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Abstract 

It is possible to improve the performance of photovoltaic 

(PV) systems and increase energy security through the 

utilization of energy storage systems. For the purpose of 

cooling a photovoltaic panel and ensuring that it continues to 

operate at a high efficiency, energy storage systems can be 

attached to the back surface of the panel. Using nanoparticles 

in phase transition materials for the purpose of storing 

thermal energy can improve the latent heat storage capacity 

of the material. In this study, a bibliometric and thematic 

analysis of photovoltaic (PV) cooling systems that are paired 

with an energy storage system is presented. The analysis 

focuses on publishing patterns, the most cited publications, 

sources, and keywords in this subject during the course of the 

twenty-first century. The effectiveness of solar photovoltaic 

(PV) panels is negatively impacted when they are frequently 

exposed to extremely high temperatures. To reduce the 

amount of heat generated by photovoltaic panels, a great 

number of cooling solutions have been designed and used. A 

few examples of these include heat sinks, heat pipes, phase 

change materials, air-cooled systems, and water-cooled 

systems. Since phase change material possesses exceptional 

optical and thermal qualities, it has been found that it is a 

good material that may be utilized in solar photovoltaic 

panels for the purpose of reducing the surface temperature of 

the PV panels. 

Keywords: Phase Change  Material, Solar Panel, Renewable 

Energy, Thermal Energy Storage 

1. Introduction 

Energy utilization is growing exponentially in this era of 

rising population, and the demand for renewable energy is 

increasing significantly from the last decade onwards. Solar 

energy, which is derived from the sun, is the most abundant 

renewable energy that can easily meet today's demands. With 

the help of solar photovoltaics, solar energy from the sun that 

falls on the earth's surface can be transformed into electrical 

energy [1]. Photovoltaics (PV), also referred to as solar cells, 

are solid-state devices that directly converts solar energy into 

electricity. Depending on the PV cell material and climatic 

conditions, a standard PV converts 6-20% of the incident 

solar radiation into electricity, and the remainder is 

converted to thermal energy, which increases the 

temperature of the PV cell to 33℃-50℃ above ambient 

temperature. The temperature coefficient of power is an 

important differentiator in solar PV efficiency, particularly 

in hot climates [2-3].  

 

The efficiency of PV cells degrades as the 

temperature of the cells increases passive temperature 

regulation of PV using phase change material (PCM) has 
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received much attention in this regard. At a current scenario 

only 15–20% of the total incoming solar radiation on a PV 

panel can be utilized as an electricity and rest part of solar 

radiation reflected by the panel [4]. The reflected radiation 

generates heat and raises the temperature of the panel. 

Various factors, such as tilt angle, varying atmospheric 

conditions, and dust build-up, will affect the panel surface 

temperature (17℃–22℃). Increasing the temperature of the 

photovoltaic surface will reduce the voltage drop in the 

photovoltaic panel, which will also affect the structural 

integrity [5].Due to the higher surface temperature, the 

conversion rate of photovoltaic panels is reduced by 

approximately 0.5%/℃ above the nominal operating 

temperature of the panel which is 25°C defined by the 

industry standard. Summer time temperatures vary between 

40°C -70°C, causing the conversion rate to fall from average. 

Therefore, some techniques have been practiced on 

photovoltaic panels to control their temperature as minimal 

as possible. To increase the rate of heat transfer, the most 

widely used cooling technology in thermal engineering is 

adopted [6]. 

 

Storing renewable energy is the best way to utilize 

it. Energy storage is very economical because it can reduce 

costs and energy consumption. Even after storing energy, we 

are not able to fully utilize sources due to losses 

[7].Temperature-controlled heat storage systems are 

categorized as sensible heat storage (SHS), phase-changing 

heat as a latent heat storage (LHS), and thermos-chemically 

based thermo-chemical heat storage (TCHS). When 

compared to SHS & LHS systems, LHS has a higher capacity 

for storing heat at the same temperature rise, and on 

comparing LHS and TCHS gives high heat storage capacity 

but it is not controllable and takes too much time for the 

reverse process [8]. So latent heat storage (LHS) gives the 

best result for the thermal storage system, therefore, latent 

heat storage is mostly used in thermal management in many 

applications. PCM is the best example of a latent heat storage 

system. During its phase transition, PCM stored a significant 

amount of heat.  

 

However, solar energy harvested by solar 

photovoltaic systems is the most plentiful, inexhaustible, and 

environmentally friendly form of energy generation. 

Different types of photovoltaic (PV) systems, which turn 

solar power into usable energy, are available. In general, the 

two major types of PV systems used today can be 

summarized as PV panels and hybrid photovoltaic thermal 

(PVT) systems. However, a hybrid PVTs system can produce 

thermal and electrical energy together simultaneously [9]. 

PV cells are semiconductors that transform direct current 

(DC) discharged and concentrated solar radiation with 

conversion efficiency varying from 4% to 32%, depending 

on the properties of the material from which they are 

manufactured. The wide use of solar cells faces many 

challenges, and the most important obstacle is their low 

efficiency resulting from their high temperature. In reality, 

most arriving solar radiation is transformed into heat, raising 

the PV panel’s temperature and lowering the output power, 

electrical conversion efficiency, and fill factor.  

It is also desirable to increase PV module heat 

dissipation whenever possible. In recent years, some 

researchers have discussed the applications of PCM systems 

in PV modules, as they have been reported for cooling PV 

cells or modules efficiently [10]. PCMs have a few simple 

advantages in comparison with cooling using forced or 

natural convection of air: higher heat-absorbing performance 

with no mobile equipment and low maintenance costs and 

electrical consumption.  

