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Abstract. Both Photovoltaic (PV) and Photovoltaic/Thermal (PV/T) systems still remain
significantly affected by thermal energy storage since around 70—80% of the sunlight absorbed turns into
heat and not electricity. This leads to overheating and reduction of the systems' efficiency under hot
weather conditions. The current research paper seeks to provide a critical review of some of the latest
findings concerning thermal management solutions for PV and PV/T technologies while building a
framework that connects cooling approaches to thermo-electrical performance. For the purpose of the
research, a systematic analysis and comparison of more than 60 scientific papers, especially those
written within the years 2022-2025, are considered alongside basic studies on the cooling of PV/T
systems. Passive cooling includes methods such as using Phase Change Materials (PCMs). Active cooling
technologies include air, water, and nanofluid cooling. Finally, hybrid solutions that involve PCMs and
enhanced convective heat transfer are also studied. Comparative analysis shows that passive cooling with
PCMs is relatively simple and highly efficient in terms of thermal energy storage while active cooling
with nanofluids allows reaching up to 20 degrees centigrade decrease in temperatures and up to 15%
efficiency improvement. In turn, hybrid solutions allow obtaining even better thermo-electrical efficiency
at high levels of irradiation, up to 80%, due to up to 25°C temperature drop achieved in experiments. Yet,
several challenges need to be addressed: pumping losses, nanofluids stability issues, PCMs performance
in cycles, etc.

Keywords: PV/T systems; Thermal Regulation, Cooling Techniques; PCM; Hybrid Cooling.

1. INTRODUCTION

The increase in the need for electricity and environmental issues has resulted in the swift rise of
renewable energy sources, with solar energy becoming prominent owing to its abundant availability and
cost reduction [1]. By the close of 2022, the installed capacity of PV exceeded 1.18 TW, amounting to an
average increase of 240 GW annually, and the PV technology has played a vital role in reducing CO:
emissions [2], [3]. However, traditional PV panels only utilize less than 25% of the incoming solar energy
and waste the rest as heat [4].To improve thermal regulation and recover part of the dissipated heat,
photovoltaic/thermal (PV/T) systems have been developed by integrating thermal collectors with PV
modules [5]. These systems produce electricity and useful thermal energy simultaneously, with reported
overall efficiencies greater than 60% depending on the operating conditions and system configuration [6].
Under high irradiance conditions, PV cell temperature may exceed 60—70 °C, especially in hot climates
[7], [8]. Limited heat dissipation, non-uniformity of irradiance, and restricted airflow further intensify

ATU- AJIEA, Volume: 2, Issue: 01, 06, 30, 2026, © 2026 AJIEA, All Rights Reserved



mailto:karrar.jawad.tcm53@student.atu.edu.iq
https://doi.org/10.46649/ajiea.2026.02106

m Al Furat Journal of Innovations in Engineering Applications (AJIEA)
ISSN - 3105-3149

temperature accumulation within PV modules [9]. Such temperature elevation negatively affects
semiconductor performance and reduces electrical efficiency. For crystalline silicon PV modules, an
increase of 1°C may reduce electrical efficiency by approximately 0.1-0.5% [10]. Hence, efficient cooling
strategies are essential to enhance the performance of PV and decrease the thermal stress [11].

Table 1. Temperature Coefficients of Power for Common Photovoltaic Cell Technologies

Source Rep one?0:§ﬁ01ency Temperature coefficient (%/°C) Cell technology
[10] Electrical efficiency —0.40 to —0.50 Monocrystalline Si
[10] Electrical efficiency —0.40 to —0.50 Polycrystalline Si
[12] Electrical efficiency —0.35 t0o —0.38 a-Si thin-film
[12] Electrical efficiency —0.25 CdTe thin-film
[12] Electrical efficiency —0.32 t0 —0.36 CIGS thin-film

The temperature coefficients of power for common photovoltaic technologies are shown in Table 1. The
reported values show the high thermal sensitivity of PV systems under outdoor operating conditions.
Several cooling techniques have been proposed to improve the thermal performance of PV and PV/T
systems, including passive cooling, active cooling, and hybrid thermal regulation techniques [13], [14],
[15]. This review provides a critical and comparative assessment of recent PV and PV/T cooling
technologies with emphasis on thermal regulation under high-temperature operating conditions. This
review used a systematic approach that involved screening, classifying, and evaluating peer-reviewed
articles based on passive, active, and combined cooling techniques, with a focus on thermoelectric
efficiency, engineering considerations, and application possibilities.

2. REVIEW METHODOLOGY

This review was developed from a systematic screening and comparison of studies on photovoltaic (PV)
and photovoltaic/thermal (PV/T) cooling technologies. The literature survey was carried out using the
major scientific databases like Scopus, ScienceDirect, Web of Science, IEEE Xplore, SpringerLink and
Google Scholar. The review was primarily centered on peer-reviewed studies published in the period
2022-2025, with selected earlier studies to support the fundamental background of PV/T cooling
technologies. The search process involves keywords such as “PV/T cooling”, “phase change material
cooling”, “nanofluid cooling”, “hybrid PV/T systems” and “thermal regulation of photovoltaic systems”.
The selected studies were experimental, numerical and review investigations on the cooling performance,
electrical efficiency, thermal efficiency and engineering limitations of PV and PV/T systems.

3. CLASSIFICATION OF COOLING TECHNIQUES FOR PV/T SYSTEMS

The development of photovoltaic/thermal (PV/T) systems has led to a wide variety of cooling
configurations for PV/T applications. Many cooling methods are used in PV/T systems, which requires a
systematic classification for facilitating coherent technical and comparative evaluation [16]. However,
with the growth of research activities associated with PV/T systems and the development of new cooling
techniques, several review studies pointed out the increasing need to classify the cooling methods instead
of evaluating each case study individually [17]. The recent reviews also highlighted the need for
classifying cooling techniques to allow comparative technical assessment under different environmental
conditions particularly under high solar irradiance conditions [18].

ATU- AJIEA, Volume: 2, Issue: 01, 06, 30, 2026, © 2026 AJIEA, All Rights Reserved



Al Furat Journal of Innovations in Engineering Applications (AJIEA)
ISSN - 3105-3149

=y

PVIT Cooling
Techniques

Passive . . Hybrid
Cooling ActiveCooling Cooling

{ Nature.ll | Air cooling | PV/T + PCM

convection

| Extended |Water coolin | Nanofluid +
surfaces (fins) 8 PCM

| PCM Cooling | Nanoflmd | Multi-stage

cooling systems

Fig. 1. Classification Framework of PV/T Cooling Techniques.

PV/T cooling technologies can be broadly classified into three categories: passive cooling, active cooling
and hybrid cooling systems. Passive cooling systems employ natural heat dissipation mechanisms such as
natural convection, extended surface cooling, and phase change materials (PCMs) without the use of
external power [19]. Active cooling systems employ forced convection of coolants (e.g., air, water or
nanofluids) to speed up the cooling process in comparison with natural convection [20]. Hybrid cooling
systems employ two or more cooling mechanisms to enhance the reliability of the cooling system and the
stability of the thermal regulation [21]. From an operational point of view, passive cooling systems refer
to the reduction of the PV/T cell temperature by conductive, convective or latent heat absorption
mechanisms for thermal relief depending on the environmental conditions [22]. Forced convection is
employed in active cooling systems to improve heat removal, leading to better thermo-electrical energy
harvesting compared to passive cooling methods [23]. Hybrid cooling systems have also been employed
to enhance system stability and to improve temperature uniformity with respect to the individual cooling
approaches [24].

