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Abstract

The efficiency of photovoltaic (PV) systems is often limited due to surface temperature
increases, which result from absorbed solar energy being converted into heat. This rise in
temperature reduces power output, system performance, and panel lifespan. To address
these challenges, combined photovoltaic thermal (PVT) systems have emerged, enabling
the simultaneous generation of electricity and thermal energy. This review provides a
detailed analysis of the factors affecting PV panel efficiency, explores various feasible cool-
ing techniques including innovative methods to mitigate excessive heating, and highlights
opportunities for future research in this field. The article focuses on the experimental and
theoretical advancements in PV cooling over the past decade, offering valuable insights
and practical guidelines for researchers aiming to improve PV module cooling strategies.
Additionally, an economic assessment of PVT systems is conducted, evaluating their finan-
cial feasibility in terms of payback periods and costs. The review also presents a compara-
tive analysis of PVT techniques, addressing their benefits, challenges, and potential appli-
cations. This work aims to serve as a comprehensive resource for researchers exploring the
viability and industrial applications of PVT systems, paving the way for more efficient and
sustainable solar energy solutions.

Keywords Photovoltaic thermal system - Electrical efficiency - Photovoltaic cooling -
Energy

1 Introduction

Solar photovoltaic (PV) panels have the efficiency of converting just 15-20% of the incom-
ing solar radiation to electrical energy. The rest of the incident solar radiation is trans-
ferred into heat, which initiates the temperature of the PV module to increase by up to
40 °C over the surrounding temperature [1]. The elevated temperature has both immediate
and prolonged effects on photovoltaic modules. The PV efficiency experiences a reduction
of approximately 0.4% per degree Celsius in the short term [2]. Over time, the repetitive
heat stress can lead to structural harm to the PV module and decrease the lifespan of the
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PV system by hastening the pace of aging [3]. According to Chauhan et al., the rate at
which the PV module ages is multiplied by two for every 10 °C rise in the temperature
at which the cells are operated [4]. A system that is capable of generating both electricity
and thermal energy simultaneously is known as a photovoltaic thermal (PVT) system [5].
This innovative technology integrates traditional photovoltaic panels, which convert sun-
light into electricity, with a thermal collector that captures the excess heat produced during
the PV process. By efficiently utilizing the waste heat, a PVT system not only enhances
the overall energy output but also provides thermal energy that can be used for a variety
of applications, such as water heating, space heating, or industrial processes. This dual-
purpose capability makes PVT systems particularly valuable for applications where both
electrical and thermal energy are needed, offering a more efficient and sustainable solu-
tion compared to conventional PV systems [6]. This integrated approach helps lower the
temperature of the PV cells, thereby boosting system efficiency while minimizing space
requirements and costs Furthermore, the electric energy output for every unit area of
PVT systems exceeds that of individual PV and solar thermal collectors. The concept of
PVT collectors emerged in the 1970s with the purpose of cooling PV cells. The objec-
tive extended beyond mere efficiency enhancement; it aimed to maximize the utilization
of expensive concentrated PV collectors, necessitating a cooling mechanism. PVT systems
serve various purposes, including solar air systems, residential hot water production, and
heating swimming pools [7]. Despite the recent global expansion of the PVT industry, the
technology has yet to secure a significant market share compared to other solar technolo-
gies. This is primarily attributed to the complexity involved in the design of system and
setting up [2].

Recently, a PVT module-based desiccant air-cooling system for buildings was analyzed
using extended exergy analysis. The findings revealed significant differences between the
results of extended exergy analysis and conventional exergy analysis, particularly in terms
of exergy destruction and exergy efficiency. The maximum exergy efficiencies obtained
were 0.84 and 0.18 for conventional and extended exergy analyses, respectively. Another
notable difference was observed in the exergy destruction values, which increased from
5,085.50 kJ to 98,029.50 kJ for the conventional and extended analyses, respectively, high-
lighting the impact of the extended exergy approach on system performance evaluation
[8]. Energy and exergy analyses of the air-based PVT system were conducted, along with
temperature distribution on the panel surface and air velocity distribution in the cooling
channel, using ANSYS Fluent. These results were compared to experimental data. The
use of sparse and frequent fins, compared to the unmodified setup, increased the exergy
efficiency of polycrystalline and monocrystalline panels by approximately 70% and 30%,
respectively. Additionally, their thermal efficiency improved by around 55% for polycrys-
talline and 70% for monocrystalline panels [9]. Another study analyzed the performance of
water-cooled PV panels, focusing on the efficiency improvements for residential applica-
tions. The results showed that at the lowest efficiency enhancement levels, the photovol-
taic-thermal water (PVT-W) system achieved the highest values for energy gain, savings,
and CO, reduction, with averages of 634.57 kWh, $272.86, and 368.05 kg, respectively
[10]. Another researcher, Zhang et al. [11] reported that when operating the system in com-
posite mode, the average electrical efficiency for the two phases was 16.79% and 18.33%,
while the average collector efficiency reached 42.72% and 98.94%, respectively. Recently,
Meon et al. [12] compared the performance of a conventional PV system with water-
cooled and nanofluid-cooled PVT systems. The uncooled PVT system reached a maxi-
mum panel temperature of 68.4 °C at noon, with an average electrical efficiency of 12.98%.
Water and nanofluid cooling reduced the panel temperature by 15 °C and 23.7 °C at noon,
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respectively. As a result, the average electrical efficiency of the water-cooled and nano-
fluid-cooled PVT systems increased by 12.32% and 35.67%, reaching 14.58% and 17.61%,
respectively. The thermal efficiency of the nanofluid-cooled PVT system (71.17%) was sig-
nificantly higher than that of the water-cooled system (58.77%), due to the enhanced heat
absorption by nanoparticles.

