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Abstract

:

Solar energy usage is thriving day by day. These solar panels are installed to absorb solar energy and produce electrical energy. As a result, the efficiency of solar panels depends on different environmental factors, namely, air temperature, dust (aerosols and accumulated dust), and solar incidence, and photovoltaic panel angles. The effects of real conditions factors on power and efficiency of photovoltaic panels are studied in this paper through testing the panel in real environmental tests. To study the mentioned parameters precisely, two panels with different angles are used. The case study is regarding a region of Tehran, Iran, in summer and winter seasons. The results show that panel efficiency during winter is higher than summer due to air temperature decrement. It is discovered that among air pollutants, Al and Fe have the most share in polluting the air that affect the photovoltaic efficiency. Moreover, measuring the accumulated dust on the panels shows more amount in winter in comparison with summer. The important point in studying the effect of tilt angle is that inconformity between solar incidence and photovoltaic panel angles would result in solar radiation absorption and eventually panel efficiency loss and also, photovoltaic panel installation angle would affect the amount of dust deposited on its surface.
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1. Introduction


Recently, the need for utilizing distributed generation (DG) resources and renewable energies to reduce the irreparable damage due to consumption of fossil fuels as well as tendency towards reducing power generation costs, increasing reliability, power quality, and reducing losses is more than ever [1,2]. Photovoltaic (PV) panel is a type of DG that is capable of absorbing solar radiation and producing electricity.



The main elements of PV panel are semi-conductors. Essential features of semi-conductor substances limit the functionality of PV systems, but proper designing of installation and starting up of these systems to absorb the most solar radiation can result in improvement of its functionality. Since PV panels are placed outdoor, different environmental factors, including dust, bird excreta, moisture, precipitation, wind velocity, and solar radiation and air temperature, can affect the performance of PV systems.



1.1. Literature Review


In [3], the variations in the performance of different solar cell technologies related to the temperature in Amman, Jordan, are evaluated. Three PV systems (poly-crystalline, mono-crystalline and thin-film) of identical design parameters were collected. It was found that the thin-film solar panels are less affected by temperature. These results can be implemented in the preliminary design steps, specifically in the selection of the solar cell technology to be installed in a specific location.



Six different PV technologies performance installed at eight different sites in Brazil are evaluated in [4] through the calculation of the performance ratios for measured data for each PV technology. All the PVs were installed at a fixed-tilt. Among all technologies, the performance of Thin-film technology with the low temperature coefficient was excellent. [5] provides a regionally focused review of work conducted in the Middle East and North Africa region related to the effects of dust accumulation and ambient temperature on PV performance. It proposes models to simulate these effects, and suggests a financial method to determine cleaning frequency for a case study in Jordan. The optimal cleaning frequency is calculated to be 12–15 days depending on the model and length of exposure time adopted in the analysis.



The objective of [6] is measuring of soils and the effect on the PV performances of grid connected PV system during six months at Green. This facility is located in Morocco and with semi-arid climate. Chemical analysis has been conducted about aerosols origin emission source. In [7], the effect of dust accumulation on the PV power generation is investigated. That study has proposed shielding effect, temperature effect and corrosion effect. A brief summarize of studies about accumulated dust on PV panels of urban and desert areas and the effects of accumulated dust and particles is presented in [8].



In [9], temperature coefficient of different types of commercially available solar modules is evaluated. The testing has been carried out at PV test facility of Solar Energy Centre, New Delhi. The modules are selected randomly from various manufactures. It is found that the average temperature coefficients for mono-crystalline, multi-crystalline, amorphous silicon and CdTe based modules are −0.446 %/°C, −0.387 %/°C, −0.234 %/°C, and −0.172 %/°C, respectively. This study shows that the temperature coefficient for mono crystalline silicon module is higher than the other types of solar modules.



In [10], the effect of dust on PV panels is developed. It is found that the loss of power and PV efficiency in monocrystalline module is more compared to the polycrystalline module. Crystalline silicon PV modules are located under hot dry weather conditions in Algeria based on [11]. The analysis of PV modules in a remote located solar installation results in several failures and degradation modes.



