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Abstract
[bookmark: _Hlk156594309]Nowadays, there has been a growing trend toward using photovoltaic systems due to their high efficiency and cost-effectiveness; nevertheless, an inevitable side of solar panels is that their efficiency and life span experience a reduction when they are exposed to high intensity of solar irradiance and warm up, in other words, when they are cooled, the electrical efficiency is promoted. Using oscillating heat pipes is a creative and practical approach to enhance PV efficiency. Furthermore, applying nanofluid as a working fluid can play an important role in order to maximize panels productivity. The main objective of this investigation is to explore the cooling effect of a three-dimensional oscillating heat pipe on a photovoltaic panel, while graphene oxide nanofluid and distilled water are used as coolant. For this purpose, a novel three-dimensional oscillating heat pipe has been designed. The significant result from the study is that the cooling system was able to lower the temperature and improve power output of the PV by 8.6 °C and 2.78 (W), respectively, in the warmest time of the day, when graphene oxide nanofluid was used as a coolant.
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1. Introduction
The rapid increase in global energy demand accompanied by the destructive effects of burning fossil fuels on the ozone layer and their limited capacity leads to drawing attention to green energy, harnessing and turning it into electricity. Solar photovoltaic technology has been considered as one of the most pragmatic approaches to generate electricity and subsequently can slow down the global climate change process. Nevertheless, installed PV power on a global scale has grown by 882 % from 2011 to 2020 [1]. Similarly, electricity generation from PV systems has experienced a dramatic rise of 1,212 % over the course of 10 years [2]. On the other hand, the instantaneous efficiency of the photovoltaic module is under considerable influence of the cell temperature of the module and the module loses 0.08% of its efficiency for every degree of divergence from direct sunlight [3]. Nonetheless, the electricity generated by PV varies by operating temperature, the higher the temperature (more than 25°), the lower the electrical efficiency. In other words, the PV module experiences 0.03% to 0.05% efficiency loss for each 1°C temperature increase [4]. There has been a considerable number of approaches to dissipate generated heat by PV modules in order to maximize the system efficiency and the important ones are listed below (Figure 1). 
[image: ]

Figure 1. Different major cooling techniques of PV.

Heat Pipe is a type of heat exchanger that consists of a capillary tube that wraps between hot and cold areas, namely adiabatic, condensation, and evaporation sections. Heat is absorbed from evaporation and released from the condensation section. Heat pipe has different types shown in Figure 2 [13], this device has a very high heat transfer performance and offers low thermal resistance to transfer heat, and thermal energy [14]. Lightweight, low maintenance costs, minimal maintenance requirements, and long operating life are considered encouraging factors to use heat pipes [15,16]. The temperature of the heat source, filling ratio, working fluid, tilt angle, and lengths of evaporator and condenser have major impacts on heat pipe performance [17,18]. 
[image: ]

Figure 2. Different types of heat pipes

Oscillating heat pipe (OHP) is the last evolution of the conventional heat pipe. It has attracted growing interest because of its promising performance in heat transmission and apparently simple structure. [19].
Using heat pipes in PV is highly effective since it can dissipate considerable thermal energy and tackle freezing and overheating problems that typical PV modules always face. Thermo-physical properties of the coolant leave tremendous effect on heat pipes performance [20] and it has proved that using ethylene glycol, ethanol, and water offered low thermal efficiency [21]. Nanofluids, which include a base fluid and particles in nanometer size, such as  [22],  [23],  [24,25],  [26]and graphene oxide [27,29] also contribute to enhancing the productivity of HPs. Adding graphene oxide not only increases the thermal conductivity and viscosity of fluid but also improves the start-up performance of OHP [30]; however, high concentration can impede the thermal process since high concentration of graphene oxide can lead to high dynamic viscosity which impedes the movement of fluid in the OHP [31].Despite remarkable efforts that have been made in order to maximize the efficiency of PV modules and design different types of HPs, the challenge has yet to be solved.

Rittidech.S et al. [32] 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. Kaya et al.[33] performed an experimental study on solar collector integrated with heat pipe when   methanol and CuO-methanol were used as coolant. The thermal collector efficiency with nanofluid reached over 9%. Allouhi et al. [34] aslo carried out numerical investigations on cooling solar collect by heat pipe with three different nanofluids (CuO, , and  ) .while, heat pipe with CuO-based nanofluid showed the highest efficiency, 2.7% compared to water.

