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The models designed to evaluate the performance of photovoltaic (PV) cells depend on classical thermal principles with the use of constant optical coefficients (reflectance, absorbance, and transmittance). However, these optical coefficients depend on incident angle actually and, hence, are a function of the inclination and orientation of the PV panel along with the geographical location and time of the day. In this study, varying coefficients (optical thermal model) and constant coefficient (classical thermal model) with incident angle in the energy balance equations followed by experimental validation were considered. First, the incident angle of direct radiation on the PV panel was determined with the help of astronomic simplified calculations, and second, the optical coefficients were evaluated by using principles of classical electromagnetic theory. Third, the energy balance equations were expressed in the form of differential equations and solved numerically by the Runge–Kutta method to obtain the electrical power as a function of time. Finally, electrical power produced by the optical–thermal model and classical thermal model was validated against experimental data for the solar PV system installed at the Central Station, Punjab Emergency Service. The results show that there is significant agreement between the classical thermal model and experimentally produced electricity throughout the year which validates the modeling.
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1 INTRODUCTION
The importance of energy in the development of human beings cannot be denied. Even some experts used consumption of energy to assess the economic development (Rafindadi and Ozturk, 2015; Rafindadi and Ozturk, 2016; Rafindadi and Ozturk, 2017; Rafindadi and Mika'Ilu, 2019). The recent developments in all areas and inventions during the last century have caused a substantial increase in the consumption of energy, mainly from sources of fossil fuels. This intensification of fossil fuel consumption is the primary cause of contaminated and greenhouse gaseous emissions, including CO2 as a major component causing the severe environmental impact (Rafindadi, 2016a; Rafindadi, 2016b; Al-Dhaifallah et al., 2018; Nassef et al., 2018a; Nassef et al., 2019b; Mohamed et al., 2019). The shrinking of fossil fuel reserves and increasing prices have led to the search for non-pollutant, cheap, environment-friendly, and sustainable energy alternatives for replacement (Neves et al., 2018; Rafindadi et al., 2018; Ren et al., 2018; Rezk et al., 2019). Consequently, more attention by experts was paid on renewable energy sources (RESs) because they are cheaper, environment-friendly, easily accessible, and more importantly sustainable when compared to fossil fuels (Diab et al., 2015; Gomaa et al., 2018; Khan et al., 2018; Tahir et al., 2021). That is why, managements are urged to modify their interests and directions to RESs such as solar energy, wind energy, geothermal heat, hydropower, tidal energy, and biofuels (Ghenai and Janajreh, 2016; Mohamed et al., 2017; Abdelkareem et al., 2018; Abdelkareem et al., 2019; Inayat et al., 2019; Sayed et al., 2019). Simultaneously, a lot of efforts have been put to minimize the energy consumption with optimum usage of the existing resources. Cuce et al. (2019) proved that low/zero energy building may be developed effectively by a biometric strategy which is an operational approach, and a 15.7% reduction in annual energy consumption with the usage of an atrium in a small house was reported by Sher et al. (2019). Furthermore, a rapid growth was seen in the development of fuel-cells and photovoltaic (PV) modules as emergent technologies for collecting energy which then was launched very successfully in the market (Nassef et al., 2019a; Poompavai and Kowsalya, 2019; Ghenai et al., 2020).
Solar energy is available in abundant form and it is a sustainable, clean, and promising energy source for electricity generation. It is believed by many researchers that solar energy will replace fossil fuels in a very short time because of non-polluting and maintenance-free resource that is implementable with ease in numerous applications (Shukla et al., 2016a). The generation of solar photovoltaic (PV) power is one of the major applications. Moreover, the world is showing attention toward hybrid systems of photovoltaic and thermal energy, which is also an advancement toward pollution-free environment. The solar photovoltaic systems being the cheapest ones than other renewable energy resources are widely used as integrated systems with other electricity production systems. Solar energy using PV cells is an extensively used technology for electricity production in numerous countries around the world. Solar energy becomes the ultimate choice, particularly with the persistent variation in supply by grid electricity (Zeyringer et al., 2015). There are numerous arrangements of photovoltaic systems in use: stand-alone photovoltaic systems are also called off-grid PV systems, and grid-connected PV systems are also called on-grid PV systems (Menconi et al., 2016).