A few attempts were made to incorporate PCMs 

producing unique PVT panels. Containers containing phase-

change material are placed on the solar panel’s back surface 

and fixed there. The harmful excess heat from the solar cells 

is transferred to be stored in the phase-changing matter in the 

form of latent heat [11]. The application of materials to 

absorb the excess heat released by PV modules is the basis 

for passive cooling strategies. The relationship between solar 

cell efficiency and temperature in recent years, some 

researchers have discussed the applications of PCM systems 

in PV modules, as they have been reported for cooling PV 

cells or modules efficiently [12]. PCMs have a few simple 

advantages in comparison with cooling using forced or 

natural convection of air: higher heat-absorbing performance 

with no mobile equipment and low maintenance costs and 

electrical consumption. A few attempts were made to 

incorporate PCMs into PV panels, producing unique PVT 

panels [13].  

The phase-change material is very interesting for thermal 

environmental control and storage of energy. It efficiently 

stores and releases a huge quantity of latent processes of 

melting and solidification, respectively. It can maintain the 

PV temperature during the full stage of heat transfer. Several 

numerical and experimental studies of temperatures of the 

keys that have been considered as a problem is the low 

thermal conductivity of PCMs, which provides greater 

cooling and maintains better thermal control of the board. 

Nanomaterials were added to PCMs to obtain improved 

thermal properties compared to the original materials. The 

type and concentration of nanoparticles in nano-PCMs 

indicated their thermal characteristics. Furthermore, with the 

use of selective paint over the solar cell, it was observed that 

heat loss was greatly reduced, and air was passed as a coolant 

in a designed stream with ease and greater safety. PVTs 

provide low thermal conductivity and specific heat, resulting 

in low efficiency. This review paper has the potential to be a 

valuable contribution to the current literature in the subject 

field, offering a clear and different perspective. This research 

provides a comprehensive analysis of the improvements 
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made to solar panel efficiency and their incorporation with 

energy storage systems. Furthermore, the limitations of these 

systems have been examined in order to determine the 

necessary method for enhancing solar panel efficiency and 

reducing panel temperature by phase change material.  

  

2. Literature Review 

 

Solar energy is one of the major renewable energy sources. 

Solar PV panels receive solar incident radiation and convert 

it into electrical energy with an efficiency factor of 10–16%. 

Electrical efficiency is decreased by 0.4–0.6% for each 

increased degree of panel surface temperature. Many 

researchers performed experiments for removal of heat from 

the solar PV panels for improving the efficiency by passive 

cooling or forced convection cooling, hydraulic cooling, 

refrigerant cooling and heat pipes.  Hussein M. Maghrabie et 

al. [14] experimentally examined the low-concentrated solar 

PV cell cooling, using loop heat pipe passive cooling 

technique Phase-change material (PCM)-based solar PV 

cooling method draws more attention of researchers, because 

it is a passive cooling without using any power [15]. 

Researchers used solid–liquid phase-change materials also 

for cooling of solar PV panels. The temperature of the PV 

cell is cooled to 37.53 °C even at midday. Kumar, Y et al. 

[16] analyzed the thermal performance of the PCM 

incorporated a solar PV panel and concluded that harvesting 

13.6% electrical energy output is possible by using PCM 

layer, having a melting point of 30 °C. Mehmet Ali Yildirim 

et al. [17] mixed aluminum nanoparticles to paraffin wax and 

observed the improvement in fluid and thermal properties of 

PCM. Thermal conductivity of PCM is improved compared 

to the dynamic viscosity. Neda Azimi et al [18]. explained 

the use of CuO nanoparticle-embedded paraffin wax for 

enhancement of thermal conductivity and thermal 

performance of a storage system [19]. 

 

Various researchers have recommended different 

cooling strategies, such as active and passive cooling like 

water cooling, air cooling, heat pipe, phase change material 

(PCM), nanofluid, geothermal, etc., to reduce the operating 

temperature of the photovoltaic panel. However, the variable 

nature of the sunlight, freezing of heat transfer fluid (HTF) 

in particularly cold regions, and difficulty to store thermal 

energy act as barriers to the widespread use of PV cooling 

systems. To overcome these difficulties, energy storage 

systems such as phase change materials (PCMs) provide a 

clear alternative solution [20]. 

Based on the summary of bibliometric entities the 

most frequently used document on PV cooling through PCM, 

nano-enhanced PCM, and nanofluid is shown graphically in 

Fig. 1. Subsequently, more and more research has been 

conducted in the field of photovoltaic cooling through energy 

storage systems[21]. Annual publication volumes and 

average citations in this domain during the last decade are 

shown in Fig. 2. Since 2017, the number of publications in 

the field has significantly increased and as on 31st December 

2022, there were 85 publications in a single year, in this area 

[22]. 
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Fig. 1. Most frequent type document of PV cooling through PCM, nano-enhanced PCM and nanofluid. [23] 

 

Fig 2. Year-wise distribution of published papers. [24] 

 

2.1. Analysis of high-frequency keywords  

 

A bibliophagy tool is used to retrieve and count the authors’ 

most frequently used keywords in order to better understand 

the themes covered in the reviewed research papers. Using 

this technique, a word tree map is drawn for keywords with 

word frequencies greater than 10 and is represented in Fig. 

3. The keywords phase change material, photovoltaic, 

thermal management, nanofluids, nano-enhanced PCM, 

solar energy, PV cooling, nanoparticles, renewable energy, 

exergy analysis, and electrical efficiency account for 29%, 

8%, 6%, 5%, 5%, 4 %, 4%, and 3%, respectively, of the high-

frequency keywords in the research field. This finding shows 

that PV cooling research has relatively extensively focused 

on phase change material, passive cooling, and nanofluids. 