Table 2 gives a general comparative overview of the three cooling categories.

Table 2. Comparative Classification of PV/T Cooling Strategies

Cooli . . e
OOlNE Operating Principle Key Advantages Main Limitations
Category
Natural convection, conductive .
L . . . Limited temperature
. dissipation, or latent heat Simple design, low operating cost, .
Passive . o control under high
storage (PCM) without no auxiliary energy demand L L
irradiance conditions
external power
Forced convective heat Stronger thermal regulation, Requires pumping or fan
Active extraction using air, water, or improved electrical performance, power, increased system
nanofluids and controllable operation complexity
A combination of passive Enhanced temperature uniformity, .
. . . Higher structural
Hybrid storage and active forced improved energy recovery, and .
. . f i complexity and cost
convection mechanisms better operational stability

In extending the aforementioned threefold categorisation scheme, the present review will first consider
passive cooling methods, then active cooling techniques and finally hybrid cooling configurations, based
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on the general performance trends of these cooling approaches. This classification framework provides a
systematic basis for evaluating PV/T cooling methods under high intensity solar operating conditions.

4. ACTIVE COOLING TECHNIQUES

4.1. ACTIVE COOLING AND ENERGY DEMAND

Active cooling in photovoltaic systems consists of the use of pumps or fans to produce forced convection
of air or cooling fluids, which enhances the convective heat dissipation as compared to passive cooling
systems [25]. Experimental and analytical studies have demonstrated the potential of active cooling for
efficient reduction of the PV cell temperature and improvement of the electrical efficiency under different
operating conditions [22]. However, active cooling systems require additional electrical energy to run
pumps or fans, which has a direct impact on the overall system performance [25]. Therefore, the overall
effectiveness of active cooling depends not only on the thermal and electrical enhancement, but also on
the balance between the additional energy generated and the auxiliary energy required by the cooling
components [22].

4.2. AIR-BASED COOLING

Air-based photovoltaic cooling systems are based on rear air channels for improved convective heat
dissipation by forced airflow [26]. CFD optimization showed that increasing the air mass flow rate from
0.01 kg/s to 0.035 kg/s decreased the outlet air temperature from 328.76 K to 307.97 K [26]. The best
thermal performance was obtained with 18 guides inclined at 45°, even though the pressure loss was
higher [26]. These results indicate that there is a trade-off between improved heat transfer and increased
aerodynamic resistance for air-cooled PV systems.. Experimental studies also demonstrated that the duct
configuration has a considerable effect on the thermal performance [27]. The reported air temperature
increase reached 5.76 °C, 9.94 °C, and 10.87 °C for single-duct systems, dual-duct systems without
turbulators, and dual-duct systems with turbulators, respectively [27]. In addition, the thermal efficiency
increased by 88.7%, while the overall efficiency improved by 54.2% using the single-duct configuration
[27].
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Fig. 2. Schematic Diagram of An Air-Based PV/T Cooling System Using Rear Forced Airflow [28].
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4.3. WATER-BASED COOLING

Water-based cooling is considered as one of the most effective active cooling techniques for PV and PV/T
systems because water has higher heat capacity and thermal conductivity in comparison to air [29]. Thus,
water cooling improves heat removal from the rear side of PV modules and electrical stability [29]. In
2024, a comparative study proved that the combination of water channels at the back side of the PV
modules improves the energy utilization efficiency by cooling the PV cells and improving electrical
efficiency simultaneously [30]. The experimental investigations confirmed that the integration of backside
cooling reduces the temperature gradients and thermal non-uniformity within the PV module [31]. A
modified water-cooled tube design in 2025 increased the electrical efficiency from 16.13% for a
standalone PV module to 17.57% for a PV/T system, while the overall efficiency reached 69.38% [32].
Another experimental study in 2025 demonstrated that improving hydraulic symmetry reduced the PV
peak temperature from 62 °C to 43.7 °C and improved the electrical efficiency from 10.21% to 11.41%
[33]. These results indicate that the cooling channel configuration and flow distribution have a significant
effect on the thermo-electrical performance of water-based PV/T systems.
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Fig. 3. Cross-Sectional Schematic of A Water-Based PV/T Cooling System [34].

Table 3. Quantitative Comparison of Air- and Water-Based Active PV/T Cooling Systems

. . Operating
Ref. | Cooling Type System / Configuration Condition Key Result
S Enhanced heat
[26] Air cooling Air guides beneath PV CFD’ L m/s exchange and PV
module airflow .
cooling
Air-based Dual duct with semicircular Outdoor o
[27] PV/T turbulators experiment noverall 1 54.2%
[32] Water-based Modified flat-contact Experimental + | me 1 17.57%; noverall
PV/T cooling tubes numerical =69.38%
Water-based . Outdoor test, 48 o
[33] PV/T 16 parallel rear cooling tubes L/h Tpv | 62—43.7 °C
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4.4. NANOFLUID-BASED COOLING

The use of nanofluid-based cooling enhanced the thermal conductivity and convective heat transfer of
PV/T systems, leading to a decrease in PV surface temperature and an increase in thermoelectric
performance [35]. For the case of SiC/water nanofluid (0.5%), the electrical efficiency was improved by
25.3%, and the thermal efficiency by 98.6%, but the pumping power was flow regime dependent [36]. The
use of Al:Os/water nanofluid (0.05% volume fraction, 0.07 kg/s) decreased the PV surface temperature by
about 20 °C and improved the electrical efficiency by 15.5% [37]. Comparative studies with TiOz, Al2Os,
and ZnO nanofluids (0.5% volume fraction) demonstrated the best thermal performance for ZnO with a
temperature drop of about 14 °C and an electrical efficiency enhancement of 4.7% [38]. Recent studies
with MnOz/water nanofluids (0.5-1.5 LPM) showed an electrical efficiency of 14.58% at PV surface
temperatures ranging from 52—55 °C [39]. Similarly, hybrid MWCNT/ZnO nanofluids (0.2%) reduced the
PV surface temperature by 16.6 °C and improved the thermal efficiency by 55.1%, while the overall
system efficiency approached 60% with enhanced exergy performance [40].

Nanofluid
outlet

PV cell

Heat sink

Nanofluid
inlet

Fig. 4. Schematic Diagram of A Nanofluid-Based PV/T Cooling System [41].

Table 4. Quantitative Performance Comparison of Nanofluid-Based PV/T Cooling Systems

Ref. Nanofluid Conc./Flow Rate Configuration Key Result
[36] SiC/water 0.5 wt.% Experimental PV/T | nth 1 98.6%; ne 1 25.3%
0.05 vol.%, 0.07 Serpentine outdoor o, 0
[37] | Al:Os/water ke/s PVT Tpv | 20 °C;ne 1 15.5%
Ti0s, Rear . o,
[38] ALOs, 0.5 vol.% rectangular/spiral Zn0:Tpv | 463(745 G
ZnO/water HX ne 14.7%
Experimental PVT + | me,max = 14.58%; R? =
[39] | MnO./water 0.5-1.5 LPM ML 0.96-0.97

4.5. COMPARATIVE PERFORMANCE ANALYSIS
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The comparative results demonstrate that the effectiveness of active PV/T cooling systems depends
strongly on the cooling medium and flow configuration. Air-cooled thermal management systems are
relatively simple and low-cost cooling means; but their cooling capability is limited by the limited thermal
capacity of air and the increased aerodynamic drag with increasing velocity [26], [27]. Water-cooled
thermal management systems offer more efficient solutions due to the high thermal capacity of water, but
the efficiency is highly dependent on tube design, hydraulic, and backside thermal properties [29], [33].
Among the above-mentioned methods, nanofluid cooling is the best method for improving thermal
enhancement, because the addition of nanoparticles increases the thermal conductivity and convection of
the cooling medium [35], [39]. However, this thermal enhancement is usually accompanied by an increase
in viscosity and power consumption. This means that the overall thermo-hydraulic effect should be
considered, not just the cooling itself.