This study is remarkable and had a promising result since it suggests a productive passive cooling approach to reduce PV modules temperature. Furthermore, as far as the advantage of proposed system concerns, heat is dissipated from PV module by a simple and efficient method without power and special maintenance and also easy to install. This newly-designed heat pipe embraces the benefits of OHP and nanofluids technology and harness thermal energy without applying any external power sources such as pumps.

2. Experimental details

In this section, the experiment details and equations to assess system performance accompanied by error analysis are provided.
2.1. Experimental apparatus
All the tests have been conducted in Mashhad, Iran (latitude: 59.6067° E; longitude 36.2972° N) from 24 to 30 August. The setup mainly comprises a monocrystalline PV panel (RestarSolar) joined with a newly- designed three-dimensional OHP. Table 1 shows the specifications of PV.
	
Table 1: Electrical specifications of PV panel
	Specification 
	Value

	Model number 
	RTM050M

	Nominal maximum power 
	50W

	[bookmark: _Hlk156950493]Open circuit voltage (
	24.6V

	[bookmark: _Hlk156950513]Short circuit current ()
	2.75A

	Peak voltage ()
	20V

	Peak current ()
	2.5A

	Dimension
	680*547*30 mm

	
	0.134


	
As displayed in Figure 3, the novel 3D -OHP was designed and made with the red copper tube with features shown in Figure 4.
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Figure 3. Schematic of newly-designed 3D-OHP
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Figure 4. Design parameters of 3D-OHP

According to investigations, the maximum performance of OHP is produced on a filling ratio of 50% [35,36], thereby experiments were conducted on this value. The vacuum was created by a vacuum pump joint to a valve and the OHP was put under the suction pressure for 15 minutes. Thereafter, working fluid was injected. The filling ratio in all tests was 50% of the total volume of the OHP. The experimental test bed, configuration of the 3D- OHP and schematic of test bed are also displayed in Figure 5, Figure 6and Figure 7, respectively.
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Figure 5. Picture of test bed
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Figure 6. Configuration of the 3D-OHP and PV from different angles
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	Figure 7. Schematic of test bed

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 [37]; nonetheless, 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, over 100 times of air, was attached to the back of PV.
Regarding working fluid, the performance of graphene oxide (GO) nanoparticles and distilled water were investigated. To prepare nanofluid, graphene oxide was prepared by dispersing GO nanoparticles into DI water as a base fluid with 0.25 gr/lit concentration. Since GO nanofluid with surfactant sodium dodecyl sulfate (SDS) proved great stability [38], 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 SEM and FESEM images of graphene oxide are depicted in Figure 8.
[image: ]
Figure 8. a) The FESEM image of GO b) The FESEM image of GO

The crystal structure of graphene oxide was also assessed by an X-ray diffractometer (XRD), which is shown in Figure 9. 

[image: ]

[bookmark: _Hlk156595876]Figure 9. The XRD image of GO
Technical parameters of graphene oxide used in this study is also presented in table2.	

Table 2. Technical parameters
	Parameters
	Values

	Thickness
	3.4-7nm

	Carbon purity
	

	Number of layers
	Average number of layers 6-10

	Surface area (BET)
	100-300 

	Bulk density
	0.3g/cc

	Lateral dimension
	10-50 




2.2. 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:

	(1)
	
	

	(2)
	
	


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

Where Q is the heat received by OHP [39].
Concerning OHP-PV energy analysis, to obtain the thermal efficiency of PV, formula 4 is applied. [36].



PV conversion efficiency is expressed as the portion of electricity generated by PV to input the solar energy, obtained from equation 5 [40,41].

Where  and  are peak voltage and current, respectively, A is the area of the PV collector and  is solar radiation intensity measured by a solar power meter (ST-1307).
Eventually, the improvement of OHP-PV efficiency is calculated by following equation [42]



2.3. Error analysis 
This part provides calculations regarding errors connected with measurements.
There are two types of uncertainty [43]. One of them comes from statistical methods which can be calculated by equation 7, and y hinges on inputs [44].


And another one relates to equipment, which is obtained by [45].



And  is provided by the manufacturer. The uncertainty of calculated variables is provided in Table 3.
Table 3: Uncertainty values
	Parameter
	Uncertainty

	Ambient temperature (°C)
	±0.1

	Condenser temperature (°C)
	±0.1

	Evaporator temperature (°C)
	±0.1

	PV cell temperature (°C)
	±0.1

	Solar radiation intensity 
	±1

	Wind speed 
	±0.1

	Voltage (V)
	±0.05

	current (A)
	±0.0015




3. Results and Discussion
 A series of experiments were performed on the roof with a height of 17 meters. During the test period, the PV-T collectors were located at a tilt angle of 30 degrees, 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 water and graphene oxide nanofluid at volume concentrations of 0.25 gr/lit [33].
4.1. PV cell temperature
The data acquired from the PV panel is depicted in Figure 10 which indicates the PV temperature during the test time. Also, it is simply observed from Figure 11 that the high intensity of solar radiation and surrounding temperature is attributed to the increase of PV cell temperature, reaching 1128.5 W/m2 in the mid-day.

