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Abstract: When converting solar energy to electricity, a big proportion of energy is not converted for 

electricity but for heating PV cells, resulting in increased cell temperature and reduced electrical 

efficiency. Many cooling technologies have been developed and used for PV modules to lower cell 

temperature and boost electric energy yield. However, little crucial review work was proposed to 

comment cooling technologies for PV modules. Therefore, this paper has provided a thorough review 

of the up-to-date development of existing cooling technologies for PV modules and given appropriate 

comments, comparisons and discussions. According to the ways or principles of cooling, existing 

cooling technologies have been classified as fluid medium cooling (air cooling, water cooling and 

nanofluids cooling), optimizing structural configuration cooling and phase change materials cooling. 

Potential influential factors and sub-methods were collected from the review work, and their 

contributions and impact have been discussed to guide future studies. Although most cooling 

technologies reviewed in this paper are matured, there are still problems need to be solved, such as the 

choice of cooling fluid and its usability for specific regions, the fouling accumulation and cleaning of 

enhanced heat exchangers with complex structures, the balance between cooling cost and net efficiency 

of PV modules, the cooling of circulating water in tropical areas and the freezing of circulating water in 

cold areas. To be advocated, due to efficient heat transfer and spectral filter characters, nanofluids can 

promote the effective matching of solar energy at both spectral and spatial scales to achieve orderly 

energy utilization. 
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1. Introduction 

Solar energy has many advantages, such as large reservation, wide distribution, pollution-free and 

sustainable. Therefore, it has been used in many countries as a major type of clean energy [1] to deal 

with the current energy crisis [2]. In real applications, solar energy is mainly collected by either solar 

photovoltaic (PV) power generation [3, 4] or heat collection [5, 6]. PV cells can convert low-grade 

solar radiation into high-grade electricity through photoelectric conversion, with no pollutant emissions 

and additional energy to run the system, hence having high application potentials. According to the 

“Renewables Energy 2018 - Global Status Report” [7], as shown in Fig. 1, the use of PV cells increased 

significantly between 2007 and 2017 in the market of renewable energy in many countries and regions, 

with a total global capacity reached 402GW in 2017. 

 

Fig. 1 Development of global solar PV capacity [7] 

PV power generation, however, still has some major issues in real applications. Their characteristics are 

highly dependent on the physical properties of semiconductor materials, with many influential factors, 

such as cell temperature [8], dust accumulation [9, 10], inverters and control systems [11], in which cell 

temperature has the most direct impact on the efficiency of PV cells. Existing literatures have 

demonstrated that the efficiency of PV cells would decrease by 0.4%-0.5% with 1°C increase of cell 

temperature [12, 13]. Therefore, to achieve high PV efficiency, it is necessary to apply efficient cooling 

measures for PV modules to keep the cell temperature at appropriate levels. However, few crucial 

researches were proposed to compare, review and discuss comprehensive cooling technologies for PV 
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modules. This paper is based on a thorough review of recent development of cooling technologies for 

PV modules with appropriate discussions. The remaining part of the paper still contains six sections. 

Section 2 explained photoelectric effect and operation characteristics of solar cells. The following three 

sections described up-to-date cooling technologies from fluid medium cooling (Section 3), structural 

configuration design to enhance heat transfer (Section 4) and cooling by phase change materials 

(Section 5). In Section 6, both advantages and disadvantages of existing cooling technologies were 

summarized, with some issues proposed for further investigations. Finally, a conclusion of the paper 

could be found in Section 7. 

2. Photovoltaic Modules 

2.1 Electricity generation 

It is well known that atoms are composed of nucleus and extranuclear electrons. Quantum mechanics 

have revealed that extranuclear electrons move in some specific quantized orbits. When electrons 

collide or receive energy from photons, they will change their original orbits, and sometimes even 

break away from the atomic nucleus and become free electrons. 

 

Fig. 2 Equivalent circuit of solar cells [12] 

In a PV system, a P-N junction has a positive type semiconductor and a negative type semiconductor 

and works as the system’s power supplier. Due to the difference in the number of holes and free 

electron density on both P-type and N-type surfaces, an internal electric field can be formed at the P-N 

junction, directed from the positively charged N region to the negatively charged P region [12]. The 

direction of the electric field is opposite to the direction of the free electron diffusion movement, 

preventing diffusion. When solar radiation reaches the surface of PV cells (photons strike N-type), 

electrons will escape from atomic bondage. When the electron movement forming a loop, the PV 

system will start to generate current, that is, photon current Iph. As shown in Fig. 2, since the PV cell is 

the power source and ID is the diode current, the operating current can be determined by Eq. (1), which 
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can be used for either individual PV cells or a PV module with multiple PV cells or PV matrix. 
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where Iph is photocurrent (A), RS is series resistance ( ), and RSH is shunt resistance ( ). 

Generally, the shunt resistance RSH is much bigger than a load resistance, leading to imperceptible 

electrical currents on RSH. While the series resistance RS is much smaller than a load resistance, 

resulting in less power dissipated internally within the cell. Therefore, without considering these two 

resistors, Eq. (1) can be simplified as followings, 
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where k is the Boltzmann constant (1381×10−23J/K), TC is cell temperature (K), I0 is saturation current 

(A) dependent on temperature, and V is load voltage (V). When the system does not form a circuit, V is 

open circuit voltage VOC (V). 
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2.2 Operational characteristics 

 

Fig. 3 Effects of cell temperature on characteristic of PV cells [12] 

Based on Eqs. (1)-(3), there is a direct correlation between operating current and voltage from the I-V 

characteristic curve of a PV system, which is related to cell temperature (Fig. 3). Increased cell 

temperature will result in less short-circuit current changes, larger open-circuit voltage changes, and 

smaller maximum power point [14]. Existing studies [15, 16] have demonstrated that with increased 

cell temperature, electrical efficiency may decrease by 0.4%-0.5%/°C, which is serious for PV 
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utilization. Therefore, many researchers have suggested that PV modules should be properly cooled to 

improve their efficiency [17-20]. 

Since silicon cells inside PV modules are fragile, proper measures must be taken to protect them, such 

as adding EVA and TPT layers to the PV modules. However, these extra layers will increase the cell’s 

thermal insulation, prevent heat release to the ambient environment, and then result in higher cell 

temperatures. Theoretically, the efficiency of PV cells could go up to 28% [21], but in reality their 

efficiency is often less than 17% [22]. 

