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Abstract


Climate change is causing adverse and diverse effects on human beings in term of severe diseases, melting of ice, and increase temperatures, which are directly linked to the consumption of traditional fossil fuels. These fuels can only be replaced by exploring renewable energy technologies, and photovoltaic solar modules are the most promising choice among them. This paper investigates electrical output in term of efficiency and power of a monocrystalline photovoltaic module under climatic conditions of Lahore, Pakistan in an effort to enhance electrical performance based on laminar and turbulent flow boundary conditions. A computational model of a PV module was designed and investigated, when the solar irradiance was observed to be maximum at 920.64 W/m2. Initially, the total flux received and absorbed by PV module was observed to be at 179.37 W/m2 after ray tracing analysis in Trace Pro; thereafter, the module’s temperature increased to 65.86 °C, causing an electrical efficiency drops to 15.65% from 19.40% without applying active cooling schemes. A coupling of Ansys Fluent and Steady State Thermal Analysis was performed for thermal management of a PV module by selecting water and air as a coolant at inlet temperature of 25 °C through microchannels contingent upon varying Reynolds numbers. The results maintained that the optimum coolant outlet temperature (49.86 °C), average PV cell’s layer temperature (32.42 °C), and temperature uniformity (4.16 °C) are achieved by water at 224, 6710, and 4200 Reynolds numbers respectively. In addition, again water maintained 18.65% of electrical efficiency and 33.65 W power output at 6710 Reynolds number. On the other hand, air-based cooling lagged behind water by 14% in term of efficiency and power output at maximum Reynolds number (6710).
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1. Introduction


Energy is the bedrock for the existence and growth of the society with prolonged and entrenched industrialization. In order to meet energy demands, the global village is relying obtaining more than 80% of its energy from fossil fuels, natural gas, oil, and coal [1,2]. Unprecedently, the consumption of non-renewables have led to the increased emissions of greenhouse gases, which is having negative social and environmental impacts on societal sustainable development [3]. CO2 emission accounts for more than 60% of total greenhouse gases emitted in the atmosphere [4], and 25–30% of CO2 is emitted by the transport sector of a country [5]. To avoid the worst climatic impact of fossil fuels [6], renewable energy resources [7,8], particularly solar energy, is attracting greater attention for electricity generation due to clean, sustainable, and cost-effective sources [9,10,11] with a worldwide capacity of 733 GW by 2020, and accounted for 26% of renewable sources [12]. Furthermore, the earth atmosphere receives 1367 W/m2 of energy from the Sun [13] and earth absorbs 1.8 × 1011 MW which is enough to meet the global energy demands [14]. To efficiently utilize the solar potential under real climatic conditions, photovoltaic (PV) systems have been developed to mitigate the impact of CO2, due to electricity production from conventional sources. PV modules are used to convert photons of sunlight into electricity; made up of different materials, such as crystalline silicon (mono-crystalline and poly crystalline) and thin film (amorphous silicon, copper indium gallium selenide, cadmium telluride) [15,16]. The multijunction solar cells have higher conversion efficiency of about 45% [17,18], and so are used in the concentrating of photovoltaic systems. Since solar cells consisting of multi junction require complex services condition; therefore, thin film technologies are preferred over them [19]. Thin film panels require more surface area to generate same amount of output leading to increased land area and hence increased capital cost [20]. Crystalline silicon PV modules accounted for 94% of PV production [21]. Multi-crystalline silicon modules are relatively cheaper, additional defects regarding crystals and metal contaminations slightly reduce their conversion efficiency [22]. Monocrystalline PV modules are the commercially most commonly used PV modules [23], but the efficiency is not more than 20% due to heating effect [24] leading to increase PV module temperature, and hence decreases the PV module efficiency [25]. Therefore, it is mandatory to maintain module temperature enough to achieve higher output. Environmental stresses (temperature, wind speed, humidity, dust) are crucial parameters for PV system performance and by controlling these parameters; the efficiency can be improved to a maximum level which then improve the reliability, energy production, capacity factor of PV system [26,27,28,29] stated by IEA [30] as well. The output of the PV module is highly affected by module temperature, as the output power of the module is decreased by increasing module temperature [31]. One study [32] investigated the impact of temperature and wavelength on output parameters of crystalline silicon solar cells; and determined 0.65% and 0.08% drop in power and efficiency respectively with each (1) K rise in cell temperature. Furthermore, the authors [33] investigated how efficiency is dependent on module temperature; reported that the around 15% module efficiency was stabilized for modules having high temperature values, and recorded the maximum efficiency values (peaks of 29.6% as compared to without cooling case) for temperature values of modules ranging between 20 °C and 30 °C. It was interpreted that increasing module’s temperature negatively impact the module performance. Another comparative study was performed to determine the performance of four different PV systems under meteorological conditions of Spain; decrease in daily electrical efficiency was found by 5.0, 5.4, 6.5, and 7.6% for of amorphous silicon, cadmium telluride, microcrystalline, and poly crystalline silicon module, respectively, with respect to rated values of efficiencies for each module [34]. The experimental results of a research revealed that the heat generated by the PV panel was as a result of the prolonged exposure of Sun on panel, causing to affect the output voltage in negative manner, thereby power generated by the PV module is affected [35]. The reduction in PV module temperature can enhance electrical output; therefore, the PV module temperature must be close to 25 °C during operating hours to achieve better performance [36]. A numerical thermal model was developed by Aly et al. [37] to predict the effect of environmental factors on panel temperature; resulted in increase of approximately 1 °C cell temperature due to 1 °C rise in ambient temperature. An experimental study was carried out under Agadir (Morocco) climatic conditions to study the performance of crystalline PV modules; revealed that electrical efficiency of monocrystalline PV module to be 10.9%, which is approximately 40% less than its rated value due to increase in panel temperature [38]. Moreover, a research study conducted in Poland revealed that increased air temperature and direct heating increased the module temperature, and this rise in temperature dropped module efficiency [39]. One study [40] determined the effect of module temperature on the output parameters of monocrystalline PV module; reported 0.01% drop in electrical efficiency and output power of module with each increase of module temperature by 1 °C. Hadidi et al. [41] studied the effect of arid climatic conditions on performance of PV system and found that PV cells are more affected by the temperature among environmental parameters.