Song et al. [13] reported that the proposed coaxial condensing heat pipe integrated
PVT system (CCHP/PVT) shows a respective enhancement of 5.2% and 14.4% in electri-
cal and thermal efficiencies compared to conventional heat pipes. Also, findings indicate
that the morning period consistently exhibits the highest thermal efficiency throughout the
seasons, remaining between 50% and 55%. In contrast to natural cooling and traditional
heat pipe cooling approaches, the CCHP/PVT system showcased a notable decrease in PV
panel temperatures, with reductions of approximately 30.3% and 16.3%, respectively. A
detailed analysis was examined to assess the influence of various physical and environ-
mental factors on PVT system performance. The outcome confirmed that, under favora-
ble radiative cooling conditions, overnight cooling power escalated by up to 45.1 W/m?>.
The model consistently underestimated the output temperature fluid by a maximum of 2°C,
specifically during winter. However, it remains a convenient and efficient design tool, as
it eliminates the need for intricate input data and extensive computing requirements was
done by Almatham et al. [2]. Melaibari et al. [14] recently designed a novel PVT system
with an elliptic cooling duct and nanofluid. It was reported that the increase in both elec-
trical and thermal power with the increase in Hartmann number results in an improve-
ment of around 80.81% and 15.1%, respectively, particularly with higher velocity. As
the velocity increases, the cooling improves, and the electrical and thermal effectiveness
increase by approximately 4.03% and 30.26%, respectively. Ensuring a consistent tempera-
ture distribution throughout the panel is essential for evaluating its performance. Another
researcher performed the exergy analysis of PVT system cooling with desiccant air cool-
ing for building applications. The findings indicate that extended exergy analysis yields
distinct outcomes compared to traditional exergy analysis, specifically concerning exergy
destruction and efficiency. The system achieves maximum exergy efficiencies of 0.84 and
0.18 when standard and extended exergy studies are considered, respectively [8]. Oclon
et al. [15] analyzed the thermal performance of sun-tracked and cooled PVT systems for
enhanced cooling performance of PV devices. The outcome revealed that the cooling
and tracking system improved the electrical performance and harvested the heat energy
from the system, the energy from heat can be utilized for medium-temperature applica-
tions. Reji Kumar et al. [16] recently performed the heat transport and energy evaluation
of water-based PVT units. The study reported that by incorporating water cooling with a
PVT system, the electrical power was enhanced by 3.1% compared to a conventional sys-
tem, and the heat gain was found to be thermal power has found 329 W. In another study,
Reji Kumar et al. [17] analyzed the thermal and electrical behavior of water-cooled and
PCM integrated PVT device for domestic applications. It has been found that the electrical
efficacy was improved to 6.34% and 34.9% for PCM integrated water-based PVT system
than natural coolled PV system. In addition, the gained thermal efficiency was utilized for
medium temperature applications. Recently, the water and nanofluid cool down PVT sys-
tems electrical performance improved by 12.3% and 35.7%, respectively, compared to PV
system. This resulted in efficiencies of 14.58% and 17.61% for the water and nanofluid-
cooled systems, correspondingly. The nanofluid-cooled PVT system exhibited a thermal
efficiency of 71.17%, notably superior to the thermal efficiency of water cooling at 58.77%.
This improvement can be attributed to the nanoparticles’ ability to absorb a greater amount
of heat, was analyzed by Menon et al. [12]. In another study, Zareie et al. [18] investigated
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a branch inspired channel in roll bond PVT system of enhancing the PVT performance.
Based on the acquired findings, the optimal scenario system has the potential to enhance
PV electricity efficiency by 20.4%. The electrical, thermal, and overall PVT efficiency of
the ideal system is 17.7%, 61.9%, and 79.6%, respectively.

Reji Kumar et al. analyzed a detailed review of various types of cooling fluid in the
PV system and their applications in various fields were analyzed extensively. Also, dis-
cussed the PCM-integrated PVT subsystem and their application and the challenges were
discussed extensively [1]. Lazzarin [7] performed a comprehensive review of the insights
of PVT systems in the future. The review to comprehend the progression from the initially
intended solar-assisted heat pump designs to the current intricate systems, with a potential
glimpse into the future. Dwivedi et al. [19] reviewed the various issues for increasing tem-
perature and dust accumulation of the PV unit and the methods to lower the panel heat of
the PV system, as well as the challenges faced during the cooling of the PV systems were
extensively discussed. Chauhan et al. [4], comprehensively analyzed the latest tendencies
and beneficial technologies for heat management in PVT collectors. The analysis is organ-
ized into categories: liquid-based, phase change material (PCM)-based, air-based, and heat
pipe-based systems. The paper also explores the various applications of these technologies
in areas such as buildings, PV systems, electronics, solar desalination, and textiles.

From the above literature, it was observed that considerable research and development
efforts have been dedicated to PVT technology over the past decades, with activity levels gradu-
ally increasing. However, there has been a dearth of progress in terms of international involve-
ment and the commercialization of PVT systems. The objective of this review article remains
to provide a comprehensive sorting of PVT systems, examine both experimental and theoretical
research conducted on various PVT systems in current years, and review the various causes for
the utilization of cooling techniques in PVT applications. In addition to this, the experimental
applications of hybrid PVT systems with and without PCM have been extensively reviewed,
analyzed, and summarized for various industrial applications. This technology offers significant
benefits by reducing electrical consumption, shifting peak cooling and heating loads to off-peak
periods, minimizing temperature fluctuations, and enhancing thermal comfort and indoor sta-
bility. Furthermore, it entails a relative study of PVT methods based on their primary advan-
tages, challenges, and prospects for future development. The structure of the paper is organ-
ized as follows: Section 2 provides a detailed overview of photovoltaic thermal (PV/T) systems,
analyzing the impact of temperature on PV performance and factors affecting the PVT system,
Section 3 provides the overview of PVT system, performance, advanced technologies for adap-
tive cooling frameworks, highlighting the latest innovations in the field and classifications. The
economic impact of these systems is discussed in Section 4, followed by Section 5 concludes
with a summary, and Section 6 future research recommendations.

2 Factors affecting pv module efficiency

The sum of electric power produced by PV systems constantly changes depending on the
climatic conditions of the location. Electricity generated by the panels is impacted by
variations in surface temperature, shadow effects, soiling, wind speed, and incident solar
radiation [20]. Throughout the energy conversion process, the operating temperature of the
photovoltaic panel is crucial. Typically, PV systems are optimized and function most effec-
tively under standard test conditions (STP), which include a cell temperature of 25 °C, air
mass of 1.5, and irradiation of 1000 W/m?, aiming for peak efficiency [16]. Solar radiation
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and temperature are the key variables influencing PV system performance, while other fac-
tors also play a significant role in determining its effectiveness.

2.1 Effect of temperature

Direct solar radiation is effectively transformed into electrical power using photovoltaic pan-
els, as they are efficient technology for harnessing solar energy. Solar PV panels contribute
to about 60% of global renewable energy generation and are expected to increase signifi-
cantly by 2026. Unfortunately, the majority of commercial PV technologies currently in use
have energy conversion rates ranging from 5 to 20% [1]. However, continuous exposure to
extremely high ambient temperatures causes this rate to drop, as the unavoidable rise in sur-
face temperature negatively impacts efficiency. Overheating from excessive solar radiation
and high ambient temperatures poses one of the biggest challenges for PV panel operation,
particularly for crystalline silicon panels in Sunbelt countries. According to existing research,
efficiency drops of PV panels range from 0.25 to 0.5% per °C rise in temperature, depending
on the PV technology used [21]. Furthermore, overheating of PV panels in specific locations
results in serious consequences for their lifespan, leading to economic loss [22].

PV panel overheating is caused by high ambient temperatures and excessive surface
operating temperatures, lengthening the system’s payback period and drastically reducing
its lifespan and efficiency. In Middle Eastern and Asian countries, where ambient tempera-
tures range from 40 to 45 °C, this condition significantly reduces the overall performance
of PV panels. To address this issue, various cooling techniques are employed to maintain
the panel at its nominal working temperature [23]. However, Middle Eastern and Asian
countries also face challenges due to a lack of water, which is commonly used as a ther-
mic fluid for cooling PV panels. Conversely, European nations experience the predominant
impact of the winter season on the working effectiveness of PV panels, as snow and mist
accumulate on the panels, disrupting their operation and reducing incident solar power.

2.2 Effect of solar radiation

The level of the short-circuit current is influenced by the quantity of photons absorbed by
the semiconductor material, thus directly connected to the level of light intensity [20]. Con-
version efficiency typically remains relatively stable, meaning that the power output is often
linked to irradiance. However, an increase in cell temperature diminishes efficiency. The
open-circuit voltage exhibits minimal variation in response to changes in light intensity [24].

