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Abstract

:

This work presents a novel approach to increasing the efficiency of photovoltaic (PV) panels by integrating them with a cooling tower (CT). An infusion of water cools the hot, dry ambient air at the top of the CT. Due to gravity, the cooled air drops toward the base of the CT, where it interacts with a turbine placed at the bottom of the CT to produce electricity. The air then exits the CT base, creating a cooled air jet stream. The PV panels were placed at the base of the CT, right at the stream’s exit. As the cooled air passes underneath the PV panels, it exchanges energy with the PV, reducing the panels’ temperature. The results showed that the maximum annual efficiency improvement (6.831%) was observed using two rows of PV panels. The efficiency declined incrementally from 6.831% to 4.652% when the number of rows of PV panels was increased from two to twelve. The results also showed a significant improvement in the temperature of the PV panels. The best results were obtained at noon (maximum ambient temperature), where the solar panel temperature was lowered to 25 °C from 55 °C. Furthermore, the annual electrical energy generated with two rows of panels was 39,207.4 kWh without the CT, compared to 41,768.2 kWh with the CT. In addition, the results showed that with a 10 m diameter and 200 m height CT, the maximum number of PV rows that can be effectively cooled is 24. Future work will investigate integrating additional techniques to improve the system’s efficiency further.
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1. Introduction


Humans’ improved living standards, industrial expansion, and rising global population counts have led to an ongoing demand for energy [1,2,3,4]. This growth has also led to a significant demand growth for finite fossil fuel sources to meet the daily life needs of citizens. Yet, this raises concerns about the long-term durability of these sources and their influence on the environment and society [5]. Furthermore, mindless energy consumption contributes to an environmental crisis with many consequences that affect the planet’s well-being. The situation escalates when the rising demand for clean, fresh water is combined with the current and future rise in power usage [6,7,8,9] in generating clean forms of energy while reducing greenhouse gases (GHG) released because of using traditional energy sources [2,10]. However, relying on renewable energy sources remains commercially challenging due to production and manufacturing costs and, in some cases, the installed capacity costs. Many of the above reasons have prompted the world to concentrate on a technologically viable method of producing low-cost power using solar energy [11,12,13]. The primary focus of this research is solar energy integration with new technologies, as it is extensively utilized as a renewable energy source for energy generation and thermal systems. Even though solar energy is viewed as a clean energy source, a wide range of chemicals are used in producing solar energy, such as photovoltaic panels, which adds to the overall cost and can have a substantial environmental impact [14]. As a result, modern technologies that use fewer chemicals, are easy to use and need minimal maintenance are required to minimize the impact of climate change [15,16]. Due to the ongoing production and installation of solar photovoltaic (PV) panels, the efficiency of this technology has significantly increased. Although 40% efficiency has been reported for laboratory testing conditions, economic and commercial panel efficiencies have proven to be substantially lower [17]. For example, monocrystalline PV cells can achieve a laboratory efficiency of around 24%, yet the practical efficiency is limited to 11–17% [17,18]. Temperature fluctuations also impact solar cells. Temperature variations affect the output power of the PV cells. Temperature significantly affects voltage, and as the temperature rises, the voltage decreases [19,20]. Furthermore, the impact of cooling conditions on PV panels’ efficiency enhancement [19] has been tested. Since test results indicate that solar PV performance increases by 47% when cooled, a cooling system is proposed as a potential configuration for a residential solar PV design. PV panels were integrated around the circumference of the solar chimney power plant (SCPP) to be used as a heat sink to boost the plant’s performance [21]. A proposal to submerge the PV panels in a water pool at the base of the SCPP to improve efficiency was presented [22]. Suggestions to integrate cooling tower technology with the SCPP to boost the performance of the SCPP have been addressed [23]. This study explores the potential of bi-facial photovoltaic (PV) panels, which stand out from their conventional monofacial counterparts. Unlike traditional panels that solely harness sunlight from the front, bi-facial PVs are adept at absorbing sunlight from both their front and back surfaces. This dual-sided absorption means they capture direct solar radiation and benefit from light reflected from adjacent environments. Such a unique design opens up pathways for substantial performance enhancements. Prior research, such as [24], provides empirical evidence of this augmented efficiency across varied terrains. Similarly, Ref. [25] brings to light the paramount importance of deploying optimal installation techniques to realize the full potential of these panels. Ref. [25] further elucidates the pivotal role of ground surface albedo in influencing the outcomes of bi-facial PVs. Interestingly, despite these panels’ evident promise, few research endeavors have extensively delved into their application. This is particularly surprising given their transformative capabilities in the renewable energy landscape. Our investigation is motivated by this very gap. Not only do we aim to provide deeper insights into bi-facial PV technology, but we also endeavor to underscore why they should feature more prominently in academic and industrial research.