This observation also indicates that thermal management is 

required for improving performance such as the electrical 

and thermal efficiency of the photovoltaic system. Table 1 

Comparative features of different PV cooling methods [26-

27]. 
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Fig. 3. A word tree map is drawn for keywords with word frequencies greater than 10[25] 

 

Table 1 Comparative features of different PV cooling methods [26-27]. 

 

Cooling 

Technologies 

Merits Demerits 

Natural 

Convention of air  
 Low investment 

 No maintenance 

 Easy to integrate 

 Longer Life 

 Noiseless 

 No Power Supply 

 Passive heat Exchange 

 

 Low heat transfer rates 

 Due to low thermal 

conductivity and heat capacity 

of air 

 Accumulation of dust in inlet 

grating further deteriorates heat 

transfer 

 Depend on wind speed and 

direction 

 Low mass flow rates of air 

 Limited temperature reduction 

Forced 

Convention of Air 
 Higher heat transfer rates compared to 

natural convention  

 Independent of wind direction and 

speed 

 Higher mass flow rates compared to 

natural convention 

 Higher temperature reduction 

compared to natural convention 

 High investment on fans, ducts, 

etc. 

 Extra power consumption 

 Noisy 

 High maintenance cost 

 Difficult to integrate with PV 

module 
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Water cooling  Higher heat transfer compared to 

both natural & forced convention 

 Higher mass flow r and tate, heat 

capacity and thermal conductivity of 

water compared to natural and forced 

convention of air. 

 Higher temperature reduction 

 Higher investment due to use 

of pumps 

 Higher maintenance cost 

compared to natu- ral and 

forced convection. 

 Higher electricity consumption 

compared to forced convection. 

 Less life due to corrosion 

Heat Pipe Cooling  Passive heat exchange 

 Low cost  

 Easy to integrate 

 Low heat transfer rates 

 Dust accumulation on inlet 

grating 

 Dependent on wind speed and 

direction. 

PCM Cooling  Higher heat Transfer rate as compare 

to both air and water cooling 

 Higher heat storage capacity due to 

latent heat 

 Isothermal heat removal 

 No electricity needed 

 Passive heat Excahnge 

 Noise less 

 No maintenance cost 

 Heat supply on demand 

 

 High PCM cost 

 Some PCMs are toxic 

 Some PCMs are corrosive 

 Some PCMs are flammable 

 Disposal issue after life cycle 

completion 

Thermoelectric 

cooling 

 

 No moving parts 

 Noiseless 

 Compact size 

 Easy to integrate 

 Low maintenance cost 

 

 Heat       transfer       depends       

on     ambient conditions 

 Active system 

 Electricity consumption 

 Low reliability 

 No heat storage capacity 

 Requires efficient heat 

removal from hot side 

 

A comparative merits and demerits of organic PCM, inorganic PCM and eutectics, adapted from [28,29,30,31] have been 

compiled in Table 2. 

 

Table 2 Comparative merits and demerits of organic PCM, inorganic PCM and eutectics [32,33,34,35]. 

 

Organic  Available in wide temperature 

range 

 Low or no super cooling 

 High heat of fusion 

 Self nucleating property 

 Congruent melting 

 Good physical and chemical 

stability 

 Non-reactive, recyclable 

 Good compatibility with other 

materials 

 

 Low volumetric latent heat 

storage capacity 

 Low thermal conductivity 

 Large volume change on 

phase transition 

 Flammable 
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Inorganic  High heat of fusion 

 High thermal conductivity 

 High volumetric latent heat 

storage 

 Sharp melting point 

 Low volume change on phase 

transition 

 Non-flammable 

 Ample availability 

 Low price 

 Super cooling 

 Quick phase separation 

 Lack of thermal stability 

 Incongruent melting 

 Corrosiveness 

 

Eutectics  Sharp melting point 

 High volumetric heat storage 

density 

 No segregation on melting or 

freezing 

 Lack of test datum of thermo-

physical properties 

 

 

2.2. Problem Identification 
 

1. The electrical efficiency and power output are highly 

influenced by the surface temperature of PV. 

2. Increasing the surface temperature of PV highly 

influences the performance and its electrical conversion 

efficiency. 

3. Depending on the PV cell material and climatic 

conditions, a standard PV converts 6-20% of the 

incident solar radiation into electricity, and the 

remainder is converted to thermal energy, which 

increases the temperature of the PV cell to 50℃ above 

ambient. The temperature coefficient of power is an 

important differentiator in solar PV efficiency, 

particularly in hot climates. 

4. Increasing the temperature of the photovoltaic surface 

will reduce the voltage drop in the photovoltaic panel, 

which will also affect the structural integrity. Due to the 

higher surface temperature, the conversion rate of 

photovoltaic panels is reduced by approximately 

0.5%/℃ above the nominal operating temperature of the 

panel which is 25°C defined by the industry standard. 

5. Summertime temperatures vary between 40-70°C, 

causing the conversion rate to fall from average. 

Therefore, some techniques have been practiced on 

photovoltaic panels to control their temperature as 

minimally as possible

2.3.  Phase change material a promising heat storage 

material 

 

Phase Change Materials (PCMs) have the ability to store 

and release latent heat, maintaining a stable temperature 

during the processes of heat absorption or dissipation 

[36,37]. The Latent energy storage by PCM with 

temperature changes and schematic classification of PCM 

based on chemical composition as discussed in Figure 4, 

and 5 respectively. The phase change process involves 

transitioning between different states of matter, such as 

liquids and gases through condensation and evaporation, or 

solids and liquids through melting and freezing. When the 

temperature around a PCM rises to its melting point, an 

endothermic process occurs, breaking chemical bonds and 

allowing the PCM to absorb energy, transitioning from a 

solid to a liquid state. Conversely, when the temperature 

drops to the PCM's freezing point, these bonds reform in an 

exothermic process, releasing heat and returning the PCM 

to its solid state. This ability to store and release heat 

classifies PCMs as thermal reservoirs [38]. During these 

phase changes, PCMs typically experience a volume 

reduction of about 10% from their initial volume [39]. 
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Fig. 4. Latent energy storage by PCM with temperature changes [40, 41]. 