In addition, various research studies have been conducted to lower the module temperature [42,43,44,45,46]. A three-dimensional (3D) model was developed for polycrystalline silicon PV module which analyzed that the temperature distribution curve showed the maximum temperature (331.76 K) near the module center. The results of a numerical study represented a decrement of 10 °C in average temperature of panel due to heat sink, validated by experimental setup and maximum power increased by 18.67% [47]. The researchers [48] studied that the by increasing temperature of a module reduce its performance, but module temperature is lowered by the cooling mechanism, due to which a net energy gain of 7.69% was obtained and an improvement in performance ratio was observed by 7.14%. Chandra et al. [49] observed negative impact of module temperature on module’s performance and observed that performance ratio was improved by 3.4%. It was found that experimental values of energy for thermally cooled and not cooled module were 431.28 Wh and 410.44 Wh, respectively, and validated these values against simulations. A research work was conducted to evaluate distribution of temperature pattern in PV module under different conditions of surrounding environment; results showed that PV system efficiency was decreased by about 3.8–6.5% with the increase of module temperature in range of 10–15 °C [50]. One more experimental setup was made to lower the temperature of two 250 W PV panels to around 20 °C by air and water cooling, resulted in enhancing the module efficiency more than 3% and output power to 20.96 W [36]. The impact of water spray cooling effect was observed on the performance of monocrystalline PV module; improved the efficiency and output power by 14.1% and 16.3% respectively caused by reduced temperature from 54 °C to 24 °C [51]. An experimental study was performed to study the impact of operating parameters on panel performance; observed a decrease in output power and electrical efficiency of 0.37 W and 0.06% for every 1 °C rose in cell temperature. To minimize the impact of temperature, a cooling technique was presented, leading to reduction in temperature by 60% and hence, increased output power and efficiency by 8.04 W and 1.23%, respectively [52]. The performance of the polycrystalline PV module was experimentally determined with and without water circulation in copper tubes; it showed that panel temperature reduced to 15.23%, and hence electrical efficiency increased to 6.08% by a water flow of 0.0166 kg/s [53]. Ebrahimi et al. [54] analyzed an effect of natural vapor temperature on cooling performance of solar cells under solar simulator; results indicated that PV cell’s temperature was dropped approximately 7 °C to 16 °C when flow rate was increased to 1.6 to 5 gr·min−1 and caused increase in electrical efficiency to around 12.12% to 22.9%. Arcuri et al. [55] investigated the performance of PV panels, using cooling airflow systems in which a numerical model was developed for 4 solar device configurations and validated through experimental results with a sample weather data of Algiers site (a sunny day in Summer) and flow rate of air was 0.023 kg/s. The results regarding numerical criterion showed that the daily average of overall energy efficiency for PV module, conventional hybrid solar air collector, glazed hybrid solar air collector and glazed double-pass hybrid solar air collector was reached to 29.63%, 51.02%, 69.47% and 74% respectively [56]. Khanjari et al. [57] proposed a numerical model of PV/T system consisting of nano fluids and coolant fluids (pure water, Ag-water nanofluid and Aluminum-water nanofluid) through computational fluid dynamics (CFD) technique; they considered the conduction and convection heat transfer mechanisms, and the results showed that the maximum increased percentage of heat transfer coefficient versus volume fraction for Ag-water nanofluid and alumina-water were 43% and 12% respectively. The experiment yielded the following result: for alumina-water comparing to pure water, an increment of 8–10% was noted by the heat transfer coefficient with respect to fluid velocity at inlet. While this value for Ag-water nanofluid varies from 28% to 45% which is greatly greater than alumina-water. Zia R Tahir et al. [58] published an article for measured solar radiation data (hourly) at three stations of Pakistan; this study shows the availability of solar radiation data for the country. The Pakistan has huge potential for solar energy because of its geographical location and environmental conditions, moreover the solar energy is consistent throughout the country [59].