The effect of natural dust and the effects of environmental parameters on PV performance are investigated in [12]. It is found that the most accurate correlation is a polynomial from seventh to cubic degrees. An experimental investigation in Surabaya, Indonesia, on the effect of these factors on output PV power reduction from the surface of a PV module is considered in Ref. [13]. The module was exposed to outside weather conditions and connected to a measurement system developed using a rule-based model to identify different environmental conditions. That study reveals that local environmental conditions, i.e., dust, rain, and partial cloud, significantly reduce PV power output. In [14], the efficiency of a multi-crystalline PV array installed in Greece is evaluated. TO determine the quantify of PV performance, measurements were done in two seasons. The experiment was shown the efficiency of PV panel in outdoor conditions is 18% lower than STC. The measured climate conditions are representative of the majority of Mediterranean regions.



Investigation of the effect of dust accumulation on PV under outdoor conditions is developed in [15] to output performance. In that study, climate conditions are very important and the results are presented, accordingly. In [16], the effect of dust density on PV and PV-thermal systems is done. All layers of a monocrystalline silicon module for both systems are considered. The objective of [17] is to investigate the reduction of PV panel characteristics due to accumulation of sand dust and sandstorm in the Saharan area of southern Algeria. That study reveals that leaving PV modules without any cleaning in the Saharan environmental conditions significantly reduces PV power output.



The results of [18] suggest that the chimney is greatly affected by dust deposition and consequently, the performance of PV panels is affected. The aim of [19] is to study the effects of environmental parameters on a PV system. Further, the performance of pure water and Al2O3-water Nano fluid are compared. The finding indicates the heat transfer coefficient and the efficiency of Al2O3-water Nano fluid are greater than pure water. The Nano fluid behavior through a water Photovoltaic Thermal (PV/T) system was numerically simulated and compared with pure water. The represented PV/T model is composed of a glazing section, a PV panel, a sheet and tube collector with five identical riser tubes.



The objective of [20] is to simulate the heat transfer model in each layer of PV panel coupling with the fluid flow model in detail using three-dimensional FEM based Comsol Multyphysics software. This study was investigated the high radiation effect on PV temperature and evaluated the PVT outcomes in terms of power and energy.



In [21], the effect of dust accumulation on the performance of crystalline PV modules is investigated experimentally under outdoor conditions in a Saharan environment, Ouargla, Algeria. The power generation of a 30 MW PV power plant during and after a sandstorm is evaluated. The power ratings of a concentrating PV mono crystalline module are determined in [22] using different methods and filtering criteria that account for the spectrum. In Baghdad city, the effects of atmospheric materials are investigated, separately [23]. The results of the study show that the accumulation of industrial gypsum of more than 25 g/m2 causes to reduce power output significantly. Furthermore, three methods including cleaning the PV daily in the evening, covering the PV with plastic during the night, and turning the PV in the evening to face the ground to prevent dew water of the building materials and dust accumulation. Ref. [24] outlines the features of a low-cost acquisition device to characterize a PV module under real operating conditions. In that study, the effects of operating temperature and solar radiation are investigated.



Moreover, ref. [25] investigates the aesthetic and technological integration of hidden colored PV modules in architecturally sensitive areas that seem to be the best possibility to favor a balance between conservation and energy issues. A multidisciplinary methodology for evaluating the aesthetic and technical integration of PV systems in architecturally sensitive areas is proposed. The experimental characterization of the technical performance specific BIPV modules and their comparison with standard modules under standard weather condition are analyzed. The paper describes the analyses carried out to define the final configuration of these experimental testbeds.




1.2. Contributions


According to the literature, it is shown that several studies are conducted about the effects of real weather conditions in different countries which some of the factors like the effect of PV panel angle on dust accumulation and absorption of solar radiation, air particles, etc. are not taken into account. However, because of high potential of solar radiation in Iran, it is necessary to study the effective parameters on PV panel efficiency in Tehran which is one of the biggest energy consumers (Population in 2019 is 13 million, Average daily solar radiation energy is 4.5 KWh/m2).



The goal of this study is to investigate the impact of different factors including air temperature, dust (aerosols and accumulated dust), solar incidence angle, and panel installation angle on efficiency and output power of PV panel through testing the panel in the real environment. The novelties on this paper are listed below:




	
Investigating panel installation angle and season changes effects on dust amount deposited on panel’s surface and accurate analysis and idntification of the elements of deposited dust and suspended particles in the air.



