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Fotonaponski (PV) paneli su često izloženi visokim radnim temperaturama koje mogu značajno 

smanjiti njihovu efikasnost i vek trajanja. Fazno promenljivi materijali (PCM) nude potencijalno 

rešenje za ublažavanje tog izazova koristeći njihovu sposobnost da apsorbuju i oslobađaju toplotu 

na određenim temperaturama, čime se održavaju željeni radni uslovi za PV panele. Ova studija 

pregleda noviju literaturu koja se odnosi na primenu PCM materijala za pasivno hlađenje fotonapon-

skih panela (PV-PCM). Konkretno se fokusira na različite strategije i tehnike numeričke simulacije 

koje se koriste za procenu efikasnosti PCM metoda hlađenja. Ove strategije često uključuju optimi-

zaciju izbora PCM materijala, podešavanje debljine PCM-a, izbor materijala za inkapsulaciju PCM-

a i/ili variranje ugla nagiba PV panela. Pregled ističe rastući interes za pasivne tehnike hlađenja PV 

panela koristeći PCM, sa sve sofisticiranijim modelima koji pokazuju poboljšane karakteristike. 

Međutim, neke studije nedostaju kritični detalji, kao što su uslovi okoline i svojstva PCM materijala, 

što otežava izvodljivost i reproduktivnost njihovih simulacija. 

Photovoltaic (PV) panels are often exposed to the high operating temperatures that can signif-

icantly reduce their performance and lifespan. Phase Change Materials (PCMs) offer a potential 

solution to mitigate this challenge by utilizing their ability to absorb and release heat at specific 
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temperatures, thereby maintaining desired operational conditions for the PV panels. This study re-

views recent literature from the past several years and related on the application of PCM materials 

for passive cooling of photovoltaic panels (PV-PCM). It specifically focuses on various strategies 

and numerical simulation techniques used to evaluate the effectiveness of PCM cooling methods. 

These strategies often include optimizing PCM material selection, adjusting PCM thickness, selecting 

materials for PCM encapsulation, and/or varying the tilt angle of the PV panels. The review high-

lights a growing interest in passive cooling techniques for PV panels using PCMs, with increasingly 

sophisticated models showing improved performance. However, some studies lack critical details, 

such as environmental conditions and PCM material properties, which hinder the feasibility and re-

producibility of their simulations. 

1. Introduction 

The modern world faces serious challenges in terms of pollution and greenhouse gas emissions, 

leading to climate change that threatens our planet. Projections show that continued greenhouse gas 

emissions could lead to a global temperature rise in excess of 1.5°C in the near future [1]. Previously 

mentioned alarming trend poses a major challenge to the sustainability of the environment and human 

activities [2]. At the same time, global demand for electricity is rising with an increase of 2.2% in 

2023, a slight decrease from the 2.4% growth in 2022 [3]. While countries such as China, India and 

many others in Southeast Asia continue to see significant growth in demand, advanced economies 

are declining due to high inflation and a sluggish macroeconomic environment.  

The solution to these challenges lies in the transition to renewable energy sources, which are 

essential to mitigate climate change and promote sustainable economic development. In 2023, more 

than 500 GW of renewable energy generation capacity were added [4], setting a record and demon-

strating a growing commitment to clean energy solutions. The electric vehicle market is also changing 

in a sensible way. While one in 25 cars sold in 2020 was an electric vehicle, this figure had risen to 

one in five by 2023 [4]. This data clearly shows that further investment in renewable energy sources 

such as solar, wind, hydropower, geothermal, and biomass is needed to ensure a sustainable future 

for generations to come. 

Solar energy can be converted into both thermal and electrical energy for practical applications 

[5]. Photovoltaic (PV) technology converts sunlight directly into electricity using semiconductor ma-

terials, mainly silicon [6]. When the sunlight hits the PV cells, it excites electrons, resulting in the 

generation of electricity. This energy conversion method is environmentally friendly, renewable and 

operates without greenhouse gas emissions, making it an important component in the development 

of sustainable energy solutions [7]. However, it needs to be noted that production of PVs is linked 

with specific environmental concerns and there is also a current issue related to the recycling of PV 

panels [8]. 