2.3 Effect of dust

Soiling losses occur when the surface of a PV module is covered by snow, dirt, dust, or
other particles. The dust accumulation on the PV module’s surface consists of minuscule
particles, typically smaller than 10 mm, but this may differ based on the location and envi-
ronment of the PV panel installation. Various factors contribute to the formation of dust,
such as airborne particles carried by wind, volcanic eruptions, and the movement of auto-
mobiles. Over time, the accumulation of dust exacerbates the process of soiling [24]. The
quantity of dust accumulation on the PV unit’s surface impacts its daily, monthly, seasonal,
and yearly energy production. Despite advancements in energy efficiency, the operation of
PV systems can still be inefficient due to environmental and natural factors such as soil,
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brine, bird droppings, snow, and debris that accumulate on the surfaces of PV modules.
Hence, a comprehensive examination is necessary to evaluate the influence of solar panels
on dust in order to attain peak efficiency and maximize energy production [25].

2.4 Effect of humidity

Air humidity denotes the quantity of water vapor contained within the atmosphere. Rel-
ative humidity is often used to measure atmospheric moisture, indicating the amount of
moisture in the air. When assessing the impact of moisture, researchers commonly consider
two conditions. The first effect is the influence of water vapor particles on the intensity of
sunlight, while the second effect is the influence of humidity when entering enclosed PV
modules. Relative humidity fluctuates in response to changing temperatures throughout the
day, and humidity and temperature generally have an inverse correlation [22].

3 PVT principles and performances

The integrated PVT system stands as a notable advancement in solar technology. Multiple
methods are employed to extract heat from the solar modules within these systems, with
the extracted heat utilized in various thermal applications. The concept of PVT emerged in
the 1970s, with numerous theoretical and experimental studies documented in the literature
during that period. Initially, water and air were widely utilized to extract heat from PV
devices. Technological advancements have significantly expanded during the past thirty
years. In addition to harnessing the thermal energy from the PV modules, recent research
has also focused on incorporating spectrum filters into PVT systems [26].

The theory of a PVT unit is approximately 50 years old. However, the methodology has
not been widely marketed. Engaging in discussions about recent technological advance-
ments is consistently advantageous as it allows for a comprehensive understanding of pro-
gress and provides guidance for future development.

3.1 PVT System

PV systems are utilized to capture electricity from solar radiation. When sunlight strikes a
PV panel, around 15-20% of the irradiation is converted into electricity, while the rest of
the energy may be transmitted, reflected, or converted into heat. The rise in panel tempera-
ture can lead to a decline in its electrical output. To address this issue, a system that gener-
ates both electricity and heat concurrently is termed a PVT system. Figure 1 illustrates the
concept of the PVT system. PVT systems are hybrid technologies merging PV and thermal
components to optimize solar energy utilization and enhance overall system outcome com-
pared to conventional PV or solar thermal setups. These systems feature a series of parallel
tubes attached to the rear side of the PV panel. A cooling fluid circulates through these
tubes, extracting heat from the PV system. This process decreases the panel’s temperature,
improving its electrical performance, while raising the water temperature. Consequently,
the panel’s surface temperature decreases, its performance improves, and the hot fluid can
be used for various medium-temperature applications. There are many types of PVT sys-
tems are used to cool the PV system as discussed in the next section,
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Fig. 1 Concept of PVT system
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Fig.2 Classification of the PVT system

3.2 Classification of PVT system

The PVT units are categorized based on the organization of the temperature extraction,
working method, and end applications. In addition, PVT units can be categorized accord-
ing to the arrangement of radiations, specifically based on whether they involve concen-
tration or non-concentration. Figure 2 illustrates a comprehensive categorization of PVT
systems. The following text discusses the significant research conducted on PVT systems
in recent times.

3.2.1 Air-based PVT systems

In an air-assisted PVT system, air flows through the PV panels using either passive or
active methods, taking use of natural or induced convection. Generally, forced convection
mode involves the use of a blower or fan to achieve a higher airflow rate. This airflow
facilitates the extraction of heat from the PV panel, consequently enhancing efficiency and
extending the panel’s lifespan [16]. The harvested heat energy can be applied to medium
heating tasks. Numerous investigators have dedicated their endeavors to enhancing the
effectiveness of air-based PVT units through both numerical simulations and practical
experiments.
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Fig.3 Experimental setup a) Mobile PVT system b). Control volume at sparse configuration [9] [Reused
with permission from publisher licence number-5950680663767]

The energy and exergy evaluation of air-based fin-type PVT devices was investigated by
Ahmet Numan et al. [9]. They analyzed different fin configurations by using ANSYS Flu-
ent software. The photographic view of air assisted fin type PVT system is demonstrated in
Fig. 3. The exergy efficiency of polycrystalline and monocrystalline using sparse and fre-
quent fin was increased by 70% and 30%, respectively than empty status and their thermal
output improved by 55% and 70%. Correspondingly, the panel temperature was reduced
between 10 and 15 °C for both PV panels.

Tiwari et al. [27] performed both theoretical and experimental work on mixed-mode
greenhouse solar drier. The outcome was based on the quality of the dried product which
increased and decolorization was minimized due to the gradual heating of the product. The
theoretical and experimental work yielded overall thermal efficiencies of 1.9 kWh and 2
kWh, respectively. Also, the whole thermal exergy of theoretical and experimental work
has been found 0.532 kWh and 0.535 kWh, respectively. The energy and exergy analy-
sis of air-based PVT unit was done by Srimanickam et al. [28]. The important parame-
ters considered were solar irradiation, voltage, current, ambient temperature, PV module
temperature, air inlet, and outlet temperature. The result shows that the thermal, electri-
cal, overall energy and overall exergy efficiency were 24.17%, 9.78%, 44.84% and 11.23%,
respectively.

Singh et al. [29] analyzed the modeling and investigation of a dual-channel semitrans-
parent photovoltaic thermal (DCSPVT) system proposed with different configurations of
airflow, either one channel or two channels. Outcomes presented the improvement in ther-
mal, electrical, overall and exergy efficiency of the DCSPVT system at 34.57%, 5.78%,
35.41% and 71.5%, respectively compared to SCSPVT. Also, the DCSPVT system tem-
perature was reduced to 43.11 °C. Antonanzas et al. [30] focused on thermodynamic
issues regarding improving the convective heat losses between the spacing in a covered
panel by substituting air with different gas. The results suggested that the convective heat
loss improved up to 50.4% and the overall heat loss coefficient improved 8.11% when use
of xenon gas. However, environmental and economic considerations argon gas is a great
opening for PVT systems.