5. PASSIVE COOLING TECHNIQUES
5.1. CONVENTIONAL PASSIVE COOLING TECHNIQUES

Conventional passive cooling techniques for photovoltaic (PV) modules rely on natural convection and
radiative heat dissipation without the need for external energy input [42]. Later, metallic fins were added
to enhance the heat transfer but the cooling capability remained highly dependent on the ambient
conditions and the natural heat transfer limits [43]. Experimental investigations further confirmed that the
electrical efficiency of PV modules decreases when the temperature increases to about 48 °C compared to
the standard operating conditions at 25 °C, demonstrating the thermal sensitivity of PV systems and the
limited capability of conventional passive cooling only [44].

5.2. PCM COOLING

Phase Change Materials (PCMs) have been widely used as latent heat-based passive cooling strategies to
reduce the temperature rise of PVs by absorbing heat during melting and releasing heat during
solidification [45]. For crystalline silicon PV systems, a 1 K increase in temperature can decrease the
electrical output by around 0.45%, and a 15 K increase can lead to an efficiency loss of about 7% [45]. In
2023, experimental studies showed that fin-assisted PCM configurations improved internal heat diffusion
and phase uniformity, leading to a PV temperature reduction of 13.1 °C and an electrical efficiency
improvement of 6.85% [46]. Another experimental implementation using RT-42 paraffin PCM reported
that a 3 cm PCM thickness increased electrical power output by 15.8% compared to the reference PV
module under similar outdoor conditions [47]. The thickness of PCM also plays a significant role in the
charging time and thermal control in peak solar hours, as confirmed in the study [47]. The climatic studies
in 2024 showed that the effectiveness of PCM is highly dependent on environmental conditions and phase
cycling behaviour [48]. In hot regions, the complete melting-solidification cycles increase the annual
energy generation by around 1.4-3%, while the incomplete phase cycling reduces the effectiveness of
PCM in moderate climates [48]. The long-term thermal stability may also be affected by repeated
melting-solidification cycles, especially in the case of organic PCM materials working outdoors
continuously [49]. Further analytical assessments also revealed that the optimum choice of PCM depends
on melting temperature (Tm), latent heat capacity (L), thermal conductivity (k), and cycling stability [49].
The thermal conductivity of most of the organic PCMs is less than 0.5 W/m-K, which hinders the heat
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diffusion unless techniques for conductivity improvement are adopted, e.g., metallic fins, graphite
matrices, encapsulation, or porous metal foams [49].

Fig. 5. Schematic Diagram Of Thermal Regulation With PCM-Integration In PV/T Systems [S0].

Table 5. Thermophysical Properties of Selected Phase Change Materials (PCMs) for PV Thermal Applications
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Ref. PCM / Material Tm (°C) L (kJ/kg) k (W/m-K) p (kg/m?)
[45] Soy wax 43.9-45.06 | 100.9-127.2 0.25-0.324 900
[45] Paraffin 57-60.8 134.9-135.35 | 0.186-0.320 | 760-910
[45] Beeswax 61.3-64.2 141.4-177 0.25-0.41 811-907
[47] RT-42 paraffin 38-43 N/A 0.2 880
[48] | Paraffin/EG composite 41.5 177.7 2.7 950

Table 5 shows that most organic PCMs are in the common operating temperature range of PV modules
but their low thermal conductivity is a major limitation which affects heat diffusion during charging.
Comparative results also show that expanded graphite greatly enhances the thermal conductivity and

thermal regulation ability of PCM.

Table 6. Summary of Experimental PCM-Based PV Cooling Investigations

. o Electrical
Ref. PCM Type Integration Method AT (°C) Improvement
[45] Beeswax Rear passive PCM layer 8.2 ne 1 0.94%
[46] | PCM + Al fins | Rear fin-assisted PCM container 13.1 ne 1 6.85%
[47] | RT-42 paraffin Rear PCM layer (3 cm) — Pele 1 15.8%

The comparison in Table 6 shows that fin-assisted PCM configurations offer better thermal regulation
than traditional passive PCM layers, due to the enhanced internal heat diffusion and phase uniformity.
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Table 7. PCM Enhancement Techniques for PV Cooling Systems Validated Experimentally

Ref. Enhancement Technique Main Function Reported Effect
[46] Aluminum fins Enhanced heat transfer AT | 13.1°C
within PCM
[47] | PCM thickness optimization Increased latent heat Pele 1 15.8%
storage capacity
[48] | Expanded graphite composite Increased thermal Annual power generation
PCM (EG-PCM) conductivity (k) 11.4-3%

[49] Metal foams / graphite Enhanced PCM thermal Improved heat-transfer

matrices conductivity performance

Table 7 indicates that the PCM cooling performance depends strongly on the heat transfer enhancement
techniques, not only on the PCM selection. Enhanced thermal conductivity and optimised PCM geometry
significantly improve the thermo-electrical performance and temperature regulation in PV cooling
applications.

6. HYBRID COOLING SYSTEMS IN PV/T APPLICATIONS

6.1. THERMODYNAMIC BASIS OF HYBRID THERMAL REGULATION IN PV/T SYSTEMS

Hybrid cooling methods in PV/T systems are mainly aimed at combining latent heat storage with
advanced convective heat transfer to improve thermal regulation under high solar irradiation. In these
systems, phase change materials (PCM) store excess thermal energy during peak operating periods,
thereby reducing transient temperature fluctuations and delaying rapid PV temperature rise [51]. At the
same time, nanofluids raise the convective heat dissipation due to their high thermal conductivity and heat
transfer ability in comparison with conventional cooling fluids [52]. The synergistic effect of latent heat
storage and nanofluid cooling enhances the thermo-electrical stability and improves the overall energy
recovery capability of PV/T systems [53]. Outdoor studies also supported the high influence of the
operating conditions, coolant flow stability and environmental changes on the thermal efficiency of
hybrid systems under real climatic environments [54].

6.2. HYBRID PCM-NANOFLUID COOLING CONFIGURATIONS

The integration of nanofluid cooling with PCM has been demonstrated to possess better thermal
regulation capability than conventional passive or single-fluid cooling methods in PV/T systems.
Experimental investigations showed that Al.Os/TiO2 nanofluids integrated with PCM thermal storage
significantly reduced PV operating temperature and improved electrical efficiency under controlled solar
conditions [55]. Nano-enhanced PCM structures were additionally reported to improve thermal
conductivity and accelerate melting behaviour within PV/T thermal regulation systems [56]. Hybrid
configurations employing rGO/H:O nanofluids, serpentine geometries, and paraffin PCM further
enhanced thermo-electrical performance through improved heat extraction capability [57]. Significant
thermal enhancement was also achieved using SiC nanofluids integrated with nano-PCM, twisted tapes,
and micro-fin tubes [58]. Hybrid TiO.—Fe20s nanofluids additionally improved thermal, electrical, and
exergy performance because of enhanced heat transfer characteristics within serpentine-tube PV/T
systems [59]. Numerical investigations employing MWCNT nanofluids with fin-assisted PCM structures
demonstrated improved melting behaviour and enhanced thermal regulation under different flow
conditions [60]. Other hybrid nanoparticle-integrated PCM structures further improved thermal transport
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behaviour and PV electrical performance [61], [62]. Outdoor investigations additionally confirmed that
dual-fluid and NePCM-nanofluid cooling systems effectively reduced PV peak temperature and improved
overall PV/T thermo-electrical performance under realistic climatic conditions [63], [64]. Overall, hybrid
PCM-nanofluid cooling systems provide more stable thermal regulation and higher energy recovery
capability than conventional PV/T cooling approaches; however, their performance remains strongly
dependent on nanoparticle stability, hydraulic losses, flow conditions, and long-term thermo-hydraulic
operating requirements.