For cooling PV modules to promote their overall efficiency, many methods are available now, and 

generally they could be classified into three classes, namely, fluid medium cooling, structural 

configuration design and phase change materials (PCMs) cooling, as depicted in Fig. 4. These 

technologies, as cooling methods for PV modules, are also called enhance heat transfer methods, which 

are usually employed in other applications, such as passive buildings, crop drying, solar refrigeration 

and agricultural greenhouses [23-26]. In the following sections, available cooling technologies within 

each class would be thoroughly reviewed and discussed. 
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3. Fluid Medium Cooling 3 

When solar energy reaches the surfaces of PV modules, some is absorbed and converted into electric 4 

energy, and the other, which does not match the spectrum of PV cells, will heat the panels and increase 5 

their temperature, hence reducing their efficiency. Fluid medium cooling technique has been widely 6 

used to take away redundant heat and remain high electrical efficiency. Fig. 5 has depicted a basic 7 

schematic, where it could be seen that in this cooling system fluid channels are attached to either top or 8 

back of PV modules and fluid mediums in the duct or the pipe are circulated by either a pump or a fan. 9 

This circulation allows heat removal from the surface of PV modules by either heat or mass transfer, so 10 

as to cool solar cells and improve their electrical efficiency. Temperature measuring point 1 and 2 11 

measure both inlet and outlet temperatures so the heat removed from the PV modules can be calculated 12 

and controlled. The valve is used to regulate the medium flow rate in the system. To enhance energy 13 

utilization, this removed heat may also be further used for crop drying [23], building ventilation [24], 14 

domestic water [27, 28] and low-grade power generation [29, 30], through heat exchangers. The way to 15 

simultaneously convert solar radiation into both electricity and heat is also named as 16 

photovoltaic-thermal systems (PV/T systems), which were originally designed to reduce the 17 

temperature of PV modules [18]. Cooling cycle mediums can be either air (Section 3.1), water (Section 18 

3.2) or nanofluids (Section 3.3), and solutions adopting different mediums have been introduced in 19 

details in the following three sub-sections. 20 

 21 

Fig. 5 Principle diagram of fluid medium cooling PV modules 22 
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3.1 Air-cooling 23 

Air-cooling PV/T systems use air as the heat transfer medium to take redundant heat away and reduce 24 

the temperature of solar cells. Since air has major advantages in terms of both little volumetric change 25 

at low-temperature conditions and environment-friendly, it has been widely adopted in real applications, 26 

even for severe cold regions [31, 32]. For the air-cooling solution of PV modules, many researchers 27 

have investigated potential influential factors on its cooling effect, and these factors can be briefly 28 

classified as external environmental factors (solar radiation [33, 34], ambient temperature [33] and 29 

wind speed [23]) and design related factors (channel depth, channel length and air mass flow rate [35, 30 

36]). 31 

3.1.1 External environmental factors 32 

Solar radiation has been justified as having a negative effect on the cooling effect of PV modules, by 33 

investigating its correlation with cell temperature [37, 38]. When excess heat caused by increased solar 34 

radiation exceeds the dissipation ability of PV modules themselves, solar cells would be heated to 35 

increase their temperature about 1.8°C/100(W/m2), leading to reduced electrical efficiency of 36 

0.15%/100(W/m2). Sohel et al. [38] found that for an air-cooling PV/T system, increased solar radiation 37 

from 100W/m2 to 1000W/m2 may result in increased cell temperature from 22°C to 85°C and increased 38 

air outlet temperature from 21°C to 33°C. Therefore, higher solar radiation level means more cooling 39 

demand for the cooling system [33, 35, 39]. Although solar radiation is unfavorable by air-cooling, it 40 

do give more energy to the PV modules [34], which may compensate the decreased electricity 41 

generation efficiency caused by higher cell temperature. 42 

Theoretically, when ambient temperature is high, heat exchange between PV modules and air tubes will 43 

be weakened due to the smaller temperature difference, hence reducing the cooling efficiency. Some 44 

studies have investigated the impact of ambient temperature on the cooling effect of the air-cooling 45 

solution [33, 40]. Based on a steady state thermal model, Koech et al. [39] suggested that ambient 46 

temperature was disadvantageous to the cooling efficiency of air-cooling solution, leading to reduced 47 

electrical efficiency by 0.05%/°C. This conclusion was supported by Sanusi et al. [40], who monitored 48 

the operational status of PV modules for three years. 49 

Wind speed may promote the convection heat exchange between PV modules and ambient air, and 50 

therefore leads to more heat removed from PV modules. Two existing studies have discussed the 51 
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influence from this factor [38, 41]. Sohel et al. [38] have discovered that the mean temperature of PV 52 

modules could be reduced by 5°C when increasing wind speed from 5m/s to 20m/s, and similar result 53 

has been observed by Adeli et al. [41] as well. 54 

3.1.2 Design related factors 55 

A few studies have evaluated the correlation between channel length or depth and cell 56 

temperature/outlet temperature of air cooling PV/T systems [42, 43], which have been popularly used 57 

to represent the cooling effect of air cooling PV/T systems. With constant air mass flow rate, bigger 58 

channel depth gives lower flow air velocity, and this will result in higher cell temperature. Tonui et al. 59 

[42] have justified that cell temperature could be increased by about 10°C , when increasing the 60 

channel depth from 0.01m to 0.50m. Through a theoretical investigation, Moradi et al. [43] reported 61 

that the outlet temperature could be reduced by 2°C - 5°C, by changing channel depth from 0.01m to 62 

0.1m. 63 

When increasing channel length, air will be staying in the channel for a longer time so cannot remove 64 

heat efficiently, leading to a lower cooling efficiency [42]. This finding was supported by Koech et al. 65 

[39], and they explained that decreased packing factor from increased channel length would lead to 66 

increased solar radiation absorbed by the tedlar (the insulation layer [44]). Therefore, more heat would 67 

be transferred to PV cells to increase their temperature, and a theoretical investigation suggested that 68 

increasing channel length from 0m to 6m could decrease electrical efficiency from 10.04% to 9.66% 69 

[39]. Using steady-state simulation, Moradi et al. [43] concluded that increased channel length can 70 

increase the outlet temperature but in their study the actual impact on cell temperature has not been 71 

discussed. 72 

The impact from air mass flow rate has been investigated in many studies, as it directly determines the 73 

temperature difference between PV cells and air in tubes. A higher air mass flow rate will be able to 74 

take more heat away from the PV modules to reduce cell temperature [37, 45]. Mojumder et al. [36] 75 

have reported that PV temperature could be reduced from 46°C to 39°C, with increased air mass flow 76 

rate from 0.02m/s to 0.14m/s, with reduction rate slowing down at higher mass flow rates. Tonui and 77 

Tripanagnostopoulos [42] indicated that for a 0.4m2 area air cooling Si-PV/T system, the outlet 78 

temperature could be decreased from 42°C to 23°C when increasing air mass flow rate from 0 to 79 