Ooshaksaraei et al. [31] established four models: single path, double path parallel flow,
double path counterflow, and double path returning flow. The results indicated that the bifa-
cial PVT with double-path parallel flow exhibited higher overall efficiency than the other
systems, surpassing the thermal efficiency of the other three models. However, a single-
path flow system has higher electrical efficiency compared to the other three models. The

@ Springer



Interactions (2025) 246:41 Page90f38 41

air-based PVT unit with metallic fins with varied mass flow rates of 0.02 to 0.14 kg/s was
done by Mojumder et al. [32]. It was viewed that the maximum thermal and electrical out-
put of the PVT system with four fins was 56.19% and 13.75%, respectively at flow rate of
0.14 kg/s. Also, the experimental values were validated with the thermotical and statistical
Analysis. Popovici et al. [33] performed numerical analysis on the temperature reduction
in PV panels using air-cooled heat sinks with different configurations. It validates that the
temperature is reduced in the PV panel with a heat sink at least 10 °C lower than the base
one. The electrical energy enhanced 6.97-7.55% higher than the nominal one. Jha et al.
[34] explored the energy and exergy of the PVT air system in Silchar northeast India with
an airflow rate of 0.007 kg/s, to 0.0128 kg/s. This study considers parameters like panel
temperature, outlet air temperature, energy and exergy gain, and mass flow rate for analy-
sis. The result shows that the maximum flow rate of 0.0128 kg/s in December. Also, the
energy and exergy gain in December was 152Whr and 7.88Whr respectively and in March
185 Whr and 17.82 Whr, respectively.

3.2.2 Water-based PVT system

In high-temperature applications, the effectiveness of air-cooled PVT units is hindered by
their relatively low thermal properties. Conversely, water boasts superior thermal charac-
teristics, including thermal conductivity and specific heat, when compared to air. In water-
cooling PVT units, two distinct cooling approaches are employed: passive and active strat-
egies [35]. The technique involves the attachment of water tubes to the back of the PV
panel, through which water circulates. The water absorbs the heat emitted by the PV unit,
resulting in a decline in the panel’s temperature and a raise in its lifespan. The hot water
from the outlet can be employed for different purposes. Only a limited number of research
studies have specifically examined passive cooling PVT systems. In their study, Wu et al.
[36] examined the use of rainwater for passive water-cooling of household photovoltaic
(PV) panels. The gas expansion technique is employed to disperse the rail water to cool the
PV module. The findings indicate a decrease in panel temperatures, accompanied by a gain
in electrical efficiency of up to 8.3%. However, numerous researchers, including Kazemian
et al. [37], Aste et al. [38], Herrando et al. [39], Rajoria et al. [40], Yazdanpanahi et al.
[41], Shyam et al. [42] were performed the performance of cooling fluid-based PVT devise.

Chemisana et al. [43] examined the directly submerged PVT unit using several cooling
fluids. The utilization of liquid-based spectrally selective filters in direct contact with the
PVT unit offers numerous advantages. These liquid-based filters have the ability to selec-
tively convert photons into electricity while preventing an increase in the temperature of
the PV panel. The findings specified that the combination of deionized water and isopro-
pyl alcohol solution yielded the most favorable electrical, thermal, and overall efficiency.
Hamdoom et al. [44] analyzed the performance and created a numerical simulation of a
PVT for solar domestic water heating (PVTSDHW). Figure 4 illustrates the cross-sectional
perspective of the PVTSDHW system. It was concluded that the packing factor is crucial
in PVTSDWH for meeting the process requirements. Moreover, an increase in the packing
factor leads to a corresponding rise in electric generation. Ultimately, it was determined
that PVTSDWH generated hot water ranging from 61.7 to 43.9% and power ranging from
24.5 to 43.9%, meeting the necessary requirements for a family’s needs in different months.

Herrando et al. [39] studied a PVT system with 26 different absorber exchanger designs
and compared it against a reference one. Figure 5 shows the cross-section of various cross-
sections of the PVT system. It determined that the polycarbonate flat box design with

@ Springer



41 Page 10 of 38 Interactions (2025) 246:41

Glass top cover
Alr
PV rell
Conpner absorber
Water tube
Water

Insulation

Fig.4 Sectional view of PVTSDHW system [44] [Reused/reproduced with permission from publisher,
licence number- 5950680917130]
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Fig.5 Shell and Tube and box type configuration of PVT system [39] [Reused/reproduced with permission
from the publisher, license number- 5950690440911]

3x2 mm rectangular channel PVT system is a more promising one than the commercial
case. Also, thermal efficiency is 4% higher and weight 9% lower than the reference case.
Herrando et al. [45] performed a techno-economic analysis of PVT with combined heat-
ing and cooling for building applications. Author suggested that PVT-based solar com-
bined cooling heating and power (SCCHP) unit has a significant potential to decarbonate
urban areas, where the space is at best since the electrical and thermal generating power
from the same area. In addition, the author suggested that to enhance efficiency and mini-
mize the investment make cost is cost-effective with other renewable energy systems like
commercial PV systems. Micheal et al. [46] analyzed and fabricated a novel PVT mod-
ule by laminating a thin copper sheet at the bottom of the panel instead of tedlar. It was
observed that the primary energy-saving efficiency was 35.32% using a PVT system with a
thin copper sheet, although 20.87% for conventional PVT unit. The authors confirmed that
increasing flow rate of water can enhance thermal, electrical, and overall efficiency. Wei
Pang et al. [47] analyzed the polycrystalline silicon PV and photovoltaic thermal systems
were numerically and experimentally investigated based on roll bond aluminum collector.
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In numerical simulation, temperature, pressure and velocity distribution the parameters
considered as steady state conditions and the water flow rate and heat flux were 0.034 kg/s
and 700 W/m?, respectively. According to the findings, the system demonstrated daily
electrical, thermal, and exergy efficiencies of 13.67%, 40.56%, and 15.56%, respectively,
when compared to a standard PV system. Shehadeh et al. [48] investigated and developed a
new model for different photovoltaic coverage with variable and constant flow rate. In this
study, important parameters like solar irradiation, wind speed, flow rate of water, ambient
temperature, water input and output temperature were recorded every minute of the year
and PV coverage ratio are from 1 to 100% to calculate the max overall thermal output of
PVT system. The author established a new model for calculating the PV ratio (Eq. 1) and
maximum overall thermal efficiency (Eq. 2).

Maximum OTE = a = (PV ratio)2 +bxPVratio+c €8

PV ration = a; + a; * cos (xw) + b; * sin (xw) + a, * cos (2xw) + b, * sin
(2xw) + a5 * cos (3xw) + b, * sin (3xw) + a4 * cos (4xw) + b, * sin (4xw)+ )
a5 * cos (5xw) + by * sin (5xw)

Where, a,b, c were model coefficients, x is month and w is frequency.

The author found that the PV coverage ratio which produces the maximum overall ther-
mal efficiency with constant and variable flow rates are different. The result suggested
that variable flow gives better results, especially for autumn and winter seasons. Also con-
cluded that variable flow is most suitable for practical applications.

3.2.3 Bi-fluid based PVT systems

The utilization of both air and water in a single PVT system by researchers is referred to as
a biofluid system. The majority of writers have focused their research on using water and
air as biofluids to cool PV panels while simultaneously generating hot water, hot air, and
improving the performance of electrical energy. This system surpasses the constraints of
distinct air and water-based PVT units [49, 50].

Attia et al. [51] investigated the thermal performance of finned-type bi-fluid-based
PVT systems. The obtained data demonstrated a direct correlation between the flow rate
increase and the decrease in thermal efficiency. The thermal efficiency of modules 1 and 2,
with a mass flow rate of 0.010 kg/s, is 50% and 60% correspondingly. Module 2 improved
thermal efficiency by around 5.7% compared to module 1, at 0.010 kg/s. The addition of
fins to the hybrid PVT system (module 2), which operates at a mass flow rate of 0.010 kg/s,
has demonstrated significant effectiveness in preserving the system’s thermal efficiency at
its peak level.