	
Investigating the effective parameters including air temperature, dust, solar incidence, and panel installation angle on PV panel efficiency in two seasons in Iran for the first time.








In Section 2 the experiment method and measuring devices specification are described. Theoretical analyzes and problem formulation are described in Section 3. In Section 4 the results of the experiment are analyzed. The conclusion is finally presented in Section 5.





2. Description of Experiment


This study concentrates on the impact of air temperature, dust, solar incidence angle, and panel installation angle in Tehran, Iran. Air pollution in Tehran which is created by consumption of fossil fuels by industrial units and transportation system on one hand and appropriate climate (sufficient solar radiation, various air temperature, and wind flow) on the other hand, makes it suitable for authors to investigate and experiment effective parameters on PV panel efficiency according to the aim of the article.



In this study, to analyze the effect of each parameter, an experiment on two samples of mono-silicon panels is performed (one in horizontal and the other with 35° angle considering the latitude of the region) in the real environment. Figure 1 shows the arrangement of panels. The experiment is conducted in Tehran, Iran, with 51°: 21′ east longitude and 35°: 46′ north latitude. In order to study the impact of air temperature and dust on PV panels more precisely, the experiments are performed in both summer and winter season:




	
In summer, from 22 June to 22 September 2019 (Two months for radiation and air temperature sampling, one month for air particles, and dust sampling).



	
In winter, from 23 September to 22 December 2019 (Two months for radiation and air temperature sampling, one month for air particles, and dust sampling).








Metering of voltage and current of PV panels and air particles sampling have been done from 7 a.m. to 7 p.m. (with 1 h sample time). It is noted that surface of the panels was thoroughly cleaned at the beginning of each solar radiation and air temperature metering.



The surface azimuth angle is fixed to zero (South faced). Further, it is assumed that normal conditions are 31.49 °C and maximum radiation of 959.82 W/m2 for summer and, 15.93 °C and maximum radiation of 804.75 W/m2 for winter.



Two 260 W mono-silicon panels of German Solar World Company (Table 1) are used in the experiments. In order to measure power, voltage, and current of the PV panels, PVCHECKw Solar PV System Tester, and to measure solar radiation intensity, HT304N device which is calibrated in standard condition, are used. It is worth mentioning that tolerance of these devices is ±4% and ±3%, respectively. Moreover, to measure the dust settled on panel surfaces, Mettler AT201 digital laboratory scales with 0.1 mg precision is used. In addition, to collect the pollutants in the air, the ambient sampling pump machine with 1.5 L/m flow rate is used. The measuring tools used in the experiments are demonstrated in Figure 2.



To clarify steps of the experiment in different phases Figure 3 is provided. It is worth mentioning that the diagrams of this paper which are related to the voltage-current and generated power, are obtained from the “PVCHECKw Solar System Tester” device and “Top view”. Moreover, the MATLAB software is used for drawing voltage-current changes for the dust deposited.




3. Problem Formulation


In this section, the formulation of the effects of several parameters on PV cell characteristics is presented.



3.1. Effects of Temperature


Temperature is a very important factor that could affect the efficiency of PV panels. In general, determining factors of solar cell temperature are dividable into four categories:




	
Radiation



	
Air temperature



	
Electrical losses



	
Thermal losses including conduction and convection








Radiation is a form of energy transmission in which energy is transmitted from a source (sun) to another object (solar cell). Every object absorbs a portion of solar energy and reflects the other portion. In the solar cell, a part of radiation energy is converted to electrical energy    P  L e l c     through PV operation, while the rest is    Q  e l c     [26].


   Q  e l c   =  P  L e l c     t →  Q  e l c   = f (  V  P V   ,  T  c e l l   )   t  



(1)




where    V  P V     and    T  c e l l     are PV cell voltage and PV cell temperature, respectively. A portion of the electrical energy generated in the PV cell is converted as electrical power    P  L e l c     to thermal energy    Q  e l c     which is calculated as:


   P  L e l c   =  r s   I  P V  2  + (  V  P V   +  r s   I  P V   ) ×  I s  ( exp  (    q (  V  P V   +  r s   I  P V   )  /  n k  T  c e l l      )  − 1 )  



(2)




where    r s   ,    I  P V    ,  q  and  k  are PV cell resistance, PV cell current, electric charge, and Boltzmann coefficient, respectively. As a result, the thermal energy originated from electrical loss is a function of output voltage and PV cell temperature per time unit.



