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Abstract 

A photovoltaic/thermal (PV/T) technology, producing electricity and heat simultaneously, 

has attracted extensive attention. Integration of phase change materials (PCMs) into PV/T 

systems as auxiliary cooling media or/and heat storage media to improve the system 

performances has been prevalent in recent years. This paper aims to critically and 

comprehensively review the research progress concerning utilization of PCMs in PV/T 

systems. The adopted performance evaluation indexes and applied PCMs in various PV/T 

systems are gathered and analysed. The configurations and effects of bulk PCMs in standalone 

PV/T modules, building-integrated PV/T systems and PV/T systems integrated with other 

energy conversion technologies are elaborated with special attention paid to the 

microencapsulated PCM (MPCM) slurry applied in PV/T modules. The effects of 

thermophysical properties and mass of PCM/MPCM, operation parameters of working fluids, 

and environmental conditions are also discussed, whilst heat transfer enhancement approaches 

for PV/T-PCM modules are explored. It has been identified that the integration of PCMs can 

effectively elevate the system performances when the phase change temperature and operation 

parameters are carefully tailored according to environmental conditions. Finally, research 

prospects and opportunities are proposed in terms of material fabrication and modification, 

system integration, model development as well as performance analysis. The review can 

provide crucial references for high-efficiency PV/T-PCM system design and further 

development of relevant technologies.  
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Highlights 

• PCMs adopted in PV/T systems as well as the system performances are summarized. 

• Configurations and roles of bulk or microencapsulated PCMs in PV/T are elaborated. 

• Effects of key parameters on PV/T performance with PCMs are comprehensively analyzed. 

• Use of PCMs in building-integrated PV/T helps to flexibly adjust spatial energy flow. 

• PV/T with PCMs can be flexibly integrated with other energy conversion methods. 
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1. Introduction 

A photovoltaic/thermal (PV/T) technology, combining solar PV and photothermal 

conversions, has proven to be a promising solution to better exploit solar energy [1-3]. PV/T 

modules can generate electricity and heat simultaneously, whilst they enable low operating 

temperatures of the PV panels for maintaining high photoelectric conversion efficiencies. 

Therefore, they can provide higher power and energy output on the same area of solar radiation 

compared to conventional solar thermal collectors or PV panels [4, 5].  

PV/T modules can be classified from various viewpoints as summarized in Table 1. For 

example, in light of the solar radiation collection mode, they could be flat-plate, concentrated, 

biracial or spectrum splitting type; on the basis of the installation mode, they can be divided 

into standalone and building-integrated type; according to the working fluid, they may be air-

based, water-based or nanofluid-based type. 

Table 1 The classification of PV/T modules. 

Perspective Classification of PV/T modules 

Radiation collection mode 1. Flat-plate PV/T (FPPV/T) [6] 

2. Concentrated PV/T (CPV/T) [7] 

3. Bifacial PV/T (BPV/T) [8] 

4. Spectrum splitting PV/T (SSPV/T) [9, 10] 

Installation mode [7]  1. Standalone PV/T (SPV/T)  

2. Building-integrated PV/T (BIPV/T) 

Working fluid [7] 1. Air-based PV/T (APV/T) 

2. Water-based PV/T (WPV/T)  

3. Nanofluid-based PV/T (NPV/T)  

Use of special heat transfer device [7] 1. Heat pipe-based PV/T  

2. Microchannel-based PV/T  

3. Jet impingement-based PV/T  

Solar cell material [7, 11]  1. Crystalline silicon (c-Si)-based PV/T  

2. Amorphous silicon (a-Si)-based PV/T 

3. Cadmium telluride (CdTe)-based PV/T 

4. Copper indium gallium selenide (CIGS)-based PV/T 

5. Group III-V material-based PV/T (Such as GaAs)  
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Fig. 1 demonstrates typical configurations of air-based and water-based PV/T modules. 

Both of them are flat-plate types and consist of a glass cover, a PV panel, an absorber plate and 

a thermal insulation layer. The glass cover is generally made of a transparent toughened glass 

placed above the PV panel while the thermal insulation layer is used to mainly cover the rear 

surface of the absorber plate. In the air-based PV/T module, an air flow channel is formed 

between the absorber plate and the PV panel to cool the PV panel and absorb heat. In the water-

based PV/T module, the absorber plate is attached beneath the PV panel to collect heat while 

several ducts serving as the water channels are evenly welded on the back surface of the 

absorber plate for heat absorption and transportation. Configurations of most PV/T modules 

using other liquid working fluids are similar to that of the water-based PV/T module. Although 

a spectrum splitting PV/T module also adopts a liquid working fluid (e.g. water [12] or 

nanofluid [13]), it has a significantly different configuration, where the working fluid inside a 

transparent channel is placed above the PV panel to serve as a spectral filter [14]; The spectral 

filter absorbs the ineffective spectrum for PV cells to prevent the PV panel overheating and 

provide heat [15]. Other types of PV/T modules as listed in Table 1 will be described in detail 

with the utilization of phase change materials (PCMs) in the following sections. 

(a) 

(b) 

Fig. 1 Schematic diagrams of a typical configuration of (a) air-based PV/T and (b) water-based PV/T 

In recent years, PCMs have been widely utilized in PV/T systems to further reduce the 

PV panel temperature and its distribution nonuniformity, augment the overall energy 
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conversion efficiency and elevate the operation flexibility as well as diminish the installation 

space requirement. The above potential improvements can be achieved based on the advantages 

of PCMs, which have high latent heat absorption capacity with quite a small temperature 

variation during the solid-liquid phase transition process [16]. Thus, PCMs show a high energy 

storage density as illustrated in Fig. 2. PCMs have a wide range of types [17], utilization forms 

(bulk or microencapsulated) and integration methods in PV/T systems, while PV/T modules 

possess plenty of different structures or classifications and work under varying climate 

conditions, which make the efficient utilization of PCMs in PV/T systems very complicated. 

A critical review concerning the recent development of utilization of PCMs in PV/T systems 

is required, to clarify new and optimum designs of PV/T-PCM systems, suitable PCMs for 

various PV/T systems, optimal operation schemes as well as related techniques of enhanced 

heat transfer and energy harvesting.  

 

Fig. 2 The heat storage density ∆𝑄𝑃𝐶𝑀 of PCM is much higher than the storage density ∆𝑄𝑠𝑒𝑛𝑠𝑖𝑏𝑙𝑒 of sensible 

heat storage materials at small temperature intervals ∆𝑇 across phase change temperature. Most real PCMs 

show a small temperature region instead of a temperature during phase change. 

Several reviews have been published on the study of PV/T [18-20]. Islam et al. [7] carried 

out an overview of preliminary research work of PCMs in PV/T systems with prospects of 

future research. Abdelrazik et al. [21] reviewed the design and cooling methods for PV/T 
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systems with special attention on the application of nanoparticles in the cooling fluids and PCM 

storage mediums. Jia et al. [22] analysed operation environments and applications suitable for 

various PV/T modules. Diwania et al. [23] reviewed the design modification and development 

of PV/T modules as well as their applications. Riaz et al. [24] discussed the integrations 

between PV/T modules and building facades. Although a few review papers partially involved 

the development of PCM-based PV/T technologies, no specialised review focusing on the 

utilization of PCMs in PV/T systems is available in the literature.  

Therefore, this review attempts to comprehensively present the recent progress of PCM-

based PV/T technologies to demonstrate their advantages and disadvantages with guiding 

further technology development. The organization of the rest of this paper is as follows: Section 

2 outlines the performance evaluation indexes of PV/T systems. In Section 3, the 

thermophysical properties of the PCMs applied in various PV/T systems are summarized. 

Section 4 elaborates the utilization of bulk PCM in standalone PV/T modules including the 

configurations, roles of bulk PCMs, effects of key parameters on module performances and 

heat transfer enhancement methods as well as economic analysis. Section 5 elucidates the 

utilization of MPCM slurry in PV/T modules for performance improvements compared with 

the pure water-based cases. In Section 6, the impacts of PCMs integrated into various BIPV/T 

systems on building energy and indoor thermal environment are evaluated in detail. Section 7 

provides the recent advances in the integration of PV/T-PCM with other energy conversion 

technologies. The paper ends with conclusions and a perspective for future research in PCM-

based PV/T technologies in Section 8. 

 

2. Performance evaluation indexes of PV/T systems 

The performances of PV/T systems can be evaluated from multiple aspects, such as 

system noise, system weight, installation space, initial investment, maintenance cost and 
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energy performance. The performance evaluation indexes of PV/T systems are provided 

mainly from the aspect of energy performance in this paper, which are summarized in Table 2. 

The electrical power indicates the electricity-generating capability of the studied PV/T system 

under certain environmental conditions, while the thermal power indicates the corresponding 

heat-producing capability. The electrical efficiency and the thermal efficiency denote the 

photoelectric conversion ability and the photothermal conversion ability of the PV/T system, 

respectively. The overall energy efficiency stands for the overall energy conversion ability 

from solar radiation pear unit area. It is well known from thermodynamics that electrical energy 

has a higher grade than thermal energy. The former can be thoroughly converted into heat, 

while the latter can only be partially converted into electricity. Therefore, the primary-energy 

saving efficiency is introduced to indicate the overall energy performance of the system 

considering the energy grade difference between electrical and thermal energies [25]. Further, 

it is well known that the exergy (i.e. maximum useful work) can also be used to take the energy 

grade difference into account. The exergy efficiency is therefore proposed as another index to 

demonstrate the overall performance of PV/T systems. When MPCM slurry is applied as the 

working fluid, the pump power consumption for transporting the fluid is non-negligible and 

therefore a net efficiency is introduced to take the pump power consumption into account [26]. 
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Table 2 Performance evaluation indexes of PV/T systems. 

Performance Index Equation 

Electrical power 𝑃𝑒 = 𝑉𝑐 × 𝐼𝑐 

Thermal power (useful heat) 𝑃𝑡ℎ = ∫ 𝑚̇𝑐𝑝𝑑𝑇
𝑇𝑜

𝑇𝑖
 or =∫ 𝑚̇𝑐𝑝𝑑𝑇

𝑇𝑜

𝑇𝑖
+ 𝑃𝑝𝑐𝑚 

Electrical efficiency 
𝜂𝑒 =

𝑃𝑒

𝑄𝑠 × 𝐴𝑃𝑉
 

Thermal efficiency 
𝜂𝑡ℎ =

𝑃𝑡ℎ

𝑄𝑠 × 𝐴𝐴𝑃
 

Overall energy efficiency a𝜂𝑒𝑛 = 𝜂𝑡ℎ + 𝜂𝑒 or b𝜂𝑒𝑛 = 𝜂𝑡ℎ + 𝑅𝑎𝜂𝑒  

Primary-energy saving efficiency a𝜂𝑝𝑒 = 𝜂𝑡ℎ + 𝜂𝑒 𝜂𝑝𝑙𝑎𝑛𝑡⁄  

or b𝜂𝑝𝑒 = 𝜂𝑡ℎ + 𝑅𝑎𝜂𝑒 𝜂𝑝𝑙𝑎𝑛𝑡⁄  

Net efficiency 
𝜂𝑛𝑒𝑡 =

𝑃𝑒 + 𝑃𝑡ℎ − 𝑃𝑝

𝑄𝑠 × 𝐴𝑃𝑉
 

Exergy efficiency a𝜂𝑒𝑥 = (𝐸̇𝑥𝑒 + 𝐸̇𝑥𝑡ℎ) 𝐸̇𝑥𝑠𝑜𝑙𝑎𝑟⁄   

 or b𝜂𝑒𝑥 = 𝜂𝑒 + 𝜂𝑡ℎ(1 −  𝑇𝑎  𝑇𝑜⁄ ) 

Note: 𝑉𝑐– output voltage of PV cell; 𝐼𝑐– output current of PV cell; 𝑇𝑖– inlet fluid temperature; 𝑇𝑜– outlet fluid 

temperature; 𝑚̇– mass flow rate; 𝑐𝑝– specific heat; 𝑃𝑝𝑐𝑚– the thermal power absorbed by PCM; 𝑄𝑠– solar 

radiation intensity; 𝐴𝑃𝑉 – area of PV panel; 𝐴𝐴𝑃– area of absorber plate; a or b– indicator for different 

calculation or definition expressions; 𝑅𝑎– ratio of the PV panel area to the absorber plate area; 𝜂𝑝𝑙𝑎𝑛𝑡– 

average efficiency of conventional power plants (=38%); 𝑃𝑝– pump power consumption; 𝐸̇𝑥𝑒– electrical 

exergy; 𝐸̇𝑥𝑡ℎ– thermal exergy; 𝐸̇𝑥𝑠𝑜𝑙𝑎𝑟– solar radiation exergy; 𝑇𝑎– ambient temperature. 

