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Although photovoltaic (PV) technologies enjoy tremendous benefits and hold the huge potential to lower building 

overall energy consumption, there is a major drawback. PV efficiency is extremely sensitive to heat and 

significantly reduced by increasing setting temperature and solar irradiance; thereby, thermal management in PV 

collectors plays a significant role in generating electrical energy. Using oscillating heat pipes attached to the rear 

side of PV panels is considered a novel and useful approach to dissipating heat. In this study, a novel cooling 

system that consists of a newly designed spiral oscillating heat pipe is introduced, while DI water and 0.2 g/l 

graphene are used as working fluid and PV panels are located at tilt angles of 30° and 60°. The OHP efficiency is 

higher at 60°; however, the efficiency of PV is maximized at 30° since the panel is exposed to maximum solar 

irradiance. The research demonstrates that the cooling method proves highly effective, especially in the hottest 

time of the day and the power output improves considerably from 38 W to more than 42 W at 30°, while the 

value is about 39.7 W when water is used as a coolant. 

 

Introduction 

From 1990 to 2020, energy use rose dramatically, reaching 14,300 million tonnes of oil equivalent 

(Coldrick et al. 2023b) which has done irreparable damage to the environment and led to climate 

change as well (Gyamfi, Kwakwa, and Adebayo 2023). On the other hand, the marked increase in the 

price of conventional sources of energy gave rise to interest in long-lasting and renewable energy 

sources, and it has grown dramatically. Solar energy is one of the most reliable, cost-effective, and 

available forms of green energy sources (Tiwari et al. 2023). Photovoltaic technology is a pragmatic 

approach to harnessing solar energy (Hamid et al. 2023). PV electrical energy ranges between 5% and 

25% (Browne, Norton, and McCormack 2016), and it is crucial to promote panel efficiency to fulfill 

energy demand. Low operational and maintenance costs are considered overwhelming advantages of 

PV in comparison with other sources, and recent energy production has exceeded more than 1 TWh 

in 2022 (Coldrick et al. 2023a). However, PV efficiency seems acutely vulnerable to ambient 

temperature, which means the efficiency experiences a reduction about 0.5% with an increase in PV 

cell temperature of 1°C (Divitini et al. 2016). Therefore, to promote PV efficiency, generated heat 

should be removed. A plethora of methods are utilized to cool down the PV cell temperature, and the 

most common ones are listed in Figure 1. Given the growing interest in semiconductor concerning 

thermal management, a heat pipe as a convenient device which has a simple structure and quite 

efficient has been widely used in cooling industries. This two-phase passive heat transfer device 

typically comprises a sealed tube divided into three parts, evaporator, condenser, and adiabatic. The 

section which absorbs heat is known as an evaporator, the area that dissipates heat is called a 

condenser section, and part of the tube  
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Figure 1. Different major cooling techniques of PV. 

between the evaporator and condenser is named an adiabatic section (Zamanifard et al. 2023). The 

heat pipe is divided into five types (shown in Figure 2 (Jose and Hotta 2023)), which offers high 

performance in terms of heat transfer (Wang et al. 2022). Being lightweight, cost-effective 

operation, long-term durability, and simple structure are distinct advantages of heat pipe 

applications (Alshukri et al. 2022). Heat pipe performance is vulnerable to some factors, such as heat 

load (Pagliarini, Iwata, and Bozzoli 2023), filling ratio (Ahmadian-Elmi et al. 2023), inner diameter of 

the tubes (Su et al.  2022), number of twists (Alqahtani et al. 2022), inclination angle (Li et al. 2022), 

and length of adiabatic, condenser, and evaporator sections (Zhan et al. 2023). Rittidech, 

Donmaung, and  

 

Figure 2. Different types of heat pipes. 



  

Kumsombut (2009) conducted an experimental investigation on the performance of a solar collector 

joint with an oscillating heat pipe while R134a was used as a coolant. It was demonstrated that not 

only the system proved highly resistant to corrosion and freezing, but also showed higher energy and 

economic efficiency. 