The aforementioned literature shows that cooling is an effective method to increase PV module efficiency and ensure energy security. Potential research could find temperature impact on PV modules by applying coolant devices. The solar irradiance profile is observed for a whole day of 1 May 2022 and the value at 12:00 p.m. is considered for the simulation in this research study. Furthermore, three-dimensional (3D) model of monocrystalline PV unit was developed to study the impact of temperature on its output. Trace pro simulations were also performed to check the optical behavior of the module under ray analysis. In addition, thermal analysis performed using Steady State Thermal Analysis to check the temperature profile, which further was coupled with Ansys Fluent to observe the improved temperature profile when air and water is passed through microchannels. Overall, improvement in the PV module’s electrical output and power profile were observed with respect to Reynolds number, in addition both laminar and turbulent flow boundary conditions were being assessed. This study is an addition to research work for investigation of mono-crystalline PV active cooling thermal system, this is first of its kind study for hot climate conditions of Pakistan as per author’s best knowledge. The contributions of this study will help researchers and specialists of renewable energy field, especially solar energy.




2. Methodology


Model Description


The performance of monocrystalline PV module was examined according to the environmental conditions of Lahore, Pakistan. The latitude and longitude of the selected place are 74.3587° E and 31.5204° N, respectively. The climatic conditions were contingent upon ambient and sky temperatures, wind speed, solar radiations, conductive and convective heat transfer coefficients for the day of 1 May 2022 at 12:00 p.m. only. Figure 1 shows the proposed model of 35 W output power equipped with monocrystalline photovoltaic technology, in addition to model. The operating temperature of module ranges between 40 °C to 85 °C as set by the manufacturer while voltage and current at maximum power are of 10 V and 3.5 A, whereas rest of the specifications of PV module can be seen in the Table 1. The back sheet of the proposed panel is replaced with aluminum absorber followed by aluminum base engrooved with 17 microchannels, their thermophysical properties can be observed in Table 2.



The microchannels arrangements were used in order to maintain working fluid flow through them so that PV panel’s performance can be enhanced. The description of microchannels, and the thermo-physical properties of selected working fluids are given in Table 3. In addition, water and air were chosen to be working fluids at room temperature (25 °C), and their flow was regulated mechanically to obtain the optimum results. Moreover, laminar and turbulent boundary conditions were maintained to check optimum temperature uniformity values, as various studies mentioned that lower values of temperature uniformity led the system towards higher lifecycle of the PV module.