 

 

 
 

Fig. 5. Schematic Classification of PCM Based on Chemical Composition. 

 

2.4. Selection of PCM Material 

Selecting the ideal Phase Change Material (PCM) involves 

considering several key factors. The PCM must have a high 

latent heat capacity, high thermal conductivity, a melting 

temperature within the practical range of operation, minimal 

supercooling, and should be non-toxic, non-corrosive, 

chemically stable, and cost-effective [42,43]. When cooling 

a PV module using PCM the melting point of the PCM must 

align with the operating temperature range of the PV module. 

PCMs with excessively low melting points are not 

recommended [44]. One major issue with PCMs is their 

typically low thermal conductivity, which can limit efficient 

heat dissipation [45]. A property requisites for PCM  

 

 

selection in PV thermal application and the important 

properties of the PCMs mostly used in PV systems is 

summarized in Table 3 and Table 4. 
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Table 3. Property requisites for PCM selection in PV thermal application [46-47]. 

 

Properties Requisite Argument 

Thermal High latent heat 

 

High heat capacity 

 

High thermal conductivity  

 

Reversible phase change 

 

Fixed melting point 

Phase change 

temperature in desired range 

Maximum heat absorption 

 

Minimum sensible heating 

 

Efficient heat removal 

 

 

 Diurnal response 

 

Consistent behavior 

Confirm phase transition 

Kinetic High nucleation rate 

No super cooling 

High crystal growth rate      

To avoid supercooling 

Easy to freeze 

 

Faster solidification and to meet 

demands of heat recovery 

Physical Favorable phase 

equilibrium 

Small volume change on phase 

transition 

 

Stable thermal storage 

Avoid overdesign 

 

 High density 

High specific heat 

To ensure low containment 

Chemical Chemical stability 

Long PCM life cycle 

Congruent melting  

Minimum thermal gradient Non-

corrosive Long container life 

 Non-flammable and non-

explosive 

To ensure safety 

 

 

Table 4. The important properties of the PCMs mostly used in PV systems [47-53]. 

 

PCM (Organic/Inorganic) 

[Ref.] 

Density (kg/m3 or 

kg/L or kg/dm3) 

Melting 

temperature (C) 

Latent Heat of 

Fusion (kJ/kg) 

Thermal 

conductivity 

(W/m K) 

Rubitherm RT20 (organic) 

[47] 

0.88 kg/L (solid) 

0.77 kg/L (liquid) 

21.23 (onset) 

25.73 ( peak ) 

140.3 0.2 

Rubitherm RT21 (organic) 

[48] 

840 kg/m3 (solid) 

760 kg/m3 ( liquid ) 

21 134 0.2 

Rubitherm RT25 (organic) 

[49] 

785 kg/m3 (solid) 

749 kg/m3 (liquid) 

26.6 232 0.19 (solid) 

0.18 ( liquid ) 

Rubitherm RT27 (organic) 

[50] 

880 kg/m3 (solid) 

750 kg/m3 ( liquid ) 

26–28 184 (179) 0.2 

Rubitherm RT31 (organic) 

[51] 

840 kg/m3 (solid) 

750 kg/m3 ( liquid ) 

29 169 0.2 

Rubitherm RT35 (organic) 

[52] 

880 kg/m3 (solid) 

760 kg/m3 (liquid) 

35 157 0.2 (solid& 

liquid) 

Rubitherm RT44 (organic) 

[53] 

780 kg/m3 (solid) 

760 kg/m3 ( liquid ) 

41–45 255 0.2 
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3. Research Gap 

 

1. The enhancement in the performance of photovoltaic 

and concentrated photovoltaic systems by using phase 

change materials and Nano-enhanced phase change 

materials are difficult challenges that need to be 

addressed. 

2. Reducing the cell’s temperature by using Nano-Phase 

change material but among the problems of this material 

are its high cost and the problem of uniform distribution 

of Nano particles into the PCM is a difficult challenge 

therefore, more studies are needed in the future. 

3. The photovoltaic-Nano-phase change material with a 

hybrid optimization system is very rarely developed. 

4. Silicon is the best semiconductor material used in the 

manufacture of photovoltaic cells. But the search 

continues to find another material better than silicon that 

does not suffer from a lack of voltage when its 

temperature rises. 

5. Around 12% higher electrical power is experimentally 

achieved by phase change material. 

6. The exergy efficiency of the PVT unit by using phase 

change material is improved only up to 15% at noon. 

7. Nanofluid-PCM PVT system showed 9% higher overall 

efficiency than the water-PCM PVT system. 

8. Recent research focused on implementing phase change 

materials (PCMs) to solve the overheating issue in solar 

systems, via pure PCM, composite PCM, finned PCM, 

and hybrid PCM systems. 

9. To limit and manage the temperature of photovoltaic 

panels, the scientific community has devised a variety of 

novel solutions; one of them is passive cooling with 

phase change materials (PCM).  

10. Renewable energies still face some challenges related to 

their usage criteria since they are highly dependent on 

the location where they are employed, on the weather 

conditions, and always need enhancements and 

technological improvements. To maintain the continuity 

of benefiting from renewables, continuous research 

studies for their improvements are required. 

11. To be able to control the temperatures of solar PV 

modules and optimize their performance output, 

research and development (R&D) of cooling techniques 

for solar PV modules are increasingly gaining attention. 