 

3. Thermophysical properties of PCMs used in PV/T systems 

Selecting suitable PCMs is very essential for their utilization in PV/T systems to improve 

system performances. The thermophysical properties of PCMs used in PV/T systems from the 

literature are summarized in Table 3. Various PCMs with different properties were used in 

PV/T systems, so that analyses on different aspects of PCMs are necessary to make them viable 

for achieving better energy performance of PV/T systems. Most studies available in the 

literature applied organic PCMs in PV/T systems including various types of paraffins, acids 

and their eutectic mixtures, while a small number of studies adopted inorganic hydrated salts 

or eutectic salts. Paraffins are the most easily available type of PCMs on the market with 
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excellent thermostability and fewer chemical issues. They all exhibit low thermal 

conductivities, which are around 0.2 W/m·K for organic PCMs and around 0.6 W/m·K for 

inorganic PCMs, respectively. Suitable heat transfer enhancement approaches are required 

within PCMs. Distributions of phase change temperature and latent heat for PCMs listed in 

Table 3 are illustrated in Fig. 3. Among all the adopted PCMs, the inorganic ones provide the 

highest phase change temperature or latent heat. Generally, the phase change temperatures of 

PCMs applied in FPPV/T systems are lower than those in CPV/T systems since higher 

operation temperatures are achieved in CPV/T systems. The former ones are within the range 

of 14–57 ºC, whilst the latter ones are within the range from 47 ºC to147 ºC. Under a super 

high operation temperature (e.g. 147 ºC) in CPV/T systems, a crystalline silicon-based cell was 

not suitable and other types of cells (e.g. GaAs cell) were required [27]. Furthermore, the latent 

heats of the adopted PCMs were distributed between 140 kJ/kg and 280 kJ/kg. 
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Table 3 Lists of PCMs used in PV/T systems in the literature. 

PCM [Ref.] Phase change 

temperature 

(ºC) 

Latent heat of 

fusion     

(kJ/kg) 

Density                         

(kg/m3) 

Specific heat capacity                   

(kJ/kg·K) 

Thermal 

conductivity 

(W/m·K) 

Type of PV/T 

Organic       

Paraffin C15 [28] 14 205 900 (s) / 760 (l) 2.52 N.A. FPPV/T 

Paraffin [29] 15 182 673 1.5 0.2  

Capric: palmitic acid [28, 30] 17.7–22.8 189–191 883 1.65 0.143  

Capric: palmitic acid [31] 22.5 173 870 (s) / 790 (l) 2.0 (s) / 2.3 (l) 0.14  

Paraffin RT20 [31] 25.7 140.3 880 (s) / 770 (l) 1.8 (s) / 2.4 (l) 0.2  

Paraffin RT25 [31, 32] 26.6 232 785 (s) / 749 (l) 1.4 (s) / 1.8 (l) 0.19 (s) / 0.18 (l)  

Paraffin [33] 28 210 860 (s) / 780 (l) 2.9 (s) / 2.1 (l) 0.24 (s) / 0.15 (l)  

Paraffin RT28 [34] 28 245 810 1.9 0.2  

Paraffin RT30 [35] 28 222 870 (s) / 760 (l) 2.4 (s) / 1.8 (l) 0.2  

Octadecane [36] 28 244 774 1.9 0.21  

Paraffin C18 [28] 29 244 900 (s) / 760 (l) 2.52 N.A.  

Capric acid [37, 38] 30.1 158–163 886 1.9 (s) / 2.1 (l) 0.149–0.153  

Paraffin RT31 [39] 27-31 169 880 (s) / 760 (l) 2 0.2  

Decanoic acid [40] 27-32 179.13 N.A. N.A. N.A.  

Paraffin RT35 [31, 34]  29-36 130–157 800 2 0.2  

Fatty acid [41] 37 216 920 (s) / 840 (l) 2.2 (s) / 2.6 (l) 0.25 (s) / 0.15 (l)  

Bio-based OM37 [42] 37 211 960 (s) / 862 (l) 2.27 (s) / 1.76 (l) 0.5 (s) / 0.44 (l)  

1-tetradecanol [40] 36-40 259.44 N.A. N.A. N.A.  

Paraffin [43, 44] 40 198 925 (s) / 845 (l) 2.2 0.21  

Paraffin RT42 [45] 41 175 N.A. 2 N.A.  

Paraffin RT44 [34] 41-44 255 770 2 0.2  

Paraffin C22 [28] 44 226 818 (s) / 760 (l) 2.95(s) / 2.51 (l) N.A.  

Paraffin A44 [46, 47] 44-45.7 242-245 805 2.15 0.18  

Lauric acid [40] 44-46 228.90 N.A. N.A. N.A.  

Paraffin [48] 45 198 928 (s) / 832 (l) 2.11 0.2  

Paraffin [49-52] 46–48 200–220 900 2.14–2.19 0.15–0.24  

Paraffin [53, 54] 49 196 930 (s) / 830 (l) 2.1 0.21  

Paraffin RT50 [34] 50 168 780 2 0.2  

Paraffin [40] 52-54 167.27 N.A. N.A. N.A.  

Paraffin RT55 [45] 55 170 N.A. 2 N.A.  

Paraffin [55] 57 200–220 910 (s) / 810 (l) 2 (s) / 2.1 (l) 0.24  

Paraffin [27] 47 168 880 (s) / 760 (l) 2 0.2 CPV/T 

Paraffin [56, 57] 47 266 818 (s) / 760 (l) 2.95(s) / 2.51 (l) 0.24  

Paraffin [58] 50 N.A. 900 (s) / 700(l) 2.2 (s) / 1.7 (l) N.A.  

Paraffin RT60 [59] 55 225.2 802 2 0.2  
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Paraffin [60] 56 256 N.A. N.A. N.A.  

Paraffin [27] 57 152 880 (s) / 780 (l) 2 0.2  

Paraffin [27] 72 182 880 (s) / 770 (l) 2 0.2  

Paraffin [27] 92 200 950 (s) / 850 (l) 2 0.2  

       

Inorganic       

Hydrated Salt [61] 22 215 1530 2.2 0.54 FPPV/T 

Hydrated Salt (S25) [62] 25 180 1530 2.2 0.54  

Hydrated Salt (HS29) [63] 28-30 205 1600 1.44 1.09 (s) / 0.54 (l)  

CaCl2·6H2O [31, 64]  29.8-31 191 1710 (s) / 1560 (l) 1.4 (s) / 2.1 (l) 1.08 (s) / 0.56 (l)  

Na2SO4·10H2O (70%)–       

N2O6Zn⋅6H2O (30%) [65]  

30 241 N.A. N.A. N.A.  

Na2SO4·10H2O [66] 32 251 1458(s) / 1485 (l) 1.76 (s) / 3.3 (l) N.A.  

Na2HPO4·12H2O [67] 37 265 1507 1.69 0.514  

Na3PO4‧12H2O [28] 37 280 1522 1.94 (s) / 1.69 (l) N.A.  

NaOH (24%)–KOH (76%) [27] 147 205 2100 (s) / 2050 (l) 0.435 + 2.451×10-3 ×T (K) 0.6 CPV/T 

N.A. stands for not available; s and l denote solid and liquid, respectively. 

 

  

Fig. 3 Distribution of phase change temperature and latent heat of PCMs used in PV/T systems in the literature 
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4. Utilization of bulk PCMs in PV/T modules 

This section presents the integration configurations of bulk PCMs in various PV/T 

modules, roles of bulk PCMs integrated into PV/T modules, influences of key parameters on 

the performances of PV/T modules with bulk PCMs as well as relevant heat transfer 

enhancement methods. 

4.1 Configurations of PV/T modules integrated with bulk PCMs 

Fig. 4 shows two typical integration configurations of bulk PCMs in an air-based PV/T 

module. A PCM layer is positioned above and below the air layer in the two configurations, 

respectively. The air layer is not embedded in the PCM layer. Su et al. [68] reported that the 

upper PCM position reduced the maximum cell temperature by 5 °C and increased the stored 

heat in PCM by 48% compared to the lower PCM position, while the upper PCM position 

enhanced the overall energy efficiency by 63%. Therefore, the configuration of the upper PCM 

position is preferable.  

 

Fig. 4 Two integration configurations of PCM in an air-based PV/T module [68] 

Another special integration configuration of PCM in an air-based PV/T module designed 

by Sudhakar et al. [63] is illustrated in Fig. 5. A cool thermal energy storage (CTES) tank 

containing PCM balls was installed at the upstream position of a PV/T module.  The PCM balls 

stored the natural cold energy from the cold ambient (20–25 °C) during the night while the 

stored cold energy was released to cool the PV panel during the day by air flow. After a PCM 

with 29 °C melting point was adopted, the air temperature from the tank was maintained at 

around 30 °C during the day with 35 °C ambient air temperature, which effectively reduced 
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the panel temperature compared to the conventional case. The improvement could be more 

considerable for larger diurnal temperature variation. Air-based PV/T modules can be easily 

integrated into buildings with simple designs and minor building structure retrofitting to form 

BIPV/T systems. More discussions on the integration of PCMs into air-based PV/T are 

elucidated with BIPV/T in Section 6. 

 

Fig. 5 Integration configuration of PCM storing natural cold in an air-based PV/T module [63] 

More configurations for the integration of PCMs into water-based PV/T modules are 

available in the literature. Gaur et al. [42] designed a PV/T module where a PCM layer is 

positioned beneath the water channels as presented in Fig. 6a. The PCM layer is separated from 

the water channels. Salem et al. [64] proposed a novel arrangement of PCMs in a module, 

where the channels beneath cells are occupied by PCMs or water flow at intervals as Fig. 6b 

shows. Imam et al. [60] investigated a module where half of each water pipe is embedded in a 

PCM layer as displayed in Fig. 6c. Kazemian et al. [69] and Su et al. [70] explored a PV/T 

module in which each water pipe is totally embedded in the upper part (see Fig. 6d) and the 

centre (see Fig. 6e) of a PCM layer, respectively. There is no study on the comparison between 

the above different configurations. It is hard to determine which configuration is preferable. 

Nevertheless, the configuration type in Fig. 6d is the most prevalent. Since nanofluids can be 
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used to directly replace water, the incorporation of PCMs into nanofluid-based modules almost 

adopts the configuration similar to Fig. 6d [49]. 