Different studies declared that, if the working fluid has better thermophysical properties, especially density, then the cooling rate will definitely be higher, while some also equally emphasized the values of thermal conductivity, which can lead towards optimum heat transfer rates. In this research study, both of the values are higher and noticeable for water coolant. Fluid’s initial temperature is another critical parameter which has also greater importance towards heat dissipation. Optical properties are presented in Table 4, these properties have more attraction towards module’s cooling in term of conduction, and convection heat transfer mechanism. The given optical properties were utilized during simulation work inside Steady State Thermal Analysis (SSTA) for temperature profile, whereas for active cooling the coupling of SSTA with Ansys Fluent was made in an effort to perform analysis at various Reynolds number having range of 11 to 6710, which can be assessed in the results and also in discussion sections.





3. Numerical Approach


In this section, a numerical approach was opted in order to find out exact value of solar irradiance for the desired day for 1 May 2022. The following Equations (1)–(25) were used during this process, and are discussed here [60]:


   G  o n   =            G  s c        1 + 0.033 cos     360   n    365              G  s c      ( 1.000110 + 0.034221 cos β + 0.001280 sin β         + 0.000719 cos 2 β + 0.000077 sin 2 β )               



(1)






   β = ( n    −  1 )       360      365    



(2)




where in Equation (1), Gon is the extra-terrestrial radiations falling on a specific plane during nth day of any year, while Gsc is solar constant approximately equals to 1367 W/m2. This decrement noted in this value per year is 0.02% in terms of frequency, n is a specific day (121 for present study). On the next hand  β  is a slope of the module, in this case it has been taken to be 0. The declination angle can either be determined by using Equation (3).


   δ = 23.45   ×   sin    360      n + 284      365      



(3)







In Equation (3), δ is declination angle for the proposed system, and the incidence angle plays an important role in designing the solar system geometry at any location across the globe. Thereafter, most of the design surfaces concerned about angle of incidence which is as follows:


      cos θ = sin δ sin lcos β + cos δ cos lcos β cos ω       − sin δ sin β cos lcos γ + cos δ sin β sin γ sin ω + cos δ sin lsin β cos γ cos ω      



(4)







In Equation (4), θ is the incidence angle, while  γ  is the surface azimuth angle. If the incidence angle greater than 90° is observed, it indicates that surface of the panel does not directly face Sun rather it is on back side of this surface. For zenith angle (   θ z   ), Sunset hour angle (   ω s   ), and solar hour angle ( ω ) are calculated by using Equations (5)–(7) respectively.


     cos θ   z   = cos   δ  cos  l  cos  ω   + sin   l   sin ( δ )   



(5)






     cos ω   s   =  −     sin  l     sin ( δ )         cos   l     cos ( δ )       =  − tan  l   tan ( δ )   



(6)






     ω = 15   ( T    s t   −  12 )   



(7)







Furthermore, Equations (8)–(17) are also used to evaluate final figure of values for specified irradiance profile. The atmosphere has greater impact on radiation’s scattering and absorption time to time depending on weather casualties and air mass ratio. For an instance, clear sky conditions on the other hand have importance towards precise estimation. That’s why under these conditions the beam irradiance atmospheric transmittance (   τ b   ) and some other correction factors are assessed by Equations (8)–(14) as per given below:


   τ b  =  a 1  +  a 2  exp     − K   c o s  θ z       



(8)






   a 1 ∗  = 0.4237 − 0.00821     6 − A    2   



(9)






   a 2 ∗  = 0.5055 + 0.00595     6.5 − A    2   



(10)






   K ∗  = 0.2711 + 0.01858     2.5 − A    2   



(11)






   r 1  =    a 1     a 1 ∗     



(12)






   r 2  =    a 2     a 2 ∗     



(13)






   r K  =  K   K ∗     



(14)




where  K ,    a 1 ∗   ,    a 2 ∗   ,    K ∗  ,      a 1   ,    a 2   , are the atmospheric constants, and    r 1   ,    r 2   , and    r K    are the correction factors depending upon varying climates that can be seen in Table 5 as well. In addition, A is the altitude of the location, which is taken to be 215 m for Lahore, Pakistan. Moreover, for beam and diffused radiations, the expressions are as follows, where the beam radiations (   G  c n b    ), the horizontal components (   G  c b    ), hourly beam radiations (   I b   ), atmospheric transmittance for diffused radiations (   τ d   ), diffuse radiations (   G  c n d    ), diffused horizontal components (   G  c d    ) and diffuse hourly radiations (   I d   ), were calculated by using Equations (15)–(22) respectively at 12:00 p.m. of the selected day.


