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Abstract: The objective of this study is to improve the performance of a hybrid photovoltaic/thermal
(PV/T) air heater incorporating a thermal energy storage system (TESS) that uses paraffin and has
metallic mesh layers. In the experimental part of the research, three different pilot-scale PV/Ts have
been designed, manufactured, and experimentally investigated. The first system was structured as a
conventional PV/T, while the second (PVT/TESS) was modified with a paraffin-based TESS. The
efficiency of a hybrid PV/T air heater was improved by integrating a paraffin-based thermal energy
storage system (TESS) with metallic mesh layers (PV/T-MTESS). The performance of the modified
PV/T-MTESS system was compared to two other PV/T systems under the same weather conditions
and air flow rate. The results of the experiment demonstrated that the integration of mesh layers into
the TESS led to substantial improvements in the system’s thermal and electrical performance, as well
as its overall exergy efficiency. The improvements were 33.17%, 14.82%, and 58.15%, respectively,
when compared to the unaltered (conventional) PV/T setup. Moreover, an enviro-economic analysis
has been performed on the developed and tested PV/Ts. Using TESS with only paraffin and with
mesh layer-added paraffin reduced the payback time of the system by 2.54% and 9.85%, respectively.
Moreover, the annual carbon dioxide saving was improved from 0.079 tons/year to 0.103 tons/year
using a mesh layer-integrated TESS in the PV/T air heater.

Keywords: photovoltaic/thermal; solar air heater; thermal energy storage; metal meshes

1. Introduction

Human activities have led to the excessive utilization of fossil fuel-based energy
technologies, resulting in global warming and environmental pollution [1]. The use of
renewable energy sources, particularly solar energy, can help mitigate carbon pollution [2].
Solar energy, which is the fastest-growing renewable source, has several advantages in
terms of applicability compared to other renewable sources. Various solar collectors [3],
photovoltaic (PV) cells [4], and photovoltaic/thermal (PV/T) hybrid solar air heaters [5]
are commonly used for solar energy conversion. PV and PV/T systems can be installed
in unique locations such as mountains, seas, and deserts unlike other alternative energy
sources [6]. The solar industry has expanded globally, resulting in reduced manufacturing
costs and improved performance rates of solar systems. As a result, scientists and experts
have been exploring ways to improve the effectiveness of PV and PV/T systems [7,8].
Numerous studies have examined the reduction in system performance that is caused by
the increase in temperature on the surface of the panel. To address this issue, scholars have
explored passive cooling methods, hybrid energy systems (both electrical and thermal),
and heat storage systems in academic research [4,9]. The PV system generates electricity
by activating the electricity generation mechanism using the sun’s rays. However, several
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factors such as temperature, radiation, shading, dust, and losses can affect the energy
obtained from the PV system, thereby limiting the performance of PV cells, and releasing
some of the energy as heat into the atmosphere [10]. To utilize unused energy, it is preferable
to employ PV/T systems instead of PV cells. PV/T systems transform solar radiation into
electrical energy via solar cells that are thermally linked to the absorbing surface. The
surplus heat generated by the solar cells serves as the input heat for the thermal system,
which is removed from the panel during operation. Cooling the panel in this manner
can enhance the efficiency of the PV/T system [11]. Therefore, numerous studies have
been conducted to investigate the performance of PV/T systems and develop diverse
approaches. As an example, previous studies have explored different ways to improve the
performance of PV/T systems. Kumar and Rosen [12] demonstrated that extending the fin
area of a double-pass PV/T system with vertical fins in the bottom channel can reduce the
temperature of PV cells from 82 ◦C to 66 ◦C. Othman et al. [13] conducted an experiment
on a PV/T system that utilized water and air as cooling fluids and generated waste heat to
heat water. The study found a 17% efficiency in electricity generation and a 76% efficiency
in heat generation. In their study, Mourshed et al. [14] analyzed a hybrid PV/T system
utilizing both air and water for cooling and observed that the system’s efficiency was
significantly influenced by variations in solar radiation and refrigerant flow rate. Recent
research on PV/T systems has focused on improving their performance by designing
and integrating various additions. For instance, Vassiliades et al. [15] used dynamic
simulations to assess how well PV/T systems with hybrid technology performed in an
eco-friendly prefabricated house located in various regions. Meanwhile, Kang et al. [16]
utilized numerical analysis to investigate variations in efficiency between single-inlet air-
cooled PV/T and multiple-input air-cooled PV/T systems. Gopi and Muraleedharan [17]
discovered that an improved PV/T system outperformed a standard PV/T system in
their study. Shahsavar and Arıcı [18] examined the performance of photovoltaic/thermal-
thermal wheel and photovoltaic/thermal-heat pipe-thermal wheel systems and found
that the former had a 2.1% increase in energy output compared to the latter. Finally,
Roshdan et al. [19] created a mathematical model and conducted experiments to assess the
effectiveness of a compound parabolic concentrator designed for use on building facades,
featuring an asymmetric shape.