(a) 

(b) 

(c) 

(d) 

(e) 

Fig. 6 Different configurations of PCMs in water-based PV/T modules: (a) the PCM layer is located beneath 

the water channels [42]; (b) the PCM layers are located between the water channels [64]; (c) half of each 

water duct is embedded in the PCM layer [60]; (d) each water duct is totally embedded in the PCM and 

attached on the absorber plate [69]; (e) each water duct is embedded in the PCM layer centre [70]. 

To fit concentrated solar radiation, a novel CPV/T module integrated with PCM is as 

illustrated in Fig. 7. A sphere is designed to use its upper surface to support PV cells while its 

inner cavity is filled with PCM to cool the cells and store thermal energy. The sphere is placed 

at the focus of a concentrator with an adjustable orientation. Although the design was referred 

to as a CPV/T module, Gürel et al. [56] did not state how to extract the heat from the PCM and 
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use it. A curved water pipe embedded in the PCM inside the sphere is a feasible option. Ceylan 

et al. [71] further placed the sphere bottom part without being covered by cells in an air channel 

through which the stored heat in the PCM was transferred into a drying chamber with the aid 

of a fan to dry product. 

 

Fig. 7 A novel CPV/T module integrated with PCM [71] 

 

4.2 Roles of bulk PCMs integrated into PV/T modules 

The bulk PCMs integrated into PV/T modules can play different roles according to various 

design purposes, which mainly include PV cell cooling, anti-freezing, thermal efficiency 

improvement and heat supply regulation. 

4.2.1 PV cell cooling 

Based on the absorption of latent heat during the melting, PCMs only served as an 

auxiliary cooling medium to reduce the cell temperature in several studies. Fayaz et al. [47] 

demonstrated that adding PCM with a configuration similar to Fig. 6a reduced the cell 

temperature by 6.3 °C and therefore increased the electrical efficiency by 0.31%, but it 

decreased the thermal efficiency by 6.4%. AL-Musawi et al. [72] and Preet et al. [35] also 

demonstrated similar results for PV/T-PCM modules with the configurations in Figs. 6d and 

6e, respectively. This is because the PCM absorbed a portion of the heat to cool the cell but 

subsequently the absorbed heat was dissipated into the environment without being applied as 

useful energy (i.e. wasted). Furthermore, the PV panel had a more uniform temperature 
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distribution after adding PCM because the PCM layer covered the whole rear surface of the 

absorber plate to absorb heat [69].  

4.2.2 Anti-freezing 

The heat stored in PCM during the daytime can be utilized during the night. Yuan et al. 

[73] proposed to release the heat stored in PCM during the night to prevent a water-based PV/T 

module with a configuration similar to Fig. 6a from freezing in winter.  Although the module 

with PCM proposed in their work was not superior to the module without PCM in the thermal 

efficiency, the module still had a temperature of > 0 °C at night in cold winter with the aid of 

PCM and thus avoided freezing, which is an advantage of the proposed module with PCM.  

4.2.3 Thermal efficiency improvement 

To enhance thermal efficiency, the stored heat in PCMs was utilized as useful energy 

output in more studies. Kazemian et al. [69] stated that the thermal efficiency of a PV/T-PCM 

module with the configuration in Fig. 6d was 34.2% as excluding stored heat in PCM and 

57.3% as including stored heat, while that of a PV/T module was 43.9% (see Fig. 8). Therefore, 

the heat stored in PCM should be made full use of to ensure the considerable superiority of 

using PCM in improving the thermal efficiency. Su et al. [68] also demonstrated that the 

thermal efficiency of a PV/T-PCM module with the configuration in Fig. 4a was much higher 

than that of a PV/T module as counting in the stored heat in PCM. Besides the heat storage 

function of PCM, the thermal efficiency improvement should also be attributed to the decreased 

module temperature, which leads to the reduction of heat loss through surrounding air 

convection and radiation. Along with the increased electrical efficiency, the average overall 

energy efficiency was therefore increased by 10.7% [68] and 14.1% [69] after adding PCM.  
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Fig. 8 Comparison of energy efficiencies between PV/T and PV/T-PCM modules [69] 

4.2.4 Heat supply regulation 

Besides improving the energy efficiency, the PCM heat storage also increases the duration 

and flexibility of thermal energy supply (e.g. hot water supply) of PV/T modules. Browne et 

al. [74] manifested that the duration of supplying warm water nearly doubled after PCM heat 

storage was integrated with the configuration in Fig. 6d. Su et al. [70] assumed that the water 

was pumped into module pipes only after 17:00 to extract heat in the module with the 

configuration in Fig. 6e. In such an operation mode, the daily thermal energy output increased 

by 3.7 MJ after adding PCM while the maximum cell temperature dropped by 19 °C. Gaur et 

al. [42] stated that the melted PCM in the module with the configuration in Fig. 6a served as a 

heat source during the night to provide hot water until the next morning, of which the 

temperature reached 34.78 °C even in winter, while it was only 14.98 °C for the case without 

PCM. As shown in Fig. 9, the module without PCM produced more thermal power during the 

daytime than one with PCM, but it was reversed because the heat stored in PCM was released 

when solar radiation was low in the evening or absent at night. The daily thermal energy output 

increased by 64% for winter and 41.7% for summer after adding PCM.  
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Fig. 9 Hourly thermal power generated by PV/T modules in winter (20 Feb) and summer (8 July) [42] 

 

4.3 Effects of key parameters on PV/T modules with bulk PCMs 

The performances of PV/T modules integrated with bulk PCMs can be affected by some 

key parameters, such as thermophysical properties and mass of adopted PCMs, operation 

parameters of working fluids and environmental conditions, which have been widely 

investigated experimentally or numerically. 

 4.3.1 Effects of PCM melting temperature 

As presented in Fig. 10, there exists an optimal PCM melting point 𝑇𝑚 for the PV output 

of a PV/T-PCM module, while the PV output could be reduced by almost 2% if a too high 𝑇𝑚 

was selected; An optimal 𝑇𝑚 was achieved if the melting period of PCM was approximately 

equal to its solidification period; If 𝑇𝑚 was too high or too low, the melting/solidification was 

possibly incomplete; The optimal 𝑇𝑚 was determined by the environmental conditions. For 

instance, the optimal 𝑇𝑚 was 28 °C for the air temperature range of 10–20 °C, while it was 

32 °C for the air temperature range of 20–30 °C [33]. Therefore, an optimal 𝑇𝑚 based on a 

constant climate was hard to meet the climate changes throughout the year and 𝑇𝑚 should be 

selected with compromise based on the climate of the whole year.  
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Fig. 10 PV output variation with PCM melting point [33] 

AL-Musawi et al. [72] declared that the augment of 𝑇𝑚 in the range of 31–54 °C elevated 

cell temperature and decreased electrical efficiency, while its thermal efficiency was improved. 

Kazemian et al. [69] stated that both the cell temperature and the obtained water temperature 

rose as 𝑇𝑚 increased from 40 °C to 65 °C, whereas the melted PCM ratio was dramatically 

reduced. Thus, the resulting electrical and thermal efficiencies were reduced. As Fig. 11 shows, 

the lowest cell temperature was achieved at 𝑇𝑚  = 30 °C without warm water output, the 

warmest water was achieved at 𝑇𝑚 = 60 °C and the longest warm water supply duration was 

achieved at 𝑇𝑚 = 40 °C [70]. Since it maximized the thermal energy output, the case of 𝑇𝑚 = 

40 °C generated maximum overall energy output.  

 
(a)                                                                        (b) 

Fig. 11 The hourly variation of (a) PV cell temperature and (b) outlet water temperature for various PCM 

melting points [70] 
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𝑇𝑚 also determines the ability of PCM to prevent water in the PV/T module from freezing 

at night of winter. Yuan et al. [73] stated that the PCM of 𝑇𝑚 = 15 °C failed to prevent the 

water from freezing after 3:00 in the night while the PCM of 𝑇𝑚 = 5 °C succeeded in keeping 

the water above 0 °C for the whole night. This should be attributed to a smaller temperature 

difference between the ambient and PCM for 𝑇𝑚 = 5 °C, which lengthened the solidification 

process of PCM to release heat throughout the whole night and prevent the water from freezing. 

However, the PCM of 𝑇𝑚  = 5 °C can hardly meet the requirement of reducing the cell 

temperature in the daytime because the low 𝑇𝑚 made it to be melted in a short period and 

unable to absorb more heat. Therefore, a possible solution to meet both the requirements is to 

adopt a combination of PCM layers with different melting points. 

4.3.2 Effects of PCM latent heat 

With increasing PCM latent heat by 2.8 times, the cell temperature reduces by 3.9% and 

therefore the electrical efficiency increased by 0.48%; although the melted PCM ratio and the 

water outlet temperature were reduced by 29.87 % and 0.4% respectively, the thermal 

efficiency was enhanced by 2.31% [69]. It implies that such a dramatic rise in PCM latent heat 

brought very little effect on the thermal and electrical efficiencies. 

4.3.3 Effects of PCM thermal conductivity 

As PCM thermal conductivity was enhanced by 5 times, the cell temperature decreased 

by 3.3 °C, while the water outlet temperature was nearly kept constant. Consequently, the 

electrical and thermal efficiencies were enhanced by 1.34% and 6.59%, respectively [69]. The 

PV output was improved by 3% when PCM thermal conductivity was increased by 10 times 

[33]. These studies highlight the requirement of adopting metal fins, nanoparticles or 

encapsulation for PCM, which are elaborated in Section 4.4. Nevertheless, a 10 times 

enhancement of thermal conductivity is hard to achieve unless new PCMs were developed. 

4.3.4 Effects of PCM thickness or mass  
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With the increase of PCM thickness, the cell temperature first decreased and then 

increased [68] or kept constant [33]. The difference is caused by the relative position between 

the fluid channel and the PCM layer. Nevertheless, there existed an optimal PCM thickness (3 

cm) to obtain the lowest cell temperature at the lowest cost for both cases, which indicated the 

maximum melting depth in the PCM layer. In some cases, an excessively small PCM thickness 

(such as 2 cm) was ineffective to reduce the cell temperature as shown in Fig. 12a due to the 

heat return after overheating of PCM [68]. Although unduly increasing the PCM thickness was 

not helpful in reducing the cell temperature, it was beneficial for preventing the water from 

freezing if the module size is not limited [73].  

For maximizing the overall energy output, there also existed an optimal PCM thickness 

but it varied with the PCM melting point as Fig. 12b presents [70]. Under realistic climate 

conditions, the water outlet temperature decreased with an increase in the PCM mass during 

the daytime while it first increased and then decreased during the night [42]. There exists an 

optimal PCM mass to obtain the highest water outlet temperature in the night. This resulted 

from the compromise between thermal resistance and latent heat capacity which both increased 

with the PCM mass.  

     
(a)                                                                                  (b) 

Fig. 12 Effects of PCM thickness: (a) on cell temperature [68] and (b) on overall energy output [70] 

4.3.5 Effects of flow rate of working fluids 
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Kazemian et al. [69] stated that the melted PCM ratio was reduced as the water flow rate 

increased and therefore the role of PCM was weakened. Malvi et al. [33] showed that the PV 

output was enhanced with increasing water flow rate. However, the outlet water temperature 

was reduced simultaneously, which is undesired for hot water supply. Preet et al. [35] 

demonstrated that the electrical efficiency increased with the water flow rate. Fayaz et al. [47] 

verified that the electrical and thermal efficiencies were both enlarged with the water flow rate. 