   G  c n b   =  G  o n   ×  τ b   



(15)






   G  c b   =  G  o n   ×  τ b  × c o s  θ z   



(16)






   I b  =  I 0  ×  τ b  × c o s  θ z   



(17)






   τ d  = 0.271 − 0.294    τ b   



(18)






   G  c n d   =  G  o n   ×  τ d   



(19)






   G  c d   =  G  o n   ×  τ d  × c o s  θ z   



(20)






   I d  =  I 0  ×  τ d  × c o s  θ z   



(21)






   I t  =  I b  +  I d   



(22)




where    I t    is the total irradiance value of 920.64 W/m2 for at 12:00 p.m.



Finally, the temperature uniformity, electrical output and efficiency is found by Equations (23)–(26).


   T  u n i   =  T  m a x   −  T  m i n    



(23)






   n r  =    V  m p   ∗  I  m p      A  p v   ∗  I t     



(24)






   n  i e   =  n r    1 − β    T  s c   − 25   ° C      



(25)






   P  o u t   = (  n  ie    ∗     A  p v   ∗  I t  ) / 100  



(26)




where    T  u n i   ,      T  m a x   ,   and    T  m i n     are temperature uniformity, maximum and minimum temperatures at the surface of the module, whereas,    V  m p   ,    I  m p    , and    A  p v     represent voltage and current at maximum power, and surface area of the PV module. Similarly,    n r  ,    n  i e   ,    β ,   and     T  s c     are the rated electrical efficiency (19.40%), improved electrical efficiency, temperature coefficient (0.47%/°C) and average temperature of the silicon layer.



A 3D modelling of the module is undertaken in Solidworks after finalizing major steps, and then simulation of the model was performed using Ansys Workbench 2020 R1 and Trace Pro 7.3.4 releases.




4. Results and Discussion


This section contains the results performed under following domains; as of irradiance profile (using equations), Trace Pro and Ansys Workbench software, which are discussed as under:



4.1. Irradiance Profile


The following figurative trend in Figure 2 shows irradiance profile for the whole day between 05:00 a.m. to 05:00 p.m. on 1 May 2022, obtained as per above mentioned equations. The day was considered to be under cloudless or clear sky conditions. The irradiance profile seems to be regular in pattern as the values started from 72.65 W/m2 at 06:00 a.m. with a smooth rise to 920.64 W/m2 at 12:00 p.m., thereafter same values received with downward trend and reached at same of initial at 04:00 p.m., can be seen clearly in the figure. Moreover, the beam irradiance had higher values as compared to diffuse irradiance because of no overcast atmospheric conditions, while diffuse irradiance can only be higher during cloudy weather. In addition, it is mentioned that the rating efficiency of a panel is 19.40%, that’s why merely 178.57 W/m2 is converted into electrical output while 742.7 W/m2 is available for heat generation at the surface of a PV module.




4.2. Irradiance Distribution


The entire geometry was imported into Trace Pro software, where a calculated irradiance value was used as an input parameter during ray tracing analysis which was performed for 1000 rays. The results are shown in Figure 3, where an irradiance map for absorbed flux emphasized that the average irradiance value on the panel surface is of 915.16 W/m2, while total flux and incident flux efficiency are observed to be 179.37 W/m2 and 99.405%, respectively. Second, the vertical and horizontal components of the incident flux on the center line of the module at 0-0 horizontal line can be seen at the right portion of the same figure.




4.3. Temperature Profile


In this section temperature contours at desired boundary conditions for PV module at 12:00 p.m. are simulated to estimate the panel temperature without active colling. It is obvious that the panel temperature varies around 65 °C at the top and middle surface of silicon cell’s layer which is liable for electrical generation. At this stage because of no cooling schemes, the efficiency of a panel found to be 15.65% which is ~20% less as compared to rated efficiency which can be notify in the Figure 4. On the other hand, the output power here is calculated to be 28.32 W. Although the temperature uniformity at no cooling stage is so small as that of 0.721 °C, but the results of active cooling are also important from investigation point of view, because the efficiency at this condition is not favorable.