The novelty of this work is centered on using passive cooling from a renewable energy source (CT) to improve the efficiency of bi-facial PV panels. Specifically, the PV panels were placed at the base of the CT, right at the exit of the cool stream. As the cooled air passes underneath the PV panels, it exchanges energy with the PV, reducing the panels’ temperature, hence improving the efficiency of the PV panels. The work structure starts with system integration, as described in Section 2. A mathematical model of the proposed integration is then presented. In the Section 3, a review of the weather data is presented, along with the performance of the CT and the effect of different parameters on the integration. The Section 3 particularly highlights the impact on the efficiency of the PV panels. Section 4 are presented at the end.




2. Materials and Methods


2.1. Proposed Integration


Figure 1a illustrates the structure of a CT integrated with the bi-facial PV panels. The design comprises a CT, a turbine, water sprinklers, and PV panels. The turbine is located at the base of the CT, while the sprinklers are located at the top. The PV panels are located outside the CT’s base, surrounding the base’s circumference. The physical dimensions of the different components of the stem are also shown in the figure. Figure 1b shows a comprehensive view of the proposed system from different angles. Figure 1b also shows the arrangement of the PV panels based on the actual dimensions of the panels, arranged row-by-row around the circumference of the CT’s base. The radius of one row is the length of the PV panel.



The CT works by sprinkling water from the top, which contains the hot, dry surrounding air. The air becomes colder and heavier because of it absorbing the moisture from the mist. Gravity causes the air to fall toward the CT’s base. A turbine at the base of the CT uses the streaming air to produce power. As the cooled air exits the base of the CT, it cools the surrounding PV panels. The impact of cooling the PV panels was studied in terms of efficiency and generated power.




2.2. Mathematical Model


A mathematical model was developed to ensure that the air and energy balance equations were maintained throughout the system, accounting for the impact on each segment of the bi-facial PV panels. Equations (1)–(10) were derived from the model to demonstrate how the bi-facial PV panels can be integrated with the CT. To enable numerical simulation and equation solving, the model was coded in MATLAB. The code processed weather data and computed the results hourly.



2.2.1. Bi-Facial Panels Segment


The model initiates the calculation of the bi-facial PV panels’ temperature by determining the bi-facial irradiance received by the panels.



The bi-facial irradiance was determined using Equation (1), as follows (Gostein et al., n.d.) [26]:


  G b i f a c i a l = G × ( 1 + a l b )  



(1)




where   a l b   is the albedo value,   G b i f a c i a l   is the bi-facial irradiance (W/m2), and   G   is total irradiance (W/m2).



Following the calculation of the bi-facial irradiance received by the panels, the model utilizes Equation (2) to determine the temperature of the PV panels. (Gostein et al., n.d.) [26]:


  T p v = T a +   G b i f a c i a l   ( U o + U 1 × V w )    



(2)







The   U o   and   U 1   values represent the PV panels’ thermal transmittance and thermal conductance, respectively. These values are used in determining the overall thermal performance of the PV panels; based on the bi-facial PV panel data sheet, the values are:   U o = 21.777   W /   m   2   ·   K    , U 1 = 9.855   W /   m   2   ·   K    .  


  ∗   T a   i s   t h e   a m b i e n t   t e m p e r a t u r e ,   a n d   V w   i s   t h e   w i n d   s p e e d  











* It is important to note that when the CT is not functioning or the system is operating solely in PV mode, the ambient temperature (Ta) serves as the baseline temperature. Conversely, during the operation of the CT, the cooled air temperature (T_vout), indicated in Equation (8), is utilized as the reference temperature for calculations. The same principle applies to the wind speed variable (Vw).