The utilization of phase change materials (PCMs) in thermal regulation and solar
energy systems including solar air heaters [20], hybrid PV/T systems [21,22], solar dry-
ers [23,24], and solar stills [25] has been consistently increasing over time. The demand
for energy-efficient products with low environmental impact has become a significant
concern in recent years, which has led to the development of latent thermal energy storage
systems (TESS) as a potential solution. Thermal energy storage (TES) finds applications in
various fields, as highlighted in studies by Browne et al. [26] and Yang et al. [27]. While
Selimefendigil et al. [28] analyzed the discharge performance of a cylindrical container
containing PCMs with respect to variations in heat transfer fluids and geometry, Sopian
et al. [29] compared the energy, exergy, and efficiency of various designs of hybrid PV/T
systems. The study found that the PV/T with nanofluids and nano-PCM had the highest
thermal efficiency, thermal energy, and electrical exergy, outperforming the conventional
PV module. Behzadi and Arabkoohsar [30] proposed a “smart building energy system”
that utilizes solar PV/T panels and a heat storage tank to supply heat and electricity to
buildings and generate hot water that can be sold to the local ultralow-temperature district
heating grid. Yao et al. [31] explored the use of PV/T technology with built-in PCM heat
storage and a heat pump evaporator for heating applications in high-altitude areas. The
study showed that the system’s heating coefficient of performance (COP) increases with
solar radiation intensity, ambient temperature, and PV/T collector area, and decreases
with wind speed. Finally, Mao et al. [32] developed an operation strategy for a combined
cooling, heating, and power system that utilizes PV/T panels and TES. The proposed
method uses the particle swarm optimization algorithm to optimize the system size, lead-
ing to improved economic and energetic benefits, as demonstrated in case studies. As seen
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in the literature given in the article, paraffin-based TESS has been shown to effectively
reduce energy consumption and improve the performance of various heating and cooling
systems [33]. Studies demonstrate that paraffins have a high latent heat of fusion and can
be formulated to have a range of melting points, making them versatile for use in different
temperature ranges [34]. Additionally, paraffins are relatively low-cost, readily available,
chemically stable, and non-toxic, which makes them a safer and more sustainable option for
TES [9,35]. These advantages make paraffins an attractive option for a wide range of TES
applications, including solar water heating systems, space heating and cooling systems,
and residential buildings.