An oscillating heat pipe (OHP) also known as a pulsating heat pipe (PHP) is rather a new type of 

heat pipe (Qian et al. 2023) with the capability to handle high heat flux, a lightweight, simple, and 

flexible structure, which has attracted considerable interest (Salarnia et al. 2023). It comprises a 

capillary tube bent in several turns (Li et al. 2023). A great number of studies have been conducted to 

understand a heat transfer mechanism in OHP, and it was observed that the flow pattern and fluid 

motion have played a significant role in improving thermal performance (Natsume et al. 2011). 

Concerning flow regime, bubbly, slug, and annular flow proved to be generated one after another 

when heat load increased (Liu et al. 2019). On the other hand, it has been observed that adding 

nanoparticles made a significant contribution to enhancing the thermal conductivity of the working 

fluid, thereby, heat transfer is greatly facilitated (Tawfik 2017). Oscillating heat pipes also deliver 

impressive performance when nanofluids are used as working fluid (Kargaran et al. 2022). Kaya et al 

(2019) performed an experimental study on a solar collector integrated with a heat pipe when 

methanol and CuO-methanol were used as coolants. The thermal collector efficiency with nanofluid 

reached over 9%. Allouhi and Benzakour Amine (2021) also carried out numerical investigations on 

cooling solar collection by heat pipe with three different nanofluids (CuO, Al2O3, and TiO2) while the 

heat pipe with CuO-based nanofluid showed the highest efficiency, 2.7% compared to water. Thanks 

to the unique features of graphene oxide (GO), such as much higher thermal conductivity compared 

to copper and aluminum (Huang et al. 2021), lower corrosion in comparison with other nanofluids, 

higher stability, and lower pressure drops (Sadeghinezhad et al. 2016), it has gained growing 

popularity since its discovery made in 2004 that is widely used. There are decisive advantages of using 

graphene oxide, namely, improving thermal conductivity and viscosity of the base fluid and start-up 

performance of OHP (Novoselov, Blake, and Katsnelson 2008); however, there is a drawback of using 

a high concentration of graphene oxide nanofluid which can impair thermal process due to its high 

dynamic viscosity (Nazari et al. 2018). Although a great number of attempts have been made to 

enhance PV’s efficiency, the challenge has yet to be addressed. Although a lot of investigations have 

been conducted on 2D modules, the investigations being carried out on 3D modules concerned with 

commercial purposes are very limited. On the other hand, conventional OHP is unable to fulfill 

demand in the face of the situation when high uniform temperature and high heat flux are required 

3D-OHP can be considered as a viable and practical solution to meet the aforementioned 

requirements (Dai et al. 2024). Qu, Zhao, and Rao (2017) bent two-dimensional OHP into multilayer 

3D- OHP. It was observed that 4-layer OHP provided better start-up and heat transfer performance. 

Lan (2020) designed a new 3D-OHP by manufacturing a closely spaced annular parallel channel, which 

effectively enhanced the thermal performance of the OHP. He et al (2020) conducted experimental 

study on the flow pattern and performance of the annular 3D-OHP. An increase in heat input reduced 

the start-up time and the thermal resistance of the OHP. 

The literature analysis indicates a general lack of experimental study concerning the optimization 

of solar panels’ efficiency with 3D-OHP, and either the existing research studies are about just 2D-OHP. 

Thereby, in this investigation, modeling of solar panels with novel 3D-OHP with different coolants was 

conducted by experimental data, and the optimal value of the system is considered to achieve the 

highest electrical efficiency. The object of this research is to propose a new 3D -OHP module which is 

not only practical for real applications but also increases the applied heat flux as compared to the 

existing studies. Therefore, at first, the system has been tested at 30° title angle which is the best angle 

for PV collectors in Mashhad (location of experiment) (Rouhani et al. 2017). And since, it has been 

shown by Li, Li, and Xu (2019) and Li et al (2019) that around 60°, the heat pipe offers optimum thermal 

performance, experiments have been conducted at 60°, as well. This study is remarkable and has 

promising results thanks to its simple and unique structure of OHP, and it offers a highly effective and 



cost-effective cooling method to mitigate the PV module temperature. Furthermore, as far as the 

advantage of proposed system concerns, heat is dissipated from the PV module by a simple and 

efficient method without external power supply and special maintenance and also easy to install. This 

newly designed heat pipe enjoys the benefits of 3D-OHP and nanofluids technology and is able to 

make the most use of solar energy. 