Figure 10. Variation of PV and ambient temperature vs time



Figure 11. Variation of solar irradiance vs time

Two types of light strike PV surface, direct light which plays a paramount role in electricity generation, and scattered from the sky. The solar module should be tilted, in order to receive a considerable proportion of solar irradiance [46,47].
 On the other hand, the peak OHP efficiency can be achieved in vertical orientation; however, the efficiency of PV is maximized at 30° due to the fact that the panel is exposed to maximum solar irradiance. Nevertheless, it has been proved that the effect of the tilt angle of PV outweighs the OHP angle [48]. 
In Figure 12, the thermal resistance of the OHP for graphene oxide nanofluid and DI water is displayed. As it can be clearly seen, adding graphene oxide makes an important contribution to reducing thermal resistance. 


Figure 12. Thermal resistance vs received heat

[bookmark: _Hlk156949261]Figure 13 shows the temperature in PV an OHP-PV during a fixed radiation time. It is clearly observed that by the passage of time, the gap between the temperature of PV and the proposed system widens. while the temperature of PV reaches up to 61.3°C, the value for the OHP-PV with water and graphene oxide nanofluid as working fluid peaks at around 56.9°C and 53°C, respectively, which indicates the fine performance of the proposed system especially when it comes to employing graphene oxide nanofluid as a coolant.
 


Figure 13. Comparison of temperature trend in conventional PV with OHP-PV with different working fluids vs time

[bookmark: _Hlk156680920]Figure 14 demonstrates average wind speed, varied from over 2 m/s to just under 2.8 m/s, during the experiment time, which played a significant role in cooling down the condensers’ temperature.

Figure 14. Wind velocity vs time

Generated short- circuit current  and open-circuit voltage  of PV heavily hinge on radiation intensity and PV cell temperature [46]; however, when the cell temperature increases, short-circuit current slightly rises but open- circuit voltage experiences considerable reduction as it was displayed in Figure 15. 

Figure 15. PV temperature effect on   and   vs time

As it can be seen in Figure 16, the evaporator temperature when water is used a coolant higher compare to GO nanofluid, reaches about 58°C and 52°C, respectively. As it expected, the condenser temperature follows the same trend and that is because of the fact that GO nanofluid has higher thermal conductivity which facilitate exchanging heat much more easily.

Figure 16. Comparison of average temperature of the condenser and the evaporator vs time

Since the optimum performance of PV occurs in 25 °C, in the beginning, the power output increases. Afterward, according to Figure 17, maximum power follows a downward trend as the temperature rises; nonetheless, the minimum generated power for PV is 35W, while the value for OHP-PV when water is used as working fluid is higher than 35.5W and even looks more promising for graphene oxide reaches 36.12W.

Figure 17. Comparison of power output in conventional PV with OHP-PV with different working fluids vs time
 
As it was mentioned earlier, with the increase in PV temperature, the electrical efficiency suffers a noticeable reduction, as shown in Figure 18. However, employing OHP leads to a remarkable improvement in electrical efficiency.



[bookmark: _Hlk157017273]Figure 18. Comparison of electrical efficiency in conventional PV with OHP-PV with different working fluids vs time

	
5. Conclusions

The maximum power performance of photovoltaic panels is sensitive to the panel temperature and solar irradiance and they reduce by an increase of temperature. In this study, experiments were performed under the warm climate of Mashhad, and a new cooling approach was adopted to improve the electrical efficiency of the photovoltaic panel. For this purpose, a new three-dimensional oscillating heat pipe was designed and tested with two different working fluids, also the following conclusions are drawn from the case study:
· The use of 3D Oscillating heat pipe with Nanofluid reduced the temperature of the panel by 8 , which leads to improve power output (roughly 4W) and as a result the electrical efficiency of the PV panels is around 10%,while this value for water as a coolant is about 5%
· Applying GO nanofluid played a significant role in decreasing the start-up time and temperature of 3D- OHP and decreases the time around 25 minutes in compare with water as a coolant
· Using copper plate is a brilliant idea to heat exchange between panel and OHP and minimize heat loss 
· Adding graphene oxide can reduce thermal resistance of the 3D-OHP over 30% 
· 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 applications
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