Solar air heaters (SAHs) are a popular and cost-effective option for heating air, but
their thermal efficiency is limited by the poor thermal properties of the circulating air. To
address this issue, researchers have explored the use of techniques such as fins and baffles
to enhance heat transfer and induce turbulence. Additionally, studies by Kabeel et al. [36]
and Sajawal et al. [37] have demonstrated the potential benefits of incorporating PCMs into
SAHs to enhance their thermal performance. Kabeel et al. [36] compared the thermal per-
formance of flat and v-corrugated plate SAHs with built-in PCMs, while Sajawal et al. [37]
explored the use of double pass SAHs with PCMs contained in metallic finned tubes. Both
studies reported a significant improvement in the efficiency and effectiveness of SAHs
when using PCMs. Salih et al. [38] also conducted a study on the use of PCMs in SAHs to
improve thermal performance. The system used rectangular capsules containing a paraffin
wax-based PCM and was tested at various airflow speeds and solar irradiance intensities.
Results showed a substantial increase in efficiency and temperature rise compared to a
system without PCMs. Abuşka et al. [39] conducted a study to evaluate the thermal perfor-
mance of SAHs utilizing PCMs, comparing those with and without honeycomb internal
fin structures. The findings revealed that incorporating honeycomb reduced the charge-
discharge time and increased the temperature by up to 8.8 ◦C at the PCM temperature.
However, it slightly decreased the instantaneous-daily thermal efficiency. Furthermore,
Dinesh et al. [40] found that incorporating organic PCMs in a baffled SAH improved its
energy efficiency by 11.25%, while Farzan et al. [41] enhanced the performance of SAHs
with PCMs by embedding the PCM in expanded metal meshes. The utilization of a metallic
mesh in a PV/T air heating system can improve both thermal and electrical performance
through a variety of mechanisms. The metallic mesh can act as a heat sink to regulate the
temperature of the collector and increase the air flow rate, which enhances heat transfer and
improves thermal performance. The metallic mesh also improves the electrical conductivity
of the PV/T system, reducing electrical losses and further enhancing system performance.
This approach resulted in higher heat gain and energy efficiency compared to commercial
SAHs.

Figure 1 depicts the main stages of the current study. In this study, the objective is to
improve the thermal and electrical efficiency of a PV/T air heating system by integrating
a TESS equipped with metallic mesh layers and paraffin. Unlike previous studies, this
work incorporates metallic meshes into a TES unit of an air-flowing PV/T system for the
first time. Three different systems were designed, fabricated, and tested under identical
environmental conditions to evaluate the effect of this new modification on performance.
These systems included a conventional (unmodified) system, a PV/T system with only
paraffin-based TESS, and a PV/T system with a TESS with integrated mesh layers and
paraffin-containing. Experimental results were analyzed from energetic, exergetic, and
enviro-economic perspectives. The major findings of this study are presented and future
research directions are discussed.
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2. Materials and Methods
2.1. Test Setup

The objective of this study was to examine how the integration of a mesh-layer
TESS affects the efficiency of a PV/T air heater. The TESS contained paraffin (brand:
RUBITHERM, type: RT42) with a melting area of 38–43 ◦C and a specific heat capacity of
2 kJ/kgK, a thermal conductivity of 0.2 W/mK and a heat storage capacity of 165 kJ/kg. In
addition, the volume expansion rate of the specific PCM was indicated as 12.5%. Two TESSs
were created and tested: one with only paraffin and one with paraffin and metallic mesh
layers. The metallic (steel) mesh layers had a thickness of 0.3 mm and the TESS basins were
made of aluminum sheets with dimensions of 24 × 22 × 1.5 cm. Moreover, the thermal
conductivity value of the steal meshes is ~45 W/mK. It should be noted that 85% of the
manufactured basins were occupied with PCM and metallic meshes to prevent leakages.
Figure 2 presents the preparation steps for the two TESS setups.
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The systems developed in this study utilized 12 monocrystalline PV modules manufac-
tured by Solarinka with the model name 12 W Monoperc and dimensions of 36 × 26 × 2 cm.
The specifications of these modules are provided in Table 1. The TESS setups that were
designed and fabricated were directly attached to the back (on the tedlar) of the PV modules
using liquid seal and epoxy material. Three types of PV/T air heaters were manufactured
in this work, all of which were designed as a parallel-flow air structure. In other words, the
PV modules were positioned at the center of the air duct, allowing heat transfer via both
sides of the PV module. The first system was a conventional parallel-flow PV/T system.
The second PV/T (PV/T-TESS) incorporated a TESS containing only paraffin. The third
PV/T system, named PV/T-MTESS, was modified to include the TESS with metallic mesh
layers. The heater boxes were constructed using 2 cm-thick thermal insulation material,
while 0.4 cm-thick glasses (transmissivity: 0.92) were used as transparent covers for all
designed systems. Axial suction fans with dimensions of 7 × 7 × 1 cm, powered by direct
current, were also installed in each PV/T to provide air flow. It should be noted that PV
panels in the PV/T systems were placed in the middle of the air channel to convey the
heat from both surfaces of the PV panel with the flowing air. The depth of the air channels
was 7 cm for all investigated systems. The dimensions of the developed PV/T systems are
shown in Figure 3. While Figures 4 and 5 show a photograph and schematic illustration of
the test setup, respectively.