Glass cover

Fig. 6. Schematic Diagram of A Hybrid PV/T Cooling System Integrating PCM And Nanofluid Circulation [65].
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Table 8. Quantitative Performance Comparison of Hybrid PV/T Cooling Systems

Ref. Hybrid Configuration Main Thermal Result Electrical / Overall
Performance
[55] | ALO/TiO: nanofluid + PCM | T temperatz“;?/reduced % | e improved by ~10.3%
~. 0
[56] Nano-enhanced PCM Improved t.he.:rmal Faster melting response
conductivity
rGO/H20 nanofluid + PCM + PV temperature reduced by N N
[57] serpentine geometry 21.55K nth = 69.2%
[58] Nano-enhanced PCM + SiC Enhanced thermal nth = 83.3%; electrical power
nanofluid + twisted tape dissipation +44.5%
[59] | TiOsFe:0s hybrid nanoftuid | 1mProved thermo-electrical ne = 12.62%
performance
[60] MWCNT nanofluid + PCM + Improved melting Enhanced electrical
fins characteristics performance
MgO—-AlL:0s hybrid PV efficiency increased to
[61] nanoparticles + PCM Enhanced thermal transport 24%
[62] Hybrid MgO/MWCNT Reduced PV surface Improved overall energy
nanofluid + PCM temperature efficiency
[63] Dual-fluid nanofluid PV/T Enhanced thermal PV/T efficiency ~ 85%
system management
NePCM-nanofluid cooling Peak PV temperature 4000
[64] system reduced by 25.7 °C nth =40-70%
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Hybrid PV/T cooling systems can enhance thermal management by incorporating latent heat storage and
upgraded convective heat transfer mechanisms. Nano-enhanced PCM structures improve thermal
conductivity and heat storage behaviour while geometry-assisted configurations with serpentine channels,
twisted tapes, fins and micro-fin tubes intensify heat extraction and thermo-electrical performance in
PV/T systems [ 56 ] — [ 60 ]. The hybrid nanofluids enhance the thermal and exergy performance further
due to their higher heat transfer ability than that of the conventional cooling fluids [59]. Outdoor
investigations also confirmed that NePCM and dual-fluid nanofluid systems provide more stable thermal
regulation under realistic climatic conditions [63], [64]. However, hybrid PV/T systems are still faced
with hydraulic losses, nanoparticle stability issues, need for PCM containment and increased structural
complexity. Therefore, the practical use of hybrid cooling systems depends on finding an optimal trade-
off between thermal enhancement, operational stability, hydraulic performance and long-term system
reliability.

7. COMPARATIVE ANALYSIS AND DISCUSSION

The comparative evaluation of PV/T cooling systems should consider thermo-electrical performance,
auxiliary energy demand, complexity, maintenance, and climatic suitability rather than relying only on
individual efficiency values. The results summarized in Tables 3, 5, and 8 indicate that cooling
performance strongly depends on the thermal regulation mechanism and operating conditions. Passive
PCM-based systems provide simple thermal regulation with low operational requirements. However, their
performance is limited by the low thermal conductivity of PCM materials under high solar irradiation
conditions. Nevertheless, passive configurations achieved electrical efficiency enhancement approaching
15.8% under optimized conditions. Active cooling systems (water or nanofluids) can offer additional
temperature reduction and better convective heat transfer than passive systems. Active cooling decreased
PV temperature by about 20 °C and improved electrical efficiency by more than 15% under similar
irradiance ranges. Nanofluid systems also enhanced thermal conductivity, but increased viscosity and
auxiliary pumping requirements at higher concentrations. The best thermo-electrical performance was
achieved for the hybrid PV/T systems due to the combined effects of latent heat storage and enhanced
convective heat transfer. Under similar operating conditions, the hybrid systems reduced the PV peak
temperature by up to 25.7 °C while the overall efficiency reached 84%. Hybrid configurations also
improved the thermal stability under fluctuating solar irradiation conditions. However, despite the
advantages, hybrid systems are still related to hydraulic losses, nanoparticle stability, PCM containment
needs, and higher system complexity. Hence, the best PV/T cooling approach is a matter of balancing
thermal enhancement, operational stability, economic viability, and climatic suitability.

Table 9. Multi-Criteria Evaluation Framework for PV/T Cooling Systems

. . AT ne nth / Auxiliary . . .
Cooling Technique Reduction | Enhancement | noverall Eneray Complexity | Maintenance | Scalability
Passive Cooling (PCM) Moderate Moderate Moderate | Very low Low Low High
Active Cooling . . .
(Water/Nanofluid) High High High Moderate | Moderate Moderate Moderate
Hybrid Cooling (PCM + . . Very . . .
Nanofluid) Very high Very high high High High High Moderate
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The multi-criteria evaluation demonstrates that hybrid PV/T systems provide the highest thermo-electrical
performance under severe thermal loading, whereas passive and active systems remain more practical for
moderate climatic and operational conditions.

COMPARATIVE PERFORMANCE EVALUATION OF PV/T
COOLING TECHNIQUES

. " s
= il 2
o]
Hybrid Cooling Active Cooling Passive Cooling
™ Temperature Reduction Electrical Efficiency Enhancement
Thermal Efficiency Improvement Complexity Level
m Cost Level ™ Long-Term Stability

Fig. 7. Comparative Performance Evaluation of Passive, Active, And Hybrid PV/T Cooling Techniques

8. CHALLENGES, RESEARCH GAPS, AND FUTURE DIRECTIONS

8.1. TECHNICAL CHALLENGES

Although hybrid PV/T systems have high thermo-electrical performance, several technical limitations
remain. The thermal response and heat diffusion of PCM-based systems are limited by their low thermal
conductivity. While nano-enhanced PCM improves conductive heat transfer, it also increases system
complexity. Nanofluid cooling systems improve convective heat transfer and PV/T performance;
however, higher nanoparticle concentrations may increase viscosity and auxiliary pumping power. In
addition, long-term nanoparticle stability during cyclic operation remains insufficiently validated
outdoors. Hybrid nanofluid-PCM systems are more effective in temperature regulation than the individual
cooling methods but they are still prone to hydraulic losses, nanoparticle agglomeration, PCM
containment issues and more complex structure. Thus, practical implementation depends on the balance
between thermal enhancement, operational reliability and energy consumption.