One of the biggest challenges for silicon-based photovoltaic systems is the degradation of elec-

trical efficiency due to the increasing operating temperature of the PV panels. As the temperature of 

the panels rises, efficiency can drop by up to 0.5% for every 1.0°C rise in operating temperature [6]. 

This drop in performance is a crucial factor for the overall effectiveness and longevity of PV tech-

nology in practice. 

To counter the problem of efficiency loss due to rising temperatures, both active and passive 

cooling methods are used to regulate the operating temperature of PV panels. Commonly used passive 

cooling techniques include methods such as immersion, fins, heat pipes and phase change materials 

(PCMs). These techniques offer significant advantages, such as no additional energy consumption, 
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lower maintenance costs and the elimination of noise [9]. The use PCMs present a viable approach 

for the passive cooling of PV systems. These materials can absorb, store and release thermal energy 

during phase transformations, typically during the transition between solid and liquid states. This 

unique property enables effective temperature regulation and ensures that the photovoltaic panels 

operate under optimal conditions [10]. 

This overview focuses on passive cooling techniques for PV panels containing PCMs. The 

analysis is limited to studies that have performed numerical simulations and considers research stud-

ies published in the last five years indexed in the Scopus database. The key terms used in the literature 

search include "photovoltaic", "PV", "phase change material", "PCM", "numerical" and "passive 

cooling". 

It is important to note that studies integrating both active and passive cooling methods, as well 

as those using concentrated photovoltaics and sun-tracking systems, were excluded to focus on pas-

sive solutions. This review highlights the crucial role of numerical simulations in the advancement of 

passive cooling techniques that utilize PCMs for PV panels and emphasizes their potential to signif-

icantly improve the efficiency and sustainability of photovoltaic systems in the face of increasing 

global energy demand. 

2. Numerical simulation of passive cooling:  

insights into the properties of phase change materials 

Among the various materials, PCMs are known for their ability to absorb or release heat during 

phase transitions such as melting or crystallization. Due to their advantages over conventional mate-

rials for storing sensible heat, they have aroused great interest among researchers. These materials 

are characterized by their increased energy density and their ability to effectively store and release 

large amounts of heat while exhibiting minimal temperature fluctuations. In addition, their compact 

design contributes to lower heat losses and a lower weight per unit of storage capacity [11]. These 

properties make PCMs ideal for applications in passive cooling systems for PV panels, where effec-

tive thermal management is critical to improving overall performance. 

The PCMs can be classified into three primary categories: organic, inorganic, and eutectic mix-

tures. Table 1 presents all the PCMs utilized in studies that conducted numerical investigations into 

passive cooling systems incorporating these materials. The table details the properties of the PCMs, 

which include the melting range, latent heat, density, thermal conductivity, specific heat capacity, 

viscosity, and thermal expansion coefficient. All of these properties are essential for conducting ac-

curate numerical simulations. However, it is evident that many of these properties are frequently 

omitted in the available studies, complicating the execution of precise simulations and the evaluation 

of the effectiveness of various PCMs in passive cooling systems. The absence of such data may limit 

the reproducibility of simulations and hinder the development of optimized solutions for passive cool-

ing applications. 

In the study [12], magnesium oxide (MgO) nanoparticles were added to the PCM, in particular 

petrolatum, to improve its thermal conductivity. The nanoparticles were incorporated at a mass frac-

tion of 0.8%. However, the study only provides data for the pure PCM, while important information 

about the PCM enriched with MgO nanoparticles is missing. This omission not only creates a gap in 

understanding the full potential of MgO nanoparticle entrapment, but also hinders the ability to per-

form accurate numerical simulations for the enhanced PCM. 
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Table 1. Overview of the PCM properties used in numerical simulations 

 Ref. PCM 

Melting 

range 

[°C] 