0.1m/s. The temperature, however, seemed to be stabilized at 23°C even when increasing flow rate 80 
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further. This promotion in cooling efficiency gave an increased electrical efficiency from 11% to 13%. 81 

3.2 Water-cooling 82 

The fundamental principle of water-cooling is the same as that of air-cooling, except using water as the 83 

heat transfer medium. Comparing to air-cooling PV/T systems, water-cooling PV/T systems are 84 

advantageous in terms of cooling efficiency, mainly attributed to the higher thermal conductivity and 85 

specific heat capacity of water, leading to more heat carriable per unit mass of water [46]. An existing 86 

study [47] has proposed that the thermal efficiency of air-cooling PV/T systems was generally between 87 

30% and 50%, while water-cooling PV/T systems could achieve thermal efficiency between 50% and 88 

70%, indicating more heat to be removable from the PV modules to reduce cell temperature. The 89 

factors affecting cell temperature of water-cooling mainly consist of external environmental factors 90 

(solar radiation, ambient temperature and wind speed) [48-51], design related factors (inlet water 91 

temperature and water mass flow rate) [49, 52, 53], water evaporative cooling [54, 55] and auxiliary 92 

technologies (heat pump and heat pipe) [56-58]. 93 

3.2.1 External environmental factors 94 

Many studies have discussed the factor of solar radiation and got general conclusion. When solar 95 

radiation is high, more heat is collected to increase cell temperature, leading to higher cooling demand 96 

[59, 60]. Vittorini et al. [50] found increased cell temperature by 3°C, 4.5°C, 7°C and 11°C when 97 

increasing solar radiation from 250W/m2 to 915W/m2 for 0.5L/min, 1.0L/min, 1.5L/min and 2.0L/min 98 

flow rate. Singh et al. [48] also suggested that under high solar radiation heat of PV modules could not 99 

be taken away in time, and changing solar radiation from 200W/m2 to 1000W/m2 led to decreased 100 

electrical efficiency from 11.6% to 11.0%. 101 

There are two existing studies that have investigated the influence of ambient temperature on cooling 102 

efficiency of water-cooling solution, with similar reasons as the air-cooling solution. Zhang et al. [49] 103 

have reported that for a three-dimensional (3D) physical model of flat-box PV/T collectors the average 104 

cell temperature would increase by about 2°C when changing ambient temperature from 15°C to 30°C. 105 

Using regression models, Vittorini et al. [50] proposed that every 1°C increase in ambient temperature 106 

might result in an increase of 1.4°C in cell temperature. 107 

Similar to air-cooling solution, the influence of wind speed on the cooling effect of water-cooling 108 
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solution has been explored as well in previous studies. Vittorini et al. [50] have suggested that with 109 

every 1m/s increase of wind speed the cell temperature would decrease by 3.3°C, and this conclusion 110 

was also supported by Zhang et al. [49]. 111 

3.2.2 Design related factors 112 

Some studies have explored the influence of inlet water temperature on cooling effect, as it determines 113 

the heat transfer effect between the water and solar cells. When inlet water temperature is low, the 114 

temperature difference between water and solar cells is high, leading to more heat removable from PV 115 

modules and better cooling effect [60, 61]. Zhang et al. [49] have revealed that when decreasing the 116 

inlet temperature from 35°C to 15°C, cell temperature could be lowered by up to 9°C. 117 

Water mass flow rate has been investigated as a factor as well in many studies [48, 53, 60], with similar 118 

reasons as air-cooling solution. Fudholi et al. [52] carried out experiments on a water-cooling PV/T 119 

system with varying water mass flow rate from 0.011kg/s to 0.041kg/s and reduced PV temperatures of 120 

2.36°C, 3.08°C, 3.20°C and 3.51°C were observed under solar radiations of 500W/m2, 600W/m2, 121 

700W/m2 and 800W/m2, respectively. 122 

3.2.3 Water evaporative cooling 123 

When water is transferred from liquid state to gas state, it absorbs great amount of heat, and this, water 124 

evaporative cooling, can be used to improve the cooling effect of water-cooling solution [62-64]. 125 

Krauter [54] has developed a cooling system flowing water over the module front surface to cool PV 126 

panels, as shown in Fig. 6. In this system, the water evaporates at the front surface and takes away 127 

significant amount of heat, leading to cell temperature decreased by 22°C comparing to conventional 128 

PV modules. Abdolzadeh and Ameri [55] have investigated the cooling effect of PV water pumping 129 

systems by spraying water over the front of photovoltaic cells. Using this system, the average cell 130 

temperature was controlled to be lower than 23°C, ultimately leading to mean PV efficiency increased 131 

from 9.26% to 12.35%, and this cannot be achieved by the same system without water spray. The 132 

performance of amorphous silicon thin PVs with and without water flow has been investigated by Gaur 133 

and Tiwari [63], with similar results as Abdolzadeh [55] obtained. 134 

 135 
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 136 

Fig. 6 (a) Water film on the PV module by a line of nozzles (b) Comparison of photovoltaic conversion 137 

efficiencies of two PV-modules [54] 138 

3.2.4 Jet impingement cooling 139 

Jet impingement cooling, a favorable method to boost PV modules harvest, has been demonstrated by 140 

many studies [65-68]. According to the field synergy theory, a 180 degrees synergy will form between 141 

the jet direction perpendicular to the PV module and the temperature gradient direction of PV modules 142 

to achieve the optimal heat transfer effect. At the same time, jet impingement will also create a 143 

stagnation zone under the jet, which can take a lot of heat away and realize the cooling of PV modules. 144 

Bahaidarah [69] experimentally investigated the performance of jet impingement cooling used in PV 145 

modules in the Middle East, and revealed that cell temperature with jet impingement cooling decreased 146 

by 33.1°C in June and 16.6°C in December compared with the uncooled system. However, the limited 147 

impact area limits the cooling effect of the PV module, since the heat transfer coefficient rapidly 148 

reduces with the increased distance from the jet inlet. To achieve uniform cooling, some researches 149 

have proposed multiple injection ports or arrays of jet improvement to maximize the cooling of PV 150 

modules [65, 66]. Awad et al. [65] proposed a novel micro jet impingement integrated with 151 

mini-channel to cool a concentrated PV system, and results indicated that cell temperatures with micro 152 

jet impingement  integrated with mini-channel were 87°C, cell temperatures with only mini-channel 153 

were 104°C and cell temperatures without a heat spreader were 108.7°C respectively. 154 

3.2.5 Auxiliary technologies 155 

In practice, the water-cooling technology is often used with some auxiliary technologies, including heat 156 

pump and heat pipe technologies, to maintain low cell temperature. Solar assisted heat pumps combine 157 

