis re-
sults obtained in this study. This can provide more accurate data and
help confirm the reliability of the simulation model.

The results of this study provide valuable insights for future research

and the design of PVT-PCM systems. The findings of this study can
contribute to the development of more efficient and sustainable solar
energy systems by identifying ways to further improve the performance
of PVT-PCM systems.
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