The temperature profile of the air below the PV panels was established through the resolution of Equation (3) [24], as represented below:


       α   c   ∗ G ∗ ( 1 −   η   c   )             = A m ∗ [   τ   t     α   t   G   1 − β   + σ ∗         T   P V   +   T   t       ∗       T   P V   2   +     T   t     2           1   e c     +     1   e t     − 1     ∗   T p v −   T   t     − ( ( 5.7 + 3.8 ∗ V w )         ∗   ( T t − T a ) ) − ( T t − T a ) ]     



(3)




where:



    α   c   ∗ G ∗ ( 1 −   η   c   )   is the temperature gradient of the air under the PV panels, Am is the PV panel area,     T   t     is the temperature of the air under the PV panels,   β   is the packing factor (0.0045/°C),     α   t     is the absorptivity of the bi-facial PV panels (0.8),     τ   t     is the transmissivity of the bi-facial PV panels (0.012),   e c   is the emissivity of the bi-facial cell (0.99),     α   c     is the absorptivity of the bi-facial cell (0.85),     η   c     is the efficiency of the bi-facial cell (0.22), and   e t   is the emissivity of the bi-facial PV panels glass (0.90).



The efficiency η (  T p v  ) of bi-facial solar panels in the field was determined using Equation (4).


  η   T p v   = η   S T C   ∗ { 1 + β ∗   T p v − 298 K   }  



(4)







Here, β denotes the temperature coefficient, which has a value of −0.280/°C. The bi-facial solar panel’s efficiency is represented by η (STC), with STC Signifying Standard Test Condition.




2.2.2. Cooling Tower Section


The enthalpy of the vapor at the top of the CT was determined using the following calculation:


    i   v a p   =   i   a i r   +     ω   v a p   i   w t r    



(5)






    i   a i r   =   c   p , a i r     T   o    



(6)







Similarly, the enthalpy value of the water was ascertained as follows:


    i   w t r   =   c   p , w t r     T   w t r    



(7)







The vapor temperature was calculated as below:


    c   p , a i r     T   o   + (   ω   a i r   2501.3 +   T   o   1.86 ) =   c   p , a i r     T   v a p   +   ( ω   v a p   2501.3 +   T   v a p   1.86 )  



(8)




where 2501.3 kJ/kg is the specific enthalpy of water vapor at 0 °C, and 1.86 kJ/kg °C, is the specific heat of water vapor at constant pressure.



The velocity of the air exiting at the CT was determined utilizing the following equation [22]:


    V   c h   =  2 g   H   c h       T   c h , e x t   −   T   o u t       T   o u t       



(9)







The electrical output power generated form the CT was determined using the following equation:


    P   e l c   =   1   2     ρ   e n , c h     C   f     A   c h     V   c h   3    



(10)




where     C   f     is the turbine efficiency, 0.42.




2.2.3. Model Validation


In [27], the authors installed temperature sensors on bi-facial PV panels in a field test and collected ambient temperature, wind speed, and solar irradiance data. They used the data to run a temperature calculation model and compared the results to the measured temperatures of the PV panels. In this study, we integrated the SolarTech XF123 bi-facial solar panel into a solar chimney solar power plant (SCPP) design, capitalizing on its unique attribute: pronounced transparency. Traditional PV panels predominantly absorb and convert solar radiation with limited transparency. However, the bi-facial SolarTech XF123 model facilitates a significant amount of sunlight to penetrate, making it an ideal candidate for solar chimney applications. While capturing solar radiation from both sides for electricity generation, its transparency simultaneously enhances the greenhouse effect in the solar chimney’s collector area, boosting its thermal efficiency. The electrical specifications of this panel include an Open Circuit Voltage (Voc) of 68.2 V, a Short Circuit Current (Isc) of 10.4 A, a Maximum Power Point Voltage (Vmpp) of 58.7 V, and a Maximum Power Point Current (Impp) of 9.8 A, delivering a peak power (Pmax) of 390 W. The study found that the model predictions agreed with the PV panels’ measured temperatures, with a mean absolute error of less than 1 degree Celsius. The study also found that the model was able to accurately predict the effect of wind speed on the temperature of the PV panels. The study also performed a sensitivity analysis, where it was found that the model’s results were most sensitive to the value of the U1 parameter, which represents the thermal conductance of the PV panel. The difference between the PV module temperature and the ambient temperature was validated against the results reported by [26], as shown in Table 1. The results show a close correlation between the baseline measurements and our results.



The RSM error and R2 of the results were found to be 0.443 and 0.998, respectively, showing a close correlation between the model and predicted values. The percent error was continuously below 5% for all predicted values.