PV/T systems and heat pumps, with the PV/T system working as an evaporator of the heat pump to 158 

remove waste heat from PV modules. Since this solution adopts lower temperature for circulating water 159 
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in pipeline comparing to traditional PV/T systems, higher temperature difference between water and 160 

PV modules would lead to more heat taken away and reduced cell temperature [70, 71]. Fang et al. [56] 161 

experimentally justified that the temperature of conventional PV modules gradually increased from 162 

52°C to 62°C and then dropped to 53°C within 120min due to ambient air flow. However, the 163 

temperature of PV/T evaporators rapidly decreased from 52°C to 9°C within 10min only and then 164 

maintained between 8°C and 9°C under steady operational conditions. 165 

Heat pipes make full use of the principle of heat conduction and rapid heat transfer property of phase 166 

change medium [72, 73], and has high heat transfer coefficient to reduce the temperature of PV cells. 167 

Some researchers have investigated the performance of cooling PV/T systems assisted by heat pipes 168 

[74, 75]. Moradgholi et al. [57] reported that the temperature of PV panels dropped by up to 15°C, 169 

leading to a lower cell temperature. Additionally, they also suggested that comparing to conventional 170 

PV panels, the ones with heat pipes could produce more electricity, i.e. 0.72% more in spring and 171 

0.88% more in summer, respectively, with similar findings obtained by Qu et al. [76] and Wang et al. 172 

[77]. 173 

3.3 Nanofluids-cooling 174 

Nanofluid is a suspended fluid mixing nanoparticle with water or organic solvent. It can be used as 175 

coolant and optical filter for PV panels, owing to their nano-size effect giving high thermal 176 

conductivity and characteristic of spectrum absorption [78-80]. solar cells only respond to specific 177 

solar spectrum, and the beam splitting approach has been proposed in recent years to realize maximum 178 

utilization of solar radiation [81-83]. Only wavelengths that match solar cells’ requirements are directed 179 

to PV panels, whereas the rest would be filtered out through nanofluids. Factors affecting the cooling 180 

effect of nanofluids could be divided into channel location [84, 85], nanoparticles properties [78, 84, 86, 181 

87] and concentration ratio [79]. 182 

3.3.1 Channel location 183 

The channel location for nanofluids determines the role of nanofluids and then affects their cooling 184 

effect to PV modules. When the channel is under PV cells, nanofluids is used as coolant, and can 185 

efficiently remove excess heat and cool PV cells, often used in concentrated photovoltaic systems with 186 

higher cell temperature. Some researchers have discussed the impact of heat transfer characteristic of 187 

nanofluids on the cooling effect to PV cells [78, 84]. He et al. [86] experimentally discovered that the 188 
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highest temperature of nanofluid (Cu-water, 0.1wt%) was improved by 25.3% than deionized water in 189 

one day due to more heat carried away by nanofluid. Karami and Rahimi [84] revealed that the cell 190 

temperature with 0.01%wt boehmite nanofluid was 3°C - 5°C lower than that with water. In a similar 191 

study, Sardarabadi et al. [78] presented that the mean cell temperature of a silica/water nanofluid 192 

(1wt%) PV/T system was 14°C lower than a traditional PV module. 193 

When the channel is located above PV cells, nanofluids is used as both spectral filters and coolant 194 

thanks to the radiative absorption characteristic of particulate matters [88-90]. Nanofluids can absorb 195 

part of solar spectrum and remove corresponding energy involved. At the same time, as one type of 196 

cooling fluid, nanofluids can take away excessive heat from PV cells and reduce cell temperature to 197 

improve cooling effect. Zhao et al. [85] theoretically investigated cell temperature variation of a 198 

double-pass PV/T solar collector with the same nanofluid. Results revealed that the cell temperature 199 

with nanofluid was lower than that of traditional water PV/T systems, and could maintain 32°C without 200 

regulating mass flow rate. Cui and Zhu [91] suggested that optical nanofluid needs to work as spectral 201 

filters, emphasize optical properties, but thermal nanofluid mainly focused on heat transfer properties 202 

to remove excessive heat. For example, increased mass fraction or volume fraction would reduce the 203 

transmittance of solar radiation leading to better cooling effect and lower output, but boost heat transfer 204 

enhancement. Therefore, Hassani et al. [79] designed separate channels with two different types of 205 

nanofluids to optimize optical and thermal properties, respectively, as shown in Fig. 7. The first 206 

channel was located above PV cells, containing optical nanofluid, acting as an optical filter, and the 207 

second channel was located below PV cells, containing thermal nanofluid to remove redundant heat 208 

from the back of PV cells. The study has justified a higher cooling efficiency from separate channels 209 

comparing to that from double-pass channels, due to the complementation between optical nanofluid 210 

and thermal nanofluid to achieve decreased cell temperature and boosted photoelectric converting. 211 
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 212 

 213 

Fig. 7 A schematic diagram of a PV/T system; (a) separate channels (b) double-pass channels [79] 214 

3.3.2 Nanoparticles properties 215 

Nanoparticle matter is a key influential factor on heat transfer efficiency and therefore affects the 216 

cooling efficiency to PV modules. Popular particle matters include metal [92, 93], metallic oxide [94, 217 

95] and other compounds [80], which increase heat transfer coefficient between 16.3%-47.0% [93, 96] 218 

than air or pure water. Khanafer and Vafai [97] have reviewed the thermal conductivity of metallic and 219 

non-metallic nanofluids enhancements, and indicated that the thermal conductivity of metallic oxide 220 

nanofluids was greater than that of non-metallic nanofluids, and the thermal conductivity of ethylene 221 

glycol as solvent nanofluids was much superior to that of water. 222 

Nanoparticle size is also a factor affecting nanofluids’ outlet temperature and transmittance of solar 223 
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radiation, and has been investigated in some studies [98]. When nanofluid is used as cooling fluid only, 224 

increased nanoparticle size will decrease the surface area to volume rate, leading to decreased 225 

interfacial heat-transfer coefficient and hence poor cooling effect [98, 99]. Additionally, increased 226 

nanoparticle size will also affect their optical properties, such as increasing reflection and scattering of 227 

solar radiation. This change will result in lower outlet temperature of nanofluid and better cooling 228 

effect due to less solar radiation received [86, 87]. He et al. [86] presented that the transmittance of 229 

Cu-water nanofluid decreased with increased nanoparticle sizes, especially for shortwave radiation 230 