The addition of a PV system into a well-designed building can allow self-production of electricity (Shukla et al., 2017), and the system can support the electricity-grid by supplying surplus electricity produced, particularly in the peak demand season of summer because of the usage of air conditioners (Lau et al., 2016). This will also support in the reduction of weather and ecological effects. However, for feasibility of a solar PV system, there must be sufficient solar irradiance during the complete year. The performance of a PV solar system strongly depends on many factors of the environment such as solar irradiance, humidity, wind speed, and temperature (Shukla et al., 2016b). For uninterrupted supply throughout the year, it is very important that a PV system must be properly installed with optimal dimensions. This needs a comprehensive study for the selection of the best choice, the most effective and at very economical cost. In addition, the PV solar system is categorized with different performance constraints such as energy yield, ambient temperature, and performance ratio. There are many studies available in the literature on performance investigation of the PV system. The forecasting of solar data is an important tool for the prediction of output parameters of PV commercial projects (Tahir et al., 2020). Khatib et al. (2013) demonstrated that the highest output of PV solar systems is highly dependent on meteorological parameters such as solar radiation, wind speed, humidity in air, and temperature. So, keeping in view the significance, it is highly recommended to conduct a comprehensive investigation at many sites for suitable selection. The modeling and feasibility of a PV solar system at the selected location are to be evaluated before actual execution. The evaluation can easily be worked on many software available in the market, and the results are very useful for the selection of the best suited model for executing the same in the field.
This study aims to predict the performance of solar PV cells with experimental validation of numerical models for performance evaluation of solar PV cells. Moreover, a comparison of electricity generation is also performed between variable optical coefficients (obtained at different geographical locations, orientation of solar cells, and inclination of variable 1 m2 of the PV panel) and constant optical coefficients to evaluate the effect of varying optical coefficients on the performance of the PV panel. The novelty of this study lies in the investigation of the impact of climate conditions on Jhang city (31.2781o N and 72.3317o E) in Pakistan. There are four seasons in Pakistan throughout the year, and the climate keeps changing due to seasonal behavior. Pakistan has been selected as the location for this research work, and it is divided into different regions according to climatic conditions (Nicol et al., 1999). The methodology adopted and the outcomes of this study can be used by researchers, experts, and policy-makers.
2 DATA COLLECTION
The solar irradiation and weather data were collected from Pakistan Metrological Department, Lahore for a period of 2 years (2016–2018) for Jhang, Pakistan (Sharma and Goel, 2017). In the present analysis, the monthly average data were used to predict the performance of the PV panel in Jhang, Pakistan for a period of 1 year (2016–17) as presented in Figures 1A,B.
[image: Figure 1]FIGURE 1 | One-year (2016–17) solar and weather data for Jhang, Pakistan. (A) Monthly average global horizontal irradiance. (B) Monthly average dry bulb temperature.
2.1 Experimental Data
The experimental data were collected from a solar PV system which was installed at the Central Station, Punjab Emergency Service, Rescue 1122, Faisalabad Road, Jhang. The monthly variations in energy production by the installed solar PV system are shown in Figure 2. It is observed that a solar PV system generates a maximum and minimum amount of energy in May (16.63 kWh) and December (7.80 kWh), respectively, because of the amount of solar irradiance falling on the surface of the cell.
[image: Figure 2]FIGURE 2 | Actual PV energy production from June 2016 to May 2017.
3 MATERIALS AND METHODS
3.1 Numerical Modeling
In the present study, a numerical model was developed on MATLAB using differential equations and the Runge-Kutta method to describe the energy production by a standard configured PV cell.
To make the analysis simpler and easier, the following assumptions were taken into account.