Experimental procedure 

This section offers a detailed description regarding the test rig and equations employed for the 

calculations of the results align with error analysis. 

Experimental setup 

All the tests have been performed in Mashhad, Iran (latitude: 59.6067° E; longitude 36.2972° N) from 

24 to 30 August. It should mention that in this study two monocrystalline PV panels (RestarSolar) were 

used, one of them was considered as the cooled panel equipped with a newly designed three- 

dimensional OHP and the other reference panel. Table 1 displays the specifications of PV. 

As shown in Figure 3, the novel 3D-OHP was designed and fabricated with the red copper tube with 

the thickness of 1 mm, featured in Figure 4. 

It has proved that OHP delivered optimum performance on 50% filling ratio (Alizadeh Jajarm, 

Goshayeshi, and Bashirnezhad 2022), thereby all the experiments were performed on 50% filling ratio. 

A vacuum pump, which produces vacuum, was integrated to a valve and the OHP was put under the 

suction pressure for 15 min. Thereafter, working fluid was injected. The experimental test bed and 

schematic of test bed are also showed in Figures 5 and 6, respectively. 

The steps, which are taken to conduct the study (shown in Figure 7), include using GO and DI water 

as coolant in two different title angles (30° and 60°). 

It is worth mentioning that the lamination technique in order to make a connection between the 

evaporator section and the back of PV has been used (Aste, Leonforte, and Del Pero 2015); 

nevertheless, when it comes to the experimental stage, the aforementioned approach was considered 

to be high-priced and demanding to operate; thereby, a sheet of copper with the thickness of 0.4 mm 

by means of CPU grease, which has a high thermal conductivity, was attached to the back of PV. 

Concerning working fluid, the performance of graphene oxide (GO) nanoparticles and distilled water 

with a concentration of 0.2 gr/lit were investigated. The GO used in this study was purchased from US 

Research Nanomaterials, Inc. with the purity around 99%. To prepare nanofluid, graphene oxide was 

prepared by dispersing GO nanoparticles into DI water as a base fluid. As it was mentioned earlier, 

Nanofluids improve the overall thermal conductivity and heat transfer rate of the base fluid. On the 

other hand, they should be stable and durable. Since GO nanofluid with surfactant sodium dodecyl 

sulfate (SDS) proved great stability (Afsari et al. 2023), SDS was also used with a 1:1 ratio. After 

completing the preparation of working fluid, it is injected into a heat pipe at 50% filling ratio. The 

FESEM image of graphene oxide is depicted in Figure 8. 

The crystal structure of graphene oxide was also assessed by an X-ray diffractometer (XRD), which 

is shown in Figure 9. 

Table 1. Electrical specifications of the PV panel. 
Specification Value 

Model number RTM050M 
Nominal maximum power 50 W 
Open circuit voltage (VOC Þ 24.6 V 
Short circuit current (Isc ) 2.75 A 
Peak voltage (Vmp) 20 V 
Peak current (Imp) 2.5 A 
Dimension 680 × 547 × 30 mm 
ηe 0.134 



  

 

Figure 3. Configuration of newly designed 3D-OHP from different views. 

 

Figure 4. Design parameters of 3D-OHP. 

Technical parameters of graphene oxide used in this study are also presented in Table 2. 

Tables 3 illustrates thermal conductivity of DI/water and graphene oxide nanofluid with three 

different concentrations used in this investigation. 

Energy analysis 

In this part, the formulas applied to conduct energy analysis for OHP-PV are provided. 

Temperatures were measured by placing six thermocouples on evaporation and condensation 

sections, three thermocouples for each section. Thermocouples were attached to temperature data 

logger BTM-4208SD and when temperatures in evaporation and condensation of the OHP were 

stabilized, they were recorded and averaged, which means:  

 



 

Figure 5. Picture of test bed. 

 

Figure 6. Schematic diagram of experimental layout. 

Thermal resistance (R) is the criterion of assessing OHP performance measured 

by  

Where Q is heat received by OHP (Chen et al. 2020). 

Concerning OHP-PV energy analysis, to obtain the thermal efficiency of PV, formula 4 is applied 

(Alexander et al. 2021).   