<1μm. In a similar work, Du and Tang [87] observed that increased particle size could generate higher 231 

extinction coefficient and furthermore suggested that large-sized particles may lead to particle 232 

deposition and cause nanofluids unstable. Meanwhile, Hjerrild et al. [100] suggested that particle 233 

diameters should be less than 50nm to maintain low energy lost. 234 

Many studies have investigated mass or volume fraction as an influential factor of nanofluids’ cooling 235 

efficiency [84, 86]. Increased mass or volume fraction of thermal nanofluids will give bigger effective 236 

interfacial heat transfer area, leading to better heat transfer efficiency and cooling effect [78]. A certain 237 

mass fraction of nanofluids above the surface of PV cells can absorb specific solar spectrum not useful 238 

to PV cells and remove related heat to reduce cell temperature. With increased mass or volume fraction, 239 

more solar radiation will be reflected and less will be transmitted, resulting in reduced cell temperature 240 

and improved cooling efficiency [20, 87]. Hassani et al. [79] theoretically demonstrated that PV 241 

temperature would decrease from 541.0°C to 254.8°C for GaAs cells and from 298.2°C to 159.3°C for 242 

Si cells when increasing volume fraction from 0.001% to 1.5%. In addition, He et al. [86] have 243 

discovered increased nanofluid temperature up to 25.3% higher than that of deionized water when the 244 

mass fraction was below 0.01wt%. When increasing mass fraction continuously, (between 0.01wt% 245 

and 0.2wt%), the nanofluid temperature started to decrease, mainly due to decreased weighting of solar 246 

radiation. However, they also presented decreased transmittance and increased extinction coefficient, 247 

when increasing mass fraction. Similar results were also presented by Crisostomo et al. [20] and Du et 248 

al. [87]. In order to reduce reflected solar radiation, Hjerrild et al. [100] suggested to have volume 249 

fraction of nanoparticles less than 0.6%, with optimal fraction dependent on nanoparticles’ materials. 250 

3.3.3 Concentration ratio 251 

Concentration ratio is the ratio of solar irradiation gathered per unit area to its incident solar radiation, 252 
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and is a basic index for concentrated photovoltaic systems. Some studies have suggested concentration 253 

ratio of solar radiation as a key factor affecting nanofluid-cooling [79, 101]. Higher concentration ratio 254 

will lead to more energy intake, leading to increased temperature of PV cells and nanofluids, and poor 255 

cooling effect. Radwan et al. [101] indicated that with concentration ratio set at 1, 10 and 40, the cell 256 

temperature reached 30°C, 32°C and 40°C, respectively, resulting in reduced corresponding electrical 257 

efficiency to 19.5%, 19.3% and 18.7%. Hassani et al. [79] mentioned that the cell temperature would 258 

increase sharply when increasing solar concentration ratio from 1 to 30, giving decreased electrical 259 

efficiency from 10% to 1% for Si cells and from 14.3% to 9.8% for GaAs cells. In another study, 260 

Hassani et al. [102] also discovered that the PV temperature of Ag/water nanofluid increased from 261 

31.5°C to 91.5°C as solar concentration ratio rose from 1 to 10, and the electrical efficiency decreased 262 

from 8.4% to 6% due to higher cell temperature. 263 

4. Promoting Heat Transfer through Structural Configuration 264 

Restricted heat transfer area will limit the cooling efficiency of photovoltaic cells. To tackle this issue, 265 

many researchers have tried to optimize the structural configurations of PV modules [103-106], mainly 266 

through incorporating flow channels (Section 4.1), fins design (Section 4.2) and fillers (Section 4.3). 267 

4.1 Flow channels 268 

In order to raise the time fluid medium spending in the channel to achieve better heat transfer between 269 

air/water layers and solar cells, existing studies have proposed different types of flow channels to 270 

promote the cooling efficiency of PV modules [107-112]. 271 

Fluid channels location is one such a factor, representing either below PV modules or above them. The 272 

former solution is designed as thin channels to remove waste heat by cooling medium, to reduce cell 273 

temperature, while the latter is working as both optical filters and heat removers on account of 274 

spectrum absorption characters and heat/mass transfer property of water. Rahimi et al. [110] discovered 275 

decreased average cell temperature from 85.25°C to 60.00°C due to simple air flow cooling under PV 276 

panels, with improved solar cell power generation by 12.99%. Singh et al. [111] theoretically compared 277 

cooling efficiencies under two cases, namely, Case I (air cooling both above and below the channel) 278 

and Case II (air cooling below the channel only), and found that the mean cell temperature of Case I 279 

was 27°C lower than that of Case II, leading to increased electrical efficiency by 1.7%. Jin et al. [113] 280 

experimentally indicated that the cell temperature of PV/T systems with cooling channels below PV 281 
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panels was 13°C - 20°C lower under different mass flow rates, comparing to those without cooling 282 

channels. Additionally, Ooshaksaraei et al. [112] compared four air-cooling bifacial PV/T solar 283 

collectors with different flow channels, Model 1 (single channel below PV panels), Model 2 284 

(double-path with parallel flow), Model 3 (double-path with counter flow) and Model 4 (double-pass 285 

with returning flow), as depicted in Fig. 8, and discussed their performances using both mathematical 286 

models and experimental studies. Study results have revealed that Model 1 had the highest electricity 287 

generation, due to its more solar radiation intake and lower cell temperature. 288 

 289 

Fig. 8 Cross-sectional views of four air-based bifacial PV/T solar collectors (1) single-path, (2) 290 

double-path with parallel flow, (3) double-path with counter flow, (4) double-pass with returning flow 291 

[112] 292 

Flow channels arrangement is also a factor investigated in existing studies. Complex flow state and 293 

long residence time of air/water caused by flow channel arrangement may help to promote cooling 294 

efficiency [52, 114]. Fudholi et al. [52] have tested the cooling effects of PV/T water collectors with 295 

three different arrangements of flow channels (Fig. 9), and indicated that the mean PV temperature of 296 

spiral flow channels was 50.20°C, lower than that of web flow channels (51.44°C) and direct flow 297 
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channels (51.49°C), under 800 W/m2 solar radiation. Dubey and Tay [115] proposed two types water 298 

channels for PV/T modules, i.e. a circular tube channel and a strip type channel, and reported that the 299 

average PV temperature of the circular tube channel was 5.5°C lower than that of the strip type channel 300 

in one day, at 0.06kg/s flow rate. 301 

 302 

Fig. 9 Three types of absorbers for PV/T water collectors (a) web flow absorber, (b) direct flow 303 

absorber and (c) spiral flow absorber [52] 304 

4.2 Fins design 305 

Fins are usually used to improve flow state, increase heat transfer area and improve heat transfer effect 306 

in heat exchangers. Because of them, fluid flow becomes more turbulent, with increased Reynolds 307 

number and heat transfer coefficient [34, 36]. Additionally, fins can also significantly increase the heat 308 

exchange area to enhance heat exchanges [116]. Some researchers have devoted themselves to 309 

designing various fins to enhance cooling efficiency for better electricity generation [52, 105, 117]. 310 