Seasonal weather changes in summer and winter result in evaluating the effects of air temperature on PV efficiency. In summer as the warmest season, band gap of semiconductors reduces which affects electrical elements of the semiconductor in turn. To obtain the relation between solar radiation and panel surface temperature increase due to radiation energy, an experiment is performed in which a light thermometer is used. The experiment begins with sunrise and register of radiation values and panel temperature. By measuring the time passing, increasing in solar radiation, registering temperature and radiation values for each measuring instance, the relation between radiation amount and panel temperature increment reveals. The relation between solar radiation  G  and panel temperature is explained by the following equation [27]:


   T  c e l l   =  T 0  + 0.031 G  



(3)







Based on the formula, increment in solar radiation results in the increment of panel temperature which in turn, results in the decrement of band gap energy and PV cell voltage. Also, the PV cell short-circuit current decreases which in turn results in the decrement of cell efficiency. In addition, shadow is a factor that limits availability of solar radiation for PV panels. Therefore, in designing and installing stages, it should be noted that the shade has not fallen on the panel, which reduces efficiency.



The impact of air temperature and solar radiation changes on solar cell parameters is demonstrated in Figure 4.



It is shown from Figure 4 that air temperature increment results in a linear decrement of open-circuit voltage, and increment of short-circuit current    I  S C    . However, open-circuit voltage is affected by air temperature more than others. Hence, due to dependence on I0 (Equation (4)), air temperature increment reduces the open-circuit voltage [28].


   I 0  = q A (   D  n i 2   /  L  N D    )  



(4)




where  D , A, L, and    N D    are air temperature-independence constant, cell area, wavelength, and the number of ionized donors, respectively. In Equation (4), many parameters depend on air temperature, but the most impact belongs to density of inherent carriers    n i   . This density depends on band gap energy (The lower band gap has more inherent carriers) and energy of the carriers (density of which increases with temperature increasing). Equation (5) corresponds to the density of energy carriers [29]:


   n i  =   B  T 3  exp  (    −  E  G 0    /  k T    )     



(5)




where  B  and    E  G 0     are air temperature-independence constant and band gap between electrons and holes, respectively. According to Equations (4) and (5), the impact of I0 parameter on open-circuit voltage    V  O C     is:


   V  O C   =   k T  / q    ln  (     I  S C    /   I 0     )  =   k T  / q  ( ln  I  S C   − ln  B ′  − γ ln T + (   q  V  G 0    /  k T )   )  



(6)







Equation (6) shows solar cell sensitivity to air temperature changes on open-circuit voltage, whereas short-circuit current increases to a small extent with air temperature increase. This is because the band gap energy decreases and more photons have sufficient energy to create electron-hole pairing.



Therefore, since    V  O C    ,    I  S C    , and power are effective in calculating the power, panel efficiency decreases with an increase of air temperature in compliance with the mentioned equation. In Equation (7), relation between ground reflectance and air temperature of panels will be presented [28].


   P  P V   ≈  ρ 0  ( 1 + γ ( T −  T 0  ) )  



(7)




where    ρ 0    is the ground reflectance which is between 0.2 and 0.8 depending on the coating of the region [28] and is assumed 0.3 in this study considering the studied region.



Conduction    Q  c d    , convection    Q  c v     and radiation losses    Q  r a     are other factors of determining temperature of solar panels. Heat transfer equations via conduction, convection, and radiation are expressed as [28]:


   Q  c d   =  V  c d      A  P V     Δ T  



(8)






   Q  c v   =  V  c v      A  P V     Δ T  



(9)






   Q  r a   =  V  r a      A  P V     Δ T  



(10)




where    A  P V     and   Δ T   are area of PV panel and temperature difference, respectively. It should be noted that conduction loss is due to the insulation behind the panel, while convection loss is due to wind blowing between protective glass and air and also between the insulation and air and between the main panel surface and the protective glass. Also, radiation losses are from glass to air, PV surface to glass, and insulator to air.