8.2. RESEARCH GAPS

Although PV/T cooling technologies have been developed rapidly, some important research gaps still
exist. Direct comparison between studies is problematic because of the lack of standardised testing
procedures; irradiance levels, flow rates and operating conditions vary widely. Furthermore, the long-term
durability of nanofluids and nano-enhanced PCM systems has not been well validated, particularly under
repeated thermal cycling and outdoor conditions. In addition, the assessment of the overall system
efficiency often neglects auxiliary pumping power and hydraulic penalties. Long-term outdoor validation
studies are still rare compared to laboratory-scale studies. The scalability of hybrid PV/T systems is still
unclear, with most studies being performed on small-scale systems. Moreover, techno-economic analysis
and optimisation of the cost-performance are still under-explored in the existing PV/T literature.
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8.3. FUTURE DIRECTIONS

Future studies are recommended to standardise testing procedures for PV/T cooling systems to ensure
consistent comparison. More work is required to improve the long-term stability of nanofluids and
reliability of thermal cycling under real outdoor conditions. Further studies are needed to optimise the
nanoparticle concentration and flow conditions in order to minimise the hydraulic penalties and the
auxiliary energy consumption. Large scale outdoor investigations are also required to assess the scalability
and operational durability of hybrid PV/T systems. Finally, the future development of PV/T should
integrate the thermo-hydraulic optimisation with techno-economic and life-cycle analysis to make sure
that hybrid cooling systems are practical and commercially viable.

Table 10. Prioritized Research Gaps and Future Directions for Hybrid PV/T Systems

Priority | Research Gap | Main Challenge Sugge‘sted.Future Expected
Direction Impact
. Difficulty in Develop unified Reliable
1 Standardization cross-study . .
. testing protocols benchmarking
comparison
Long-term Nanope}rtlcle Long-duration Imprqved
2 o degradation and o operational
stability . outdoor validation s
agglomeration reliability
Pumping I'n'creased Optlrplze flow Balanced net
3 . auxiliary energy regime and .
penalties . . efficiency
consumption concentration
Outdoor lelte.d reghsuc Multi-season field Realistic
4 o climatic . performance
validation monitoring .
assessment evaluation
B Limited large- Pilot-scale PV/T Practical
5 Scalability scale . L deployment
. . mvestigations .
implementation potential
Cost- Uncertain Integrate techno- .
. . Commercial
6 performance economic economic s
. o viability
analysis feasibility assessment
Thermal PCM degradation Cycling-stability Improved
7 cycling during repeated investications long-term
reliability cycles & durability

9. CONCLUSIONS

Under high solar irradiation conditions, thermal management has a strong influence on the thermo-
electrical performance of PV and PV/T systems. Passive PCM based cooling offers a simple solution for
thermal buffering with low operation requirements. However, the effectiveness of such solutions is still
restricted by the low thermal conductivity of PCM materials. The active cooling systems with water and
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nanofluids provide better convective heat transfer and temperature reduction than the passive ones. Active
cooling in similar operating conditions lowered PV temperature by about 20 °C and improved electrical
efficiency by over 15%. However, the auxiliary pumping power and the hydraulic penalties should be
considered for the overall system performance. The configurations tested showed the best thermo-
electrical performance for hybrid PV/T systems with latent heat storage and enhanced convective heat
transfer. The maximum PV temperature was reduced to 25.7 °C for hybrid systems and the overall
efficiency reached approximately 84% at optimised conditions. Hybrid systems, however, still have higher
structural complexity, stability of the nanoparticles and higher maintenance requirements. The best PV/T
cooling strategy is a compromise on thermal enhancement, operational robustness, economic viability and
climatic suitability. The future development of PV/T should focus on long-term operational reliability,
techno-economic feasibility, and scalable outdoor demonstration.

REFERENCES

[1] IRENA, World Energy Transitions Outlook 2023: 1.5°C Pathway. Abu Dhabi, UAE: International
Renewable Energy Agency, 2023, ISBN: 978-92-9260-527-8.

[2] IEA PVPS Reporting Countries, Becquerel Institute et al., “Snapshot of Global
PV Markets 2023, 1EA PVPS, 2023. [Online]. Available: https://iea-pvps.org/wp-
content/uploads/2023/04/IEA_PVPS Snapshot 2023.pdf

[3] S. Philipps and W. Warmuth, “Photovoltaics Report,” Fraunhofer Institute for Solar Energy Systems
ISE, Oct. 2025. [Online]. Available: https://www.ise.fraunhofer.de

[4] F. A. Sachit, M. A. M. Rosli, N. Tamaldin, and S. Misha, “Nanofluids Used in Photovoltaic Thermal
(PV/T) Systems: a Review,” International Journal of Engineering and Technology, pp. 599-611, Oct.
2018. [Online]. Available: https://www.researchgate.net/publication/328802644

[5] A. K. Tiwari, K. Chatterjee, S. Agrawal, and G. K. Singh, “4 Comprehensive Review of
Photovoltaic-Thermal (PVT) Technology: Performance Evaluation and Contemporary Development,”
Energy Reports, 2023, doi: 10.1016/j.egyr.2023.09.043.

[6] J. Pereira, R. Souza, A. Moreira, and A. Moita, “A Review on the NanoFluids-PCMs Integrated
Solutions for Solar Thermal Heat Transfer Enhancement Purposes,” Technologies, vol. 11, no. 6, p.
166, 2023, doi: 10.3390/technologies11060166.

[7] I. A. Qeays, S. Mohd. Yahya, M. S. B. Arif, and A. Jamil, “Nanofluids Application in Hybrid
Photovoltaic Thermal System for Performance Enhancement: A Review,” AIMS Energy, vol. 8, no. 3,
pp. 365-393, Jan. 2020, doi: 10.3934/energy.2020.3.365.

[8] S. K. Gupta and S. Pradhan, “4 Review of Recent Advances and the Role of Nanofluid in Solar
Photovoltaic Thermal (PV/T) System,” Materials Today: Proceedings, vol. 44, pp. 782—-791, Dec. 2020,
doi: 10.1016/j.matpr.2020.10.708.

[9] A. Osama, G. M. Tina, A. Gagliano, G. Jimenez-Castillo, and F. J. Mufioz-Rodriguez, “Effect of
Electrical Operating Conditions on Thermal Behavior of PV Modules: Numerical and Experimental

ATU- AJIEA, Volume: 2, Issue: 01, 06, 30, 2026, © 2026 AJIEA, All Rights Reserved




<

m Al Furat Journal of Innovations in Engineering Applications (AJIEA)

el ISSN - 3105-3149
f—

Analysis,” Solar Energy Materials and Solar Cells, vol. 287, p. 113625, 2025, doi:
10.1016/j.s0lmat.2025.113625.

[10] Y. El Alami, M. Rami, C. Hajjaj, M. Benhmida, A. Faize, and E. Baghaz, “Three-Dimensional
Thermal Modeling and Analysis of the Heat Source, the Impact of Encapsulation Materials and the Back
Sheet  of  Silicon PV Modules,”  Applied  Thermal  Engineering, 2025, doi:
10.1016/j.applthermaleng.2025.128430.

[11] M. Abou Akrouch, K. Chahine, J. Faraj, F. Hachem, C. Castelain, and M. Khaled, “Advancements
in Cooling Techniques for Enhanced Efficiency of Solar Photovoltaic Panels: A Detailed

Comprehensive Review and Innovative Classification,” Energy and Built Environment, vol. 6, pp. 248—
276, 2025, doi: 10.1016/j.enbenv.2023.11.002.

[12] R. Wu, C. Ma, Z. Liu, Z. Deng, and Z. Zhang, “Thermal Characteristics Evaluation of Floating
Photovoltaic Modules Based on an Improved Dynamic Coupled Thermal-Electrical Model,” Renewable
Energy, vol. 248, Aug. 2025, Art. no. 123061, doi: 10.1016/j.renene.2025.123061.

[13] A. A. Sadoon, M. S. Kassim, and R. A. Mahmood, “A4 Comparative Study of Cooling Techniques
for Photovoltaic Panels: Active Cooling Techniques, a Review,” Journal of Engineering and Sustainable
Development, vol. 28, no. 5, pp. 580-592, Sep. 2024, doi: 10.31272/jeasd.28.5.3.