Su et al. [53] explored a hybrid PVT system with a cooling mechanism that uses two
different fluids. The authors developed a multi-channel PVT system that incorporates four
distinct bi-fluid combinations flowing through the channels: water-air, water-water, air-
water, and air-air. The findings validated that an increase in fluid mass flow rate directly
correlates with an improvement in overall performance. The analysis demonstrates that the
water-water bi-fluid exhibits superior electrical, thermal, and total efficiency, measuring
7.8%, 64.4%, and 84.2% when subjected to a flow rate of 0.15 kg/s. The performance of
the bi-fluid system was assessed by Othman et al. [54]. Jarmi et al. [52] examined the theo-
retical and practical aspects of a PVT system that utilizes air and water as the working flu-
ids. Figure 6 shows a cross-sectional view of air and water-based PVT system. The result
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Fig.6 a) side view of bi-fluid PVT system (b) 3D view of bi-fluid PVT system [52] [Reused/reproduced
with permission from publisher licence number- 5950690793278]

shows that the energy-saving efficiency of bi-fluid system of air and water are 58.10% and
61.31%, respectively at optimum flow rate. The author confirmed that 2D developed model
is novel, flexible and useful for three different modes of fluids can be simulated without
any modification.

3.2.4 Jetimpingement-based PVT system

Jet impingement is a highly effective technique for transferring heat between a PV panel
and a fluid, such as water or air. This technology is highly effective in enhancing convec-
tive heat transfer and finds applications in several industries, such as food processing, elec-
tronic equipment cooling, turbine blade cooling, and boosting the electrical and thermal
efficiency of PV panels [35]. Jaaz et al. [55] implemented PVT water jet impingement
cooling along with a compound parabolic concentrator (CPC). The study’s findings indi-
cate that a higher mass flow rate of water leads to enhanced electrical productivity. The
utilization of CPC with water jet impingement resulted in a notable 7% enhancement in the
electrical efficiency of PV panels. Furthermore, the utilization of water jet impingement
and CPC resulted in a significant enhancement of 36% in the power output of the PV unit.
In their study, Belusko et al. [56] conducted an analysis of the experimental examination
on the jet impingement of a solar collector. The findings indicated a 21% increase in ther-
mal energy when employing jet impingement. The study performed by Abdulrasool et al.
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Fig.7 Schematic illustration of jet collision system [57] [Reused/reproduced with permission from the pub-
lisher, license number- 5950691389075]

[55] explored the use of a water jet array nanofluid in a PVT system, utilizing different
types of nanofluids. The findings indicate that the use of a nanofluid (SiC/water) jet array
impingement results in improved efficiency.

Abdulrasool et al. [57] designed a PV collector with jet collision water system with var-
ying rate of flow from 0.33 to 0.16 kg/s. The PVT solar collector with jet collision experi-
mental setup is shown in Fig. 7. They observed a high heat transfer coefficient between the
water and PV panel. The analysis indicates that the electrical efficiency was 11.35% and
the thermal efficiency was 72%. In addition, a mathematical model was developed and cor-
related with the experimental findings, confirming an electrical accuracy of 95.8% and a
thermal efficiency of 99.4%.

Experimental investigation and modeling of PV thermal management by using jet
impingement was examined by Bahaidarah et al. [58] In this research, jet impingement
system model was developed for the PV system to carry out the panel temperature, power
output, and overall system performance. The result indicates that the panel temperature
decreased from 69.7 °C to 36.6 °C when using the jet impingement system. Also, the
power output and overall efficiency were improved 49.6% and 82.6%, respectively.

3.2.5 Thermoelectric-based PVT systems

The PVT cooling module operates by utilizing the Seebeck effect in thermoelectric materi-
als. The thermoelectric effect is a phenomenon where a potential difference is generated
among two different metals or semiconductors due to a temperature difference among
them. Figure 8 depicts the sectional diagram of a thermoelectric generator. The backside of
the PV module (source) is connected to one side of the junction, while cooling fluids such
as air or water (sink), with a lower temperature than the source, are linked to the other side.
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The temperature differential between the two sides generates a potential difference across
the metals. Thermoelectric cooling (TEC) is commonly employed for cooling electronic
components, such as microprocessors [35]. Several writers have attempted to employ this
strategy in PVT units. He et [59]. A thorough investigation of the theoretical and experi-
mental aspects of thermoelectric heating and cooling within PVT systems was conducted.
The findings revealed a coefficient of performance (COP) of 1.7 for the thermoelectric sys-
tem. Furthermore, the thermoelectric-based PVT system displayed an electrical output effi-
ciency of 16.7% and a thermal output efficiency of 23.5%. In their research, Makki et al.
[60] outlined a theoretical analysis of a hybrid PVT system integrating a heat pipe-based
TEC mechanism. The outcome indicated that the TEC system surpassed the standard PVT
system in overall performance, effectively utilizing waste heat to enhance power output.

Dimri et al. [61] assessed a comparative evaluation of a water- and air-based PVT system
combined with a thermoelectric cooler. The performance of three distinct PV modules, namely
opaque, semitransparent, and aluminum, was compared. The findings indicate that the opaque
PVT-TEC water system exhibits greater overall and thermal efficiency compared to the opaque
PVT-TEC air system, with an increase of 1.9-2.8% and 20.8-21.8%, respectively.

The energy and economic analysis of PVT-TE was evaluated by Syakiah et al. [63]
using the matrix inversion method. The author observed that PVT-TE systems can absorb
energy and produce electrical energy at a minimum cost. The maximum electrical and
thermal outputs were 12% and 84% at an optimum flow rate of 0.1 kg/s and 90 TE. Also,
a cost-effective ratio (Annual cost (AC)/annual energy gain (AEG) is provided for various
combinations of flow rate and number of TE to improve the user feasibility in choosing the
optimal design features that parallel minimum AC/AEG.

Liu et al. [64] presents a modelling and simulation of PVT integrated with a thermo-
electric ventilator (TEV) system. The author found that any increase in the fresh air volume
flow rate improves the TEV system’s electrical efficiency and heating performance. Sya-
kiah et al. [65] evaluated the performance of an innovative PVT-TE air collector system
by theoretically and experimentally. From the model electrical, thermal and exergy power
ranges between 33.06 and 35.62, 0.56-1.43 and 72.92-75.29 W respectively at channel
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Fig.9 Schematic diagram of heat pipe [69]

depth 0.09 m and the flow rate 0.001-0.15 kg/s. Also, thermal exergy decreases, and PV
exergy increases with an increased mass flow rate. Finally concluded that temperature is
the dominant factor affecting the conversion of energy in PVT-TE units.