Latent 

heat 

[kJ·kg-1] 

Density 

[kg·m-3] 

Thermal 

conductivity 

[W·m-1·K-1] 

Specific 

heat capac-

ity [kJ·kg-

1·K-] 

Viscosity 

[kg·m-1·s-

1] 

Thermal 

expan-

sion co-

efficient 

[K-1] 

O
R

G
A

N
IC

 

[12] Petrolatum 35 - 900 0.11 1.17 - - 

[13] 
n-Eicosene paraffin 

wax 

from 20 

to 60 
210 

860 (solid) 

780 (liquid) 

0.24 (solid) 

0.15 (liquid) 

2.9 (solid) 

2.1 (liquid) 
- - 

[14] Crude palm oil 35.6 238.4 895 0.17 2.08 3.45·10-3 - 

[15] 

RT 21 20-23 190 

880 (solid) 

770 (liq-

uid) 

0.2 2.0 - - RT 35 34-36 240 

880 (solid) 

770 (liq-

uid) 

RT 44 43-44 250 

800 (solid) 

700 (liq-

uid) 

[16] n-Hexadecane paraffin 18 237 770 0.14 2.22 3.47·10-3 4.0·10-3 

[17] 

RT 28HC 27-29 250 880 (solid) 

770 (liq-

uid) 

0.2 2.0 - - 
RT 35HC 34-36 240 

[18] n-Octadecane 28 243.5 

865 (solid) 

770 (liq-

uid) 

0.36 (solid) 

0.15 (liquid) 

1.93 (solid) 

2.2 (liquid) 
8.0·10-3 9.1·10-4 

[19] 
RT 44 43 

250 
750 

0.2 2.0 - - 
RT 64 64 830 

IN
O

R
G

A

N
IC

 

[18] 

Calcium Chloride 

Hexahydrate 

(CaCl2-6H20) 

29.8 191 

1710 

(solid) 

1560 

(liquid) 

1.08 (solid) 

0.56 (liquid) 

1.4 (solid) 

2.1 (liquid) 
2.87·10-3 5.0·10-4 

E
U

T
E

C
T

IC
 

[18] 
Mixture of capri and 

lauric acid 
18.5 168 

890 

(solid) 

770 (liq-

uid) 

0.143 (solid) 

0.139 (liq-

uid) 

1.97 (solid) 

2.2 (liquid) 
7.8·10-4 6.7·10-4 

3. Analysis of numerical approaches for evaluation  

of PV-PCM passive cooling systems 

The use of PCMs in photovoltaic panels is a promising passive cooling technology to reduce 

temperature-related efficiency losses. Given the dynamic and often complex thermal behavior of PV-

PCM systems, numerical simulations have become essential for accurate prediction of performance 

results and optimization of system design. In addition, simulations provide an efficient, cost-effective 

approach for pre-testing and optimization prior to experimental validation, saving resources and ac-

celerating the PV-PCM technology development process. 
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Three main methods are generally used in the modeling of PV-PCM systems: the finite differ-

ence method (FDM), the finite element method (FEM) and the finite volume method (FVM). FDM 

is often used for simpler models, especially for one-dimensional heat transfer, although two-dimen-

sional FDM models are also used in some studies [20]. FEM and FVM, on the other hand, are more 

advanced methods that enable detailed multidimensional modeling and allow the simulation of dy-

namic heat transfer conditions. For example, in the study [12], the FVM was used to analyze a pipe 

configuration with PCM, and it was found that the change in pipe configuration resulted in a 49.2% 

improvement in heat transfer. This study provided valuable insights into the temperature distribution 

within the system. 