Hussain et al. [34] presented an improved design of PV/T solar collectors with hexagonal shape 311 

exchangers. With more heat exchange area provided by hexagonal shape fins, lower cell temperature 312 

was achieved, resulting in increased electrical efficiency by 0.2% and improved thermal efficiency 313 

between 20%-70% at different air mass flow rates. Xu et al. [117] carried out a contrast experiment 314 

from 1st May to 18th May in 2014, and discovered that the mean daily cell temperature of PV/T systems 315 

with thin metallic fins was about 1.4°C lower than that of conventional PV panels. Mojumder et al. [36] 316 

reported PV temperatures with no fins, two fins and four fins as 49.30°C, 46.52°C and 43.75°C, 317 

respectively, and suggested the PV/T system with four fins as having the highest electrical efficiency 318 

due to its lower cell temperature. Using numerical analysis, Charalambous et al. [114] explored the 319 

impact of thickness and tube spacing of fins on systems’ cooling efficiency using a steady-state model, 320 

and pointed out low-flow rate, less absorber fin thickness, small diameter tubes and tube spacing can 321 

optimize electricity yield of PV/T systems. 322 
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4.3 Fillers 323 

Fillers in the air duct of PV/T systems can help to promote both thermal conductivity and area of heat 324 

transfer to transfer more heat from solar cells to fluid medium, hence giving better cooling efficiency. 325 

Porous materials are commonly used as fillers to enhance heat transfer and improve cooling effect 326 

[118], and the cooling principle of porous materials is similar to that of fins. Ahmed et al. [24] applied 327 

porous media to cool solar cells, and heat removed by air from the cells was reused to heat buildings. 328 

The PV temperatures at 9am and 2pm were found to be 16°C and 3°C lower than that without porous 329 

media. Huo et al. [119] have carried out an experimental study to investigate the cooling efficiency of 330 

tube plate PV/T systems with iron filings filled. Comparing to that without iron filings filled, the 331 

calculated equivalent thermal conductivity of filling iron was 43.91 W/(m·K), with reduced cell 332 

temperature by 3.5°C to 6.5°C, leading to increased electrical yield by 19.8%. 333 

5. Cooling by phase change materials 334 

Phase change materials (PCMs) can absorb great amount of heat when converting phase from solid to 335 

liquid. When ambient temperature is high, PCMs start to absorb heat from environment and increase its 336 

temperature. When its temperature reaches its melting temperature, PCMs start to absorb a large 337 

amount of latent heat, with almost stable temperature. After all PCM changes to liquid, its temperature 338 

will start to increase again linearly [120]. Due to the unique thermodynamic characteristics, PCMs can 339 

match well with the cooling demand of PV modules to maintain the PV cell temperature in a certain 340 

range with small volume change of PCMs [121-123]. 341 

The application of PCMs in cooling of PV modules have been investigated in many studies [124-126]. 342 

Preet et al. [17] carried out a comparative analysis to investigate the cooling efficiency of three types of 343 

PV systems, including convectional PV panels, water-PV/T systems with double absorber plates and 344 

water-PV/T systems with paraffin wax. Results from this study revealed that the cell temperature of 345 

PV/T-PCM systems was lower than that of the convectional PV panel, and the maximum cell 346 

temperature reduction percentages at various flow rates were found to be 49.8% at 0.013kg/s, 51.4% at 347 

0.023kg/s and 53% at 0.031kg/s. Malvi et al. [127] suggested that increasing PCM thickness could help 348 

to reduce PV temperature, which gave a maximum increase in electrical yield at 6.5%. However, a 349 

maximum depth of 0.03m has been found due to the limited thermal conductivity of PCMs, which has 350 
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been justified in other areas as well [128]. Su et al. [129] investigated the influence of PCM layer 351 

location on PV cell temperature and proposed that positioning PCM layers over the air flow tunnel 352 

could receive better cooling effect than positioning them below the channel, due to lower thermal 353 

resistance. Hasan et al. [122] have tested the front surface temperature of BIPV systems with five 354 

different types of PCMs, with melting temperatures between 25 ± 4°C and fusion heat between 355 

140kJ/kg - 213kJ/kg. From the study, they discovered that the maximum reduction in cell temperature 356 

was 18°C at 30min time and the cell temperature reduction was maintaining at 10°C for 5 hours at the 357 

1000W/m2 radiation level. Additionally, they also suggested that the system’s cooling efficiency was 358 

dependent on both PCMs’ mass and their thermal conductivities. 359 

Although PCMs’ characteristics match well with the cooling requirements of PV cells, the low thermal 360 

conductivity of PCMs restricts their ability of removing heat from PV cells and therefore limits their 361 

application [130]. Qiu et al. [131, 132] reviewed the recent development of PCMs for solar thermal 362 

applications from theory point, and hold that framework structure and nanoparticles integrated in 363 

PCMs would contribute to PV cooling. Additionally, if there is too much heat absorbed during the 364 

daytime to release during the night time, PCMs would not be able to absorb heat efficiently in the next 365 

day [133]. To tackle this issue, some measures, namely, fins attached [134-137] and mixed 366 

nanoparticles [138-141], have been explored. 367 

5.1 Fins attached 368 

Fins attached on the back of solar cells is beneficial of improving the thermal conductivity of PCMs to 369 

help modulate cell temperature and increase electrical efficiency [134, 137]. Huang et al. [135] 370 

suggested to use aluminum fins attached by PCMs for PV modules to achieve lower cell temperature. 371 

They also indicated smaller fin intervals could help to maintain low PV surface temperature, and at 372 

750W/m2 incident solar radiation the surface temperature of PV/PCM with 8mm fin spacing would not 373 

beyond 28°C until 150min. Atkin and Farid [136] assessed four thermal control techniques (Case A: no 374 

thermal control; Case B: with 30 mm-PCM infused graphite; Case C: with a finned heat sink; Case D: 375 

with a combination of PCM infused graphite and finned heat sink) by both theoretical and experimental 376 

investigations. Results demonstrated that the average cell temperature of Case D was 13°C and 10°C 377 

lower than those of Case A and Case B, respectively, during 240 minutes to 480 minutes for 12 h 378 

simulated daylight irradiation. Abdelrahman et al. [142] carried out an experimental investigation on 379 
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the surface temperature of PV cells with three types of fins, namely, 11 fins (Configuration 1), 18 fins 380 

(Configuration 2) and 22 fins (Configuration 3). Comparing to Configurations 1 and 2, Configuration 3 381 

gave more significant reduction in surface temperature. Under solar radiation conditions including 382 

820W/m2, 514W/m2 and 279W/m2, the biggest temperature differences between Configuration 3 and 383 

Configuration 1 were 13°C, 7°C and 6°C and those between Configuration 3 and Configuration 2 were 384 