3. Results and Discussion


This section begins with analyses of the weathering profile, as weather conditions significantly affect the efficiency of a CT and solar PV. An investigation of the CT’s electricity production performance is presented while varying the humidity and ambient temperature values. This helps understand the impact of cool air output from a CT on PV energy production. The succeeding section addresses some thermal characteristics of the PV panels, significantly, how the cool air speed and temperature from a CT will alter its performance. Afterward, the standalone PV power output is investigated versus PV panels with an integrated CT. Finally, it highlights the efficiency enhancement of solar PV panels.



3.1. Weather Profile


Year-round weather data were collected for Doha, Qatar (25°17′9.9816″ N and 51°32′5.3412″ E), the study locale. The data were acquired at an hourly rate for the temperature, humidity, wind speed, and solar irradiance. Figure 2 shows the weather data profile on 21 June. The data from this day were used in all corresponding 24 h figures in the subsequent sections. The profile indicates that solar irradiance begins at 05:00 with 54 W/m2 until 17:00 with 118 W/m2. The peak solar irradiance for the day was at noon, with an intensity of 845 W/m2. Furthermore, temperatures during the daytime ranged from 28.0 °C to 38 °C. However, at night, the range in temperature was observed to be between 30.2 °C and 34.4 °C. The profile of Figure 2 for onsite wind shows a minimum speed of 2.1 m/s and a maximum of 4.6 m/s. Wind speed values directly contribute to the cooling of the PV panels and, thus, the production of electrical power. In addition, relative humidity plays a significant role in the performance of a CT. As also shown in the profile, relative humidity measurements varied from 19% to 84% in the daytime, with 24% to 83% at night.




3.2. Performance for CT


The hourly electricity production from the CT, cross-examined with respective humidity and temperature profiles, is illustrated in Figure 3. As seen in the figure, the humidity is relatively high (~80%) from midnight till around 6:00 in the morning. It then declines to about 20% at about 15:00, to climb again and reach 60% late at night. The humidity showed a giant swing over the 24 h. Contrary to that, the temperature profile fluctuates, but not as much as the humidity. It starts at 30 °C at midnight and gradually increases to reach 40 °C at noon, and is almost steady until 15:00. Then it starts to decline to reach 30 °C again late at night. The solid black line represents the electrical power produced by the CT. The CT is OFF from midnight until 7:00 in the morning. It is ON for the rest of the day with fluctuating power production.



The CT’s performance is enhanced with higher ambient temperatures and lower humidity levels. The ambient temperature must be higher than the water temperature to cool the hot ambient air. Hence, the higher the contrast between the ambient temperature and the water spray, the cooler the end temperature of the vapor produced. Per Equation (9), the air velocity increases with the increased difference between the ambient and vapor temperatures. Consequently, per Equation (10), the electrical power produced is enhanced with higher speeds.



In contrast, as the humidity rises, the electrical power produced falls. That is because, at high humidity, more electrical energy will be consumed, pumping additional water for an elevated humidity of the already humid air. Consequently, the net energy produced is insignificant or diminished. Hence, the dryer the air is, the lower the amount of water sprayed, and therefore, the lower the electrical power consumed. The essential CT product is the volume and temperature of exiting cooled air, as it is a critical factor in cooling the solar panels. This is discussed in the next section.




3.3. PV Performance Examination, Standalone and with CT


3.3.1. CT-Cooled Air Effect on the Solar Panels’ Temperature


Displayed in Figure 4 are the single-row solar panel temperature profiles for both the standalone configuration (no CT, black solid line) and the integrated configuration (with CT, red dashed line). Data are shown from midnight until morning and from sunset until midnight, and the temperature profiles are identical since the PV panel is not operating during these times due to the absence of solar irradiance. Figure 4 reveals how the PV panels’ temperatures without a CT climb early in the morning to peak at 55 °C around noon. They then declines to reach an ambient temperature (30 °C) around sunset. This is a typical temperature response of the panels, which increases with higher ambient temperatures and irradiance values. However, the CT-integrated PV panels’ temperatures are much lower. Figure 4 depicts that the CT’s cooling effect on PV panels is down in the early hours because of the slight difference between the sprayed water temperature (from the nozzles) and the ambient temperature. However, as the ambient temperature continues to climb above the sprayed water temperature, as seen in Figure 3, the CT produces cooler air. Hence, the best results were obtained at noon (maximum ambient temperature), where the solar panel temperature was lowered to 25 °C from 55 °C. A significant 5 °C to 30 °C change in panel temperature was noticeable between the two configurations (with and without CT). Hence, the PV panels were effectively cooled by the CT.