Zhu et al. [66] designed thermo electric generator-based photovoltaic module (PV-TEG)
and studied the energy analysis. Li et al. [67] compared the behavior of different types of
photovoltaic panels like p-Si cells, Polymer cells and CIGS cells. The result highlighted
that a hybrid Polymer-TE system’s electrical output is 6.6% more than a Polymer sys-
tem. Finally, the author concluded that the role of concentration ratio is very important
to achieving electrical efficiency. When the concentration ratio is 200, the decrease in PV
energy conversion energy is 4.0%, 3.5%, and 3.4%, and the increase in TE energy conver-
sion is 2.4%, 6.0% and 4.8%, for the case of hybrid C-si-TE, hybrid P-Si-TE and hybrid
CIGS-TE respectively. Moreover, the author concluded that the low-efficiency PV panel
can be used in thermo-electric-based photovoltaic systems and maximum heat energy can
be utilized in thermoelectric systems. The performance of a hybrid photovoltaic-thermo
electric generator (PV-TEG) system using MATLAB/SIMULINK was analyzed by Babu
et al. [68]. The result shows that the TEG system cools the PV panel and contributes the
energy 1-3 of the PV rating. Also, the power developed from the hybrid PV-TEG system
has increased to 8.3% with respect of 1000 W/m? solar irradiance.

3.2.6 Heat Pipe-based PVT systems

A heat pipe operates by leveraging the principles of evaporation and condensation to trans-
fer heat efficiently between two solid surfaces, as illustrated in Fig. 9. In the evaporator sec-
tion, a working medium facilitates the transfer of heat from the surroundings. This working
fluid undergoes a phase change into vapor owing to pressure variations in the adiabatic sec-
tion. The vapor phase then moves into the condenser unit, where it releases heat and under-
goes a phase transition from vapor to liquid. Subsequently, it cycles back to the evaporator
unit through the wick structure.
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The PVT-HP technology utilizes heat pipes to passively cool the system. It is employed
to dissipate the thermal energy from the PV unit. Several researchers have contributed to the
development of PVT-HP systems. In their study, Shixiang et al. [70] administered an experi-
mental investigation on a PVT-HP system using the vapor injection approach, also known as
PVT VISHP. The analysis reveals that the system achieved an electrical efficiency of 7.51%, a
thermal efficiency of 49.9%, and a power output of 7.24 kWh. The theoretical coefficient of per-
formance (COPth) for the heat pipe was 3.27, whereas the coefficient of performance (COPpy )
for the advanced PVT VISHP was 3.45. Zheng et al. [71] developed heat pipe without wick and
heat pipe with wire mesh photovoltaic thermal systems and tested in 20° and 40° angles. The
result shows that heat pipes without wick PVT have higher performance than heat pipes with
wire mesh PVT devices. Also, observed that heat pipes with wire mesh PVT systems work
efficiently at less than 20° inclined angle and wick less work efficiently at more than 20° angles.
Yu, et al. [72] investigated a photovoltaic thermal-micro channel loop heat pipe (MC-CHP-
PVT) system for producing electrical and thermal energy. The author suggested that by improv-
ing the solar thermal energy of MC-CHP-PVT, the inlet water temperature can be lowered,
the flow rate can be increased, higher the ambient temperature and the larger distance between
the evaporator and condenser. The result revealed that the most appropriate solar radiance is
561 W/m? and the thermal output and electrical output were 57.13% and 17.2%, respectively.

3.2.7 Nanofluid-based PVT system

The commonly recognized heat transfer fluids include water, ethylene glycol (EG), various
oils, etc., all characterized by limited thermal conductivity and low heat transfer rates. The
utilization of nanofluids [73] offers a viable solution to address this heat transmission issue.
The concept of nanofluids was initially proposed in the 1990s. Nanofluids are composed of
a base fluid, such as water or oil, and nanomaterials like TiO,, Al,05, CuO, CNTs, SiC, etc
[50]. The combination of water and nanoparticles yields superior performance compared to
traditional fluids, as the thermal properties of the nanomaterials significantly exceed those
of the basic fluid. The addition of a small quantity of nanoparticles to a base fluid leads to
a substantial improvement in heat conductivity. Improving the performance of photother-
mal research can be achieved by enhancing the efficiency of photovoltaic thermal systems
through the utilization of nanofluids as a working medium [74-76].

Abdallah et al. [77] studied the performance of MWCNTs -water-based nanofluids as
a base fluid on Egyptian climate conditions. Varying nanofluid volume concentrations of
0.05%, 0.075%, 0.1%, 0.2%, and 0.3% V were tested. Results optimized the rate of flow
of 1.2 1 per minute (LPM) under the test conditions as the best-used flow rate. Through
evaluating the experimental findings, it is noticed that introducing nanoparticles to the
water caused a momentous improvement in thermal properties, which improved electrical
and thermal efficiencies. In addition, the use of MWCNT-water-based nanofluid achieved
an total system efficiency of 83.26%, and a reduction in the temperature of 12 °C of the
PV panel was achieved with the use of 0.075 volume concentration. Abdallah et al. [78]
studied the performance of PVT unit using Al,O;-water-based nanofluid as a base fluid on
Egyptian climate conditions. Varying nanofluid volume concentrations of 0.05%, 0.075%,
0.1%, 0.2%, and 0.3% V were tested. Results optimized the flow rate of 1.2 I/min under
the test conditions as the best-used flow rate. In addition, the use of an Al,O;-water-based
nanofluid achieved an overall system efficiency of 74% with 0.1% volume concentration.
Al-Waeli et al. [79] examined the performance of the PVT system using SiC-water-based
nanofluid as a base fluid on National University of Malaysia campus climate conditions.
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They tested varying nanofluid concentrations 1, 1.5, 2, 3,4 wt% are tested. The electrical
efficiency was increased by 24.1% and thermal efficiency was increased by 100.19 wt%
compared to PV alone and the water cooling system, when use of 3.0 wt% SiC-nanofluid.

Experimental and numerical evaluation of the MWCNT-water-based PVT system was
done by Nasrin et al. [80] with varying nanoparticle concentrations of 0.1 to 1 wt%. at a
rate of 0.5 1 per minute. The numerical and experimental work of thermal and electrical
efficiencies were 81.48%, 79.2%, and 13.65%, 13.5%, respectively at 1.0 wt% nanoparti-
cle concentration. The energy performance of the nanofluid-based photovoltaic system was
analyzed by Aberoumand et al. [81] at 2 and 4wt% concentration. This experiment tested
different flow regimes like laminar, turbulent, and transient flow. Also, to improve the stabil-
ity of nanofluids, the authors implemented one new method: the electrical explosion of wire
(EEW). In this method, the nanofluids are long-term stability recorded over the year. Also,
the thermal and electrical efficiencies were 70% and 12.35%, respectively at 4wt% concen-
tration. From the study, more authors reported that using nanofluids will improve thermal
and electrical performance and also more reduction in PV panel temperature [82—85].

3.2.8 PCM based cooling

PCM are increasingly essential components in nearly all thermal energy management
applications. They offer the possibility of maintaining a consistent temperature while add-
ing or removing heat throughout the process of changing phases. Initially, a PCM is gradu-
ally heated until it reaches its saturated state, undergoing melting or solidification [86].
Then, it absorbs its latent heat at a steady temperature until completely melts. Afterwards,
the PCM is gradually heated again, but this time in its melted condition. This process is
referred to as the charging of PCM. During the discharging phase, the PCM releases both
sensible heat and latent heat to the surrounding environment [§7]. PCMs often utilize the
latent heat of fusion or vaporization to effectively regulate temperature within a specific
range [88]. The desired properties for using PCMs in thermal regulation include: (i) high
heat of fusion and high specific heat [89, 90], (ii) a phase change temperature matching
the application, (iii) low vapor pressure, (iv) chemical stability and low corrosiveness [5],
and (v) minimal degree of supercooling [91]. Multiple studies have revealed that utiliz-
ing PCM for thermal regulation in PVT systems offers 33% greater potential for storing
thermal energy compared to a conventional PVT water heating system. This results in a
75-100% increase in the duration of time during which the stored energy can be effectively
utilized. The use of microencapsulated PCMs can lead to a substantial decrease in the oper-
ating temperature of PV systems. This, in turn, can result in improved power generation
and enhanced thermal management. Consequently, the adoption of advanced techniques
like PCM can further enhance the overall performance of the system [92].