Hossain et al. [40] found that the variation curve of thermal efficiency versus the water flow 

rate exhibits a bell-like shape. It was advised to select a flow rate between 1 and 2 L/min to 

obtain an acceptable water temperature without obviously reducing thermal efficiency. They 

further stated that a lower water flow rate should be adopted to substantially reduce the 

irreversibility for obtaining higher overall exergy efficiency.  

4.3.6 Effects of environmental conditions  

The environmental conditions mainly include solar irradiation and environmental 

temperature. Some studies have been devoted to the effects of solar radiation alone on PCM 

melting inside PV/T-PCM modules and module performances. Kazemian et al. [69] indicated 

that as solar irradiation increased, PCM melting was notably speeded up. Fayaz et al. [46] 

showed that with increasing solar irradiation both the thermal and electrical efficiencies were 

decreased, although both the thermal and electrical outputs were augmented. The reason is as 

follows: under stronger irradiation, heat generated in PV/T modules is unable to be efficiently 

absorbed by the PCM and water, and thus the cell temperature increases and more heat is 

discharged to the surroundings through thermal radiation and ambient air convection.  

The ambient temperature usually changes along with the solar irradiation through one day, 

one month or one year. Kazemian et al. [75] allowed for the effects of the variations of both 

ambient temperature and solar irradiation hourly, daily and monthly. When 𝑇𝑚 = 40 °C, no 

PCM melting process occurred from Nov. to Mar., which implied that the PCM did not work 
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due to the low ambient temperature and solar irradiation. The highest overall energy output 

and efficiency were achieved in July with the largest operating duration, whilst July has 

virtually the lowest electrical efficiency and overall exergy efficiency as Fig. 13 shows.  

             
(a)                                                                                  (b) 

Fig. 13 Monthly average efficiencies of a PV/T-PCM module: (a) energy; and (b) exergy [75] 

 

4.4 Heat transfer enhancement methods for PV/T modules with bulk PCMs 

There are a variety of heat transfer enhancement methods for PV/T modules integrated 

with bulk PCMs, such as adding nanoparticles into the working fluid or PCM, inserting metal 

fins into PCM, embedding PCM into metal foam, and encapsulating PCM. 

4.4.1 Nanoparticles 

It has been proven that adding nanoparticles into a carrier fluid (such as water) to form 

nanofluids as the working fluid of PV/T modules can achieve heat transfer enhancement and 

effectively elevate module efficiency [76, 77]. More studies on the utilization of nanofluids in 

PV/T modules can be found in several review papers [78, 79]. This paper merely involves 

studies on the usage of nanofluids in PV/T-PCM modules. Sardarabadi et al. [49] demonstrated 

that adding 0.2wt % ZnO nanoparticles into the water as the working fluid increased the outputs 

of both electrical and thermal power and hence elevated the daily average overall exergy 

efficiency from 13.17% to 13.42%. Hosseinzadeh et al. [51] stated an overall exergy efficiency 

of 13.61% for the same ZnO/water nanofluid-based module under a similar climate condition. 
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Abdelrazik et al. [80] introduced a silver/water nanofluid for optical filtration into a 

graphene/water nanofluid-based module through an extra flow channel, which increased the 

overall energy efficiency from 70.96% to 90.25%. Manigandan et al. [81] found that 

CuO/water nanofluid was superior to ZnO/water nanofluid both in thermal and electrical power 

outputs. Salari et al. [82] demonstrated that the addition of multi-walled carbon nanotubes 

(MWCNT) in water gave rise to a higher improvement in the overall energy efficiency 

compared to MgO nanoparticles.  Even so, MgO nanoparticles were viewed as a more suitable 

option since they had a lower cost than MWCNT. Besides adding nanoparticles into the 

working fluid, inserting nanoparticles into PCM is another option to enhance heat transfer to 

improve PV/T-PCM module performance. Ergün et al. [57] used 5 wt% Al2O3 nanoparticles 

into PCM paraffin-wax, increasing the average exergy efficiency from 9.2% to 10%. Salem et 

al. [64] verified that the module performance increased with the concentration of Al2O3 

nanoparticles in PCM. To be more specific, the average exergy efficiency rose from 13.1% to 

13.8% as the Al2O3 concentration was increased from 0.25 wt% to 1 wt%. Abdelrazik et al. 

[31] also added graphene nanoplatelets in PCM to improve the electrical and thermal 

efficiencies.  

Obviously, nanoparticles can be used both in the working fluid and PCM. Al-Waeli et al. 

[53] added SiC nanoparticles both in the working fluid and paraffin-PCM for a water-based 

PV/T-PCM module to achieve larger thermal conductivities and therefore higher efficiency. 

Fig. 14 displays microscopic morphologies of SiC nanoparticles with a size range of 40–60 nm 

as well as that in Paraffin. The maximum electrical efficiency grew from 12.32% to 13.70% 

while the maximum thermal one rose from 50.5% to 72% after utilization of 0.1 wt% SiC 

nanoparticles. They also developed artificial neural network (ANN) models [83] and linear 

prediction models [48] to precisely forecast the performances of nanoparticles-enhanced PV/T-

PCM modules in real climate conditions. Their further economic evaluation indicated that the 
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annual energy productivity of the proposed module was 230.73 while that of the case without 

nanoparticles was only 164.97 [43]. Sarafraz et al. [84] identified the effect of MWCNT added 

in both the PCM and the working fluid, where 0.2 wt% MWCNT achieved larger thermal and 

electrical power outputs compared to 0.1 wt% and 0.3 wt%.  

 
(a)                                                         (b) 

Fig. 14 Morphologies of SiC nanoparticles (a) alone and (b) in Paraffin [53] 

4.4.2 Fins 

Lots of studies demonstrated that metal fins inserted into PCM enhanced heat transfer and 

therefore helped to limit temperature rise and improve temperature distribution uniformity for 

PV-PCM modules without working fluids or thermal utilization [85]. However, the insertion 

of metal fins increased the system weight or shortened the duration of effective thermal 

regulation because the mass of light PCM was reduced [86]. Nevertheless, metal fins were still 

applied in PV/T-PCM modules. Preet et al. [35] inserted aluminum fins into PCM between 

water tubes as illustrated in Fig. 15, aiming to enhance heat transfer. Although such a module 

obtained higher electrical and thermal efficiencies, the effects of the metal fins were not 

elucidated.  
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Fig. 15 A typical PV/T-PCM module with fins [35] 

4.4.3 Macro-encapsulation 

Encapsulation of PCM is a process of putting PCM into a sealed container by physical or 

chemical approaches, such as capsule, ball, rectangular box or bags [87]. Besides the purpose 

of holding the PCM and isolating it from the surroundings to prevent leakage and corrosion, 

encapsulation also is expected to reduce PCM reaction with the surrounding, improve 

mechanical and thermal stability, make frequent phase change flexible, increase heat transfer 

rate [88]. According to the size, the encapsulation can be classified into microencapsulation 

(<1 mm) and macro-encapsulation (>1 mm). In view of the distinct characteristics of 

microencapsulated PCM in thermophysical properties and operation, the studies on 

microencapsulated PCM in PV/T modules will be discussed in Section 5. This subsection 

merely involves the macro-encapsulation of PCM. Modjinou et al. [29] and Fayaz et al. [46] 

adopted aluminum-coated PCM panels and PCM bags as presented in Figs. 16a and 16b to 

elevate the performances of PV/T modules, respectively. To avoid the burning of a solar-

tracking concentrated PV/T module, Su et al. [58] encapsulated PCM into spheres to enhance 

thermal conduction and then immersed the spheres in a water tank installed on the rear surface 

of the PV panel as illustrated in Fig. 16c. Their results demonstrated that this design was 

effective for improving system performances. 
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(a) 

(b) 

(c) 

Fig. 16 Macro-encapsulated PCM: (a) Aluminium coated PCM panels [29]; (b) PCM bags [46]; and (c) 

PCM balls [58] 

4.4.4 Metal foam 

In virtue of the advantages including large porosity for taking in PCMs [89], good thermal 

conductive ligaments for heat transport [90], high specific surface area for heat exchange [91], 

open-cell metal foam are regarded as a competitive substance in enhancing heat transfer of 

PCMs by embedding PCMs into it, which has been verified by plenty of studies [92, 93]. 

Copper foam as shown in Fig.17a is a common metal foam, which has a pore density of 10 

pores per inch and a porosity of 0.96. A vacuum environment, such as 94 Pa, was required to 

ensure the copper foam was totally infiltrated by liquid paraffin PCM to form PCM/foam 

composite (see Fig. 17b) [94]. Such a copper foam was applied to promote the efficiencies of 

a PV/T-PCM module by Mousavi et al. [28]. Their simulations identified an enhancement of 

7% in the overall exergy efficiency after adopting the copper foam.  
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(a)                                              (b) 

Fig. 17 A cuboid copper foam before (a) and after (b) being infiltrated by paraffin PCM [94] 

 

4.5 Economic analysis for PV/T modules with bulk PCMs 

The exergo-economic analysis conducted by Maatallah et al [55] demonstrated that 

compared to conventional PV modules, the electricity generation cost and energy payback 

period of a water-based PV/T-PCM module were decreased by about 0.05–0.1 €/kWh and 0.76 

year, respectively, due to the increase in electrical efficiency and the thermal usage, although 

its uniform annual cost was increased by about 1–4.5 € owing to more material and 

maintenance requirements. Hossain et al. [40] stated that the payback period of a water-based 

PV/T-PCM module was about 4 years, which was about 2 years less than that of a conventional 

PV panel, although the annual cost of the former was much higher than that of the latter, which 

were US$ 434.35 and US$ 133.82 for the first 5 years, respectively. Al-Waeli et al. [43] 

detailedly compared the life cycle cost, capital cost, maintenance cost, replacement cost and 

annual energy productivity among three PV/T modules using water, nanofluid or 

nanofluid/nano-PCM. They concluded that the nanofluid-based PV/T-PCM module exhibited 

an energy cost of 0.112 USD/kWh and a payback period of 4.4–5.3 years, whereas the 

corresponding data for other PV/T modules were lacking for further comparison. The above 

studies indicated that PV/T-PCM modules were economically feasible in the long term. 

However, these comparisons in the above studies cannot completely reveal the cost and benefit 

caused by the integration of PCM in PV/T modules because they did not eliminate the role of 
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water or nanofluid. More detailed economic analyses are required to clearly compare the cost-

benefit advantage between PV/T modules with and without PCM.  