Table 1. Details of the used photovoltaic modules.

Specification Value

Pmax 12 W
Ip,max 0.52 A
Vp,max 23.25 V

Isc 0.58 A
Voc 23.45 V
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2.2. Test Procedure

The experiment was conducted in July in the Muğla province of Turkey. The developed
systems were tested simultaneously at a constant flow rate of 0.01 kg/s. Air velocity values
in the systems were controlled using a special fan regulator. In the initial stage, analyzed
systems that are covered with a fabric cover were taken to an outdoor environment. The
utilized fans were operated for 15 min to ensure the airflow regime inside the systems
was steady. At 9 AM, the fabric cover was removed and the experimental process was
started. The experimental process ended at 6 PM. Temperature measurements were taken
and recorded every 10 s, while other parameters such as radiation, air velocity, and electric
voltage-current were measured and saved at 20 min intervals. The measurement devices
used in the experiment are shown in Figure 5.

All three PV/T were tested simultaneously at the same conditions in order to make a
good and reliable comparison between them. In this regard, the mass flow rate of the air
was kept constant in the three systems. In the unmodified system, in order to obtain the
same mass flow rate, the flow velocity was adjusted using fan regulators. In addition, the
height of the PCM-filled container was 1 cm and did not have any important effect on the
airflow inside the channel.



Energies 2023, 16, 3449 7 of 19

3. Theoretical Analysis

The energy balance in the PV/T air heating system can be written as [42]:

∑
.
Einl − ∑

.
Eloss = ∑

.
Eout (1)

.
Ema,inl +

.
Esun = ∑

.
Eloss +

.
Eelec +

.
Ema,out (2)

.
Esun =

.
Ge f τα (3)

It is worth noting that the effective solar radiation, represented by
.
Esun, can be derived

from the product of transmissivity, absorptivity, and overall solar irradiance (
.

G).
The absorbed heat from air in the PV/T is named useful thermal energy. This parame-

ter can be found from:
.
Ether =

.
Ema,out −

.
Ema,inl =

.
mcp,air∆Tair (4)

The electrical power of the PV/T can be determined from:

.
Eelec = VOC ISCFF (5)

In Equation (5), FF represents a factor associated with the PV module and can be
expressed mathematically as shown below [43]:

FF =
ImaxVmax

VOC ISC
(6)

The overall energy obtained from the PV/T system comprises the sum of thermal and
electrical energies:

.
Eout =

.
Ether +

.
Eelec (7)

The thermal efficiency of the PV/T system can be given as [44,45]:

ηther =

.
Ema,out −

.
Ema,in

.
Esun

(8)

The electrical efficiency of the system can be expressed as below:

ηelec =

.
Eelec
.
Esun

=
VOC ISCF

τα
.

G
(9)

General exergetic expressions for a PV/T air heating system can be given as follows:

∑
.

Exin − ∑
.

Exloss = ∑
.

Exout (10)

.
Exma,in +

.
Exsun = ∑

.
Exdest +

.
Exelec +

.
Exma,out (11)

The inflow exergy rate from the sun can be expressed as [46]:

.
Exsun =

.
G
(

1 − Tamb
Tsun

)
(12)

The exergy of the mass flow rate can be represented as follows:

∆
.

Exma =
.

Exma,out −
.