3.2. Effects of Solar Incidence Angle


Another factor that affects the efficiency of PV panels is solar incidence angle. In this study, the following conditions are considered to study the effect of this factor.



Earth has a constant rotation axis with 23.5° deviation from the line perpendicular earth’s orbit around the sun folio. Since this axis exposes various points on earth in different seasons to the sun, heat of earth in different points is different in accordance with solar incidence angle. Due to the mentioned deviation, solar incidence angle to earth and locations of sunset and sunrise in different seasons are different. Therefore, shifting of seasons can greatly impact solar incidence angle and reduce the radiation intensity. Moreover, panel installation tilted angle  β  is another factor affecting the efficiency for which 2 modes of horizontal (0°) and 35° angle are considered.



Total solar radiation over tilted surface    H T    is the sum of beam    H B   , diffuse    H D   , and ground reflectance radiation    H R    [30,31].


   H T  =  H B  +  H D  +  H R  = R . H  



(11)







Many mathematical methods have been developed to calculate total radiation. The most conventional model which is used in most researches is the Liu & Jordan model [28] in which the value of radiation coefficient is obtained as [30,31].


  R = ( 1 −    H d   / H  )  R b  +    H d   / H  (   1 + cos β  / 2  ) + ρ (   1 − cos β  / 2  )  



(12)







   R b    is the geometric factor which is obtained as following for locations of the northern hemisphere [30].


     R b  =  (  cos ( φ − β ) cos δ sin  ω s ′  + (  π /  180   )  ω s ′  sin ( φ − β ) sin δ  )  /      (  cos φ cos δ sin  ω s ′  + (  π /  180   )  ω s ′  sin φ sin δ  )     



(13)




in which  φ  and  δ  are latitude and declination of earth axis in the desirable day, respectively [32].


  δ = 23.5 sin  [  360 ×   ( n + 273 )  /  365    ]   



(14)







In Equation (14),  n  is the day number of the year (Started from Jan.1). The angle of sunset on horizontal (   ω s   ) and tilted surface (   ω s ′   ) are obtained from (16) and (17), respectively [32].


   ω s  =   cos   − 1   ( − tan φ   tan δ )  



(15)






   ω s ′  = min  [    cos   − 1   ( − tan φ tan δ ) ,   cos   − 1   ( − tan ( φ − β ) tan δ )  ]   



(16)







In Equation (17), air clearness index (   k  t h    ) which expresses the ratio of total radiation on horizontal surface to radiation on the same surface if out of the earth atmosphere is presented. Extraterrestrial radiation (H0) is obtained from the following equation [32].


   k  t h   =  H /   H 0     



(17)






   H 0  =    G  S C    / π  ( 1 + 0.033 cos (   360 n  /  365 )   ) ×  [  cos φ cos δ sin  ω s  +   ( π  ω s   /  180 )   sin φ sin δ  ]   



(18)







In Equation (18),    G  S C     is the solar constant which is taken 1367 W/m2 [32,33]. There are many different mathematical models to predict the ratio of scattered radiation to total radiation    k  t h    . The equation used in this study which is expressed in compliance with Equation (19) is desirable for the climates of Iran.


     H D   / H  =  {    1.557 − 1.84  k  t h       0.35 <  k  t h   < 0.75     1 − 0.249  k  t h                         k  t h   < 0.35     0.177                              0.75 <  k  t h        



(19)








3.3. Effects of the Dust


Dust is an environmental factor which can affect the PV efficiency. In fact, to study the impact of this factor, the experiment was run in two states:




	
Presence of aerosols



	
Accumulation of particles on panel surfaces








For the first state, aerosols interfere with solar radiation and decrease the daylight intake for some cities up to one third or more. Usually, solar radiation for cities is 15% to 20% lower than the vicinities [34]. This is due to the emission of pollutants resulted from wasteful consumption of fossil fuels in industrial and transportation units.