• Unpolarized incident and diffused solar radiations
• Uniform temperature inside each layer of the PV cell
• Zero heat capacity for ARC (antireflection coating) and silicon layer
• Negligible side thermal exchanges of the PV cell
• Natural convection heat transfer
Since the solar PV panel consists of five different layers (exterior glass, ethylene vinyl acetate, antireflexive coating, PV cells, and Tedlar) as presented in Figure 3, the energy balance equations were developed considering the conduction and convection heat transfer between layers and with the surrounding. As the facet effects of rims of PV cells were not considered; therefore, it is most effective to consider the unit surface area of the cell. The differential equations were explicated in the form of temperature change of the layers beyond regular time assuming the isothermal conditions in each layer.
[image: Figure 3]FIGURE 3 | Six layers of a modeled PV cell.
The energy balance equation for each layer can be represented as Eq. 1.
[image: image]
In Eq. 1, i represents the number of that layer for which the energy exchange is being analyzed, and it varies between 1 and 6. The energy exchange is the heat transfer between different layers of PV cells and with the surrounding air.
3.1.1 Energy Balance for the Exterior Glass
The energy balance for the exterior glass of a solar PV cell can be represented by Eq. 2.
[image: image]
where [image: image] represents the sun rays absorbed by the glass and can be calculated by Eq. 3.
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In Eq. 4, the term [image: image] and [image: image] epitomize the thermal conductivity of the medium across the layers and traveled distance by flux, respectively. As represented, each layer via a factor placed within the layer’s center and each layer temperature is supposed to be unvarying, the resistance of conduction is given as Eq. 5.
[image: image]
It is assumed here that the temperature gradient between the two faces of the interface is zero.
In this research, we consider the natural convection between the layer of glass and surrounding air only, written as Eq. 6.
[image: image]
For the sake of simplicity of the calculations, the minor temperature difference between the surface externally and the middle of the glass was ignored in comparison to the temperature difference [image: image].
The free convective coefficient of exchange is expressed by Holman (Edalati et al., 2015).
[image: image]
Radiation heat transfer through a long route is given by Stefan–Boltzmann regulation [46].
[image: image]
It is assumed here that both the sky and ground react as blackbodies in Eq. 8. It needs to be well-known that for middle IR (λ= 7–14 μm), εglass is nearly 1.
As it is evident that the PV panel is not completely open to the ground and the sky, for this reason, the radiation contacts between the sky and the panel and between the ground and the solar panel need to be in agreement with the use of the sky view factors Fsky and the ground view factor Fground. Fsky is described as the hemispherical portion of the unhindered sky, and the same is considered with the use of the analogical method of Nusselt (Rakovec et al., 2011).
[image: image]
In Eq. 9, s is the panel inclination. Ground-view factor is calculated from Eq. 10.
[image: image]
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For the temperature of the sky Tsky, in the available works, there are many terms that were deduced for approximating it (Notton, Cristofari et al., 2005). In this research study, the formulation was developed by Schott (1985).
[image: image]
The temperature of the ground is assumed to be equal to ambient temperature (Schott, 1985).
3.1.2 Energy Balance for Upper EVA (EVA 1)
The energy balance for the ethylene vinyl acetate (EVA) first layer of the PV panel can be represented by Eq. 13.
[image: image]
The term related to absorption expresses that the EVA layer has absorbed the energy as the radiation has been absorbed through the surface of the glass and can be calculated by Eq. 14.
[image: image]
The conduction between the ARC and EVA is expressed as given in Eq. 15 and Eq. (16).
[image: image]
[image: image]
3.1.3 Energy Balance for the ARC Layer
The anti–reflection coating layer is used to avoid the reflection process of solar rays in solar cells to increase their output and can be represented by Eq. 17.
[image: image]
The rays absorbed and conducted by the ARC layer can be calculated by Eq. 18 and Eq. (19), respectively.
[image: image]
[image: image]
[image: image]
3.1.4 Energy Balance for the Semiconductor Layer
The energy balance for the semiconductor layer of the PV panel can be represented by Eq. 21
[image: image]
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The electricity is defined as the efficiency function of the panel and irradiance striking on the silicon layer, Eq. 24.
[image: image]
The efficiency of the panel varies with the changes in the temperature and with the incident radiations and may be described by the subsequent expression (Evans, 1981), Eq. 25.