For reliable numerical simulations of PV-PCM systems, a precise model structure and suitable 

boundary conditions are crucial. These conditions define the thermal environment in which the sys-

tem operates, including parameters such as ambient temperature, solar radiation, wind speed and con-

vection coefficients. In many simulations, solar radiation is assumed to be constant, although this is 

often not representative of real conditions. More accurate models, such as the study [16], consider the 

variable solar radiation throughout the day and thus provide a more realistic simulation of system 

performance. In addition, factors such as wind speed and tilt angle significantly influence natural 

convection and heat dissipation. Studies such as [12] have shown that tilt angle has a less pronounced 

effect on cooling efficiency at higher wind speeds, while at lower wind speeds an increase in tilt angle 

can reduce cooling efficiency. The correct inclusion of these variables is crucial for accurately pre-

dicting the performance of PV-PCM systems under realistic environmental conditions. 

Table 2 shows the results of the numerical simulations, including the temperature reduction, the 

increased output power and the improvement in efficiency. The table clearly shows that only a limited 

number of studies contain all the relevant data. As a rule, the information reported focuses mainly on 

the maximum temperature reduction, while output power and efficiency improvements are often 

omitted. In addition, reporting average values of performance parameters would be highly beneficial, 

as most studies tend to emphasize the maximum values, which may not fully represent the overall 

performance of PV-PCM systems under different conditions. Providing average values would give a 

more comprehensive understanding of the behavior and efficiency of the system over time. The table 

is organized according to different PV-PCM system configurations. The most common configuration 

is the single-layer PCM system, where the PCM is placed in a single layer on the back of the PV 

panel. Some modifications include the addition of different additives to the PCM or the application 

of a two-layer PCM configuration. One particularly interesting study [12] investigates the use of PCM 

in pipes. 

Although, numerical models have contributed significantly to the understanding and optimiza-

tion of PV-PCM systems, there are notable limitations in current research. One of the major chal-

lenges in current simulations is the lack of comprehensive data on material properties. For example, 

as noted in the study [15], key properties of materials such as aluminum used as PCM heat storage 

are often not available. The lack of this data makes it difficult to accurately replicate and validate 

simulations and affects the reliability and reproducibility of the results. Without these essential ma-

terial properties, it becomes difficult to make meaningful comparisons between studies or to apply 

their results to practical, real-world situations. 
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Table 2. Overview of Thermal Performance and Efficiency Improvements in PV-PCM Models 

Model Ref. 

Tempera-

ture  

reduction 

Power 

output  

increase 

Relative  

increase in 

efficiency 

Annotation 

S
in

g
le

 P
C

M
 l

ay
er

 

[14] 

240.1°C 

(75.7%) 

max 

  - - 

The temperature data given refer to a tilt angle of 90° and a PCM 

thickness of 20 mm, applying a constant heat flux of 1000 W/m² 

for 5000 seconds, i.e. the duration of the simulation. The tem-

perature obtained is questionable as it exceeds the typical oper-

ating range for PV panels and could indicate unrealistic simula-

tion conditions or errors in the modeling assumptions. 

[15] 

 

27°C                                                    

(41%) 

at peak 

temp. 

0.2W 

(10.5%) 

max 

5.34% 

max 

Three different PCMs were tested to identify the optimum 

PCM for three different locations. The data shown in the table 

correspond to Arizona and the RT21 PCM. 

[17] 
20°C  

at noon 

10%  

at noon 
- 

The setup consists of two aluminum sheets with a 6 cm thick 

PCM layer between them, which are attached to the back of the 

PV panel. Simulations were carried out for the summer and 

winter solstices and for the autumn equinox. The data shown 

corresponds to the summer solstice and the second day of the 

simulation (RT35 HC). 

[18] 

17.5°C  

(33.6%) 

max 

7.2% 

max 
- 

The data listed in the table refer to the use of CaCl2-6H2O as 

PCM with a thickness of 40 mm. Furthermore, the data apply to 

autumn conditions in a semi-arid climate  

(with the tilt angle of 30°C). 

 

P
C

M
 i

n
 p

ip
es

 

 

[12] - - - 

In this study, a model integrating PCM with MgO in a PV 

panel is proposed, where the PCM is arranged in a rectangular 

array of tubes on the back of the panel. The data for the numer-

ical simulation is not available. However, an experiment was 

conducted, and the proposed model resulted in a maximum 

temperature reduction of 6.8°C. 