Exma,in =
.

mair(φout − φin) (13)
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Inlet and outlet flow exergies can be expressed using Equations (14) and (15),
respectively:

φin = (h in − hamb)−Tamb(s in−samb) (14)

φout = (h out − hamb)−Tamb(s out−samb) (15)

The expressions above use the specific enthalpy (h) and specific entropy (s) notations.
Additionally, there is an equation proposed by Chow et al. [47] for the electrical exergy of
PV/Ts, which can be expressed as follows:

.
Exelec =

.
Eelec (16)

The total exergy of a PV/T air heater can be expressed as:

.
Exoverall =

.
Exther +

.
Exelec (17)

Electrical exergetic yield can be given as [48]:

εelec =

.
Exelec

.
Exsun

=

.
Eelec

.
G
(

1 − Tamb
Tsun

) =
VOC ISCFF

.
G
(

1 − Tamb
Tsun

) (18)

The efficiency of the normalized power output is determined by comparing the output
electric power achieved under actual conditions to the output obtained under standard test
conditions. This efficiency can be calculated as follows [49]:

ηnpo =

(
Pmeas

PSTC

)
100 (19)

In addition, thermal exergetic yield could be calculated using Equation (20):

εther =

.
Exther

.
Exsun

=

.
mcp,air

[
(Tair,out − Tair,in)− Tabln

(
Tair,out
Tair,in

)]
.

G
(

1 − Tamb
Tsun

) (20)

Total exergetic yield is the sum of thermal and electrical exergetic efficiencies:

εoverall = εelec + εther (21)

The sustainability index of a PV/T system can be determined as [50]:

SI =
1

1 − εoverall
(22)

The expression of the experimental uncertainty is then [51]:

wF =

[(
∂F
∂x1

w1

)2
+

(
∂F
∂x2

w2

)2
+

(
∂F
∂x3

w3

)2
. . . +

(
∂F
∂xn

wn

)2
]1/2

(23)

The obtained average errors (uncertainties) for air temperature, air velocity, solar radi-
ation, and thermal efficiency are ±0.58 ◦C, ±0.46 m/s, ±17.02 W/m2, and ±1.78%, respec-
tively. The obtained uncertainty values align well with previous studies that investigated
various solar energy-based thermal systems in the academic literature, as demonstrated by
Khanlari et al. [52], Alic et al. [53], and Aytaç et al. [54].

An enviro-economic investigation was performed within the scope of this research.
The cost of manufacturing the system can be determined by adding up the costs of its



Energies 2023, 16, 3449 9 of 19

components. In addition, the PV/T, PV/T-TESS, and PV/T-MTESS have capital costs of
98.8 USD, 109.15 USD, and 115.80 USD, respectively.

Capital recovery factor could be determined as:

CF =
i(1 + i)n

(1 + i)n − 1
(24)

In the calculations, the interest rate and life of the PV/T were considered as 0.01 and
20 years, respectively [55].

The yearly cost of the PV/T system can be found using Equation (25):

AC =
CC

1
i

[
1 −

(
1

1+i

)n] (25)

The levelized cost of heating is commonly used to evaluate the economic viability of
solar-thermal systems. It is defined by the following expression, as proposed by Abuşka
and Şevik [55]:

LCOH =
CC + CF + AMC

Euse f ul
(26)

The acronym AMC stands for annual maintenance cost, which is assumed to be 2% of
the capital cost of the PV/T.

The payback time of the PV/T is a measure used to assess the economic viability of
the system. It indicates the duration required for the total investment to be repaid by the
cumulative savings and can be calculated as:

PBT =
CC

FDS + ϕCO2

(27)

Here, FDS represents fuel depletion savings, which can be found using Equation (28):

FDS =
Euse f ul,overall

ηoverall
(28)

Annual CO2 savings from the use of a PV/T system can be found using Equation (29):

ϕCO2 =
ψCO2

(
Euse f ul,overall

)
1000

(29)

The value of 2.08 kgCO2/kWh is used for ψCO2 , which corresponds to the average
CO2 emission during the generation of power using coal, according to Tripathi et al. [56].

4. Results and Discussion

As mentioned earlier, the developed PV/T air heaters were tested under identical en-
vironmental conditions to allow for a valid comparison between the different modifications.
Figure 6 shows the time-dependent changes in the environmental conditions during the
experiments. The measured solar radiation values ranged from 272 to 930 W/m2, with an
average value of 682 W/m2. The ambient temperature during testing ranged from 28.9 to
33.8 ◦C, with an average value of 31.93 ◦C.
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Figure 6. Time-dependent changes in environmental conditions.