12. From the available literature, several studies have been 

conducted on the performance improvement of solar PV 

modules in terms of their efficiencies and power output, 

with different cooling techniques. However, not much is 

known on the optimization of energy performance and 

the levelized cost of energy (LCOE) of solar PV 

modules integrated with different nano-phase change 

material.  

13. PCM cooling is considered one of the successful future 

methods in photovoltaic cooling, but due to the low 

thermal conductivity of the PCM, this method gives a 

low enhancement. The thermal conductivity of the PCM 

should be improved by adding another component to 

improve the cooling performance. 

14. Adding the nanoparticles to the PCM is an innovative 

way to improve the performance of the PCM better than 

adding the fans and gives better results, but due to the 

high price of the nanoparticles, this method is 

considered uneconomic 

 

4. Discussion 

 

The findings suggest that the number of research 

publications on photovoltaic (PV) cooling combined with 

energy storage systems such nano-enhanced photovoltaic 

(PCM) and photovoltaic (PCM) has continued to increase. 

This is based on the patterns that have been seen in 

publishing. There has been a significant increase in the 

number of articles that have been published in recent years, 

notably after the year 2016. When it comes to passive cooling 

in solar systems, the utilization of polycrystalline 

molybdenum (PCM) and nanoenhanced PCM energy storage 

materials has been demonstrated to have the highest number 

of articles.  

 

5. Conclusion 

The photovoltaic (PV) system is the most promising 

renewable source when it comes to meeting the need for 

electricity rather than using fossil fuels. There are various 

restrictions associated with photovoltaic (PV) systems, 

which might be solved by utilizing a cooling system to make 

use of the extra waste thermal energy that is generated by the 

PV surface. This paper examines the current and future 

trends in the cooling of photovoltaic (PV) systems through 

the utilization of energy storage materials such as 

polycrystalline methanol (PCM) and nano enhanced PCM. 

PCM shows promise as an effective cooling solution for PV 

modules; however, each type of PCM has its own strengths 

and weaknesses. Common issues include liquid leakage and 

low thermal conductivity. While PCM offers potential, it is 

not the most economical or preferred cooling solution. 

Selecting the appropriate type of PCM remains a significant 

challenge. Therefore, further research is necessary to 

optimize PV cooling with PCM, aiming to achieve maximum 

efficiency at a more economical cost. 

 

 

 

mailto:ritu.jain@mygyanvihar.com
https://www.sciencedirect.com/topics/engineering/exergy-efficiency
https://www.sciencedirect.com/topics/engineering/power-output
https://www.sciencedirect.com/topics/engineering/levelized-cost-of-energy


Correspondence to: Ritu Jain, Department of Electrical Engineering, Suresh Gyan Vihar University, Jaipur            

Corresponding author. E-mail addresses: ritu.jain@mygyanvihar.com 

178 | P a g e  

References  

1. Ahmed, O. K., Hamada, K. I., & Salih, A. M. (2022). 

Performance analysis of PV/Trombe with water and air 

heating system: an experimental and theoretical 

study. Energy Sources, Part A: Recovery, Utilization, and 

Environmental Effects, 44(1), 2535–2555. 

https://doi.org/10.1080/15567036.2019.1650139 

2. Manar M. Ali, Omer K. Ahmed, Ehsan F. Abbas, 

Performance of solar pond integrated with 

photovoltaic/thermal collectors, Energy Reports, Volume 

6, 2020, Pages 3200-3211, ISSN 2352-4847, 

https://doi.org/10.1016/j.egyr.2020.11.037. 

3. Hafiz Muhammad Ali, Recent advancements in PV 

cooling and efficiency enhancement integrating phase 

change materials based systems – A comprehensive 

review, Solar Energy, Volume 197, 2020, Pages 163-198, 

ISSN 0038-092X, 

https://doi.org/10.1016/j.solener.2019.11.075. 

4. Azhar Ahmed Abed, Omer Khalil Ahmed, Musa Mustafa 

Weis, Khalaf Ibrahim Hamada, Performance 

augmentation of a PV/Trombe wall using Al2O3/Water 

nano-fluid: An experimental investigation, Renewable 

Energy, Volume 157, 2020, Pages 515-529, ISSN 0960-

1481, https://doi.org/10.1016/j.renene.2020.05.052. 

5. Razan El Kassar, Ahmad Al Takash, Jalal Faraj, 

Mahmoud Khaled, Haitham S. Ramadan, Phase change 

materials for enhanced photovoltaic panels performance: 

A comprehensive review and critical analysis, Energy 

and Built Environment, 2024, ISSN 2666-1233, 

https://doi.org/10.1016/j.enbenv.2024.02.004. 

6. Hisham Alghamdi, Chika Maduabuchi, Kingsley Okoli, 

Mohammad Alobaid, Mohammed Alghassab, Ahmed S. 

Alsafran, Emad Makki, Mohammad Alkhedher, "Latest 

Advancements in Solar Photovoltaic-Thermoelectric 

Conversion Technologies: Thermal Energy Storage 

Using Phase Change Materials, Machine Learning, and 

4E Analyses", International Journal of Energy Research, 

vol. 2024, Article ID 1050785, 29 pages, 2024. 

https://doi.org/10.1155/2024/1050785 

7. Ahmed Elnozahy, Heba Abd-Elbary, Farag K. Abo-

Elyousr, Efficient energy harvesting from PV Panel with 

reinforced hydrophilic nano-materials for eco-buildings, 

Energy and Built Environment, Volume 5, Issue 3, 2024, 

Pages 393-403, ISSN 2666-1233, 

https://doi.org/10.1016/j.enbenv.2022.12.001. 