The previous section showed that the CT improved the cooler air and effectively reduced the temperature of the PV panels. This was due to the temperature and velocity of the cool air. Figure 5 shows the subpanel air velocities. The solid black line corresponds to the wind velocity when the PV panels are in a standalone configuration. The wind profile is the same as shown in Figure 2. The wind velocity shows a normal fluctuation during the 24 h, ranging from 2 m/s to about 5 m/s. The corresponding ambient temperature is anywhere between 30 °C and 40 °C, as shown in Figure 2. These temperatures and velocities are not sufficient to cool the panels.



In contrast, the CT-produced cooled air velocity (dashed blue line) almost flatlines at 25 m/s. The figure displays identical speeds for the ambient and CT-cooled air from midnight until around 7:00 in the morning. This is because the CT was OFF during this time, as shown in Figure 2, then further explained in Section 3.2. However, from 7:00 until midnight, the CT constantly produced cool air. The high velocity of the CT air, combined with its low temperature, effectively cooled down the PV panels. Hence leading to improved power production, which is discussed next.



Figure 6 illustrates the single-row PV power productions (blue dashed line without CT, red dotted–solid line with CT) with correspondence to irradiance (black solid line). The single row is formed of individual panels located adjacent to each other and around the circumference of the CT. The electricity production started with small productions in the early hours of the day to peak at noon with 12.9 kW for the no CT configuration. Both productions slow down after 15:00 and cease around 18:00. Noticeably, the CT-integrated power production improves and shifts more than that of no CT. Minimal improvement was observed between 6:00 and 8:00, which can be attributed to lower solar irradiance.



Furthermore, as is shown in Figure 2, the CT was OFF until almost 7:00, and as is shown in Figure 3, the ambient and CT-cooled temperatures were the same. Hence, the power production enhancement is insignificant. However, the significant improvement in power production of the PV panels reached its maximum at peaked irradiance (noon time), as the CT integration improved the power production from 12.9 kW to 14.77 kW. This can result from the panel temperature dropping due to cooling, as explained in Figure 4.



The results showed that the CT turns ON around 7:00, which produces cool air. The air exits the CT to travel underneath the surrounding PV panels. The air travels around 25 m/s per Figure 5. The air exchanges energy with the panels, which results in cooling it. The correlation between the CT ON mode and the reduction in the PV panels’ temperature is evident in Figure 4. This led to higher electrical productivity, as seen in Figure 6. Contrary to that, when the CT was OFF, the temperature and PV power production results for both configurations were identical without improvement. Hence, the PV power production improvement was due to an improvement in their efficiency, which is discussed next.




3.3.2. PV Efficiency Improvement


Figure 7 shows the monthly average PV efficiencies (blue solid line without CT, red solid line with CT) over one year, calculated based on Equation (4).



Efficiency calculations were performed for the case of one row of PV panels. The cases of more panels are discussed in the next section. The results show that the PV efficiency with no CT begins with modest values in January and peaks later in May. It declines again to fair values in December. This is somewhat expected based on the weather conditions year-round in Doha. Although the trend of PV efficiency with an integrated CT follows a similar pattern, it has shifted quite a bit. The results show that from December through January, the efficiency of the PV panels was not improved; this is likely due to the ambient air temperature not exceeding the sub-thirties. This can also be attributed to the CT not operating during this time (winter) due to high humidity. However, the PV efficiency continued to improve throughout the year and reached a maximum in June/July.




3.3.3. Efficiency Enhancement for the Larger Number of Panels


This study was extended to assess the efficiency improvement for many PV panels. The number of rows of PV panels was extended from two rows to 12, with two row increments, then a big jump to 24, and then to 34 rows. The results show that the maximum efficiency improvement was observed in two rows, as shown in Figure 8. The efficiency declined incrementally from 6.831% to 4.652% between rows two to twelve. The next step was to double the number of rows (24). The efficiency calculated was 4.493. However, at 34 rows, the efficiency improvement dropped to 0.129, indicating no further improvement can be achieved beyond the 34 rows. The results are meaningful because it is expected that the exiting air velocity from the CT will decline as you move away from the base of the CT.