4.4. Active Cooling at 2240 Re


For active cooling, water and air is selected as a coolant, for a case, in the following Figure 5 the temperature contours of only monocrystalline PV cell’s layer at Reynolds number of 2240 under water-based cooling condition through microchannels arrangements is available. It can be seen that maximum module temperature decreases to 48.078 °C showing temperature reduction around 27%. Moreover, the temperature of the PV cells layer is lower on inlet side of the microchannel heat sinks, where the efficiency would be higher while on higher temperature side just between the center and the outlet side of the panel the efficiency would be lower. The temperature uniformity as a whole model found to be 11.684 °C, which is inappropriate for this study, that’s why this study moved towards higher Reynolds number under turbulent boundary conditions. Similarly, Figure 6 represents temperature contours using air at room temperature (25 °C) with the same Reynolds number of 2240. In addition, it is noted that PV cell’s layer’s temperature is ranging between 71.716–36.892 °C, and the temperature uniformity is 34.871 °C. As compared to water, the results of air cooling through microchannels is found to be worthless.




4.5. Average Inlet Velocity and Coolant Outlet Temperature


Average inlet velocity and outlet temperature of a working fluid are important and has variant relationship with Reynolds number from 11 to 6710. In the Figure 7 the average inlet velocity of the water and air found to be at 0.01 and 0.17, 0.1 and 1.63, 0.2 and 3.3, 0.5 and 8.18, 1.0 and 16.36, 2.0 and 32.7, 4 and 60, and 6.0 m/s and 98 m/s with respect to Reynolds numbers of 11, 112, 224, 560, 1120, 2240, 4200, and 6710 respectively. Similarly, for coolant outlet temperatures, water shows a minimum value of 32.62 °C at 6710 Reynolds number, while a highest of 49.86 °C at 224 Reynolds number. In addition, for air as a coolant the difference in outlet temperature observed to be consistent with lower and higher temperature values are at 34.542 °C and 35.029 °C at 6710 and 11 Reynolds numbers.
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Figure 4. Temperature contours on PV layer at desired boundary conditions before active cooling. 
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Figure 5. Temperature contours of PV layer under water cooling at Re = 2240. 
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Figure 6. Temperature contours of PV layer under air cooling at Re = 2240. 
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Figure 7. Average inlet velocity and outlet temperature of working fluids at different Reynolds number. 
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Moreover, water outlet temperature represents an appropriate relation with Reynolds number at turbulent boundary conditions above 4200, whereas air at outlet depicts remark-less changes in the temperature.




4.6. PV Cell’s Layer Average Temperature and Temperature Uniformity


Monocrystalline PV cell’s layer, which is responsible for power production mainly contingent upon the solar cell’s layer temperature. In this section the Figure 8 highlights the importance of how Reynolds number is conducive regarding lower temperature on the PV cell’s layer. In addition, PV layer’s temperature is decreasing from 57.77 °C to 33.21 °C at 11 to 6710 Reynold numbers, whereas air shows no improvement in term of temperature reduction of the PV layer as the digits were around 57.5 °C throughout the whole simulations. The graphical representation of both the graphs is same, however in an effort towards temperature uniformity the values for water-based cooling as compared to air cooling are much more efficient. At 4200 Reynolds number the temperature uniformity was optimum, means the value was 4.16 °C followed by 6.93 °C at 6710 Reynolds number. Furthermore, in case of air the values of temperature uniformity were between 35.029 °C to 34.542 °C during entire investigation, which shows less tendency towards air-based cooling. Overall, at maximum Reynolds number of 6710, the reduction in the PV layer’s temperature is found to be 32.42 °C for water and 8.31 °C for air, that’s why a better and effective option to increase performance of monocrystalline silicon PV module is water cooling in comparison with air.




4.7. Electrical Efficiency and Power Output


Electrical efficiency and power are implicated in the major findings of this study, because every single move is maintained in order to achieve as much as maximum and appropriate results. The below Figure 9 shows that the power output and electrical efficiency of the PV module at different values of Reynolds number varies efficiently. For example, the power output and electrical efficiency of PV module is found at 28.31 W and 15.65% respectively when no cooling technique is employed. In addition, when cooling of water took place through microchannels, the module efficiency increases from 16.40% to 18.65% with rise in Reynolds number from 11 to 6710 respectively. The maximum increment in efficiency is found 18.65% at Re = 6710 or 6 m/s with respect to the module efficiency at without cooling. Secondly, when air cooling option opted, the module efficiency observed to be increased by 5.8% as compared to that of without cooling but remained constant with different Reynolds numbers. Moreover, the water-cooling technique had shown 14.0% more effectiveness than air-cooling method to improve an electrical efficiency of monocrystalline PV module. It can also be observed that water-cooling technique enhances the module output power dramatically from laminar to turbulent flow boundary conditions, while air-cooling technique does not contribute much more to improve output power. Regarding power output, the highest value (33.65 W) is achieved by water at 6710 Reynolds number, while air marked in power to 29.68 W only by the same highest Reynolds number.