 

5. Utilization of MPCM slurry in PV/T modules 

As mentioned in Section 4.4.3, PCM can be microencapsulated to form a shell/core 

structure to avoid corrosion and leakage, improve heat transfer performance, etc. There are 

many methods to synthesize the microencapsulated PCM (MPCM), such as in-situ suspension, 

interfacial and emulsion polymerization, etc. [95]. The microscopic image of MPCM (i.e. PCM 

microcapsule) is shown in Fig. 18a [96]. The MPCM usually suffers from shell cracking or 

buckling which will affect its stability and effectiveness. Yu et al. [97, 98] developed a thermo-

mechanical coupled model to determine the critical conditions of avoiding cracking or buckling 

in shell thickness and material selection. Uniformly dispersing MPCM particles into a carrier 

fluid (e.g. water) can form MPCM slurry when the MPCM particles are small enough (<100 

μm in diameter generally) to be suspended in the carrier liquid as Fig. 18b shows. Phase change 

may take place in MPCM slurry during heating or cooling but only the PCM core changes 

between solid and liquid states [99]. The MPCM slurry, therefore, has a large apparent specific 

heat (including PCM latent heat) near the melting point and good fluidity to be transported by 

pumps. Also, the metal shell adopted in some cases, the micro-convection caused by MPCM 

motion, and the interactions of particle-particle, particle-fluid and particle-wall are helpful to 

heat transfer enhancement. As a result, the MPCM slurry can act as both the heat storage 

medium and heat transfer fluid [100, 101].  Much work has been conducted on thermal 

properties and various applications of MPCM slurries [102]. MPCM slurry is a promising 

alternative as the working fluid in PV/T modules. 
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 (a)        (b) 

Fig. 18 MPCM particles (a) [96] and MPCM slurry with phase change under heating or cooling (b) 

5.1 Performance comparison between PV/T with MPCM slurry and water  

The comparisons in this subsection are carried out under the optimal configurations of 

MPCM slurry reported in each paper, such as MPCM concentration, melting point and flow 

rate. For a dual-channel PV/T module (see Fig. 19a), Liu et al. [103] stated that although the 

output temperature of the slurry case was much smaller caused by the latent heat, the slurry 

case still had up to 1.8% higher thermal efficiency compared to the water case during the whole 

day. The slurry case also had a slightly lower cell temperature and thus a slightly higher 

electrical efficiency. Although more pump power was consumed in the slurry case owing to a 

higher viscosity, the slurry case had a higher net efficiency. Jia et al. [104] concluded similar 

performance improvements as MPCM slurry was applied to replace water.  

For a CPV/T module (see Fig. 19b), Liu et al. [105] indicated that the cell temperature 

was reduced by up to 5 °C and the output fluid temperature variation was reduced from 12 °C 

to 7 °C after the MPCM slurry was adopted. Also, the thermal and electrical efficiencies both 

increased and therefore the overall energy efficiency achieved an increase of 3.5%–6.6%.  
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(a) 

(b) 

Fig. 19 PV/T with MPCM slurry: (a) dual-channel [103] and (b) parabolic concentrating [105] 

For a module as shown in Fig. 6d, Yu et al. [106] revealed that when the MPCM slurry 

with 𝑇𝑚 = 27 °C was applied, the average cell temperature decreased by up to 6.2 °C with 

more uniform temperature distribution and the primary-energy saving efficiency increased by 

up to 7%, whereas the exergy efficiency became smaller than the water case. Further, when the 

MPCM slurry with 𝑇𝑚 =  47 °C was applied, the primary-energy saving efficiency and exergy 

efficiency were both enhanced with an increase of 3% and 0.4% respectively, while the cell 

temperature decreased by 2.5 °C. 

For a module with wavy tubes, Eisapour et al. [107] reported after applying MPCM slurry 

to replace water, the electrical and thermal efficiencies increased by 0.54% and 4.69%, 

respectively, whereas the overall exergy efficiency decreased instead. They also added Ag 

nanoparticles into MPCM slurry to form MPCM-nano slurry to further improve the module 

performance. Compared to the water case, the use of MPCM-nano slurry increased the 
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electrical efficiency by 0.6% and the thermal efficiency by 8.58% without reducing the overall 

exergy efficiency. 

Some PCM particles without microencapsulation can be steadily dispersed in a carrier 

fluid without sediment and stratification, such as alkyl hydrocarbon PCM slurry. For a module 

integrated with a heat pipe, Chen et al. [108] reported that the daily average electrical and 

thermal efficiencies increased by 0.8% and 5%, respectively, after applying the PCM slurry to 

replace water to absorb heat from the heat pipe condensation section. 

 

5.2 Effects of key parameters on PV/T modules with MPCM slurry  

The key parameters of MPCM slurry include MPCM concentration, melting point, latent 

heat, slurry flow rate, and Reynolds number, etc., which have significant effects on PV/T 

module performances. The effects of the key parameters have been studied by several 

researchers which are gathered in Table 4.  

Table 4 Studies on the effects of key parameters of MPCM slurry on PV/T modules. 

References Key parameters of MPCM slurry studied Approach 

Qiu et al. [26] MPCM concentration, Reynolds number Numerical (1-D) 

Qiu et al. [109] MPCM concentration, Reynolds number Experimental 

Liu et al. [103] Mass flow rate, MPCM concentration, Latent heat,  

MPCM thermal conductivity 

Numerical (2-D) 

Jia et al. [104] Mass flow rate, MPCM concentration Numerical (2-D) 

Liu et al. [105] Mass flow rate Numerical (3-D) 

Yu et al. [106] Inlet fluid velocity, MPCM concentration,  

Melting temperature 

Numerical (3-D) 

Eisapour et al. [107] MPCM concentration Numerical (3-D) 

1-D denotes one-dimensional. 

5.2.1 Effects of MPCM concentration. Qiu et al. [26] stated that under a constant flow 

velocity, increasing MPCM concentration can result in flow transition from turbulent to 
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laminar because of decreasing Reynolds number, which would result in obvious heat transfer 

deterioration and severely decreased energy performance. The increase of MPCM 

concentration without flow transition slightly enhanced the thermal and electrical efficiencies. 

At a constant Reynolds number, the cell temperature was decreased and all the electrical 

thermal, and overall efficiencies were enhanced with increasing MPCM concentration, whereas 

the net efficiency first grew and then dropped because the pressure loss (i.e. pump power 

consumption) notably increased. The concentration corresponding to the net efficiency peak 

value decreased at a higher Reynolds number. Their experiments further verified the changing 

trend of net efficiency [109]. Liu et al. [103] and Jia et al. [104] showed a monotonously 

increasing tendency for all efficiencies including the net efficiency with increasing MPCM 

concentration although the growth slowed down. Yu et al. [106] reported that a larger 

enhancement for the primary-energy saving efficiency was obtained at a smaller fluid velocity 

by increasing MPCM concentration, while the largest enhancement for the overall exergy 

efficiency occurred at a fluid velocity of 0.095 m/s. Eisapour et al. [107] claimed that increasing 

the MPCM concentration resulted in enhanced thermal and electrical efficiencies whereas the 

overall exergy efficiency was slightly decreased.  

5.2.2 Effects of MPCM melting point. Yu et al. [106] adopted three MPCM melting points 

(𝑇𝑚= 27 °C, 37 °C and 47 °C) to assess the impacts of 𝑇𝑚 on PV/T module performances. With 

a decrease of 𝑇𝑚, both all the energy efficiencies were improved but the improvement from 

47 °C to 37 °C diminished or even vanished at a higher fluid velocity. The thermal exergy is 

determined by the amount and the temperature of absorbed heat. The thermal exergy and 

overall exergy efficiency for 𝑇𝑚=27 °C were the lowest since most heat was absorbed as the 

latent heat at 27 °C, while the highest values shifted from the case of 𝑇𝑚=47 °C to that of 

𝑇𝑚=37 °C as the inlet velocity increased. 
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5.2.3 Effects of MPCM latent heat and thermal conductivity. Liu et al. [103] identified 

that both a higher latent heat and a higher thermal conductivity were helpful for reducing cell 

temperature and improving thermal, electrical and net efficiencies. Higher latent heat can only 

be obtained by selecting proper PCMs or decreasing the shell thickness of microcapsules. All 

the MPCM particles adopted by the studies as listed in Table 4 have a small thermal 

conductivity of < 0.8 W/m·K, which can be enhanced by adopting metal shells or inserting 

nanoparticles in the shell or core.  

 5.2.4 Effects of Reynolds number (mass flow rate or fluid velocity). Qiu et al. [26] 

demonstrated that increasing Reynolds number enhanced the thermal and electrical efficiencies 

while the enhancement effect reduced at a higher MPCM concentration. The net efficiency 

increased with Reynolds number at a small MPCM concentration (e.g. 5%) whereas the 

tendency was reversed at a large concentration (e.g. 20%). Their experiments indicated that the 

net efficiency first increased and then decreased with increasing Reynolds number at 10% 

MPCM concentration  [109]. Liu et al. [103] stated that as the mass flow rate increased both 

the thermal and net efficiencies showed ‘‘N’’-shape changing trends, whilst the electrical 

efficiency monotonously increased. Jia et al. [104], Liu et al. [105], and Yu et al. [106] all 

presented a monotonously increasing tendency for thermal and electrical efficiencies with an 

increase of the inlet fluid velocity or mass flow rate, while the exergy efficiency diminished. 

 

6. Development of BIPV/T-PCM systems 

Nearly one-third of the worldwide energy consumption is devoted to the creation of an 

artificial environment in buildings [110], which urges the development of net-zero energy 

buildings. Building-integrated PV/T (BIPV/T) is a promising and sustainable solution that has 

drawn considerable attention [111]. BIPV/T systems are attached to building envelopes to 

supply electrical and thermal energy on site or improve building energy efficiency. In recent 
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years, increasing studies have been conducted on the performances of BIPV/T coupled with 

PCM (BIPV/T-PCM). The integration of PCM is expected to better manage the PV panel 

temperature or building energy demand. Since BIPV/T is generally installed on the roof or the 

façade, this sub-section is organized from the two installation categories. 

6.1 BIPV/T on the roof 

A water-based BIPV/T on the roof integrated with an independent PCM storage unit (see 

Fig. 20) was proposed for space heating by Yin et al. [112]. In the water circulation, the heat 

produced by the PV/T module was gathered via the circulated water to limit the cell 

temperature rise, and released in the floor radiant unit for day-time heating or extracted into 

the PCM unit for night-time heating to ensure indoor thermal comfortableness throughout the 

day. The PCM heat storage solved the mismatch between supply and demand of heat and 

simultaneously precool the circulated water for maintaining the continuous operation. 

However, no data was provided in their work to demonstrate the role of PCM in improving the 

energy conversion efficiency, energy-saving performance and indoor thermal comfort. Lari et 

al. [36] claimed that a similar PV/T-PCM system covered 27.3% of the annual thermal load 

and 77% of the annual electrical load in a residential building. 

   

Fig. 20 Schematic of a water-based BIPV/T on the roof with PCM heat storage [112] 
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An air-based BIPV/T on the roof integrated with an independent PCM storage unit was 

designed to assist an HVAC system by Fiorentini et al. [61]. A cost function 𝐶 as expressed in 

Eq. (1) was introduced to indicate the stored heat 𝑃𝑡ℎ  in the PCM unit with considering 

electrical power 𝑃𝑒,   𝑐𝑜𝑛𝑠 consumed by the fan for transporting the air and electrical generation 

increment ∆𝑃𝑒,   𝑔𝑒𝑛 caused by the air cooling under the PCM charging mode. For increasing 

the importance of electrical energy, a weighting factor 𝛼𝑐 was adopted in this equation.  

𝐶 = 𝑃𝑡ℎ + 𝛼𝑐(∆𝑃𝑒,   𝑔𝑒𝑛 − 𝑃𝑒,   𝑐𝑜𝑛𝑠).             (1) 

Fig. 21 implies that the cost function can be maximized by adjusting the air flow rate to 

optimize the PCM charging model. A similar cost function was also introduced to optimize the 

PCM discharging model. They further scheduled a dynamic operation scheme to achieve 

decent indoor thermal comfort with optimized overall energy efficiency [113]. Ren et al. [114] 

adopted Taguchi method for a similar BIPV/T-PCM system to explore the stored useful energy 

in the PCM unit, which proved to be mainly affected by the PCM type and air flow rate. 