Furthermore, it is also expected that this air temperature will rise as it exchanges energy with the PV panels. Hence, given the dimensions and specifications of the CT, 24 is the recommended number of PV panels to maintain minimum efficiency improvement at 4.5%. Although the results suggest that the integration is scalable, the proposed system has inherent limitations, which are discussed next.



The results show that the PV efficiency increased by about 6.8% with the CT’s integration. Comparing our work to what is available in the literature, previous research looked at improving efficiency for a single PV panel. However, this study looks at a cooling technique for the entire PV power plant. Hence, our efficiency improvement represents the overall efficiency of all of the PV panels. Table 2 summarizes some prior studies of PV panel cooling and its corresponding PV efficiency enhancements [28].






4. Conclusions


A novel approach to integrating bi-facial PV panels with a cooling tower was presented. The study demonstrated the feasibility of integrating bi-facial PV panels with cooling towers to improve the panels’ efficiency. The results showed an impressive efficiency improvement when integrating the PV panels with the CT, compared with a baseline case of standalone PV panels. Based on the given dimensions of the CT, it is recommended to integrate up to 24 PV rows to achieve a reasonable ~5% annual efficiency improvement. The cooling tower could, on its own, operate to produce electricity 24/7 depending on the weather conditions. The PV panels work during the daytime only due to the need for solar radiation to produce electricity. It was demonstrated that the jet-cooled air from the cooling tower cools off the PV panels, improving their efficiency. The weather conditions play a vital role in achieving the desired results. The cooling tower performs best in dry, hot weather. The dryer the air, the cooler the jet air, hence, better cooling for the PV panels. Accordingly, the deployment location for the combined system becomes very critical. It is recommended to deploy the proposed approach in remote areas where access to electricity is limited or does not exist.



Furthermore, it is recommended to ensure access to nearby seawater or other water sources. Future work will address some of the system’s limitations, such as scalability issues. Furthermore, future work might focus on further assessing the feasibility of integrating other technologies to improve the system’s performance.
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Figure 1. Illustration of the proposed system integration: (a) details of the cooling tower and PV panels are shown, and (b) PV panels surrounding the cooling tower. 
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Figure 2. Profiles of hourly weather data, measured on 21 June. 
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Figure 3. Hourly electricity production from the CT was cross-examined with respective humidity and temperature profiles on 21 June. 






Figure 3. Hourly electricity production from the CT was cross-examined with respective humidity and temperature profiles on 21 June.



[image: Sustainability 15 14786 g003]







[image: Sustainability 15 14786 g004] 





Figure 4. Temperature profiles of the PV panels for both the standalone configuration (no CT) and the integrated configuration (with CT). 
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Figure 5. Subpanel wind velocity profiles for the standalone configuration (no CT) and the integrated configuration (with CT). 
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Figure 6. The power production of the bi-facial PV panels for a complete day on 21 June. 
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Figure 7. Average monthly efficiency trends of the PV panels for both configurations. 
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Figure 8. Mean annual PV efficiency enhancements vs. the number of panel rows. 
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Table 1. Validation results of the bi-facial PV temperature with the results in [26].
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	Solar Irradiance (W/m2)
	Tmod-Tamb (°C)

(Baseline [26])
	Tmod-Tamb (°C)

(This Work)
	Percent Error (%)





	200
	5
	4.82
	3.6



	400
	10
	9.64
	3.6



	600
	15
	14.46
	3.6



	800
	20
	19.28
	3.6



	1000
	24
	24.1
	−0.42










 





Table 2. Prior studies of PV panel cooling techniques.
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	Authors
	PV Panel Type
	Cooling Methods
	Efficiency Improvement





	[29]
	Polycrystalline
	Water sprayed (active cooling)
	Efficiency increased up to 20%



	[30]
	Monocrystalline
	Airflow streamed over the backside of the solar panels
	Efficiency increased up to 2.4%



	[31]
	Monocrystalline
	Water circulated (active cooling)
	Efficiency increased up to 12.5%



	[32]
	Polycrystalline
	Water absorber plate with PV/T system
	Efficiency increased up to 10.4%



	[33]
	Monocrystalline
	Ducts cooled by air conditioners
	Efficiency increased up to 7.2%
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