The presence of dust can affect the scattered and absorbed radiation. In the meantime, the type of airborne particles and their degree of correlation has a significant effect on solar radiation on the earth and indirectly affect the function of the PV panel. The main source of suspended particles is the activity of factories and vehicles that contaminate the city air, the dispersal of air contaminator is considerably greater in the surrounding area than the suburbs. On the other hand, settling of particles on surface results in reflection of solar radiation which in turn makes the radiation energy not fully absorbable. The most impactful factors in this regard are size and form of the particles. Performed studies suggest that the elements that belong to every particle resource (desert dust and urban pollution) are separable with size distribution [2].





4. Experiment Results


In this section, the experiment results to investigate the real conditions on PV panels are presented.



In Figure 5, solar radiation and air temperature for the first day of summer and winter, under metering period are shown. It is observed that maximum solar radiation is located at noon and, the maximum air temperature occurred at about 3–4 h afternoon.



In Figure 6, voltage-current and generated power diagrams expected from the panel in STC and the first measurement in the morning on the first day (22 June 2019) of the experiment are shown.



Corresponding to the diagrams, the generated power expected from the panel with tilt angle of 35° on standard condition is 246.28 W, while generated power of the panel on the first day of experiment in 29 °C and 953 W/m2 radiation is 211.81 W in the morning. This suggests that panel power on the real condition has decreased by 13.9% in comparison to the standard condition. Weather conditions for the first day of the experiment are shown in Table 2.



4.1. Effects of Air Temperature and Solar Radiation


As noted earlier, to show the effects of solar radiation and air temperature on 260 W panel, measurement have been done from 7 a.m. to 7 p.m. with the sampling period of 1 h for summer and winter seasons: In summer, from 22 June to 22 September 2019, two months for radiation and air temperature sampling, one month for air particles and dust sampling). In winter, from 23 September to 22 December 2019 (Two months for radiation and air temperature sampling, one month for air particles and dust sampling).



In Figure 7, power-voltage and current-voltage characteristics are shown for 35°, 260 W panel under three time periods (with different radiations and air temperatures). It can be seen that maximum and minimum output powers are reached at radiations of 1060 and 825 W/m2, respectively.



The variation of the PV efficiency for the first panel with 35° angle with solar radiation and air temperature is demonstrated in Figure 8 and Figure 9. The maximum PV efficiency is calculated during the winter season. As noted earlier, the presence of wind in winter help to keep PV temperature lower than in summer. As shown in Figure 8 and Figure 9, in the range of 650–750 W/m2 and the range of 5–10 °C maximum values of PV efficiency are obtained. The results show a correlation between output power with air temperature and solar radiation. It means increasing the air temperature due to the reverse effect on the panel’s performance reduces the output power. Furthermore, increase in solar radiation has increased the PV temperature which consequently reduced the short-circuit current. As the short-circuit current decreases, the efficiency of the PV also decreases. It is noted that, linear interpolation is used for Figure 8 and Figure 9 with R2 of 0.7651 and 0.8144, respectively.



As shown in Figure 10, by increasing the PV temperature, open-circuit voltage reduces remarkably, while the changes of short-circuit current are slightly ascending. Studying the data and diagrams obtained (Figure 10), suggest that the test results comply with what was studied in theory in Section 3.1. Further, due to the importance of the effect of solar radiation on PV temperature, the information of one day of experiment is shown in Figure 11. As is clear, solar radiation has a direct and linear effect on PV temperature.




4.2. Effects of Solar Incidence Angle


As explained before, changes in solar radiation due to shifting of seasons and installation angle can greatly affect the output power. To evaluate the power and current-voltage characteristic curve, two panels with the angle of 0° and 35° are used. Figure 12 and Figure 13 show current-voltage characteristic curve and output power of panels on the first day of summer at 32 °C and 1060 W/m2 radiation and the first day of winter at 29 °C and 860 W/m2 radiation at noon time. As shown in Figure 12a, Voc and Isc are reduced in panel with the angle of 0° because panel installation angle and solar incidence angle are not in the same direction and panel is incapable of absorbing sufficient solar radiation to generate electrical energy. However, Figure 12a is related to summer and Voc reduction in horizontal panel is effected by high air temperature too. Therefore, in this Figure Voc is under the effects of two parameters.