5. Conclusions


The electrical efficiency and output of a monocrystalline PV module is investigated and enhanced through thermal management under real operating conditions of Lahore, Pakistan at the midday of May 1st, 2022 in this research study. The technical data of PV modules with a capacity of 35 W is taken at standard test conditions from manufacturers’ datasheets. Initially, the complete model was designed with minor changes at the bottom layers, where base protective sheet was replaced with Aluminium absorber and heat sinks layer made up of Aluminium with 17 microchannels. Thereafter, a location-based irradiance profile (920.64 W/m2) was calculated by using multiple equations from the literature and imported to a Trace pro software followed by Ansys Workbench. The ray tracing analysis was performed for 1000 rays inside a Trace pro software and observed optical properties: a total flux absorbed by the surface found to be 179.37 W/m2. The steady state thermal analysis was performed and temperature profile over a whole model is observed and temperature profile of only PV layer was displayed. Moreover, the PV cell’s layer’s temperature was found to be ~65 °C and at this situation the efficiency and power dropped down to 15.65% and 28.32 W from 19.40% and 35 W respectively. A coupling of steady state thermal analysis and Ansys fluent was developed to perform cooling practices. Water and air were used as a coolant through microchannel heatsinks at varying Reynolds number from 11 to 6710. In addition, both laminar and turbulent boundary flow conditions applied to check out the most prominent coolant at 25 °C inlet and back flow temperature during the simulation. Throughout all the simulations, water-based cooling is observed to be practical instead of air-based cooling because of the higher density of the water. The results declared that during laminar flow boundary conditions, water achieved maximum outlet temperature of 49.86 °C and 48.71°C as a coolant at 224 and 560 Reynolds numbers respectively as compared to turbulent flow boundary conditions. The second coolant air on the other hand represented a remark-less trend at outlet with almost consistent values (47.805 °C) during turbulent flow boundary condition. Interestingly, the trend in PV cell’s layer average temperature and temperature uniformity is identical in observation; the PV cell’s temperature reduces directly to Reynolds numbers, and the most prominent case was observed at 6710 Reynolds number, where an optimum value of 32.42 °C is maintained for PV cell’s layer, whereas, for temperature uniformity, the value of 4.16 °C is achieved by water only. Similarly, for electrical efficiency and power output, again the water showed remarkable progression as that of air, because highest values are achieved at maximum Reynolds number of 6710, where electrical efficiency and power output retrieved to 18.65% and 33.65 W respectively from 15.65% and 28.31 W respectively. Overall, the values maintained by water found to be 14.00% more than that of air, which led this study in support of water only.
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Nomenclature




	
Acronyms




	
PV

	
Photovoltaic




	
STC

	
Standard test conditions




	
SSTA

	
Steady state thermal test analysis




	
Symbols




	
Pmax

	
Peak power




	
Vmp

	
Voltage at peak power




	
Imp

	
Current at peak power




	
Voc

	
Open circuit voltage




	
Isc

	
Short circuit current




	
Gon

	
Extraterrestrial radiation (W/m2)




	
Gsc

	
Solar constant value (W/m2)




	
Gcnb

	
Beam radiation (W/m2)




	
Gcb

	
Beam horizontal component (W/m2)




	
Gcnd

	
Diffuse radiation (W/m2)




	
Gcd

	
Diffuse horizontal component (W/m2)




	
Ib

	
Hourly beam radiation (W/m2)




	
Id

	
Hourly diffuse radiation (W/m2)




	
τd

	
Atmospheric transmittance for diffuse radiation




	
It

	
Total irradiance (W/m2)




	
Tuni

	
Temperature uniformity (°C)




	
Tmax

	
Maximum temperature (°C)




	
Tmin

	
Minimum temperature (°C)




	
Apv

	
Surface area of PV module (m2)




	
I

	
Current (A)




	
k

	
Stephan Boltzmann constant, 1.3807 × 10−23 (J/K)




	
n

	
Day of year




	
A

	
Altitude




	
T

	
Temperature (°C)