The time-dependent changes in outlet air temperature values of the PV/T air heaters
are presented in Figure 7. The mean outlet air temperature values for the PV/T, PV/T-TESS,
and PV/T-MTESS were measured as 34.90 ◦C, 35.35 ◦C, and 35.89 ◦C, respectively. At 13:00,
the temperature of the outlet air from PV/T-MTESS reached its highest value of 40 ◦C.
It should be noted that the utilization of a TESS with mesh layers improved the average
outlet air temperature by 2.83% compared to the unmodified PV/T configuration. Using
mesh layers as extended heat transfer surfaces in the TESS led to improvements in the
conductivity of the PCM and removed the heat from the PV panel surface. Similar findings
were obtained in a study performed by Farzan et al. [41], which analyzed the effect of
integrating mesh layers in a TESS of a solar air heating system.
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The variations in useful thermal energy and electric power over time are displayed
in Figure 8. The useful thermal energy rates for the PV/T, PV/T-TESS, and PV/T-MTESS
systems were observed to be between 6.07–50.16 W, 6.10–56.18 W, and 5.08–64.21 W, re-
spectively. The mean values of the thermal energy captured for the PV/T, PV/T-TESS, and
PV/T-MTESS were 29.83 W, 34.29 W, and 39.75 W, respectively. Furthermore, the electrical
power values for the PV/T, PV/T-TESS, and PV/T-MTESS were recorded as 5.34 W, 5.63 W,
and 6.07 W, respectively. As the results show, using a TESS with metallic mesh layers
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improved the average electric power and captured thermal energy values by 13.67% and
33.25%, respectively, compared to the unmodified PV/T air heater.
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Figures 9 and 10 display the recorded changes in the efficiency of the tested systems,
with one graph showing thermal efficiency and the other depicting electrical efficiency.
Thermal efficiency values ranged from 23.76% to 57.63% for the PV/T, 20.36% to 64.66%
for the PV/T-TESS, and 16.97% to 73.77% for the PV/T-MTESS. The mean values of
thermal efficiency were 43.62%, 50.10%, and 58.09% for the PV/T, PV/T-TESS, and PV/T-
MTESS, respectively. While the average electrical efficiencies were 7.96%, 8.49%, and 9.14%
for the PV/T, PV/T-TESS, and PV/T-MTESS, respectively. The addition of a paraffin-
containing TESS resulted in a 14.85% improvement in average thermal efficiency and a
6.65% improvement in average electrical efficiency. Additionally, the incorporation of mesh
layers in the TESS improved the average values of the thermal and electrical efficiencies
by 33.17% and 14.82%, respectively, compared to the conventional PV/T configuration. It
should be noted that overall efficiency values, which are the sum of thermal and electrical
efficiencies, for the PV/T, PV/T-TESS, and PV/T-MTESS systems were 51.58%, 58.59%,
and 67.22%, respectively. Employing a TESS with mesh layers in the conventional system
improved the overall efficiency by 30.32%. Moreover, it can be clearly seen from Figure 9,
integrating steel mesh into the system reduced the discharging time of the used PCM. As
can be seen in the thermal efficiency graph, at the beginning of the experimental period,
the efficiency of the unmodified system is high in comparison with other systems. The
main reason for this is that the thermal energy is used for heating the PCM in the modified
systems. In other words, after melting the PCM, the temperature distribution becomes
more homogeneous in the modified systems. After that, the thermal efficiency values of
the modified systems reach higher values in comparison with the unmodified system. An
increment in thermal yield occurred in both PV/T systems with TESS but the PCM in the
mesh-integrated system (PV/T-MTESS) started to discharge earlier than the PV/T with
a paraffin-only TESS. Moreover, similar behaviors in electrical and thermal yields were
obtained in some literature studies. In a study conducted by Ahmadi et al. [57], PCM-based
composites were utilized to enhance the performance of a PV/T system, which resulted in
an electrical efficiency improvement of 14%, a rate very similar to the improvement seen
in the present work. In their analysis of a novel PV/T system utilizing a PCM-based heat
exchanger, Diallo et al. [58] discovered that implementing new modifications resulted in a
significant enhancement of the system’s overall efficiency by 28%. In another experimental
study, Choubineh et al. [59] developed a PV/T air heating system with PCMs and improved
the electrical efficiency value by 9%. It is worth noting that the overall efficiency values
obtained in this study are in good agreement with similar works that have analyzed
different types of PV/T air system configurations [60–63].
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Figure 11 shows the time-dependent changes in the overall exergetic efficiencies of
the analyzed systems. The total exergetic efficiencies, which were the sum of thermal and
electrical exergetic efficiencies, for the PV/T, PV/T-TESS, and PV/T-MTESS were found to
be 2.82%, 3.51%, and 4.46%, respectively. The use of TESSs containing paraffin and mesh
layer-integrated paraffin improved the mean total exergetic efficiency values by 24.46% and
58.15%, respectively. In a previous study, Abdelkader et al. [64] reported average exergetic
efficiency values between 1.92% to 2.77% for a solar air heating system. Similarly, Mugi and
Chandramohan [50] determined the average exergetic efficiency of a solar energy-based air
heating system, which ranged from 0.33% to 4.06%. Nayak and Tiwari [65] tested a PV/T
system and reported an overall exergy efficiency of approximately 4%.
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Figure 12 shows the time-dependent changes in the normalized power output effi-
ciencies, which is a widely used parameter in PV systems. This ratio signifies the power
measurement obtained under real-world operating conditions compared to those recorded
during standard testing conditions. The average normalized power output efficiencies for
the PV/T, PV/T-TESS, and PV/T-MTESS were found to be 44.50%, 46.88%, and 50.59%,
respectively. In addition, the instantaneous values of this parameter for the PV/T, PV/T-
TESS, and PV/T-MTESS ranged between 11.03–77.39%, 12.68–79.26%, and 13.83–84.67%,
respectively, during the experimental analysis. The use of a mesh layer-integrated TESS in
the system improved the normalized power output efficiency of the conventional config-
uration by 13.68%. Wongwuttanasatian et al. [66] conducted a study where they utilized
heat sinks and TESSs to enhance the efficiency of PV panels. Similar to our work, the
implementation of these modifications led to an improvement in the normalized power
output efficiency value.