Also, Figure 12b shows    V  O C     and    I  S C     changes in winter. In this Figure, the effects of earth deviation and shifting of seasons and the importance of the panel installation angle on the panel specifications is completely clear. Based on formulas and descriptions in Section 3.1 and Figure 4 effects of solar radiation changes on Isc is in higher level. By reducing the radiation intensity in winter, Isc of the panel with angle of 35° is reduced. On the other hand, in addition to radiation intensity reduction, incapability of horizontal panel in solar radiation absorption due to inconformity with solar incidence angle has reduced the    V  O C     and    I  S C    . But this time the amount of    V  O C     reduction is less than summer because of the low air temperature. Thus,    V  O C     is reduced based on panel installation angle which changes the amount of solar radiation absorption.



In Figure 13, the differences between output powers of horizontal and 35° panels in summer and winter are shown. In winter, decreasing solar altitude angle results in 20.48% reduction of the output power of horizontal panel as compared with 35° panels. Then, not only solar altitude angle, but also tilt angle of panel affects output characteristics.



The results of measuring the specifications of the PV panels during the experiment period for investigating the effect of air temperature and solar radiation (from 22 June to 22 August and 23 September to 22 Novembe) are shown in Figure 14. This Figure shows the reduction of output power and short-circuit current of 0° panel in winter and summer as compared with 35° panels.



It is shown that output power and    I  S C     is reduced by 11.6% and 8.76% in summer and 40.34% and 32.83% in winter, respectively. Obviously, the most reductions of output power and short-circuit current occur in winter that is significant for a small (260 W) panel.




4.3. Effects of Dust


4.3.1. Dust in Air around the Panel


To evaluate existing metals, the air particles are sampled during winter and summer (six months) in clean and dirty days using the ambient sampling pump machine.



Figure 14 shows the average of the metals in the air particles in clean and dusty days that contain Al, Fe, Cr, Ni, Mn, Zn, Cd, and Pb. As shown in Figure 15, most of the particles in clean and dusty days are Al and Fe, but sampling carried out on dusty days indicates that the pollutants in the air have increased from 1.2 to 11.38 times. The remarkable point is that the highest change is related to Mn and Cd metals, which increased by 11.38 and 6.62 times, respectively. It is noted that, the least increase was 1.2 times that of Ni metal.



As noted in Section 3.3, weather change during the year not only affects the intensity of sunlight and air temperature, but also effects on the amount of dust particles in the air. The presence of particles in winter due to the air temperature inversion phenomenon is more than in the summer season. However, as shown in Figure 16, the results of the sampling in this paper indicate that in the clean days in the winter season, the particle concentration is higher than the summer season, while in dusty days, the concentration of particles in the summer season is more than the winter season.




4.3.2. Dust on the Surface of the Panel


For studying the effect of dust for normal condition precisely and comparing dust accumulation on the panel surface, the sampling was done during two months (both for winter and summer). The deposition of dust in panel surfaces is shown in Figure 17.



Figure 18 shows the    V  O C     and    I  S C     changes for the dust deposited on the panel surface with 35° angle. Accumulated dust during one month is 2.5633 g and 3.3759 g for summer and winter, respectively. As shown in Section 4.3, air suspended particles in winter are more than in summer, and this has affected the amount of dust deposited on the panel surface.



It is cleared from Figure 18, that the most important parameter affected by this natural factor is short-circuit current. As the amount of deposited dust increases, the amount of lost current also increases. Because the short-circuit current is due to the generation and accumulation of light carriers, which are actually obtained by photon absorption and the creation of electron-hole pairs. As the accumulation of dust on panel surface prevents light absorption by solar cells that leads to light-generated carries decrement, the short-circuit current decreased.



Similar measurements are made for the horizontal panel. Accumulated dust during one month is 3.1652 g and 10.4955 g for summer and winter, respectively. The notable difference is the variation in the amount of dust deposited on the horizontal panel and 35° angle panel because of gravity impact on the installation angle. This has led to a reduction in the amount of sunlight absorbed by the panel and effect on its voltage-current. Figure 19, shows the variations of these two main parameters for the horizontal panel for the amount of deposited dust.



In Table 3, the variations of the short-circuit for 35° and horizontal panels in summer and winter are shown. It is shown that increasing accumulated dust, decreasing short-circuit current. The short-circuit current is reduced by 8.42% and 27.27% for 35° panel for summer (accumulated dust is 2.5633 g) and winter (accumulated dust is 3.3759 g), as compared with a clean panel, respectively.