[image: image]
In Eq. 25, β0 is the coefficient of temperature, γ0 is the coefficient of solar radiation, and ηSTC is the efficiency of the panel at standard conditions. The PV panel characteristics used in this research work are standard efficiency (0.125), temperature coefficient (0.004 K−1), and coefficient of solar radiation (W−1m2); these characteristic values are available in Ref. (Schott, 1985).
3.1.5 Energy Balance for the Back-EVA Layer (EVA 2)
The silicon layer absorbs most irradiance, so solar irradiance absorption in the Tedlar layer and EVA-2 is neglected. The energy balance for the back-EVA layer can be represented by Eq. 26, and conduction through this layer can be calculated using Eq. 27.
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3.1.6 Equation for Tedlar-Based Back Sheet

[image: image]
Only natural convection by temperature difference is considered for the Tedlar layer and environment on the same pattern of the front glass layer.
[image: image]
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Exchange of the irradiance for the Tedlar layer and view factors are expressed by using the previous approach as Eq. 32.
[image: image]
[image: image]
The properties of the material constituting the layers are mentioned in Table 1, taken From Refs. (Armstrong and Hurley, 2010; Sharma and Goel, 2017).
TABLE 1 | Material properties, optical properties, and constant optical coefficients for different materials of PV panels.
[image: Table 1]3.2 Optical Phenomena and Optical Coefficients
Solar flux propagation through the solar panel is analyzed by calculating the reflection, absorption, and transmission in every layer of the panel as shown in Figure 4. As the solar radiation moves through the front surface of the glass, a portion of the radiation is reflected, and the other portion infiltrates and passes through the glass. As the irradiance passes through the glass, some of the irradiances are passed through the glass, whereas some are captured by it. The irradiance which has the capability to pass through the boundary of glass reaches to the lower boundary of the glass, and from there it is transferred to the next medium. In general, constant values of optical coefficients are used for evaluating the PV models. However, these coefficients are not constant and depend upon a number of parameters including the incident angle. The constant optical coefficients for different materials used in this study are presented in Table 1. The optical constant coefficients correspond to conditions in which the angle of incidence of irradiance is zero (θ = 0).
[image: Figure 4]FIGURE 4 | Optical phenomenon of irradiance.
3.2.1 Incident Angle Calculations
Solar radiation’s incident angle is defined as the angle of incident irradiance which it makes perpendicular to the surface of the panel at the point where radiation strikes.
The following astronomic formula is used for estimating the cosine of the incident angle (θ) at every fraction of the time in the entire day (Beckman and Duffie, 1974), Eq. 34.
[image: image]
The δ is the declination of the sun, [image: image] represents the latitude, ω is used for the hour angle, s shows the inclination angle, and φ is here for the PV panel azimuthal angle.
The declination of the sun (δ) fluctuates every day of the whole year (J), and in spring it is zero. In the literature, there are many formulae deduced for this cause, but in this research study, Eq. 35 was used.
[image: image]
The time equation E is the development of the meantime as compared to the sun time. The “Institut de mécanique celeste et de calcul des ephemerides” (IMCCE) prints every 12 months the “Guide des données astronomiques” (Le Lay, 2021), which may be used to give the maximum accurate formulation for the equation of time for the period 1900–2100 with minimal error. This complicated formula simplified for length 2013–2023 is deduced to Eq. 36. The equation of time is widely used in different applications regarding solar energy (sundials and similar devices). Different machines such as solar trackers and heliostats move in a pattern that is influenced by the time equation to obtain maximum output.
[image: image]
3.2.2 Transmittance, Reflectance, and Absorbance Calculation
The angle of refraction is derived by the Snell–Descartes regulation as Eq. 37.
[image: image]
After calculating these angles, the fraction of reflectance on the layer may be evaluated by Fresnel’s formula. The reflectance corresponding to perpendicular and parallel separation is assumed by the following equations (Lu and Yao 2007).
[image: image]
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Thus, the fraction of irradiance propagating over the layer i is given by Eq. 41.