6°C, 5°C and 3°C. 385 

5.2 Mixed nanoparticles 386 

Except for to integrated fins, researchers also tried to add nanoparticles to PCMs (Nano-PCMs) to 387 

increase their thermal conductivity [143-146], including some studies targeting on cooling efficiency of 388 

PV modules. Siahkamari et al. [147] have proposed a novel PCM with CuO nanoparticles to enhance 389 

the cooling efficiency of PV modules. From their study, the surface temperatures of PV panels at 65 390 

minutes were found to be 87°C, 77°C, 69°C and 62°C for PV modules without cooling, with paraffin 391 

filled, with sheep fat filled and with sheep fat pulsed CuO nanoparticles filled. Abdelrahman et al. [142] 392 

have compared the thermal behavior in cooling PV modules with and without Nano-PCMs, and 393 

discovered that under solar radiations of 820W/m2, 514W/m2 and 279W/m2, the surface temperatures 394 

of PV panels with nanoparticles Al2O3 PCM were 8.7°C, 8.9°C and 5.0°C lower than those without 395 

Nano-PCM, respectively. Additionally, it was also found that increasing nanoparticles concentration 396 

can help to decrease surface temperature. 397 

Another copositive PCMs cooling technologies, including phase-change microcapsules [148] and PCM 398 

integrated with metal turnings [149, 150], were also demonstrated as a positive solution to lower cell 399 

temperature. Han et al. [148] numerically investigated the characteristics of heat-storage and the release 400 

of phase-change microcapsules, and indicated that the increased cavities number accelerated the rate of 401 

heat storage and release, which was a critical method to cool PV modules. Maiti et al. [149] attached 402 

the paraffin filled with metal chips on the back of PV modules and set a control group integrated with 403 

pure paraffin, and results revealed that 1.55 times of power harvesting of the former compared with the 404 

latter due to superior heat conductivity and lower cell temperature. 405 

6. Discussions 406 

In today’s market, three major active measures are available for cooling PV modules to promote their 407 

efficiency in electricity generation, based on different cooling principles. Firstly, fluid medium cooling 408 
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mainly uses circulated fluids, which can be either air, water or nanofluids, to take heat away from PV 409 

modules. Secondly, optimizing the structural configuration of PV modules has been adopted to achieve 410 

better heat transfer between the PV cells the heat transfer medium, and this was mainly achieved by 411 

better design of both flow channels and fins [103-106]. Thirdly, phase change materials are used thanks 412 

to their ability of absorb great amount of latent heat when changing phases [124, 126]. 413 

When using fluid medium cooling technique, active heat exchange by fans or pumps are often 414 

employed to maximize its cooling efficiency. Air is pollution-free, cost-free and environment-friendly, 415 

and has been widely used for cooling PV modules around the world. However, because its limiting 416 

thermal conductivity and specific heat, there are certain of limitations for its application. In many cases, 417 

bigger volume of air will be needed to take heat away [46]. Comparing to air, water has a larger 418 

specific heat and a better thermal conductivity, hence more advisable for cooling PV modules [47]. 419 

However, water is obviously not suitable for regions with ambient temperature lower than 0°C, when 420 

water will change from liquid to solid (ice). Considering the advantages of both air and water, some 421 

studies have proposed to use them together [151, 152], either placing both water pipe and air duct 422 

above/below PV modules, or placing air duct on the surface of PV panels and water pipe on the back 423 

[46]. For tropical regions, air or water with low temperature is often required, and therefore how to 424 

achieve a sustained low-temperature circulating water to cool PV modules and reuse waste heat from 425 

solar cells are key. For cold regions, since ambient temperatures are often below freezing point, how to 426 

solve system breakdown caused by volume change of cooling fluid is extremely important. 427 

For energy utilization, it is important to realize the orderly transformation of solar energy, which is 428 

challenging. The residual heat of photovoltaic modules is caused by some spectra that does not required 429 

by solar cells [88, 89]. How this part of energy can be filtered out or used for other purposes before it 430 

reaches PV cells is a key topic, and the use of nanofluids creates possibilities of solving this issue. Due 431 

to their efficient heat transfer and spectral filter characters [84, 86], nanofluids can promote the 432 

effective matching of solar energy at both spectral and spatial scales and then achieve orderly energy 433 

utilization. On this purpose, nanofluids spectral filters have been developed to optimize efficiency of 434 

PV/T systems [153, 154]. When using this solution, since the absorption and reflection of solar 435 

radiation by atmospheric molecules [155, 156], solar spectrum is dependent on the environment. 436 

Therefore, different nanofluids should be selected accordingly for different regions. Additionally, issues 437 
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such as reunite and instability are still existing for using nanofluids to cool PV modules and more work 438 

is still needed in the future [97, 157]. 439 

When optimizing structural configuration, there is no need to add extra equipment to achieve cell 440 

cooling, hence simplifying PV systems. Although optimizing structure configuration can help to 441 

enhance heat transfer efficiency and improve performance of PV/T systems, it needs additional 442 

investment and operating costs, especially relevant to system maintenance caused by increased 443 

resistance and pressure, as well as deposed fouling [158-160]. 444 

When using PCMs to achieve cooling, they can absorb excess heat from solar cells without 445 

significantly change their temperature. Furthermore, because PCMs’ unique heat absorption 446 

characteristics, they can absorb heat during the daytime but release this part of stored heat to 447 

environment at night. Low thermal conductivity of PCMs, however, limits their performance in cooling 448 

PV modules. Researchers have tried to add fins and nanoparticles to enhance their performance and 449 

great improvements have been realized [135, 145]. As PCMs are working as a battery when storing and 450 

releasing heat, if the heat stored during the daytime cannot be released effectively during the night, 451 

their performance in the next day will be highly reduced. Therefore, use of this method is highly 452 

climate dependent. 453 

The advantages and disadvantages of the three cooling methods have been analyzed in detail, but the 454 

differences among them need to be analyzed. According to whether the additional energy input is 455 

needed, three types of cooling technologies can be divided into active cooling (fluid cooling) and 456 

passive cooling (structure optimization and PCM cooling). In other words, active cooling technology 457 

relies on forced convection to carry away heat quickly to cool PV modules, while passive cooling 458 

method depends on optimizing convection heat transfer coefficient or providing a big temperature 459 

difference to achieve cooling. However, many researches combine two or three kinds of cooling 460 

technologies to realize the maximum cooling efficiency, and expand its application scope to the 461 

greatest extent. Although active cooling technologies may have superior cooling efficiency, most of 462 

them remain in experimental or small-scale applications. At the same time, additional energy 463 

consumption produced by fans or pumps runs counter to the goal of increasing the amount of electricity 464 

generated by PV modules. Therefore, for a wide range of photovoltaic systems, passive cooling should 465 

be the preferred technology, due to the advantage of less investment, less maintenance and 466 
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management, and relatively higher power harvesting. 467 