 



  

 

Figure 7. The algorithm of the experiment. 

 

Figure 8. The FESEM image of GO. 

PV conversion efficiency is expressed as the portion of electricity generated by PV to input the solar 

energy, obtained from Equation 5 (Yazdanpanahi, Sarhaddi, and Adeli 2015)   

 

where Vmp and Imp are peak voltage and current, respectively, A is the area of the PV collector, and G is 

solar radiation intensity measured by a solar power meter (ST-1307). 

Eventually, the improvement of OHP-PV efficiency is calculated by following equation:  



 

Figure 9. The XRD image of GO. 

Table 2. Technical parameters. 
Parameters Values 

Thickness 3.4–7 nm 
Carbon purity ,99% 
Number of layers Average number of layers 6–10 
Surface area (BET) 100–300 m2=g 
Bulk density 0.3g/cc 
Lateral dimension 10–50 μm 

 

Table 3. Thermal conductivity (TC) of working fluid. 
Working fluid TC (W/K ·m) 

DI/Water 0.615 

0.2 g/l 0.626 

 

 
Error analysis 

This part provides calculations regarding errors connected with measurements. 

There are two types of uncertainty (Chandrika et al. 2021). One of them comes from statistical 

methods which can be calculated by Equation 7, and y hinges on inputs (Agyekum et al. 2021).   

 

 
 

 

 

Where an is provided by the manufacturer. The uncertainty of both measuring instruments and 

measured data is provided in Table 4. 



  
Table 4. Uncertainty values. 

Parameter Uncertainty 

Ambient temperature Ta (°C) ±0.12 

Condenser temperature Tc (°C) ±0.323 

Evaporator temperature Te (°C) ±0.668 

PV cell temperature Ts (°C)  

Solar radiation intensity IT (W/m2) 

Wind speed   Vw (m/s) 

±0.12 
±1.3 
±0.13 

Voltage VOC (V) ±0.4 

current Isc (A) ±0.015 

 

Results and discussion 

A series of experiments were performed on the roof with a height of 17 m. During the test period, the 

PV-T collectors were located at a tilt angle of 30° and 60°, and the experiments were conducted from 

7:30 to 17.30. Since PV is a temperature-dependent performance, the PV cell temperature is an 

imperative parameter that illustrates the effectiveness of the proposed system. The designed OHP- 

PV model is tested with DI water and graphene oxide nanofluid at a concentration of 0.2 gr/lit. 

Climatic parameters 

The climatic conditions in Mashhad are more suitable (higher radiation intensity and temperature) 

over summer period but worse during the winter. In this section, the hourly variation of solar intensity 

and ambient temperature for experimentation days is provided. The data are demonstrated in Figure 

10, which shows the PV temperature during the test time. Also, it is spotted from Figure 11 that the 

high intensity of solar radiation and surrounding temperature are attributed to the increase in PV cell 

temperature, and in the mid-day it reaches 1128.5 W/m2 and 964 W/m2  when the tilt angle is 30° and 

60°, respectively. 

Figure 12 demonstrates the average wind speed, varied from over 2 m/s to just under 2.8 m/s 

during the experiment time. This played a significant role in cooling down the condensers’ 

temperature. 

System performance analysis 

In this section, analysis is carried out according to data gathered from experiments. Figure 13 displays 

the thermal resistance of the OHP for water and graphene oxide nanofluid. It can be simply observed 

that adding graphene oxide contributes to reducing thermal resistance. In higher temperatures, 

boiling improves, which leads to reduction of thermal resistance of OHP. Using graphene oxide leads 

to reduce thermal resistance of OHP; nonetheless, with the increase of title angle, thermal resistance 

experiences a marked reduction and displays more predictable behavior, and as it is expected with 

increase of title angle, OHP performance improves and thermal resistance decreases. 

Generated short- circuit current Isc and open-circuit voltage VOC of PV heavily depend on radiation 

intensity and PV cell temperature (Hassan et al. 2023); however, when the cell temperature increases, 

short-circuit current slightly rises but open-circuit voltage experiences considerable reduction as it 

was displayed in Figure 14. Furthermore, increasing tilt angle gives rise to reduction Isc and VOC since 

solar radiation is lower at this angle. 