[image: image]
The transmitted portion keeps moving through the medium and is continuously absorbed. The Beer–Lambert law is used to express this attenuation:
[image: image]
In Eq. 42, a is the absorption coefficient, which is also called as linear attenuation coefficient and is restrained in m−1. This coefficient is material type–dependent and changes with the change in wavelength. L is the measurement of traveled distance that the solar radiation covers as it passes over the material and is expressed as
[image: image]
The transmittance of solar irradiation in the layer i is given as Eq. 44.
[image: image]
The absorbed irradiance fraction in the ith layer is derived by the conservation of energy.
[image: image]
Numerous models are available in the literature regarding several reflections (Lu and Yao 2007). The ending result for the evaluation of reflectance was obtained by the addition of countless series. Only the first term was considered for the sake of simplicity. A lower value of the absorption in comparison to the actual, in the occasion of numerous reflections, was calculated, though this additional absorbed energy is very less (less than 0.2% of the total energy which also reflects).
For the intention of optical coefficients, information on panel material properties including the absorption coefficient 1) and the refractive index (n) is also required along with the incident and refractive angles. The value of the refractive indexes was taken as a constant in many studies (Lu and Yao, 2007). In this research study, the constant values from the research of Krauter and Hanitsch were used. However, the refractive indexes of the material change along with the wavelength of radiation (Mertin, Hody-Le Caer et al., 2014).
The coefficient of absorption was calculated by averaging the absorption spectrum A(λ) over the solar spectrum S(λ) (Santbergen and van Zolingen, 2008), Eq. 46.
[image: image]
The averaged coefficients of absorption obtained and values of refractive indexes from the literature of the selected materials are given in Table 1.
3.2.3 Diffuse and Direct Irradiance
Until this part of the research, the incident irradiance arriving at an angle θ is used for the development of all formulas, but in actuality, the latter consists of a direct and a diffuse component, Eq. 47.
[image: image]
The optical coefficients for direct irradiance reaching an angle of incidence θ for different layers can easily be considered with all formulations, which were established in prior sections. It is pertinent to mention here that incident angles of diffuse irradiance range from 0o to 90o. For evaluation of coefficients, the values matching to the differential solid angle dΩ were analyzed after which integration to get the values over the whole hemisphere was carried out, as shown in Figure 5A. The PV solar system installed at the Central Station, Punjab Emergency Service, Rescue 1122, Faisalabad Road, Jhang (31.2781o N and 72.3317o E) is shown in Figure 5B.
[image: Figure 5]FIGURE 5 | (A) Representation of isotropic diffuse irradiance. (B) Site panel location.
4 RESULTS AND DISCUSSION
To validate the effects of optical phenomena in the prediction of electricity production by the PV panel, numerous cases with a range of changes were considered for many geographical locations, orientation, and inclination of 1 m2 of the PV panel. Optical coefficient variation was evaluated in every case. The generation of electricity was calculated and compared to the results of constant optical coefficients.
4.1 Optimum Configuration (Inclination 38o; Orientation 0o) of the PV Panel
The variation in angle of incidence of direction radiations and its effect for three optical coefficients of the glass material for a particular day in July in Jhang, Pakistan is shown in Figure 6. The PV panel slopes at an angle of 38o and is positioned to the south properly in the current case. The incident angle of the radiation varies significantly at some points of the day, resulting in the variation of the three optical coefficients properly. This variation in optical coefficients is further prominent at the time of daylight and at the end of the day in the evening, while these optical coefficients are very much regular between 10:00 AM and 2:00 PM. Furthermore, the reflectance trend with the variation in the incident angle is matching, while the absorbance and transmittance angle have the opposite tendency in comparison to incident angle.
[image: Figure 6]FIGURE 6 | Incident angle variation resulting in change in optical coefficients of a glass PV panel (July).