The results presented in Figure 13 indicate that the use of a mesh layer-embedded
TESS in the PV/T system has improved both the electrical exergy and thermal exergy
efficiencies, as well as the sustainability index, and reduced the payback time. Specifically,
the enhancement in thermal exergy efficiency was significant, with a 73.55% increase com-
pared to the conventional system. The sustainability index values for all tested systems
were found to be between 1.0292–1.0471, indicating that the systems are environmentally
sustainable. In terms of payback time, the PV/T-MTESS had the shortest payback time
of 1.117 years, indicating that the system is economically feasible. This is a significant
reduction in payback time compared to some previous studies, where payback times were
found to be between 1.9–2.1 years for different configurations [67]. Daghigh et al. [68] con-
ducted an investigation of a PV/T system and determined a payback period ranging from
2.3 to 2.5 years. The current study also revealed that the average LCOH values for PV/T,
PV/T-TESS, and PV/T-MTESS systems were 0.0386, 0.0376, and 0.0347 USD/kWh, respec-
tively. These values were lower than the LCOH value reported in a previous study [69] on a
PV/T-assisted heating system, for which the LCOH value was found to be 0.054 USD/kWh.
This suggests that the use of TESSs, particularly mesh layer-embedded TESSs, can lead to a
more cost-effective and sustainable energy solution.
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In another study, a hybrid PV/T system has been analyzed and this parameter was
found between the range of 0.012–0.014 USD/kWh [70]. Carbon dioxide saving values were
also calculated as an important performance indicator. Annual carbon dioxide savings for
the PV/T, PV/T-TESS, and PV/T-MTESS were obtained as 0.079, 0.090, and 0.103 tons/year,
respectively. As can be seen, using the TESS with mesh layers improved the annual carbon
dioxide savings of the conventional PV/T system by 30.37%. In a similar study, a hybrid
solar system has been developed and yearly carbon dioxide savings were obtained of
between 0.4 and 2.7 tons/year [71]. In another study, Abuşka and Şevik [55] designed and
analyzed various types of solar air heating systems and obtained yearly CO2 savings in the
range of 0.31 to 0.40 tons/year. The enviro-economic performance indicators obtained in
this study for the analyzed PV/T air heaters are consistent with those reported in other
academic literature, suggesting a reliable outcome.