[14] J. Siecker, K. Kusakana, and B. P. Numbi, “4 Review of Solar Photovoltaic Systems Cooling
Technologies,” Renewable and Sustainable Energy Reviews, vol. 79, pp. 192-203, Nov. 2017, doi:
10.1016/j.rser.2017.05.053.

[15] M. Sharaf, M. S. Yousef, and A. S. Huzayyin, “Review of Cooling Techniques Used to Enhance the
Efficiency of Photovoltaic Power Systems,” Environmental Science and Pollution Research, vol. 29, pp.
26131-26159, Jan. 2022, doi: 10.1007/s11356-022-18719-9.

[16] A. N. Al-Shamani et al., “Nanofluids for Improved Efficiency in Cooling Solar Collectors: A
Review,” Renewable and Sustainable Energy Reviews, vol. 38, pp. 348-367, Oct. 2014, doi:
10.1016/j.rser.2014.05.041.

[17] J. D. Williams and G. P. Peterson, “4 Review of Thermal Property Enhancements of Low-
Temperature Nano-Enhanced Phase Change Materials,” Nanomaterials, vol. 11, no. 10, p. 2578, Sep.
2021, doi: 10.3390/nano11102578.

[18] M. Herrando and A. Ramos, “Photovoltaic-Thermal (PV-T) Systems for Combined Cooling,
Heating and Power in Buildings: a Review,” Energies, vol. 15, p. 3021, 2022, doi: 10.3390/en15093021.

[19] J. Bhalavi, B. Gupta, O. P. Chauhan, R. Saini, and A. Bisen, “Thermal Management and Efficiency
Enhancement of Solar Photovoltaic System with Phase Change Materials (PCMs): A Short Review,”
AIP Conference Proceedings, vol. 2782, p. 020065, Jan. 2023, doi: 10.1063/5.0154714.

[20] M. A. Hannan et al., “Classification and Parametric Analysis of Solar Hybrid PVT System: A
Review,” Energies, vol. 17, no. 3, p. 588, Jan. 2024, doi: 10.3390/en17030588.

ATU- AJIEA, Volume: 2, Issue: 01, 06, 30, 2026, © 2026 AJIEA, All Rights Reserved



<

m Al Furat Journal of Innovations in Engineering Applications (AJIEA)

el ISSN - 3105-3149
f—

[21] M. A. Rahman, S. K. Gupta, N. Akylbekov, R. Zhapparbergenov, S. M. M. Hasnain, and R. Zairov,
“Comprehensive Overview of Heat Management Methods for Enhancing Photovoltaic Thermal
Systems,” iScience, vol. 27, no. 10, p. 110950, Oct. 2024, doi: 10.1016/j.1s¢1.2024.110950.

[22] Y. E. Ahmed, M. R. Maghami, J. Pasupuleti, S. H. Danook, and F. B. Ismail, “Overview of Recent
Solar Photovoltaic Cooling System Approach,” Technologies, vol. 12, p. 171, Sep. 2024, doi:
10.3390/technologies12090171.

[23] H. Togun et al., “Advancing Photovoltaic Thermal (PV/T) Systems: Innovative Cooling Technique,
Thermal Management, and Future Prospects,” Solar Energy, vol. 291, p. 113402, Mar. 2025, doi:
10.1016/j.solener.2025.113402.

[24] M. M. Abd-Elhady, M. A. Elhendawy, M. S. Abd-Elmajeed, and R. B. Rizk, “Enhancing
Photovoltaic Systems: A Comprehensive Review of Cooling, Concentration, Spectral Splitting, and
Tracking Techniques,” Next Energy, vol. 4, p. 100185, 2025, doi: 10.1016/j.nxener.2024.100185.

[25] E. Kozak-Jagieta, P. Cisek, and P. Octon, “Cooling Techniques for PV Panels: A Review,” Scientiae
Radices, vol. 2, no. 1, pp. 47—68, Mar. 2023, doi: 10.58332/scirad2023v2i1a03.

[26] A. M. Alsayah, M. H. K. Aboaltabooq, M. H. Majeed, and B. A. S. M. Hussein, “CFD Study to
Improve PV Cell Performance by Forced Air: Modern Design,” Periodicals of Engineering and Natural
Sciences, vol. 7, no. 3, pp. 1468—1477, Oct. 2019. [Online]. Available: http://pen.ius.edu.ba

[27] B.-H. An, S.-B. Kim, H.-U. Choi, and K.-H. Choi, “Performance Evaluation of Air-Based
Photovoltaic Thermal Collector Integrated with Dual Duct and Semicircular Turbulator in Actual
Climate Conditions,” Energies, vol. 17, no. 11, p. 2752, Jun. 2024, doi: 10.3390/en17112752.

[28] R. S. Adhikari, F. Butera, P. Caputo, P. Oliaro, and N. Aste, “Thermal and Electrical Performances
of a New Kind Air Cooled Photovoltaic Thermal System for Building Application,” Proc. EPIC 2002
AIVC Conference, Lyon, France, Oct. 2002, pp. 339-344.

[29] Md. A. Arefin, “Analysis of an Integrated Photovoltaic Thermal System by Top Surface Natural
Circulation of Water,” Frontiers in Energy Research, vol. 7, Sep. 2019, doi: 10.3389/fenrg.2019.00097.

[30] A. M. Al Sadoon, M. S. Kassim, and R. J. Mahmood, “Comparative Study of Cooling Techniques
for Photovoltaic Panels: Active Cooling Techniques, a Review,” Journal of Engineering and Sustainable
Development, vol. 28, no. 5, pp. 580-592, Sep. 2024, doi: 10.31272/jeasd.28.5.3.

[31] A. M. A. Alshibil, P. Vig, V. Erdélyi, J. Toth, and 1. Farkas, “Performance Assessments of Direct
Contact Serpentine Tube Based Photovoltaic Thermal Module: An Experimental Comparison,” Journal
of Engineering and Sustainable Development, vol. 28, no. 4, pp. 473-479, Jul. 2024, doi:
10.31272/jeasd.28.4.6.

[32] H. 1. Variyenli, M. Yousefi, A. D. Tuncer, A. S6zen, B. C. Goksel, and A. Khanlari, “Numerical
and Experimental Analysis of a Water Cooled Photovoltaic-Thermal System Using Modified Tubes,”
Applied Thermal Engineering, 2025, doi: 10.1016/j.applthermaleng.2025.127559.

ATU- AJIEA, Volume: 2, Issue: 01, 06, 30, 2026, © 2026 AJIEA, All Rights Reserved




<

m Al Furat Journal of Innovations in Engineering Applications (AJIEA)

el ISSN - 3105-3149
f—

[33] A. Almalih, A. K. Azab, and M. E. ElRefaie, “An Experimental Investigation of Optimizing a
Water-Based Photovoltaic Thermal (PVT) System Through Reduced Tube Spacing,” Engineering,
Technology & Applied Science Research, vol. 15, no. 5, pp. 26323-26329, Oct. 2025, doi:
10.48084/etasr.12227.

[34] L. T. Kosti¢ and J. S. Aleksi¢, “Review of Research, Development and Application of
Photovoltaic/Thermal Water Systems,” Open Physics, vol. 18, pp. 1025-1047, Dec. 2020, doi:
10.1515/phys-2020-0213.

[35] Y. Menni, A. J. Chamkha, G. Lorenzini, N. Kaid, H. Ameur, and M. Bensafi, “Advances of
Nanofluids in Solar Collectors: A Review of Numerical Studies,” Mathematical Modelling of
Engineering Problems, vol. 6, no. 3, pp. 415427, Sep. 2019, doi: 10.18280/mmep.060313.