The optical phenomena of the glass layer are of most relevance than other layers for different layers of the PV cell, and the variations of three optical coefficients are so small that it can be neglected, as shown in Figures 7A–C. The temperature variation of the silicon layer and energy generated was calculated by varying and constant coefficients and irradiance which are incident of the silicon layer, as shown by Figure 8. The power produced which was calculated using a constant coefficient is more than that when using varying coefficients, and both curves are asymmetric with a variation on the left of the curve. It is clear that the power produced by the PV panel is less at noon when the temperature is maximum than morning for the same solar flux. The reason for this is that the panels are exposed to the sun throughout the day and absorb heat which raises the temperature of the panels and lowers the efficiency of the conversion of solar energy to electricity. It can also be seen by the comparison of two models that the difference in morning and evening is more considerable due to the large difference between the coefficients of models in these periods of the day. The same tendency has been observed when the same calculations were carried out for all months of a year. The incident angle of radiation changes more in the month July than the month of December as shown in Figure 9. Furthermore, the minimum angle in the month of July is less than that in the month of December. Hence, the transmittance and absorbance are higher in the month of July when compared to December, and the reflectance is higher in December, but this difference is minimal around noon.
[image: Figure 7]FIGURE 7 | Optical coefficient (transmittance) variation of different layers: ARC, glass, EVA, and silicon (July). (A) Transmittance, (B) reflectance, and (C)absorbance.
[image: Figure 8]FIGURE 8 | Calculated the electrical power with constant and varying optical coefficients (July).
[image: Figure 9]FIGURE 9 | Incident angle variation and of the optical coefficients of glass (July and December).
Figure 10 depicts that there is significant agreement between the classical thermal model and experimentally produced electricity throughout the year which validates the modeling. The difference between electricity generation between the optical thermal model and the experimental model is higher than the difference between the classical and experimental models. The values of deviations are lower between the classical model’s results and experimental data when compared to the optical model’s results and experimental data. The mean percentage difference of monthly electricity production between the classical model and experimental data is noted as 12.4%, whereas for the optical model, it is observed as 28.2%. The highest error in monthly electricity production for both the models against experimental data occurred in the month of January-2017, whereas the lowest occurred in the month of May-2017 (July-2016) for the classical model (optical model) against experimental data. So, it can be inferred that the classic thermal model shows better performance as it more closely exhibits the results compared with experimental results. The classical thermal model may be used for estimating the power production at a typical geographical location and hence may facilitate the engineers for solar power projects. A uniform gap in electricity production between the classical thermal model and optical thermal model was observed throughout the year, which substantiates that a relationship exists between these two models. The classical thermal model presents better results than the optical model because the classical thermal model consists of constant coefficients, whereas the optical model has variable coefficients. The variation in coefficient brings inaccuracy in the model, and it becomes difficult for the model to predict accurate behavior of the output parameter.
[image: Figure 10]FIGURE 10 | Month-wise production of electricity of two models of constant and varying optical coefficients in comparison with experimental production.
4.2 Incidence Angle Variation With Numerous Inclinations and Optimum Orientation (0o) of the PV Panel
The variation in incidence angle and in optical coefficients and the power generated with several angles of inclinations changing from 0o to 80o were studied in this study. The incidence angle normally reduces by increasing the inclination angle as shown in Figure 11. However, the distinction is only sizeable for lower angles (between 0o and 20o).
[image: Figure 11]FIGURE 11 | Incident angle variation and the glass transmittance because of a range of angle of inclination (°) (December).
The electricity production for numerous month simulations in the year has been carried out. Figures 12A,B show the production of electricity at some time of June and December consistent with the exclusive angle of inclination, respectively. The changes in electricity production for the months of December and March are identical to those for the months of June and September. The difference among the models is considerable for smaller angles of inclination for the month of December, whereas the difference is accountable for larger inclination angles for the month of June. The angle of incidence has been valued a long way from 0o in those instances as shown in Figure 11, and the coefficients for the classical thermal model were evaluated with a 0o value of the incident angle. As a result, a considerable difference has been observed between the two models.
[image: Figure 12]FIGURE 12 | Month-wise production of electricity with two models (classical and optical) and with an angle of inclination changing from 0o to 80o for (A) June and (B) December.