  

Fig. 21 Variations of the cost function with air flow rate under different radiation intensities [61] 

Besides as an independent storage unit, the PCM can also be integrated into building 

envelopes to increase their thermal mass. An air-based BIPV/T-PCM system on the roof was 

designed to enhance ceiling ventilation by Lin et al. [115], where two PCM layers were 

integrated between the PV/T module and the ceiling to form an air channel as shown in Fig. 
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22a. The PCM layers played dual roles of serving as a part of ceiling insulation and 

provisionally storing the heat collected from the PV/T module for space heating when needed. 

While the ambient air fluctuated among 7.5–17.5 °C in winter, the outlet air through the channel 

was stably maintained among 20.6–24.5 °C for 24 hours with the aid of the heat collected by 

the module and subsequently stored by the PCM layers. The resulting warm air was quite 

suitable for indoor ventilation or space heating, offering decent thermal comfortableness for 

passive buildings in winter. They also designed a similar BIPV/T on the roof with PCM layers 

inside the envelopes (see Fig. 22b) [116]. Case studies indicated that the integration of the 

PCM layers remarkably increased the coefficient of thermal performance enhancement (CTPE) 

from 38.1% to 53.1%. They further adopted Taguchi-Fibonacci search method for optimizing 

the parameters including PCM type and thickness, air flow rate and wall insulation to maximize 

the CTPE, which was up to 72.22% [117].  

     
            (a)                                                                                  (b) 

Fig. 22 Illustration of BIPV/T system installed on a house roof for enhanced ceiling ventilation and space 

heating: (a) integrating two PCM layers into the ceiling to form an air channel [115] and (b) integrating PCM 

layers into the envelopes [116, 117] 

The above water-based and air-based BIPV/T-PCM systems were combined to form a 

new BIPV/T-PCM system on the roof as shown in Fig. 23 to enhance ceiling ventilation. Zhou 

et al. [118] focused on the PV performance of such a system rather than thermal performance. 

Liu et al. [119] claimed that the PCMs captured and stored the cooling energy in off-peak time 

and then used it in peak time for room or cell cooling.  The PCM thickness, cooling water flow 

rate, inlet temperature and pipe diameter were optimized to maximize the equivalent overall 
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output energy. However, the stored free cooling energy in the night was not considered and the 

power consumption used to obtain 15 °C cooling water in summer was not allowed for since 

the inlet cooling water temperature was prescribed as 15 °C in optimized cases. 

 

Fig. 23 Detailed construction of a water-based PV/T-PCM module installed on a house roof for enhanced 

ceiling ventilation integrated with a PCM-ventilated Trombe wall [119] 

 

6.2 BIPV/T on the façade 

A BIPV/T-PCM system on the façade was designed by Aelenei et al. [120], where an air 

channel/duct was constructed between a PV panel and a PCM board for ventilation (see Fig. 

24a). In winter, the room air was extracted from a lower vent, flowed into the air channel to 

absorb heat, and then returned into the room for indoor heating. The building energy demands 

were therefore reduced. The thermal efficiency of such a system in winter was introduced as 

follows:  

𝜂𝑡ℎ =
𝑄𝑤𝑎𝑙𝑙+𝑄𝑣𝑒𝑛𝑡

𝑄𝑠×𝐴𝐴𝑃
,             (2) 

where 𝑄𝑤𝑎𝑙𝑙  and 𝑄𝑣𝑒𝑛𝑡  are the heat flux into the room via the wall and transported by air 

ventilation, respectively. The air ventilation and latent heat absorption of PCM were also 
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helpful for reducing the PV temperature and thus improving the electrical efficiency. Pereira 

et al. [121] further extended the operation mode of the system in summer, where the external 

air ventilation was applied to limit the cell temperature rise and the heat penetration into the 

room. The thermal efficiency of such a system in summer was 

𝜂𝑡ℎ =
𝑄𝑣𝑒𝑛𝑡−𝑄𝑤𝑎𝑙𝑙

𝑄𝑠×𝐴𝐴𝑃
.             (3)  

After optimizing the base cases from the air channel width, ventilation velocity, PCM thickness 

and latent heat, the overall energy efficiency increased from 24% to 64% for winter and from 

4% to 32% for summer. The optimized PCM latent heat in summer was 1.9 times higher than 

that in winter. However, the role of PCM in the system was not explored in detail and the 

mechanical ventilation power consumption was not involved in the calculation. 

Another similar BIPV/T-PCM system on the façade was proposed by Xiang et al. [62], 

where the PCM layer was located between the air duct and PV panel (see in Fig. 24b). In such 

a system, the PV temperature maintained below 48 °C via the PCM melting for about 9.7 h 

which sufficiently prevent PV overheating in the daytime, whereas it took almost 16.67 h to 

fully solidify the PCM under night natural ventilation which was notably reduced by the 

addition of internal fins. Fig. 25 demonstrated that the heat stored in PCM facilitated the 

formation of nature ventilation with heating the air. Consequently, the PCM layer is beneficial 

for suppressing the PV temperature rise and enhancing night ventilation to improve the 

electrical efficiency and indoor thermal comfort with reduced extra energy consumption for 

specific periods.  
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  (a)        (b) 

Fig. 24 System configuration of a BIPV/T-PCM system: (a) air duct is between PV panel and PCM [120, 

121] and (b) PCM is between PV panel and air duct [62] 

 

Fig. 25 Velocity and temperature fields in an air duct at 3000 s (left) and 10000 s (right) [62] 

Similarly, the indoor ventilation in Fig. 24b should be changed to the exterior ventilation 

in summer, where the heated air is circulated outside as illustrated in Fig. 26. Čurpek et al. 

[122] reported that the integration of PCM in the summer mode significantly reduced the 

maximum PV temperature by 11–14 °C under the outside air temperature of 13–25 °C (see 

Fig. 27). As the outside temperature rose to 16–33 °C, the PCM of 27 °C melting point cannot 

be completely solidified with residual absorbed latent heat before the following diurnal cycle 

initiated, and therefore the maximum PV temperature was only decreased by 6–9 °C after 

integrating PCM. The thermal inertia of PCM notably enhanced the effects of the BIPV/T 
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ventilated façade serving as a thermal buffer in the daytime and as a warm coat in the night. 

They also believed that the investment costs of BIPV/T-PCM systems might hinder their 

economic viability. Kant, et al. [32] also deduced optimum designs for such a system in Fig. 

26 with three types of PCMs (i.e. RT-25, n-octadecane and capric acid), where the obtained 

overall energy was maximized with an acceptable maximum PV temperature (<60 °C). The 

optimized parameters comprised PCM thickness, PV panel size, air flow rate and air gap width.  

 

Fig. 26 Configuration and heat transfer modes of a BIPV/T-PCM ventilated façade in summer [122] 

 

Fig. 27 Comparison of operating temperature between BIPV/T with and without PCM in summer [122] 
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A PCM layer was also integrated into a ventilated double-skin PV façade as shown in Fig. 

28 to form a new BIPV/T-PCM system by Elarga et al. [45]. After integrating the PCM layer, 

the PV temperature dropped by over 20 °C and the monthly cooling load was also effectively 

lessened by 20%-30%. The combination of an appropriate melting temperature and a suitable 

ventilation scheme was a prerequisite to achieving the above benefits provided by the 

integration system. The selection of the melting temperature should make the PCM effectively 

melted during the daytime while the ventilation should effectively cool the melted PCM and 

make it return to its solid state during the night. Its role in improving indoor thermal comfort 

was not assessed in their study despite foreseeing a positive effect.   

    

Fig. 28 BIPV/T of double-skin façades: (a) with a PCM layer; (b) without a PCM layer [45] 

 

7. PV/T-PCM integrated with other energy conversion technologies 

7.1 Heat pipe 

Based on liquid-gas phase change heat transfer, a heat pipe (HPi) enables rapid transfer 

of a large amount of heat from its evaporation section to its condensation section [123]. Much 

work has been devoted to the integration of a PV/T module with various types of HPi, such as 

wire-meshed HPi [124], wickless gravity-assisted HPi [125], micro-channel HPi [126], loop 

HPi [127]. Only several studies have been performed on a combination of a PV/T module, 

PCM and HPi. Sweidan et al. [128] designed an HPi-PV/T-PCM hybrid system consisting of 
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an HPi, a PV panel and a PCM-water tank, to meet the requirements of an office building in 

hot water and electricity. The HPi evaporation section was placed on the rear surface of the PV 

panel to absorb heat while the condensation section was immersed in the tank to release heat. 

The payback period of the system proved to be 13.7 years. Diallo et al. [129] employed a loop 

HPi and a PCM-water-refringent triple heat exchanger instead of the PCM-water tank to reform 

the system (see Fig. 29), obtaining a 28% higher overall efficiency than a conventional one. 

Wang et al. [130] proposed a different HPi-PV/T-PCM system, where the PCM was located 

between the PV panel and the HPi. Such a system proved to be superior to the case without 

PCM [131] with an increment of 5-30% in the overall efficiency and an increment of 1.8-

10.5 °C in the output water temperature.  Kılkış [132] adopted a thermally pulsing HPi whose 

evaporation section was embedded in a PCM layer attached on the rear of a PV panel to control 

the PCM temperature and output heat via its condensation section. 

   

Fig. 29 Schematic of a loop HPi-PV/T-PCM system [129] 
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7.2 Thermoelectric device 

A thermoelectric (TE) device can generate electricity by utilizing temperature difference, 

which is easily integrated with a PV panel to convert exhaust heat into electricity [133]. Various 

methods have been explored to further improve the performance of PV-TE hybrid systems, 

which include employing a two-stage TE device [134], segmented TE legs [135], heat pipe 

array [136], thermal interface materials [137] and so on. Adopting PCM is also a potential 

option. A concentrating PV-PCM-TE hybrid system as illustrated in Fig. 30a was established 

by Cui et al. [27]. They revealed that the integration of PCM with a suitable melting point 

alleviated the cell temperature fluctuations caused by time-varying solar irradiation and made 

the system operate at an optimal temperature, resulting in a relatively stable and higher 

efficiency. The heat stored in PCM at large irradiation was released to the TE device to generate 

electricity under weak or none irradiation, leading to an extreme rise in the overall efficiency 

nearby the sunset. For GaAs PV cells, the melting point of the selected PCM was 57 °C. Their 

experiment study further indicated the promising potential of the system to achieve the full-

spectrum usage of solar energy [138]. Kılkış [132] proposed a different PV–PCM–TE hybrid 

system, where the cold end of the TE device was attached to the PCM layer to release heat and 

the hot end was connected with the backside of the PV panel via heat-conducting sheets to 

absorb heat. Motiei et al. [139] designed a PV-TE-PCM system where the PCM was attached 

at the cold side of TE (see Fig. 30b), which proved to experience better performance than the 

system without PCM. The PCM melting point and thickness need to be carefully chosen 

according to the ambient conditions to further increase the efficiency. 
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                                      (a)                                                                                     (b) 

Fig. 30 Schematic of (a) PV-PCM-TE system [27] and (b) PV-TE-PCM system [139] 

7.3 Heat pump 

The heat collected in a PV/T module can serve as the heat source of the evaporator of a 

heat pump (HP) [140]. Much attention has been directed toward the integration of PV/T with 

an HP for space heating [141, 142], water heating [143], drying [144], etc. In a few studies, 

PCMs were introduced into PV/T-HP systems to increase the duration and stability of space 

heating. A coupled PV/T-HP-PCM system was established by Bigaila et al. [145], where the 

air heated in the PV/T module flowed through the evaporator to release heat and the heat 

produced in the condenser was stored in a PCM radiant panel for space heating. Yao et al. [67] 

designed a different PV/T-HP-PCM hybrid system as illustrated in Fig. 31, where the 

refrigerant directly evaporated in the PV/T module to absorb heat during a sunny day, the PCM 

was used to store the condensation heat of the HP and the generated electricity was used to 

drive the compressor. Simulations showed that such a hybrid system had a competitive COP 

of up to 5.79 while the electrical efficiency reached 17.77% and the thermal one was 55.76%. 