According to Figure 15, maximum power follows a downward trend as the temperature rises; 

nonetheless, the minimum generated power for PV are 35 W and 32.74 W for 30° and 60°, 

respectively, while the values for OHP-PV when graphene oxide is used as a working fluid (is higher 

than 37.5 W at 30° and 34.3 W at 60°). 
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Figure 10. Variation of PV and ambient temperature vs time. 
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Figure 11. Variation of solar irradiance vs time. 
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Figure 12. Wind velocity vs time. 
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Figure 13. Thermal resistance vs received heat. 
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Figure 14. PV temperature effect on VOC and Isc vs time. 

Electrical efficiency 

The electrical output of the PV system is considered as the total generated electrical power and the 

total consumed electrical power in operating the mechanical components of the heat dissipation 

system in the PV module setup, and in the proposed system, there is no external power sources such 

as pumps and as a result no consumed electrical power. 

As it was mentioned earlier, with the increase in PV temperature, the electrical efficiency suffers a 

decrease, as shown in Figure 16. However, employing OHP causes a remarkable improvement in 

electrical efficiency, especially at 60° and when it comes to use graphene oxide nanofluid as a coolant, 

reaching up to 14%. 

Figure 17 illustrates the effect of graphene oxide concentration and title angle on the improvement 

of the electrical efficiency of PV panels. It is clearly observed that the system experiences the highest 

performance when graphene oxide is used as a working fluid in 60°; however, the PV panel delivers 

maximum electrical efficiency in 30°. 



 

Time of day 

Figure 15. Power output in conventional PV and OHP-PV with different working fluids and angles vs time. 
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Figure 16. Electrical efficiency in conventional PV and OHP-PV with different working fluids and angle vs time. 
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Figure 17. Electrical efficiency improvement with different working fluids and angles vs time. 

 



  

Conclusions 

A PV integrated with a novel 3D-OHP was designed and fabricated in this investigation. Experimental 

investigations on the efficiency of the proposed system were conducted, and the analyzed results 

provided in this paper. The photovoltaic power output (PVOUT) is sensitive to the panel temperature 

and solar irradiance and is reduced by an increase in temperature. In this study, experiments were 

conducted under the hot climate of Mashhad, and a new cooling method was employed to enhance 

the electrical efficiency of the photovoltaic panel. For this purpose, the testing rig including a new 

spiral oscillating heat pipe integrated into PV was constructed and tested with DI water and graphene 

oxide nanofluid as coolants with a filling ratio of 50% for two different tilt angles. It has been concluded 

that the proposed cooling system proved highly efficient especially at 60° when GO was used as a 

coolant, which produced over 16% improvement, while it experienced up to 10% at 30°; however, the 

efficiency of PV is maximized at 30° due to the fact that the panel is exposed to maximum solar 

irradiance, which proves the fact that the impact of the tilt angle of PV outweighs the OHP angle. 

Moreover, using a copper plate is also an innovative idea to facilitate heat exchange between panel 

and OHP and minimize heat loss. The proposed cooling system is simple and quite cost-effective since 

it does not require any external power sources such as pumps, which is stimulating factor to be used 

in industrial and residential rooftop application. Concerning future outlook, although there have been 

a lot of investigations in this area, PV integrated with HP (especially OHP) have not yet reached the 

commercialization stage due to the lack of investigation on the long-term performance and durability 

of OHP-PV systems. It is a requirement for more investigation on the long-term reliability and 

effectiveness of these systems in real-world applications. 

Nomenclature 
A  collector aperture area (m2) 
Cp  heat capacity of flowing medium (J/kg k) 
G  incident solar radiation (W/m2) 
I  electric current(A) 
m _ mass flow rate 
Q  heating power (W) 
P  power (W) 
T  temperature (°C) 
R  thermal resistance (°C W−1) 
V  voltage (V) 
η  
Acronyms  

efficiency (%) 

OHP  oscillating heat pipe 
PV  
Subscripts  

photovoltaic 

c  condenser 
e  evaporator 
in  input 
mp  maximum power point 
oc  open-circuit 
out  output 
sc  short-circuit 
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