8. Yingbo Zhang, Chao Shen, Chunxiao Zhang, Jihong Pu, 

Qianru Yang, Cheng Sun, A novel porous channel to 

optimize the cooling performance of PV modules, Energy 

and Built Environment, Volume 3, Issue 2, 2022, Pages 

210-225, ISSN 2666-1233, 

https://doi.org/10.1016/j.enbenv.2021.01.003. 

9. Hossein Alizadeh, Mohammad Alhuyi Nazari, Roghayeh 

Ghasempour, Mohammad Behshad Shafii, Aliakbar 

Akbarzadeh, Numerical analysis of photovoltaic solar 

panel cooling by a flat plate closed-loop pulsating heat 

pipe, Solar Energy, Volume 206, 2020, Pages 455-463, 

ISSN 0038-092X, 

https://doi.org/10.1016/j.solener.2020.05.058. 

10. Hussein M. Maghrabie, A.S.A. Mohamed, Amany M. 

Fahmy, Ahmed A. Abdel Samee, Performance 

enhancement of PV panels using phase change material 

(PCM): An experimental implementation, Case Studies 

in Thermal Engineering, Volume 42, 2023, 102741, ISSN 

2214-157X, https://doi.org/10.1016/j.csite.2023.102741. 

11. Mohamed Omri, Fatih Selimefendigil, Hichem T. 

Smaoui, Lioua Kolsi, Cooling system design for 

photovoltaic thermal management by using multiple 

porous deflectors and nanofluid, Case Studies in Thermal 

Engineering, Volume 39, 2022, 102405, ISSN 2214-

157X, https://doi.org/10.1016/j.csite.2022.102405. 

12. H.R. Fallah Kohan, F. Lotfipour, M. Eslami, Numerical 

simulation of a photovoltaic thermoelectric hybrid power 

generation system, Solar Energy, Volume 174, 2018, 

Pages 537-548, ISSN 0038-092X, 

https://doi.org/10.1016/j.solener.2018.09.046. 

13. Mashhour A. Alazwari, Mohammed Algarni, 

Mohammad Reza Safaei, Effects of various types of 

nanomaterials on PCM melting process in a thermal 

energy storage system for solar cooling application using 

CFD and MCMC methods, International Journal of Heat 

and Mass Transfer, Volume 195, 2022, 123204, ISSN 

0017-9310, 

https://doi.org/10.1016/j.ijheatmasstransfer.2022.123204 

14. Hussein M. Maghrabie, Khaled Elsaid, Enas Taha Sayed, 

Ali Radwan, Ahmed G. Abo-Khalil, Hegazy Rezk, 

Mohammad Ali Abdelkareem, A.G. Olabi, Phase change 

materials based on nanoparticles for enhancing the 

performance of solar photovoltaic panels: A review, 

Journal of Energy Storage, Volume 48, 2022, 103937, 

ISSN 2352-152X, 

https://doi.org/10.1016/j.est.2021.103937. 

15. Tiwari, A., Kumar, N., & Banerjee, M. K. (2024). 

Applications of genetic algorithm in prediction of the best 

achievable combination of hardness and tensile strength 

for graphene reinforced magnesium alloy (AZ61) matrix 

composite. Results in Control and Optimization, 14, 

100334. 

16. Kumar, Y., Tiwari, A., Vasnani, H., & Kumar, N. (2018). 

Investigation of mechanical behavior of Al 6063 & SiC 

composite materials. International Journal of Advanced 

Technology and Engineering Exploration, 5(47), 376-

384. 

17. Mehmet Ali Yildirim, Artur Cebula, Maciej Sułowicz, A 

cooling design for photovoltaic panels – Water-based 

PV/T system, Energy, Volume 256, 2022, 124654, ISSN 

0360-5442, 

https://doi.org/10.1016/j.energy.2022.124654. 

18. Neda Azimi, Yegane Davoodbeygi, Masoud Rahimi, 

Shahin Ahmadi, Ehsan Karami, Mahdi Roshani, 

mailto:ritu.jain@mygyanvihar.com
https://doi.org/10.1080/15567036.2019.1650139
https://doi.org/10.1016/j.egyr.2020.11.037
https://doi.org/10.1016/j.solener.2019.11.075
https://doi.org/10.1016/j.renene.2020.05.052
https://doi.org/10.1016/j.enbenv.2024.02.004
https://doi.org/10.1155/2024/1050785
https://doi.org/10.1016/j.enbenv.2022.12.001
https://doi.org/10.1016/j.enbenv.2021.01.003
https://doi.org/10.1016/j.solener.2020.05.058
https://doi.org/10.1016/j.csite.2023.102741
https://doi.org/10.1016/j.csite.2022.102405
https://doi.org/10.1016/j.solener.2018.09.046
https://doi.org/10.1016/j.ijheatmasstransfer.2022.123204
https://doi.org/10.1016/j.est.2021.103937
https://doi.org/10.1016/j.energy.2022.124654


Correspondence to: Ritu Jain, Department of Electrical Engineering, Suresh Gyan Vihar University, Jaipur            

Corresponding author. E-mail addresses: ritu.jain@mygyanvihar.com 

179 | P a g e  

Optimization of thermal and electrical efficiencies of a 

photovoltaic module using combined PCMs with a 

thermo-conductive filler, Solar Energy, Volume 231, 

2022, Pages 283-296, ISSN 0038-092X, 

https://doi.org/10.1016/j.solener.2021.11.066. 

19. Hafiz Muhammad Ali, Recent advancements in PV 

cooling and efficiency enhancement integrating phase 

change materials based systems – A comprehensive 

review, Solar Energy, Volume 197, 2020, Pages 163-198, 

ISSN 0038-092X, 

https://doi.org/10.1016/j.solener.2019.11.075. 