 

P
C

M
 w

it
h
 

ad
d

it
iv

es
 

 

[13] 
20% 

max 

7.8% 

max 

8.2% 

max 

The data presented refer to the optimum values for melting 

temperature, layer thickness and thermal conductivity, which 

were determined by numerical simulations. 

P
C

M
 i

n
 

p
o

ro
u

s 

ch
am

b
er

 

[16] - - - 

The study did not include the case of a reference PV panel 

without PCM cooling, so no comparative data is available in 

the table. 

T
w

o
 P

C
M

  

la
y

er
s 

[19] 

59.6°C max 

50.8°C on 

average 

- 

  42.2% max 

35.8% on 

average 

The data listed in the table corresponds to the scenario that 

achieves the best results in the simulations. In this configuration, 

a tilt angle of 90 degrees is used, with the first layer consisting 

of a metallic phase change material (Cerroloy-117 alloy), while 

the second layer consisting of an organic phase change material 

(RT 44). The first layer is 6 cm thick, and the second layer is 34 

cm thick. In between is an aluminum layer 2 cm thick. 
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Another challenge is the lack of economic analysis. Most studies that focus on the thermal and 

performance benefits of PCM integration overlook the economic aspects, which are essential for eval-

uating the feasibility of such systems in real applications. Although, several studies emphasize per-

formance improvements, few studies include cost-benefit analyses that could provide a clearer picture 

of the economic viability of PCM integration. For example, the study [12] includes an economic 

analysis showing that PCM integration reduces the energy payback period from 2.84 years (for a 

standard PV panel) to 2.5 years. Nevertheless, economic analysis is still not widely considered. Future 

research should incorporate cost optimization models to enable a more comprehensive assessment of 

the economic feasibility of PV-PCM systems. 

4. Conclusions 

As a renewable resource, solar energy is ideally suited for the transition to more sustainable 

energy systems. Among the various technologies, photovoltaic systems are widely used to harness 

solar energy. However, a major challenge for PV systems is the reduction in efficiency due to over-

heating. This problem can be mitigated by using PCMs for passive cooling. The integration of PCM 

materials into PV systems has shown that overall performance can be significantly improved 

through more effective temperature regulation. 

In this context, numerical analysis plays a crucial role in the optimization of PCM based cool-

ing solutions. They enable detailed simulations to evaluate different materials and configurations, 

helping to identify the most efficient combinations for specific climatic conditions and system re-

quirements. The precision and insights provided by such analyses are invaluable for improving the 

design and implementation of PCM technologies for solar energy systems. 

However, despite the number of studies produced so far, there are still issues to be tackled in 

the current research on PV-PCM systems. One of the main problems is the lack of comprehensive 

economic analysis. While many studies focus on the thermal and performance benefits of PCM 

integration, they often fail to evaluate the cost-effectiveness of these solutions. This limits the abil-

ity to assess the true feasibility and long-term benefits of PCM-based cooling systems. Given the 

rapid development both in PV and PCM technologies, it is necessary to address this issue. Future 

research should hence address this gap by incorporating economic optimization models alongside 

thermal simulations to provide a more balanced assessment of performance and financial viability.  

Another challenge is the lack of comprehensive data on material properties, which makes it 

difficult to accurately model and simulate the behavior of PCM materials, affecting the reproduci-

bility of the simulation. Also, another area for improvement is weather factors such as varying solar 

radiation, wind speed and the PV’s tilt angle, which have a significant impact on the performance 

of PV-PCM systems. Many current models assume constant conditions, which do not represent 

reliably real-life scenarios. Future numerical studies should consider more dynamic and realistic 

environmental conditions to better simulate the performance of these systems under real operating 

conditions. 
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6. Nomenclature 

FDM  Finite difference method 

FEM  Finite element method 

FVM  Finite volume method 

PCM   Phase change material 

PV    Photovoltaic 
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