Alsaqoor et al. [93] studied the impact of integrating PCM into the PVT system and their
electrical and thermal performance. The findings indicate that PVT systems significantly
reduce the temperature of solar cells and enhance electrical efficiency. The PVT system
with PCM demonstrated a superior electrical efficiency of 14%, surpassing the 13.75% effi-
ciency of the PVT system without PCM. Additionally, incorporating PCM into the PVT unit
resulted in a peak electrical power output of 21 kW, compared to 18 kW for the PVT with-
out PCM. Moreover, the research revealed that augmenting the coolant mass flow rate in the
PVT unit with PCM reduced PV cell temperature and enhanced electrical efficiency. How-
ever, as solar incident radiation flux increased, the electrical efficiency of both PVT and PVT-
PCM systems declined, leading to a significant rise in cell temperature. Recently, Reji Kumar
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et al. [16] informed that the addition of PCM into the PVT system significantly decreases the
panel’s temperature and improves the electrical power by 27.1% compared to a conventional
PV system. In another study, Reji Kumar et al. [17] investigated the organic PCM-integrated
PVT system to enhance thermal efficiency. The electrical efficiency of the PCM integrated
water-based PVT system was improved by 34.9% compared to the conventional PV system.

3.2.9 Summary of PVT systems

This section elaborates on the fundamental concept of PVT systems, with significant
emphasis placed on reviewing pertinent literature to foster robust research and develop-
ment in this field. The overall performance of photovoltaic thermal systems and the com-
modities of nanofluids as energy transporters were discussed in depth for PVT systems.
Also, the heat pipe and thermoelectric generator coupled with the PVT system were dis-
cussed briefly. Table 1 shows the summary of various thermal energy, electrical energy,
and overall energy and their applications. It can be highlighted that most of the research
are conducted on air-based PVT systems in low or medium-temperature climate areas, but
very few works have been done in desert or high-temperature climate areas. It is expected
that a greater number of PVT systems will be installed in those places in the future. In a
water-cooled PVT system, the cooling water takes the heat from the PV, and the benefits
from the heat and wasted heat need to be studied. In heat pipe photovoltaic thermal systems
most of the studies water was a cooling fluid and limited heat pipe materials have been
considered. In the future, applications of different heat pipe/material types can be tested to
improve overall PVT performance. It was observed that very few types of nanomaterials
only studied, and the base fluid used only water. Also, lack of compromise on acceptable
optimum mass fraction of nanofluid. The utilization of PVT working fluids, including air,
water, and nanofluids, has predominantly been noticed in water heating and space heat-
ing domains. However, in the future, enhancing the thermal efficiency of PVT systems is
crucial for extending their use to high-temperature applications. One notable limitation of
current PVT systems is the absence of TES facilities. These energy storage problems can
be solved by integrating PCM with the PVT unit, PCM have the ability to absorb, store and
release heat energy as well as cool the PV system. Need more research on PCM-integrated
PVT system research and more focus on commercialized-based PVT systems.

4 Economic analaysis of PVT system

Equations (3)-(18) presents the key economic parameters essential for conducting the eco-
nomic analysis of PVT systems. These parameters include the simple cost payback time
(CPBT), life cycle cost (LCC), net present value (NPV), Levelized cost of energy (LCOE),
cost of energy (COE), life cycle savings (LCS), payback time (PPT), and annual life cycle
savings. Together, these metrics provide a comprehensive framework for evaluating the
financial viability and long-term economic performance of the system.

The potential of using various materials in TES systems was evaluated, with zeolite
demonstrating the highest average overall efficiency at 40%. Additionally, the zeolite-
integrated PVT system showed a relatively shorter payback period of 8 years compared to
other systems [115]. The economic analysis of the proposed system was conducted using
the Net Present Value (NPV) method, which is widely regarded as a reliable approach for
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assessing financial performance. This method not only provides insights into the repayment
period but also evaluates the cash flow over the system’s lifecycle. The following Eq. 1
estimates NPV;

NPV = 3''(B - O)ia, 3)
i |
- (1 +1)P €]

Where, B is the income, C is the cost, p is the period, i is the discount ratio, and a
(Eq. 2) is the NPV factor.

The economic analysis of a novel PVT system with nanofluid [113] was done with three
key indicators, Cost Pay Back Time (CPBT), Internal Rate of Return (IRR) and Cost of
Energy (COE). The cost payback time is estimated using the Eq. 3, and it is estimated to be
two years.

1C

CPBT =
EC # COE; o)

sav per year

IC corresponds to investment cost, COE; corresponds to the cost of input energy (Eq. 5)

ALCC = LCC * CRF (6)
ALCC
COE =
EC, (7

ALCC denotes annualized life cycle cost of the system (Eq. 4), LCC denotes life cycle
cost, CRF represents capital recovery factor, EC; denotes electrical energy savings by the
PVT system.

From the estimated calculation, the cost of energy generated by PVT is 0.002367per
kW/h which is 82% less than the domestic electric price. Moreover, the payback time for a
PVT-PCM water system installed at Kottayam, India [116] is six years which 11.26% faster
in comparison with a conventional PV panel.

Crystalline Silicon Heterojunction PVT was designed, and the payback estimations were
done for the system. The cost of these systems was found to be lesser in comparison with
conventional PV systems. The Investment Pay Back Time (IPBT) is calculated using Eq. 6.

Y.
IPBT = —2% 8)

output

Yipur TefETS to the cost inputs during PV installation and Y, corresponds to annual
revenue generated by the sale of electricity. The payback time of the proposed system was
estimated to be less than three years which is lesser in comparison with PV systems [117].
The Annualised Life-Cycle savings(ALCS) of a PVT-SAH installed is estimated by the fol-
lowing Eq. 7.
LCS
ALCS = ————
PWE(N, 0,D) ®)
LCS is the life cycle cost savings for operating the PVT- solar air heater sys-
tem, PWF(N; 0, D) is the present worth factor.
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The payback time (PBT) is defined as the ratio of time required for cumulative fuel cost
savings in the present worth to the capital investment cost of the PVT-SAH system are as
per Egs. 8 and 9. The system was able to deliver a competitive payback period between
5.7 and 16.8 years and an annualized energy savings ranging between 925 and 4606 AUD
[118]

In [S9 4]

Stuel,1
PBT = T (10)
(1+d)
=N BW St
LCS = 3~ PW-Su 11

The PBT of a combined solar cooling, heating, and power system (S-CCHP) is esti-
mated by the following Eq. 10 and is found to be around 16.7 years.