A comparison among the three methods have been made in Table 1, with analysis of potential 468 

influential factors. Detailed discussion about these factors on the influence of cooling efficiency has 469 

been depicted in Section 3, Section 4 and Section 5. From the cooling effect, some factors contribute 470 

positively to the cooling efficiency of PV modules, including wind speed, mass flow rate, inlet 471 

temperature, channel location, nanoparticles matter/size, mass or volume fraction, fin design, filler and 472 

mixed nanoparticles. They, such as wind speed, mass flow rate, inlet temperature, fins, filler and mixed 473 

nanoparticles, enhance the convective heat-transfer coefficient or provide a bigger temperature 474 

difference to reduce cell temperature and boost cooling efficiency. However, not all of them help to 475 

generate more electricity, because some factors, such as channel location and mass/volume fraction, 476 

reduce cell temperature by preventing solar energy receiving solar cells, hence may still lowering 477 

energy generation. Several factors, such as solar radiation and ambient temperature, are negative to 478 

cooling efficiency. Reducing solar radiation may help to promote cooling efficiency, but as discussed 479 

above it will still reduce electricity generation as less solar energy will be received by solar cells. 480 

Meanwhile, increased ambient temperature would be the resistance to prevent the heat transferring 481 

from PV modules to environment, and decrease the cooling effect of PV modules. Some other factors 482 

have been proven as having negative impact on cooling efficiency, including channel length, channel 483 

depth and solar concentration ratio. Increased channel length may improve heat exchange area and then 484 

promote cooling effect, but also increase the retention time of heat in the channel and then prevent 485 

timely removal of heat. Meanwhile, raised solar concentration ratio contribute higher energy density of 486 

solar radiation and more heat accumulated on the surface of solar cells, leading to a lower the cooling 487 

efficiency, but these systems have harvested more heat or higher-grade thermal energy. In addition, 488 

some sub-methods, namely, water evaporative cooling, jet impingement cooling, heat pump and heat 489 

pipe, are also favorable solutions to enhance the rate of heat flow or supply a lower water temperature 490 

to take away the redundant heat. 491 

 492 
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Table 1 A comparison among the three major kinds of active cooling technologies reviewed 493 

Cooling 

technologies 

Factors 

Cooling 

efficiency 

Electrical 

efficiency 

Electricity 

yield 

Thermal 

efficiency 

Summary 

Air Solar radiation     

 The applicability of air fluids is good, but cooling effect is poor and 

volume flow required is large. 

 Air-cooling is mainly applied to natural cooling, dry agricultural 

products, space heating and ventilation. 

 

Ambient temperature     

Wind speed     

Channel length     

Channel depth     

Air mass flow rate     

Water Solar radiation     

 The water-fluid has higher specific heat capacity, higher heat transfer 

coefficient, better cooling effect, less required flow rate, but is prone to 

freezing in severe cold regions. 

 Water-cooling is mainly applied to domestic water heater, solar 

refrigeration and low grade thermal power generation. 

 

Ambient temperature     

Wind speed     

Inlet water temperature     

Water mass flow rate     

Water evaporative cooling     

Jet impingement cooling     

Heat pipe     

Heat pump     

Nanofluids Channel location      Nanofluids are widely used as coolants and optical filter, owing to their 
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Nanoparticle matter     high thermal conductivity and characteristic of spectrum absorption. 

 Solar concentration ratio has a critical impact on cooling efficiency, 

electrical and thermal performance, but with high energy levels. 

Nanoparticle size     

Mass or volume fraction     

Solar concentration ratio     

Structural 

configuration 

Flow channels     
 Structural configuration enhances heat transfer and reduces cell 

temperature. 

 Complex structural configuration lead to an increase in investment and 

maintenance costs. 

 

Fins design     

Filler     

PCMs Fins attached      Phase change material can store excess heat of the PV cell without 

significantly increasing the temperature. 

 The low thermal conductivity of PCMs hinders their advantages in 

cooling of PV modules. 
 

Mixed nanoparticles     

: The factor or sub-method has a positive effect; : The factor or sub-method has a negative effect; : Not discussed 494 
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7. Conclusions 495 

Photovoltaic modules are key sustainable devices achieving transformation of solar energy into 496 

electricity through photoelectric effect. During this transformation process, cell temperature has a 497 

critical impact the efficiency. To reduce cell temperature for better transformation efficiency, many 498 

useful cooling technologies have been developed. This paper, therefore, has reviewed the up-to-date 499 

development of these technologies and made appropriate comments and comparisons. Main findings 500 

from this study are listed as followings: 501 

 Existing methods used for cooling PV modules have been classified into three classes in this study, 502 

namely, fluid medium cooling, optimizing structural configuration cooling and phase change 503 

materials cooling, according to the ways or principles of cooling. 504 

 Air-based cooling systems have advantages like non-pollution, low-temperature usability and 505 

environment-friendly, but with limited thermal conductivity and specific heat. Water-based 506 

cooling systems achieve higher thermal conductivity and heat transfer coefficient, hence giving 507 

better cooling efficiency for PV modules, but not suitable for severe cold regions due to freezing 508 

at 0ºC. Nanofluids are burgeoning technologies for cooling PV modules because of their high 509 

thermal conductivity mixing with fins or nanoparticles. However, due to system complexity and 510 

energy consumption characteristics, active cooling technologies has not been widely used at 511 

present. 512 

 Structural configuration is optimized to increase either disturbance or heat transfer area to boost 513 

heat removable from PV modules. Complex structural design, however, may lead to increased 514 

investment and operating costs. 515 

 PCMs can absorb excess heat of solar cells without significant increase of cell temperature due to 516 

their large latent heat absorption or releasement when changing phase. Adding fins and 517 

nanoparticles can help to enhance PCMs’ thermal conductivity, hence improving cooling 518 

efficiency. 519 

 External environmental factors, including solar radiation, wind speed, relative humidity and 520 

ambient temperature, all have crucial influence on the efficiency of all cooling technologies. Some 521 

design related factors, including channel design, nanoparticles parameters and solar concentration 522 
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ratio, are key for improving cooling efficiency, output performance or energy levels of PV 523 

modules. 524 

Although most cooling technologies reviewed in this paper are matured, there are still problems need to 525 

be solved, such as the choice of cooling fluid and its usability for specific regions, the fouling 526 

accumulation and cleaning of enhanced heat exchangers with complex structures, the balance between 527 

cooling cost and net efficiency of PV modules, the cooling of circulating water in tropical areas and the 528 

freezing of circulating water in cold areas. 529 
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