4.3 Different Orientations of the PV Panel with an Inclination of 38o
The configuration of the panel at different angles of azimuth was checked; south-west (−45o and 45o) and west (−90o and 90o), east (−90o and 90o), south-east (−45o and 45o), and south (0o); the results are shown in Figure 13. In addition, greater value is obtained if the PV panel is orientated toward the south, and the bigger the angle of inclination and curves of transmittance, the smaller the angle of inclination within the noon is (while their radiance is at very best level). Hence, the orientation of the south is best to collect maximum solar flux at some stage in the year. Figures 14A,B show month-wise production of electricity corresponding to varying and constant optical coefficients models and with changing azimuth angle (−90o to 90o) in March and September, respectively. It can be observed that the difference in electricity production by the two models normally increases as the panel moves away from the south.
[image: Figure 13]FIGURE 13 | Incident angle variation and the transmittance in the result of different azimuth angles (°) (December).
[image: Figure 14]FIGURE 14 | Month-wise production of electricity corresponding to varying and constant optical coefficients models and with changing azimuth angle (- 90o to 90o) for (A) March and (B) September.
5 CONCLUSION
This research work aims to develop theoretical models for performance evaluation of the photovoltaic (PV) system on the basis of classical thermal principles which uses constant values of optical coefficients (reflectance, transmittance, and absorbance). However, these coefficients, in fact, depend on the incident angle of the radiations approaching the PV panel and, therefore, are a function of the inclination and orientation along with the geographical position and time. The constant coefficient (classical thermal model) and the varying coefficient (optical thermal model) with an incident angle in the energy balance equations followed by experimental validation were considered in this study.
The comparison of electricity produced by both the optical–thermal and classical thermal models and experimentally assessed by the PV system installed in Jhang, Pakistan allows concluding that.
• There is significant agreement between the classical thermal model and experimentally produced electricity throughout the year which validates the modeling.
• The difference in electricity production between the optical–thermal model and experimental model is more as compared to the classical thermal model and experimental model, so it is inferred that the classic thermal model more closely shows a practical system. The reason for the accuracy of the classical model lies in constant coefficients as with constant or average coefficients, the errors become lower than varying coefficients.
• Comparison of variable and constant optical coefficients shows that the PV panel performs better with constant optical coefficients, and the difference of electricity production by the two models normally increases as the panel moves away from the south.
• The classical thermal model may be used for estimating the power production at a typical geographical location and hence may facilitate the engineers for solar power projects.
• A uniform gap in electricity production between the classical thermal model and optical thermal model was observed throughout the year, which clearly indicates that there exists a relationship between these two models.
The performance of the PV panel is evaluated by two models, that is, classical thermal model and optical thermal model and then validated experimentally, concluding that the classical thermal model is more accurate in evaluating the power output for the district Jhang in Pakistan, but there may be variations in other parts of the world due to different input parameters. For additional examination, these models should be pragmatic to other environmental concerns. Furthermore, the panel performance must be evaluated now with appreciative conditions to evaluate energy efficiency. The methodology adopted in this study can be used to evaluate the performance of PV panels according to solar conditions of other regions in the world.
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e Thickness of the layer m
E Time equation h
F View factor Pa
h Convective heat transfer coefficient Wm−2K−1
H True local solar time H
H1 Local time H
ΔH1 Time lag between the UTC and the given time zone h
ΔHg Time lag because of longitudinal variations within the time zone h
I Solar irradiance (Wm−2)
J The day of the year ----
K Thermal conductivity Wm−1K−1
L Latitude (o) Traveling distance by irradiance through material M
L Latitude (o) Traveling distance by irradiance through material M
n Refractive index ----
P Output electrical power W
r Material reflectance Wm−2
S Greek symbol inclination angle of the PV panel (o)
T Temperature K
α Absorbance ----
βo Temperature coefficient K−1
γ Coefficient of solar radiation ----
δ Sun’s declination (o)
ε Material emissivity ----
ƞ Efficiency ----
ϴ Incident angle (o)
λ Wavelength M
t Time s
φ Azimuthal angle (o)
phi ----
ρ Density Kgm−3
σ Stefan–Boltzmann constant Wm−2K−4
τ Transmittance ___
φ Azimuthal angle (o)
ω Hour angle (o)
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