	
Ts

	
Sky Temperature (°C)




	
t

	
Time (s)




	
Greek symbols




	
ηr

	
Rated electrical efficiency (%)




	
ηie

	
Improved electrical efficiency (%)




	
τ

	
Transmissivity




	
α

	
Absorptivity




	
ρ

	
Density (kg/m3)




	
ϵ

	
Emissivity




	
θ

	
Angle of Incidence




	
θz

	
Zenith angle




	
ω

	
Solar-hour angle




	
ωs

	
Sunset-hour angle




	
β

	
Slope of module




	
δ

	
Declination angle




	
γ

	
Surface azimuth angle




	
σ

	
Stefan–Boltzmann constant (5.670 × 10−8 W/m2·K4)




	
Subscript




	
max

	
Maximum




	
min

	
Minimum




	
uni

	
Uniform




	
mp

	
Maximum power




	
ie

	
Improved efficiency




	
ref

	
Reference conditions




	
oc

	
Open circuit




	
sc

	
short circuit
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Figure 1. Reference and proposed model for selected monocrystalline silicon PV module. 
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Figure 2. Solar irradiance profile for a whole day of 1 May 2022. 
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Figure 3. Incident absorbed flux along with solar irradiance profile at center of PV module in horizontal and vertical components. 
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Figure 8. Silicon layer average temperature and its temperature uniformity at varying Reynolds number. 
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Figure 9. Electrical-efficiency and power-output of monocrystalline PV module at different Reynolds number. 
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Table 1. Specifications of proposed model.






Table 1. Specifications of proposed model.





	Dimension
	560 mm × 350 mm × 25 mm



	Peak Power (Pmax)
	35 W



	Voltage at Pmax (Vmp)
	10 V



	Current at Pmax (Imp)
	3.5 A



	Open Circuit Voltage (Voc)
	12 V



	Short Circuit Current (Isc)
	3.85 A



	Working temperature
	−40–85 °C



	Standard Test Conditions (STC)
	1000 W/m2, 1.5 a.m., 25 °C Cell temperature










 





Table 2. Thermo-physical properties of different layers of monocrystalline PV module.






Table 2. Thermo-physical properties of different layers of monocrystalline PV module.





	Material Layers
	Thickness

(mm)
	Density

(kg/m3)
	Thermal Conductivity

(W/m·K)
	Heat Capacity

(J/kg·K)





	Top-glass
	3.20
	3000
	0.980
	820



	Front-EVA
	0.15
	960
	0.310
	2090



	PV-cell
	0.2
	2330
	150
	712



	Back-EVA
	0.15
	960
	0.31
	2090



	Aluminium-absorber
	1
	2719
	202.4
	871



	Aluminium-base
	6
	2719
	202.4
	871










 





Table 3. Dimensions of microchannels and thermophysical properties of working fluids.






Table 3. Dimensions of microchannels and thermophysical properties of working fluids.





	No. of Microchannels
	Material
	Dimensions

(mm)
	Working-Fluid
	Thermal-Conductivity

(W/m-K)
	Density of Fluid (kg/m3)
	Inlet Temperature (°C)





	17
	Aluminium
	1.0 × 1.0 × 570
	Water
	0.6
	2719
	25



	17
	Aluminium
	1.0 × 1.0 × 570
	Air
	0.0242
	1.225
	25










 





Table 4. Optical-parameters for specified layers.






Table 4. Optical-parameters for specified layers.





	
Component

	
Coefficient/Parameters

	
Values






	
Glass

	
Transmittivity

	
0.9




	
Emissivity

	
0.93




	
Absorptivity

	
0.1




	
Solar Cell

	
Absorptivity

	
0.9




	
Emissivity

	
0.9




	
Transmittivity

	
0.02




	
Aluminium Absorber Plate

	
Emissivity

	
0.25




	
Absorptivity

	
0.95











 





Table 5. Correction-factors for different climate types.






Table 5. Correction-factors for different climate types.





	Climate-Type
	r1
	r2
	rk





	Tropical
	0.95
	0.98
	1.02



	Midlatitude summer
	0.97
	0.99
	1.02



	Subarctic summer
	0.99
	0.99
	1.01



	Midlatitude winter
	1.03
	1.01
	1
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