The resulting thermal energy grade was also elevated. Compared to a conventional HP system, 

the initial cost and maintenance cost of the proposed hybrid system was much higher due to 

the PV/T panels and underfloor heating equipment, while its operating cost was quite lower 

(i.e. lower than zero) as the spare electricity could be sold to power grid. Therefore, the total 
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cost of the proposed system would be lower than a conventional HP system after around four 

years of operation. But the detailed cost calculation method was unrevealed. 

 

Fig. 31 Schematic of PV/T-HP-PCM system [67] 

7.4 Ejector refrigeration cycle 

An ejector is a heat-driven pressurizer that can replace a compressor in refrigeration cycles 

[146]. A solar thermal collector is generally integrated into an ejector refrigeration cycle to 

provide heat for producing high-temperature high-pressure vapor to drive the ejector [147], 

whereas integrating a PV/T module with an ejector refrigeration cycle is quite scarce. Ghorbani 

et al. [148] established a combined cooling, heating and power system via integrating PV/T 

modules, an ejector refrigeration cycle and a low-temperature PCM storage unit. The PV/T 

modules provided heat for the ejector to drive the refrigeration cycle while the PCM unit was 

applied to store cold for use at night. To obtain high electrical efficiencies, the working fluid 

temperature at the PV/T module outlet was not high enough to drive the ejector and therefore 

an auxiliary heater was adopted. They claimed that such a hybrid system had a thermal 

efficiency of 60.51% and an exergy efficiency of 50.84% as well as a payback period of 3.405 

years. It's worth mentioning that a coupled solar system can be applied instead of the auxiliary 

heater to overcome the defect of low output temperature of PV/T, where a PV/T module and a 
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solar thermal collector are connected in series as Fig. 32 shows. Ma et al. [149] demonstrated 

a primary energy-saving efficiency of 83.48% for such a coupled system. 

 

Fig. 32 Schematic of series connection of a PV/T and a solar thermal collector [149] 

7.5 Solar still for fresh water production 

The production efficiency of fresh water in a solar still which captures solar radiation via 

glass covers is far from being satisfactory. External solar thermal collectors [150], PCMs [151] 

or PV/T modules [152] have been adopted to improve the performance of a solar still. 

Hedayati-Mehdiabadi et al. [153] simultaneously equipped a PV/T module and a PCM layer 

into a basin-type solar still as Fig. 33 presents. In the system, the PV/T module preheated saline 

water before flowing into the basin to elevate desalination efficiency in the basin while it 

supplied the electricity to transport saline water during the daytime. The PCM enabled fresh 

water production in the night because it stored the heat loss of the basin in the daytime and 

hence heat was available in the night. Such an integration system potentially achieved 

continuous fresh water production during the whole day.  
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Fig. 33 Basin-type solar still integrated with PV/T and PCM [153] 

7.6 Proton Exchange Membrane electrolyzer for hydrogen production 

Hydrogen as a clean fuel is a promising alternative to fossil fuels [154]. Hydrogen can be 

generated from water via electrolyzers powered by PV cells, while the heat from the PV cells 

can be used to elevate the electrolysis reaction kinetics [155]. Therefore, several studies have 

been performed on the integration of PV/T modules with electrolyzers [156, 157]. Babayan et 

al. [34] further integrated a PV/T-PCM module with a proton exchange membrane (PEM) 

electrolyzer to produce hydrogen (see Fig. 34). The electricity produced via the PV/T module 

was applied to actuate the water decomposition reaction while the hot water produced by the 

PV/T module was injected into the electrolyzer as the reactant. The PCM was used to further 

cool the PV cell and extend the supply time of hot water. They revealed that the proposed 

system achieved 5.32% higher hydrogen production than the case without PCM. 
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Fig. 34 Schematic of PEM electrolyzer integrated with the PV/T-PCM module [34] 

 

8. Conclusions and Outlook  

8.1 Summary of conclusions  

This paper reviews the recent research progress on the utilization of PCMs in standalone 

PV/T modules, BIPV/T systems and PV/T systems integrated with other energy conversion 

technologies. PCMs can be integrated in the form of bulk or MPCM slurry. The performance 

evaluation indexes of PV/T systems mainly include power output, energy and exergy 

efficiencies under the thermal, electrical and overall terms. PCMs adopted in PV/T systems 

available include various types of paraffins, acids and their eutectic mixtures, hydrated salts 

and eutectic salts. Various types of paraffins are the most prevalent. The melting temperatures 

of PCMs applied in flat-plate PV/T are within the range of 14–57 ºC, while those in 

concentrated PV/T are within the range of 47–147 ºC.  

Bulk PCMs have been integrated into standalone PV/T modules with different 

configurations regarding the relative position between the working fluid channel and the PCM 

layer. In most cases, the PCM layer is attached to the rear of the absorber plate to absorb and 

store heat through melting. Integrating PCM generally has four purposes: (1) PV panel cooling; 

(2) anti-freezing; (3) thermal efficiency improvement; and (4) heat supply regulation, e.g. 
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increasing the duration and flexibility. After integrating PCM, the cell temperature is 

effectively decreased and thus the electrical efficiency is enhanced. Both the thermal and 

overall efficiencies are elevated only when the heat stored in PCM is extracted for thermal 

applications. The PCM melting point is the most critical parameter for a PV/T-PCM module. 

Only a suitable melting point can ensure the effective module operation and the optimum 

melting point depends on the local climate conditions. The operation scheme based on the 

adjustment of the flow rate should be precisely tailored according to the varying ambient 

temperature and solar irradiation to ensure the optimal solidification/melting period of PCM 

and achieve the desired performance. 

Under a suitable MPCM concentration and melting point, the PV/T module with the 

MPCM slurry performs better than that with water in all types of efficiencies. A higher MPCM 

concentration is conducive to improving module performance as long as the turbulent flow 

state is maintained, whereas the performance is remarkably impaired as the flow turns into the 

laminar state. Both the thermal and electrical efficiencies are improved by selecting a lower 

melting point within a certain range, while the overall exergy efficiency is elevated by adopting 

a higher melting point.     

PCMs are integrated into BIPV/T systems in the form of an independent storage device, 

being embedded in a roof, interior or external wall, or being attached to the rear of the PV 

panels. The fluctuated climatic conditions remarkably influence energy flows between outdoor 

and indoor spaces, which should be accurately tailored to meet the indoor thermal comfort with 

minimizing the required energy. The integration of PCM brings the flexibility of adjustment in 

energy flows under wavy solar radiation and ambient temperature. Besides cooling the PV 

panel and storing heat for later use, the integrated PCMs play a role in facilitating air ventilation 

for indoor thermal comfort improvement or preventing exterior heat penetration for cold load 

reduction, which cut down the building energy consumption. 
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 The integration of PV/T-PCM with other energy conversion technologies further 

improves the overall performance of various integration systems and accomplishes a variety of 

applications, such as temperature-difference power generation, thermal energy grade 

promotion, refrigeration, as well as water and hydrogen production.    

This review can facilitate further improvements in such an emerging solution for 

renewable energy utilization. To better understand the state of the art in the PV/T-PCM 

technology, the performance data on PV/T-PCM systems available in the literature are 

summarized in Table 5. 
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Table 5 Performances of PV/T-PCM modules/systems available in the literature. 

References Country Working medium 

 

PCM Melting 

temperature 

(°C) 

PV cell 

temperature 

(°C) 

Electrical 

efficiency 

(%) 

Thermal 

efficiency 

(%) 

Overall 

efficiency 

(%) 

Exergy 

efficiency 

(%) 

Solar 

irradiation 

(W/m2) 

Ambient 

temperature 

(°C) 

Approach 

Standalone PV/T with bulk PCMs 

Imam et al. [60] Bangladesh Water + PCM 56 20–85 N.A. 42–50 55–63a N.A. 1050^ (Con.) N.A. Exp. 

Kazemian et al. [52] China Water + PCM  46–48 48.2* 13.40* 74.17* 87.57*, a 13.75*, a 450–900 27–33 Exp. 

  Water/50% EG + PCM 46–48 52.9* 13.11* 72.28* 85.39*, a 13.65*, a    

  EG + PCM 46–48 54.9* 12.91* 69.03* 81.94*, a 13.56*, a    

Kazemian et al. [69] China Water – 65.2 12 43.9 N.A. N.A. 800 30 Num. 

  Water + PCM 55 55.6 13 57.3 N.A. N.A.    

Kazemian et al. [75] China Water + PCM 40 10^ 16.21* 27.80* 44.81*, a 17.16*, a 600^ 0–6 Num. 

    44^ 14.22* 58.67* 73.65*, a 15.41*, a 880^ 15–31  

    50^ 13.87* 72.88* 86.75*, a 15.18*, a 1030^ 27–34  

Modjinou et al. [29] China Water – 72.5^ 7.88* 23.90* 31.78*, a N.A. 200–1000 18.5–27 Exp. 

  Water + HPi – 75^ 7.78* 27.75* 35.53*, a N.A.    

  Water + PCM 15 62.5^ 7.95* 28.76* 36.71*, a N.A.    

Su et al. [68] China Air  – 31–77.4 9.2–11.6 19 35–39&, a N.A. 1000^ 28.5–37.4 Num. 

  Air + PCM 28 27.2–70 9.6–11.9 13.5–43.5 33–64&, a N.A.    

Wang et al. [130] China Water + PCM + HPi 52.1 28–65 7.6* 51.3* 58.9*, a N.A. 300 25–28 Exp. 

    28–85 5.8* 27.0* 32.8*, a N.A. 900 25–28  

Xu et al. [41] China Water + PCM 37 38–53 12.1* 78.7* 90.8*, a N.A. 250–1000 25–28 Exp. 

Yang et al. [37] China Water – 66.6^ 6.98 58.38 63.93b N.A. 800 28 Exp. 

  Water + PCM 30.1 56.7^ 8.16 70.34 76.87b N.A.    

Yang et al. [38] China Water + PCM 30.1 57.0 8.2 71.8 78.36b 33.4a 800 28 Num. 

Yao et al. [67] China HP (R134A) + Water + 

PCM 

37 N.A. 17.77 55.76 75.49$ N.A. 600 15 Num. 

Yuan et al. [73] China Water – 29–45.3 11.9* 44.5* N.A. N.A. 200–850 9.2–13.5 Exp. 

  Water + PCM 15 21–38.8 12.1* 42.3* N.A. N.A.    

Salem et al. [64] Egypt Water + PCM 31 39.5* 10.8* 40* N.A. 11.2*, b 632.5–650.8 35.4–37.2 Exp. 

  Water + 

1 wt% Nano-Al2O3/PCM 

31 35.5* 11.5* 34* N.A. 11.8*, b    

Gaur et al. [42] France Water – 15–51.4 16.5* 52.34* N.A. N.A. 800^ 1–12 Num. 

  Water + PCM 37 15–46.8 16.87* 84.01* N.A. N.A.    

  Water  – 20–69.2 15.4* 43.73* N.A. N.A. 900^ 15–24  

  Water + PCM 37 20–53.9 16.3* 59.66* N.A. N.A.    

AL-Musawi et al. [72] Hungary Water + PCM 31 35.7 14.35 32 N.A. N.A. 1000 35 Num. 