[36] H. A. Kazem, M. T. Chaichan, A. H. A. Al-Waeli, H. Jarimi, A. Ibrahim, and K. Sopian, “Effect of
Temperature on the Electrical and Thermal Behaviour of a Photovoltaic/Thermal System Cooled Using
SiC Nanofluid: An Experimental and Comparison Study,” Sustainability, vol. 14, no. 19, p. 11897, Sep.
2022, doi: 10.3390/sul41911897.

[37] A. Ibrahim, M. R. Ramadan, A. E.-M. Khallaf, and M. Abdulhamid, “4 Comprehensive Study for
Al:Os Nanofluid Cooling Effect on the Electrical and Thermal Properties of Polycrystalline Solar
Panels in Outdoor Conditions,” Environmental Science and Pollution Research, vol. 30, no. 49, pp.

106838-106859, Feb. 2023, doi: 10.1007/s11356-023-25928-3.

[38] Z. Arifin, N. Khairunisa, B. Kristiawan, S. D. Prasetyo, and W. B. Bangun, “Performance Analysis
of Nanofluid-Based Photovoltaic Thermal Collector with Different Convection Cooling Flow,” Civil
Engineering Journal, vol. 9, no. 8, pp. 1922-1935, Aug. 2023, doi: 10.28991/cej-2023-09-08-08.

[39] M. P. Rajakumar, S. Senthil Kumar, B. Srimanickam, S. Srividhya, K. Elangovan, N. Kaliappan,
and K. Kamakshi Priya, “Performance Enhancement of Photovoltaic Thermal Collectors Using Water-
Based MnQO: Nanofluids and Machine Learning Models,” Scientific Reports, vol. 15, 2025, doi:
10.1038/s41598-025-23505-x.

[40] M. R. Sharaby, M. R. Sharaby, M. M. Younes, F. S. Abou Taleb, and F. B. Baz, “The Impact of
Hybrid Nanofluid Cooling on Photovoltaic/Thermal System Performance: A 3E Analysis Approach,”
Journal of Thermal Analysis and Calorimetry, vol. 150, pp. 19575-19589, Nov. 2025, doi:
10.1007/s10973-025-14889-z.

[41] A. Ahmed, H. Baig, S. Sundaram, and T. K. Mallick, “Use of Nanofluids in Solar PV/Thermal
Systems,” International Journal of Photoenergy, vol. 2019, Art. no. 8039129, Jun. 2019, doi:
10.1155/2019/8039129.

[42] M. A. Sheik et al., “4 Comprehensive Review on Recent Advancements in Cooling of Solar
Photovoltaic Systems Using Phase Change Materials,” International Journal of Low-Carbon
Technologies, vol. 17, pp. 768—783, Jan. 2022, doi: 10.1093/ijlct/ctac053.

[43] M. J. Mohammed, W. H. Khalil, A. Bouguecha, and M. Haddar, “Passive and Active Techniques
for Cooling Photovoltaic Cell Using PCM: An Investigation of Recent Advances,” Journal of Advanced

ATU- AJIEA, Volume: 2, Issue: 01, 06, 30, 2026, © 2026 AJIEA, All Rights Reserved




<

m Al Furat Journal of Innovations in Engineering Applications (AJIEA)

el ISSN - 3105-3149
f—

Research in Fluid Mechanics and Thermal Sciences, vol. 112, no. 2, pp. 14-32, Jan. 2024, doi:
10.37934/arfmts.112.2.1432.

[44] M. Dogan, Ed., 6th International Eurasian Conference on Science, Engineering and Technology
(EurasianSciEnTech 2025), Proceeding Book (Abstracts and Full-Text Papers), Ankara, Tiirkiye, Jun.
25-27, 2025, ISBN: 978-605-72134-5-7. [Online]. Available: https://www.eurasianscientech.org

[45] Z. Arifin, S. D. Prasetyo, B. A. Tribhuwana, D. D. D. P. Tjahjana, R. A. Rachmanto, and B.
Kristiawan, “Photovoltaic Performance Improvement with Phase Change Material Cooling Treatment,”
International Journal of Heat and Technology, vol. 40, no. 4, pp. 953-960, Aug. 2022, doi:
10.18280/ijht.400412.

[46] B. Hussain, H. W. Malik, F. U. Hasnain, and M. Irfan, “Phase Change Material for the Cooling of
Solar Panels—An Experimental Study,” Engineering Proceedings, vol. 45, no. 1, p. 43, Sep. 2023, doi:
10.3390/engproc2023045043.

[47] H. M. Maghrabie, A. S. A. Mohamed, A. M. Fahmy, and A. A. Samee, “Performance Enhancement
of PV Panels Using Phase Change Material (PCM): An Experimental Implementation,” Case Studies in
Thermal Engineering, vol. 42, p. 102741, Jan. 2023, doi: 10.1016/j.csite.2023.102741.

[48] L. Tang, Y. Luo, L. Yin, J. Li, and X. Cao, “Thermal-Management Performance of Phase-Change
Material on PV Modules in Different Climate Zones,” Energies, vol. 17, no. 23, p. 6200, Dec. 2024, doi:
10.3390/en17236200.

[49] D. Mazzeo, L. P. M. Colombo, and S. Leva, “A Review of Photovoltaic Cooling with Phase Change
Materials: Technical Advances, Modeling Approaches, Efficiency Gains and Economic/Environmental
Impact,”  Applied  Thermal  Engineering, vol. 280, p. 128222, 2025, doi:
10.1016/j.applthermaleng.2025.128222.

[50] Z. Li, T. Ma, J. Zhao, A. Song, and Y. Cheng, “Experimental Study and Performance Analysis on
Solar Photovoltaic Panel Integrated with Phase Change Material,” Energy, vol. 185, pp. 495-508,
2019, doi: 10.1016/j.energy.2019.04.166.

[51] M. M. Sarafraz, M. R. Safaei, A. S. Leon, I. Tlili, T. A. Alkanhal, Z. Tian, M. Goodarzi, and M.
Arjomandi, “Experimental  Investigation on  Thermal  Performance of a PV/T-PCM
(Photovoltaic/Thermal) System Cooling with a PCM and Nanofluid,” Energies, vol. 12, no. 13, p. 2572,
Jul. 2019, doi: 10.3390/en12132572.

[52] A. Salari, A. Kazemian, T. Ma, A. Hakkaki-Fard, and J. Peng, “Nanofluid Based Photovoltaic
Thermal Systems Integrated with Phase Change Materials: Numerical Simulation and Thermodynamic
Analysis,” Energy Conversion and Management, vol. 205, p. 112384, Feb. 2020, doi:
10.1016/j.enconman.2020.112384.

[53] M. L. Hussain, G.-H. Lee, and J.-T. Kim, “4 Comprehensive Performance Characterization of a
Nanofluid-Powered Dual-Fluid PV/T System under Outdoor Steady-State Conditions,” Sustainability,
vol. 13, no. 23, p. 13134, Nov. 2021, doi: 10.3390/su132313134.

ATU- AJIEA, Volume: 2, Issue: 01, 06, 30, 2026, © 2026 AJIEA, All Rights Reserved




<

m Al Furat Journal of Innovations in Engineering Applications (AJIEA)

el ISSN - 3105-3149
f—

[54] F. R. Sheikh, S. P. Deshmukh, P. Ardhapurkar, M. M. Hussain, P. Wankhede, V. Korpale, and T.
Sathe, “Performance Study of NePCM-Nanofluid Based PVT System,” Journal of Advanced Research in
Fluid Mechanics and Thermal Sciences, vol. 120, no. 1, pp. 13-34, Aug. 2024, doi:
10.37934/arfmts.120.1.1334.