In [—gg(iF‘d) + 1]
S—CCHP
] (12)

In | L
1+d

PBT =

d is the discount rate i is the fuel inflation rate CSq_ccyp is the annual cost savings and
was computed by the following Eq. 11. The payback period is higher (2.7 times) when
compared with an equivalent PV system (6.1years) [119].

Qcov
CSs_ccup = Ecovce + Cng + Egrig- FIT = Cogm (13)

boiler
The performance analysis of four solar trigeneration systems for sub-tropical climates
was done by simple payback method (SPB) and internal rate of return (IRR) (coupling
glazed & unglazed PVT collector with single and half effect absorption chillers) according

to Eq. 12.

CI

SPB= —
ECS — MC

(14)

CI denotes the capital investment, ECS was determined by electricity savings, MC
denotes the maintenance cost.

The payback period falls shortest for PVugl ABCHHE layout and is approximately 12.7
years. However, when considering a 50% rise in electricity prices or a 35% reduction in
PVT collector prices, PVTgl ABCHHElayout’s payback shortens from 14.7 years to 10
years [120].

A comprehensive 3E analysis was performed on PVT systems as well as conventional
solar systems. The economic analysis of the proposed system is shown by Eq. 13.

Les= S [io (L) e 15

T d—ig 1+d 0 (15

D denotes the discount rate, Cg corresponds to the inflation rate for yearly fuel sav-
ings associated with investment cost (Eq. 14)
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Qcov
Cs = Ecov-Cal + Eexe-Set + ——Co — Cogm (16)

M boil

The LCS of the PVT S-CHP system was reported to be 0.77 M€, and that of the PV
system is 0. 76 M€. The LCS is highest for combined PV-ETC (75%) S-CHP (25%)
with 0.80 M€ for a life cycle of 25 years. The payback time of the PVT S-CHP system
was estimated to be 13.7 years. The PBT of the ICE-CHP system is 6.2 years which
is primarily due to the low investment cost associated with the system. Among solar-
based systems, the PBT of PV systems was 9.4 years [121]. A 15% reduction in invest-
ment cost and 30% reduction in roof space occupied was noted with the novel PVT
collector system compared to PV systems having equivalent capacity [122].

The following Eq. 15 is used to estimate the life cycle cost of the novel proposed
PVT system with nanofluids.

n n
LCC= Ccapital + Zl CO&M'RPW + Zl Creplacement'RPW - Csalvage'RPW (17)

Ceapital 18 the total capital, Cqgy annual operating& maintenance cost and Rpy
denotes the current value of each factor and was computed using

F

R a9

Rpw

F denotes the future sum of money, n denotes the interest rates.

The recovery period of the proposed system was estimated to be 4.4-5.3 years, the
LCC of the system was 1288.37 USD, and the energy cost was found to be 0.112 USD/
kWh [123].

Recent research has explored the integration of MWCNT-enhanced PCMs into
PVT systems to improve both electrical and thermal performance. The study revealed
that the energy payback periods for PVT systems using MWCNT-enhanced PCMs,
PCM-integrated PVT, and standard PVT systems were 4.7, 4.8, and 5.6 years, respec-
tively. Furthermore, the thermal efficiency of the PVT-PCM and PVT-NePCM sys-
tems showed a significant improvement compared to water-based PVT systems. This
enhancement is primarily attributed to the ability of the thermal energy storage mate-
rial to effectively store and utilize thermal energy, thereby optimizing the overall sys-
tem performance [124]. This study investigates the thermophysical properties, cool-
ing efficiency, and economic viability of copper oxide—palm oil nanolubricants for
tribological applications in PVT systems. The cooling capacities of the nanolubricants
were assessed through an economic analysis using the price-performance index. The
findings indicate that while elevated temperatures can negatively impact economic
efficiency, higher concentrations of nanolubricants significantly enhance cooling per-
formance, demonstrating their potential for effective thermal management in PVT sys-
tems [125].

5 Conclusions
Renewable energy sources are becoming increasingly prominent due to several fac-

tors, including the rapid depletion of fossil fuels, the fluctuating increase in gasoline
prices, and the environmental degradation they cause. Solar photovoltaic technologies
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are highly promising among all the renewable energy sources. Consequently, extensive
research is being conducted on this subject, resulting in substantial improvements in its
performance.

In conclusion, this study has thoroughly examined the key factors influencing the effi-
ciency of PV panels, identifying dust accumulation, humidity, and elevated temperatures
as the most significant contributors to performance degradation. A detailed analysis of
various cooling techniques revealed that PV/T systems using air as a heat transfer medium
are particularly well-suited for space heating applications in cold regions, often being inte-
grated into building structures. Among the cooling methods, active water cooling emerged
as the simplest and most efficient approach. However, its practical implementation poses
challenges, such as the need for a consistent supply of cool water and the requirement for
sufficiently large systems to justify the energy consumption. Bi-fluid systems demonstrated
superior performance by utilizing both air and liquid as heat transfer mediums, signifi-
cantly enhancing cooling efficiency and system performance. Additionally, nanofluids out-
performed conventional water-based PV/T systems due to their high thermal conductivity,
which allows for greater heat extraction, resulting in improved cooling and electrical out-
put. Furthermore, the integration of PCMs into PVT systems proved to be highly effective,
as they not only provide cooling but also store thermal energy for use during periods when
energy supply is unavailable. These findings underscore the potential of advanced cooling
technologies to enhance the efficiency and versatility of PVT systems, paving the way for
more sustainable and efficient energy solutions.

6 Future recommendations

The future direction of technological advancement should prioritize the development of
hybrid cooling techniques, with the primary objective of consistently and effectively main-
taining low surface temperatures and enhancing electrical output. Future research should
give priority to investigating the hybrid cooling system with the incorporation of thermal
energy storage material cooling techniques. Also, it is recommended to use highly con-
ductive PCM with a cooling medium, heat pipes, vacuum, and innovative gases to further
enhance the performance of PVT system.

Further an comprehensive analyses of PVT systems should encompass energy,
exergy, economic, and environmental (4E) aspects. Various geometrical designs and
surface textures for passive cooling can be explored by utilizing commercially avail-
able ribs or obstacles. Further advanced experimental studies are necessary to assess
the practicality and effectiveness of organic and hybrid PCMs for PV cooling applica-
tions. Further assessments and optimizations of efficient cooling techniques for large-
scale grid-connected systems are essential. Concentrate on examining the long-term
resilience and efficacy of cooling technologies throughout various environmental con-
ditions. Truly sustainable “zero-energy” hybrid PVT systems should be designed with
practical applications in mind, such as solar desalination, HVAC systems, and more.
The role of nanotechnology in PV cooling could also be expanded, for instance, through
the use of advanced nano-coatings.

It is highly beneficial to explore scenarios where hot water is required for additional
purposes. In such cases, experiments should be conducted using standard PV panels
and PV panels integrated with either pure or nano-enhanced PCMs and water in various
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configurations. These experiments should include different PCMs with varying melting
points and thicknesses to enable precise comparisons between these techniques. Such a
comprehensive study would not only identify the most effective combinations and con-
figurations for optimizing both electrical and thermal energy output from PV systems but
also emphasize the potential for dual-purpose solar energy applications. Addressing these
aspects would significantly advance photovoltaic cooling technologies and contribute to
the development of more efficient and sustainable energy solutions.
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