  3 wt% Nano-SiO2/Water + 

PCM 

31 35.6 14.38 40 N.A. N.A.    
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Preet et al. [35] India Water  – 30.5-58 11.55* 62.37* N.A. N.A. 1150^ N.A. Exp. 

  Water + PCM 28 30.5-55 13.0* 35.4* N.A. N.A.    

Babayan et al. [34]  Iran Water – 70.2^ 13.1* N.A. 32.50*, a 13.25*, a 1022^ 21.2–36.1 Num. 

  Water + PCM 35 59.2^ 14.3* N.A. 35.04*, a 13.92*, a    

   44 62.4^ 14.0* N.A. 32.86*, a 13.78*, a    

   50 64.5^ 13.8* N.A. 32.67*, a 13.67*, a    

Hosseinzadeh et al. [51] Iran 0.2 wt% Nano-ZnO/Water  – 51^ 13.44* 39.86* 53.30*, a 12.37*, a 600–1000 25–31 Exp. 

  0.2 wt% Nano-ZnO/Water 

+ PCM 

46–48 45^ 14.05* 51.66* 65.71*, a 13.61*, a    

Kazemian et al. [50] Iran Water + PCM  46–48 41.3^ 14.03* 70.46* 84.49*, a 14.37*, a 440–850 N.A. Exp. 

  Water/50% EG + PCM 46–48 42.5^ 13.89* 63.72* 77.61*, a 14.42*, a    

  EG + PCM 46–48 47.6^ 13.69* 52.95* 66.64*, a 15.13*, a    

Mousavi et al. [28] Iran Water – 71 12.2 86 N.A. 15.52a 600 25 Num. 

  Water + PCM 29 55 13.1 81 N.A. 15.6a    

  Water + PCM/MF 29 33 14.5 69 N.A. 16.7a    

Salari et al. [82] Iran Water + PCM 40 42.3 13.83 41.41 55.24a N.A. 1000 30 Num. 

  6 wt% Nano-MgO/Water 

+ PCM 

40 41.3 13.89 46.18 60.07a N.A.    

  6 wt% MWCNT/Water + 

PCM 

40 41.3 13.91 47.17 61.08a N.A.    

Sardarabadi et al. [49] Iran Water – 52^ N.A. N.A. N.A. 12.23*, a 600–1000 25.5–30.5 Exp. 

  Water + PCM 46–48 45^ N.A. N.A. N.A. 13.17*, a    

  0.2wt% Nano-ZnO/Water 

+ PCM 

46–48 45^ N.A. N.A. N.A. 13.42*, a    

Sweidan et al. [128] Lebanon Water + PCM 33 N.A. 10.56^ 19.08^ 46.87&, ^, a N.A. N.A. N.A. Exp. 

Al-Waeli et al. [44, 53] Malaysia Water – 45.2^ 9.92^ 35.4^ N.A. N.A. 200–720 24–37 Exp. 

  Water + PCM 49 42.2^ 12.32^ 50.5^ N.A. N.A.    

  3wt% Nano-SiC/Water + 

0.1wt% Nano-SiC/PCM 

49 39.5^ 13.70^ 72^ N.A. N.A.    

Fayaz et al. [47] Malaysia Water – 74.6 12.28 77.5 89.78a N.A. 1000 27 Exp. 

  Water + PCM 44.8 69.1 12.59 70.8 83.39a N.A.    

Hossain et al. [40] Malaysia Water + PCM 44–46 52–68 10.29* 73.7* N.A. 12.19*, a 300–1000 30–36 Exp. 

Sopian et al. [54] Malaysia Nano-SiC/Water + Nano-

SiC/PCM 

49 45* 13.7* 72* 85.7*, a N.A. 150–720 31* Exp. 

Abdelrazik et al. [80] KSA 

 

Nano-GR/Water – 52.5 10.5 67.23 77.73a N.A. 921 25  Num. 

 Nano-GR/Water + PCM N.A. 66.5 9.75 61.21 70.96a N.A.    

 Nano-GR/Water +PCM+ 

Nano-Ag/Water (OF) 

N.A. 38.9 11.24 79.01 90.25a N.A.    

Lari et al. [36] KSA Nano-Ag/Water + PCM 28 26–34 12.6* 55.5* N.A. N.A. N.A. N.A. Exp. 

Maatallah et al. [55] KSA Water + PCM 57 60^ 13.7* 26.9* 40.6*, a N.A. 250–800 32–36 Exp. 

Simón-Allué et al. [87] Spain Water – N.A. 15* N.A. 55&, *, b N.A. 800–1000 25–38 Exp. 

  Water + PCM 44–46 N.A. 14.9* N.A. 56&, *, b N.A.    
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Ceylan et al. [71] Turkey Air +PCM 47 15–41 10.6–12.1 N.A. 10-82&, a N.A. 2200^ (Con.) 21–41 Exp. 

Ergün et al. [57] Turkey Water + PCM 47 58^ N.A. N.A. N.A. 9.2*, a 400–1150 N.A. Exp. 

  Water +  

5 wt% Nano-Al2O3/PCM 

47 56^ N.A. N.A. N.A. 10*, a 

 

   

Diallo et al. [129] UK Water + HPi – N.A. 11 38 49a N.A. 800 25 Num. 

  Water + PCM + HPi 44 41.1 12.2 55.6 67.8a N.A.    

Tabet Aoul et al. [59] UAE  Water – 110^ 16.5–22 14^ 18–35# N.A. 2156^ (Con.) 24–42 Exp. 

 Water + PCM 56.9 86^ 18–22 24^ 20–40# N.A.    

            

Standalone PV/T with MPCM slurry 

Chen et al. [108] China Water – 28-58 13.2* 19.3* 49.6&, *, b N.A. 156–850 23-37 Exp. 

  30% PCM particles/Water 35 28-55 14.0* 24.3* 59.3&, *, b N.A.    

Liu et al. [103] China Water + Air  – 28–34.2 8.74–8.97 68.6–70.2 77.3–78.8# N.A. 168–890 17.1–22.6 Num. 

  10 wt% MPCM/Water + 

Air 

28 28–33 8.79–8.97 68.6–71.8 77.3–80.6# 9.8–11.4#, b    

Liu et al. [105] China Water – 28.2–42.4 11.2–11.8 55.3–71.9 61.0–77.8a N.A. 140–1010 27.2–31.6 Num. 

  10 wt% MPCM/Water  28.4 28.1–37.7 11.4–11.8 58.6–78.5 64.3–84.4a N.A.    

Eisapour et al. [107] Iran Water – 40 11.19 62.47 N.A. 13.25a 1000 20 Num. 

  15 wt% MPCM/Water   37 38.2 11.28 63.28 N.A. 13.13a    

  9% Nano-Ag/15 wt% 

MPCM/Water  

37 37.4 11.33 67.14 N.A. 13.26a    

Qiu et al. [26] UK 5 wt% MPCM/Water 28.4 40.5 15.7 44.6 59.9# N.A. 1000 20 Num. 

Qiu et al. [109] UK 10 wt% MPCM/Water 28.4 31.9 14.1 68.8 81.5# N.A. 600 29.5 Exp. 

Yu et al. [106] UK Water – 45 11.0 64.1 75.1a 12.0a 1000 20 Num. 

  20 wt% MPCM/Water  37 42 11.2 67.0 78.2a 12.2a    

            

Building-integrated PV/T with bulk PCMs 

Fiorentini et al. [61] Australia Air + PCM 22 N.A. 8.2* 9* 17.2*, a N.A. 200-800 N.A. Exp. 

Lin et al. [115] Australia Air + PCM 21–25 44.2^ 8.31* 12.5* N.A. N.A. 530^ 7–17 Exp. 

    71.7^ 8.26* 13.6* N.A. N.A. 1000^ 20–28  

Aelenei et al. [120] Portugal Air + PCM 18-23 18–56 10^ 10^ 20^, a N.A. 22-866 8.4–13 Num. 

Pereira et al. [121] Portugal Air + PCM 18-23 45^ 10* 54* 64*, a N.A. 866^ 4–12 Num. 

    46^ 5* 27* 32*, a N.A. 900^ 23–38  

Yin et al. [112] USA Water + PCM N.A. 38 11.4 53.9 65.3a N.A. 1100 25 Exp. 

a or b  denotes adopted calculation or definition expression as described in Table 2; ^ denotes daily maximum value; * denotes daily (or monthly) average value; & denotes 

primary-energy saving efficiency; $ denotes overall energy efficiency considering condensation heat;  # denotes net efficiency considering power pump consumption; N.A. 

denotes not available; Con. denotes concentrated; EG denotes ethylene glycol; HPi denotes heat pipe; MF denotes metal foam; HP denotes heat pump; Nano denotes 

nanoparticles; MWCNT denotes multiwalled carbon nanotube; GR denotes graphene; OF denotes optical filter; Exp. denotes experimental; Num. denotes numerical. 



 

57 

8.2 Outlook for PV/T-PCM technologies 

Based on the comprehensive review in this paper, the following topics on PV/T-PCM are 

worth addressing in future research: 

(1) PCMs with a suitable melting temperature, a large latent heat and a high thermal 

conductivity are in demand. It is necessary to develop new PCMs to modulate the melting 

temperature and latent heat or develop composite PCMs to improve the thermal conductivity. 

The phase segregation, thermal reliability, subcooling and leakage issues of PCMs remain 

largely unaddressed, especially under the varying solar irradiation and ambient temperature.  

(2) Performance comparisons between various configurations of PV/T-PCM modules and 

the corresponding optimum design are scarcely addressed. Guidance on the design and 

configuration optimization of PVT-PCM modules should be provided. The grade of generated 

thermal energy needs to be elevated. 

(3) Experimental testing is required to explore the stability of MPCM slurry in PV/T 

modules during the circulation operation, such as possible agglomeration, sedimentation, 

stratification and shell cracking of MPCM. A combination of MPCM particles with different 

melting points in one slurry could be adopted to tackle the varying solar irradiation.  

(4) It is still requisite to develop more effective and compact designs of BIPV/T-PCM 

systems. More sophisticated daily operation strategies for the façade/ceiling ventilation are 

required to give rise to high-efficiency melting/solidification processes of PCM. Seasonal 

ventilation regime or thermal storage could be considered to improve the year-round system 

performances for achieving building energy efficiency or even net-zero energy building.  

(5) The studies on the integration of PV/T-PCM with various energy conversion 

technologies remain limited. Modifications need to be performed on the existing integration 

systems for more efficient energy outputs. The integration could be extended to broader energy 

conversion technologies for realizing more functions. 
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(6) In various PV/T-PCM integrated systems, a PCM heat storage unit or heat exchanger 

is the key component. In view of the complexity caused by varying climate conditions, it is 

required to carry out in-depth research or propose innovative designs for a PCM heat storage 

unit or heat exchanger to meet the demand of integrated systems.  

(7) The current numerical models for PV/T-PCM systems include 1D model based on the 

thermal network and 2D or 3D model based on CFD. The accuracy of 1D model is not ensured. 

The 2D or 3D model is quite time-consuming especially for predicting the yearly performances. 

Very precise models with a fast prediction (e.g. coupling the 1D and 3D models) should be 

developed for fast design optimization and performance prediction.  

(8) The design and optimization of PV/T-PCM systems should be performed considering 

the annual variation of climate conditions for selecting PCM melting point and mass, module 

configuration and system integration. In view of the probable performance degradation of 

PCMs in the long term, the system life cycle test must be implemented to clarify their long-

term performances for practical applications. 
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