[55] F. Mebarek-Oudina and I. Chabani, “Review on Nano Enhanced PCMs: Insight on nePCM
Application in Thermal Management/Storage Systems,” Energies, vol. 16, no. 3, p. 1066, Jan. 2023, doi:
10.3390/en16031066.

[56] Z. Khalili, M. Sheikholeslami, and L. Momayez, “Hybrid Nanofluid Flow within Cooling Tube of
Photovoltaic-Thermoelectric Solar Unit,” Scientific Reports, vol. 13, no. 1, p. 8202, May 2023, doi:
10.1038/s41598-023-35428-6.

[57] M. A. Khan, M. Uzair, M. Mursaleen, F. Wuttke, M. E. M. Soudagar, and A. E. Ragab, “Study on
the Incorporation of Phase Change Material and Differently Embedded Water Circulation Pipes for
Enhanced Thermal Management of Photovoltaic System,” Scientific Reports, vol. 15, p. 35565, 2025,
doi: 10.1038/s41598-025-18859-1.

[58] K. Emara, H. Aliwa, O. E. Abdellatif, and H. M. Abd El-hameed, “Experimental Investigation for a
Hybrid Aluminum Oxide Nanofluid-Phase Change Material Photovoltaic Thermal System Based on
Outdoor Test Conditions,” Journal of Energy Storage, vol. 50, p. 104261, 2022, doi:
10.1016/j.est.2022.104261.

[59] A. Dev, R. Kumar, and R. P. Saini, “Experimental Evaluation of Performance of a Hybrid Solar
Photovoltaic (PV/T) Panel Integrated with Effective Cooling Solutions with Water Base Nanofluids and
Phase Change Materials,” Energy Sources, Part A: Recovery, Utilization, and Environmental Effects,
vol. 44, no. 3, pp. 7287-7302, Aug. 2022, doi: 10.1080/15567036.2022.2107732.

[60] H. Nabi, M. Gholinia, M. Khiadani, and A. Shafieian, “Performance Enhancement of Photovoltaic-
Thermal Modules Using a New Environmentally Friendly Paraffin Wax and Red Wine-rGO/H20
Nanofluid,” Energies, vol. 16, no. 11, p. 4332, May 2023, doi: 10.3390/en16114332.

[61] Y. Cui, J. Zhu, S. Zoras, K. Hassan, and H. Tong, “Photovoltaic/Thermal Module Integrated with
Nano-Enhanced Phase Change Material: A Numerical Analysis,” Energies, vol. 15, no. 14, p. 4988, Jul.
2022, doi: 10.3390/en15144988.

[62] A. M. Bassam, K. Sopian, A. Ibrahim, A. B. Al-Aasam, and M. Dayer, “Experimental Analysis of
Photovoltaic Thermal Collector (PVT) with Nano PCM and Micro-Fins Tube Counterclockwise Twisted
Tape Nanofluid,” Case Studies in Thermal Engineering, vol. 45, p. 102883, 2023, doi:
10.1016/j.csite.2023.102883.

[63] M. Alktranee, M. A. Shehab, Z. Németh, P. Bencs, and K. Hernadi, “Thermodynamic Analysis of
Mono and Hybrid Nanofluid Effect on the Photovoltaic-Thermal System Performance: A Comparative
Study,” Heliyon, vol. 9, no. 12, p. 22535, Nov. 2023, doi: 10.1016/j.heliyon.2023.e22535.

[64] K. Parach, B. Jafari, and K. Hosseinzadeh, “Numerical Analysis of Integrated Photovoltaic
Thermal Systems Utilizing Nanoparticles with Phase Change Material and Fin Attachments,”
International Journal of Thermofluids, vol. 27, p. 101210, 2025, doi: 10.1016/;.1j£t.2025.101210.

ATU- AJIEA, Volume: 2, Issue: 01, 06, 30, 2026, © 2026 AJIEA, All Rights Reserved




<

m Al Furat Journal of Innovations in Engineering Applications (AJIEA)

el ISSN - 3105-3149
f—

[65] J. Mustafa, S. Algaed, S. M. Sajadi, and H. S. Aybar, “Enhancing Solar Panel Cooling Efficiency:
A Study on the Influence of Nanofluid Inclusion and Pin Fin Shape during Melting and Freezing of
Phase Change Materials,” Frontiers in Energy Research, vol. 12, p. 1344061, Feb. 2024, doi:
10.3389/fenrg.2024.1344061.

ATU- AJIEA, Volume: 2, Issue: 01, 06, 30, 2026, © 2026 AJIEA, All Rights Reserved




	Fig. 3. Cross-Sectional Schematic of A Water-Based PV/T Cooling System [34].
	Table 3. Quantitative Comparison of Air- and Water-Based Active PV/T Cooling Systems
	Fig. 4. Schematic Diagram of A Nanofluid-Based PV/T Cooling System [41].
	Table 4. Quantitative Performance Comparison of Nanofluid-Based PV/T Cooling Systems
	4.5. COMPARATIVE PERFORMANCE ANALYSIS

	The comparative results demonstrate that the effectiveness of active PV/T cooling systems depends strongly on the cooling medium and flow configuration. Air-cooled thermal management systems are relatively simple and low-cost cooling means; but their ...
	5. PASSIVE COOLING TECHNIQUES
	5.1. CONVENTIONAL PASSIVE COOLING TECHNIQUES
	Fig. 5. Schematic Diagram Of Thermal Regulation With PCM-Integration In PV/T Systems [50].
	Table 5. Thermophysical Properties of Selected Phase Change Materials (PCMs) for PV Thermal Applications
	Table 5 shows that most organic PCMs are in the common operating temperature range of PV modules but their low thermal conductivity is a major limitation which affects heat diffusion during charging. Comparative results also show that expanded graphit...
	Table 6. Summary of Experimental PCM-Based PV Cooling Investigations

	Table 7 indicates that the PCM cooling performance depends strongly on the heat transfer enhancement techniques, not only on the PCM selection. Enhanced thermal conductivity and optimised PCM geometry significantly improve the thermo-electrical perfor...
	6. HYBRID COOLING SYSTEMS IN PV/T APPLICATIONS
	Hybrid cooling methods in PV/T systems are mainly aimed at combining latent heat storage with advanced convective heat transfer to improve thermal regulation under high solar irradiation. In these systems, phase change materials (PCM) store excess the...
	6.2. HYBRID PCM–NANOFLUID COOLING CONFIGURATIONS
	Fig. 6. Schematic Diagram of A Hybrid PV/T Cooling System Integrating PCM And Nanofluid Circulation [65].
	Table 8. Quantitative Performance Comparison of Hybrid PV/T Cooling Systems
	6.3. COMPARATIVE ANALYSIS AND ENGINEERING TRADE-OFFS
	7. COMPARATIVE ANALYSIS AND DISCUSSION
	Table 9. Multi-Criteria Evaluation Framework for PV/T Cooling Systems
	Fig. 7. Comparative Performance Evaluation of Passive, Active, And Hybrid PV/T Cooling Techniques
	8. CHALLENGES, RESEARCH GAPS, AND FUTURE DIRECTIONS
	8.1. TECHNICAL CHALLENGES

	Table 10. Prioritized Research Gaps and Future Directions for Hybrid PV/T Systems
	9. CONCLUSIONS