The main aim of this work is to investigate the effect of adding mesh layers into the
PCM-filled container on the overall performance of a PV/T system. In this regard, an
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unmodified PV/T, a PV/T equipped with a PCM container, and a PV/T with a mesh-
integrated PCM container were developed and experimentally analyzed. PCM-integrated
PV/T systems presented a higher thermal performance than an unmodified system in terms
of extending the utilization time period of the system. In addition, adding mesh layers had
positive effects on the melting process of the PCM and consequently, the overall thermal
performance of the modified system. It can be said that the effect of adding a PCM-filled
container on the utilization period of the system is greater than that of decreasing the
surface temperature of the PV module.

5. Conclusions

This study focuses on enhancing the thermal and electrical performance of a PV/T air
heating system through the use of a metallic mesh-embedded TESS. To achieve this goal,
three PV/T air heaters were designed, manufactured, and experimentally evaluated. The
key findings of this work are:

• Employing a TESS with metallic mesh layers improved average electric power and
gained thermal energy values by 13.67% and 33.25%, respectively, in comparison to
the unmodified PV/T air heater.

• Using only a paraffin-containing TESS upgraded the mean thermal and electrical
yields by 14.85% and 6.65%, respectively. By adding mesh layers to the TESS, there
was a significant enhancement in the overall performance of the PV/T system, with
thermal and electrical efficiencies surpassing the values achieved by the unmodified
system by 33.17% and 14.82%, respectively.

• The average LCOH value of the unmodified system was reduced from 0.0386 USD/kWh
to 0.0347 USD/kWh using a metallic mesh layer-embedded TESS.

• Utilizing the TESS with mesh layers enhanced the yearly carbon dioxide savings by
30.37% compared to the unmodified PV/T air heater.

The results obtained from this study demonstrate the beneficial effects of incorporating
metallic mesh layers into the TESS of a pilot-scale PV/T air heating system. These results
can serve as a reference for conducting research on larger-scale PV/T air heating systems.
The study also demonstrated improvements in both cases where paraffin was used alone
and where paraffin was combined with mesh layers. Therefore, future studies can test
different numbers of mesh layers to assess their impact on system performance. Moreover,
different optimization techniques can be applied to the experimental data to determine the
best configuration.
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Nomenclature

A surface area of the PV/T, m2

cp specific heat capacity of the air, kJ/kgK
CC capital cost of the PV/T system, USD
CF capital recovery factor, -
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.
E energy rate, W

.
Ex exergy rate, W
FDS fuel depletion savings, USD
FF fill factor of the PV panel, -
.

G solar irradiation, W/m2
.

Ge f effective solar radiation, W
h enthalpy, kJ/kg
I electric current, A
LCOH levelized cost of heating, USD/kWh
m mass, kg
.

m mass flow rate of air in the PV/T, kg/s
P electric power, W
PBT payback time of the PV/T, year
s entropy, kJ/kgK
SI sustainability index, -
T temperature, K
V electric voltage, V
Greek symbols
α absorptivity, -
∆T temperature difference, K
τ transmissivity, -
η efficiency, %
φ flow exergy, -
ϕCO2 yearly CO2 savings, tons/year
ψCO2 average CO2 emission for power production by coal, kgCO2/kWh
Subscripts
dest destructed
elec electrical
ef effective
exg exergy
in inlet
ma air mass
meas measured
npo normalized power output
OC open circuit
out outlet
SC short circuit
STC Standard Test Conditions
ther thermal
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using phase change material-filled aluminum cans: An experimental study. Heat Transf. Res. 2022, 53, 72–86. [CrossRef]

50. Mugi, V.R.; Chandramohan, V.P. Energy and exergy analysis of forced and natural convection indirect solar dryers: Estimation of
exergy inflow, outflow, losses, exergy efficiencies and sustainability indicators from drying experiments. J. Clean. Prod. 2021, 282,
124421. [CrossRef]
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