20. Abdulhammed K. Hamzat, Ahmet Z. Sahin, Mayowa I. 

Omisanya, Luai M. Alhems, Advances in PV and PVT 

cooling technologies: A review, Sustainable Energy 

Technologies and Assessments, Volume 47, 2021, 

101360, ISSN 2213-1388, 

https://doi.org/10.1016/j.seta.2021.101360. 

21. Mohammad Ghalandari, Akbar Maleki, Arman 

Haghighi, Mostafa Safdari Shadloo, Mohammad Alhuyi 

Nazari, Iskander Tlili, Applications of nanofluids 

containing carbon nanotubes in solar energy systems: A 

review, Journal of Molecular Liquids, Volume 313, 2020, 

113476, ISSN 0167-7322, 

https://doi.org/10.1016/j.molliq.2020.113476. 

22. Prasad, C. D., Soni, P. K., Eswaran, A., Deshmukh, K., 

Shrivastava, R., & Tiwari, A. (2024). Studies on Wear 

and Microstructure assessment of WC-Co Reinforced 

Iron Based HVOF Coating. Results in Surfaces and 

Interfaces, 100237. 

23. Soni, V., Tiwari, A., & Kumar, N. ANALYSIS OF 

ETHANOL-GASOLINE-BUTANOL BLENDS IN SI 

ENGINES: A REVIEW. 

24. Yuanlong Cui, Jie Zhu, Fan Zhang, Yiming Shao, Yibing 

Xue, Current status and future development of hybrid 

PV/T system with PCM module: 4E (energy, exergy, 

economic and environmental) assessments, Renewable 

and Sustainable Energy Reviews, Volume 158, 2022, 

112147, ISSN 1364-0321, 

https://doi.org/10.1016/j.rser.2022.112147. 

25. Tiwari, A., Kumar, N., & Banerjee, M. K. (2024). Ageing 

Characteristics of Stir Cast AZ 61 Alloy with Minor 

Additions. Recent Patents on Engineering, 18(6), 67-82. 

26. Tiwari, A., & Pokharna, M. Investigation of Effect of 

Machining Parameters in CNC Milling For Surface 

Quality and Its Optimization. 

27. Zarma I, Ahmed M, Ookawara S (2019) Enhancing the 

performance of concentrator photovoltaic systems using 

Nanoparticle-phase change material heat sinks. Energy 

Convers Manag 179:229–242. 

https://doi.org/10.1016/j.enconman.2018.10.055 

28. Sourav, Newar S, Sharma V, et al (2019) Electrical 

enhancement period of solar photovoltaic using phase 

change material. J Clean Prod 221:878–884. 

https://doi.org/10.1016/j.jclepro.2019.02.169 

29. Nouira M, Sammouda H (2018) Numerical study of an 

inclined photovoltaic system 428 coupled with phase 

change material under various operating conditions. Appl 

Therm Eng 141:958–975. 

https://doi.org/10.1016/j.applthermaleng.2018.06.039 

30. Tiwari, A., Vasnani, H., Jain, R., Swarnkar, H., Tanwar, 

H., & Srivastava, S. (2024). Fabrication of low-cost metal 

polishing machine for preparation of microstructure 

samples of lightweight alloy and composite 

material. Global Journal of Engineering and Technology 

Advances, 19(3), 112-123. 

31. Tiwari, A. (2015). Design and Fabrication of Double 

Acting Winch Type Elevator. International Journal of 

Mechanical Engineering and Robotics Research, 4(1), 

41. 

32. Awad, M.M.; Ahmed, O.K.; Ali, O.M.; Alwan, N.T.; 

Yaqoob, S.J.; Nayyar, A.; Abouhawwash, M.; 

Alrasheedi, A.F. Photovoltaic Thermal Collectors 

Integrated with Phase Change Materials: A 

Comprehensive Analysis. Electronics 2022, 11, 337. 

https://doi.org/10.3390/electronics11030337 

33. Müslüm Arıcı, Feyza Bilgin, Sandro Nižetić, Agis M. 

Papadopoulos, Phase change material based cooling of 

photovoltaic panel: A simplified numerical model for the 

optimization of the phase change material layer and 

general economic evaluation, Journal of Cleaner 

Production (2018), doi: 10.1016/j.jclepro.2018.04.057. 

34. Harshita Swarnkar, Ritu Jain, Amit Tiwari. Comparative 

Energy and Exergy Performance of Box-Type Solar 

Cookers Using Various Pot Materials. International 

Journal of Machine Systems and Manufacturing 

Technology. 2024; 02(01):9-15. 

35. Tiwari, A. (2015). Design and Fabrication of Automatic 

Blackboard Duster. International Journal of Emerging 

Technology and Innovative Engineering, ISSN, 2394-

6598. 

36. Hasan, A., McCormack, S.J., Huang, M.J., Sarwar, J., 

Norton, B., Increased photovoltaic performance through 

temperature regulation by phase change materials: 

materials comparison in different climates, Solar Energy 

115 (2015) 264–276. 

https://doi.org/10.1016/j.solener.2015.02.003 

37. Huang, M.J., Eames, P.C., Norton, B., Hewitt, N.J., 

Natural convection in an internally finned phase change 

material heat sink for the thermal management of 

photovoltaics, Solar Energy Materials and Solar Cells 95 

(2011) 1598–1603. 

https://doi.org/10.1016/j.solmat.2011.01.008 

38. Khanna, S., Reddy, K.S., Mallick, T.K. Optimization of 

solar photovoltaic system integrated with phase change 

material, Solar Energy 163, (2018), Kürklü A., Energy 

storage applications in greenhouses by means of phase 

change materials (PCMs): a review, Renewable Energy 

13 (1998) 89-103. https://doi.org/10.1016/S0960- 

1481(97)83337-X 

mailto:ritu.jain@mygyanvihar.com
https://doi.org/10.1016/j.solener.2021.11.066
https://doi.org/10.1016/j.solener.2019.11.075
https://doi.org/10.1016/j.seta.2021.101360
https://doi.org/10.1016/j.molliq.2020.113476
https://doi.org/10.1016/j.rser.2022.112147
https://doi.org/10.1016/j.enconman.2018.10.055
https://doi.org/10.1016/j.jclepro.2019.02.169
https://doi.org/10.1016/j.applthermaleng.2018.06.039
https://doi.org/10.3390/electronics11030337
https://doi.org/10.1016/j.solener.2015.02.003
https://doi.org/10.1016/j.solmat.2011.01.008
https://doi.org/10.1016/S0960-


Correspondence to: Ritu Jain, Department of Electrical Engineering, Suresh Gyan Vihar University, Jaipur            

Corresponding author. E-mail addresses: ritu.jain@mygyanvihar.com 

180 | P a g e  

39. Lin, W., Ma, Z., Coopera, P., Sohela, M.I., Yangba, L., 

Thermal performance investigation and optimization of 

buildings with integrated phase change materials and 

solar photovoltaicthermal collectors, Energy and 

Buildings 116 (2016) 562–573. 

https://doi.org/10.1016/j.enbuild.2016.01.041  

40. Al‐Waeli AH, Sopian K, Chaichan MT, et al. Evaluation 

of the nanofluid and nano‐PCM based photovoltaic 

thermal (PVT) system: an experimental study. Energ 

Conver Manage. 2017;151:693‐708. 

41. Abdelrazik AS, Al‐Sulaiman FA, Saidur R, Ben‐Mansour 

R. A review on recent development for the design and 

packaging of hybrid photovoltaic/thermal (PV/T) solar 

systems. Renew Sustain Energy Rev. 2018;95:110‐129. 

42. Praveen B, Suresh S. Experimental study on heat transfer 

performance of neopentyl glycol/CuO composite solid‐

solid PCM in TES based heat sink. Eng Sci Tech Int J. 

2018;21(5):1086‐1094. 

43. Al‐Waeli AH, Sopian K, Kazem HA, et al. Comparison 

of prediction methods of PV/T nanofluid and nano‐PCM 

system using a measured dataset and artificial neural 

network. Sol Energy. 2018;162:378‐396. 

44. Lari MO, Sahin AZ. Effect of retrofitting a silver/water 

nanofluid‐based photovoltaic/thermal (PV/T) system 

with a PCM‐thermal battery for residential applications. 

Renew Energy. 2018;122:98‐107. 

45. Manigandan S, Kumar V. Comparative study to use 

nanofluid ZnO and CuO with phase change material in 

photovoltaic thermal system. Int J Energy Res. 2019;1–

10. https://doi.org/10.1002/er.4442 

46. Al-Waeli, Ali H.A., Kazem, Hussein A., Sopian, K., 

Chaichan, Miqdam T., 2017. Technoeconomical 

assessment of grid connected PV/T using nanoparticles 

and water as base-fluid systems in Malaysia, Int. J. 

Sustain. Energy. 

http://dx.doi.org/10.1080/14786451.2017.1323900. 

47. A Hussien, Hashim, Ali H Noman, and Abdulmunem 

Raad Abdulmunem. "Indoor investigation for improving 

the hybrid photovoltaic/thermal system performance 

using nanofluid (Al2O3-water)." Engineering and 

Technology Journal 33.4A (2015): 889-901. 

48. Swarnkar, H., Jain, R., Tiwari, A., & Vasnani, H. (2024). 

Phase change material application in solar cooking for 

performance enhancement through storage of thermal 

energy: A future demand. 

49. Swarnkar, H., Jain, R., & Tiwari, A. Role of Phase 

Change Materials in Solar Cooking for Thermal Energy 

Storage Applications: A. 

50. Mohammad Zamen, Aqeel AA, Sultan MT, Shahar FS, 

Shah AU. Review of recent efforts in cooling 

photovoltaic panels (PVs) for enhanced performance and 

better impact on the environment. Nanomaterials 

2022;12:10. https://doi.org/10.3390/ nano12101664. 

51. Hamid Shakibi, Principi P. Indoor and outdoor 

performance of an enhanced photovoltaic panel through 

graphene/fins/phase change materials. Appl Sci 

2022;11(19):8807 [Online]. Available, 

https://www.mdpi.com/2076-3417/11 /19/8807 

52. A.W. Kandeal, Saidur R, Al-Sulaiman FA, Al-Ahmed A, 

Ben-Mansour R. Multiwalled CNT and graphene 

nanoplatelets based nano-enhanced PCMs: evaluation for 

the thermal performance and its implications on the 

performance of hybrid PV/thermal systems. Mater Today 

Commun 2021;31:103618. https:// 

doi.org/10.1016/j.mtcomm.2022.103618 

53. Pushpendu Dwivedi, Nawabjan A, Rahman SFA, Hussin 

SM, Hamidon SNNA. Evaluating the role of sodium 

dodecylbenzene sulfonate as surfactant towards 

enhancing thermophysical properties of 

paraffin/graphene nanoplatelet phase change material: 

synthesis and characterization in PV cooling perspective. 

Int J Thermophys 2020;43(1):9. 

https://doi.org/10.1007/s10765-021-02931-9. 

 

mailto:ritu.jain@mygyanvihar.com
https://doi.org/10.1002/er.4442
http://dx.doi.org/10.1080/14786451.2017.1323900
https://onlinelibrary.wiley.com/authored-by/Zamen/Mohammad
https://doi.org/10.1007/s10765-021-02931-9