The short-circuit current is reduced by 22.72% and 39.52% for horizontal panel for summer (accumulated dust is 3.1652 g) and winter (accumulated dust is 10.4955 g), as compared with a clean panel, respectively.



It is noted that the reduction of short-circuit current strongly affects the efficiency. Further, open-circuit voltage reduces only 3.14% for 35° panel when accumulated dust is 3.3759 g in winter and, it is concluded that open-circuit voltage reduction is small as compared with short-circuit current.



Samples of particles collected from panel surface are shown in Figure 20 using an electronic microscope (SEM) with resolution of approximately 20,000 times greater than imaging and analyzing. As the size of accumulated dusts is decreased, absorbed solar energy is decreased. According to Figure 20, size of particles varies between 2.37 and 3.92 microns. According to Figure 17 and Figure 18, these tiny particles, accumulated in panel surface cause reduction of absorbed solar energy and therefore, short-circuit current, and efficiency are decreased.



In order to determine structural features and recognize types and amounts of elements, X-ray fluorescence (XRF) experiment is used, and the results of which is included in Table 4. According to Table 4, there are seven types of elements forming in analyzed samples, where, SiO2, the most existing element, weighs 56.24%.





4.4. Comparison between the Effects of Air Temperature and Dust


In order to compare the effects of air temperature and dust, the results of two days, 22 June 2019 (Experiment 1) and 29 August 2019 (Experiment 2), respectively are used. Air temperature, dust,    V  O C    , and    I  S C     for each experiment are included in Table 5. Particles settled in experiment 1 (32 °C) and 2 (29 °C) are 0 g and 0.2135 g, respectively. The amount of dust settled in experiment 2 is greater than experiment 1 but the output power of the system has a better condition (Power increasing from 220.79 to 230.04 W). In other words, air temperature affects the output power of the panel greater than the dust settled on its surface.



As noted earlier, solar panel temperature increase results in open-circuit voltage decrease and consequently, efficiency will be decreased. In experiments 1 and 2, panel temperatures are 54.7 °C and 53.2 °C, respectively. The V-I diagram of two experiments is shown in Figure 21.





5. Conclusions


Effects of parameters such as solar radiation, dust, and air temperature for two seasons (winter and summer) in urban climate for two panels with different installation angles were studied separately in this study. The results from four months of sampling (two months in winter and two months in summer) show that solar radiation increasing results in output power increasing. Inversely, air temperature affects the panel performance negatively and causes output power decrement. Therefore, air temperature reduction and wind blow result in improvement of panel performance. This finding complies with having better efficiency in winter in comparison to summer. Shifting of seasons and solar incidence angle demonstrates that the output power of panels in winter decreases by 6.72% and 20.09% for angled and horizontal panels, respectively, in comparison to summer. For the horizontal panel case, the installation angle is also important. It is because that gravitation force results in accumulation of dust that causes reduction of absorbed solar energy. Futhermore, in winter, a decrease of solar altitude angle results in air temperature reduction that affects output power, significantly.



Studying the dust factor suggests that among air pollutants, Al and Fe metals have the most particles for clean days, and Mn and Cd have the most particles in the air for dusty days. Moreover, dusty days of summer have more pollutant percentage in comparison to winter, while the amount of pollutants in clean days of winter is higher than in summer. Therefore, the amount of particles settling on the surface of both panels in this season is higher which leads to a significant decrease of short-circuit current and output power. The power generated in summer is significantly more than in winter because the most amount of dust is settled on panels in winters. A more precise study shows that size of settling particles ranges from 2.37 pm to 3.92 µm. This very small size of particles obstructs solar radiation absorption in panels.



For future works, it is recommended to experimentally investigate other real conditions such as humidity in different cities with different weather. Recently, PV/T panels are used for providing heat and power simultaneously as detailed in [34,35]. Obviously, weather conditions have significant effects on PV/T panels and therefore, it is recommended to investigate the effects of real conditions on the performance of PV/T panels.
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Figure 1. Installed panels for the experiment at study. 






Figure 1. Installed panels for the experiment at study.



[image: Energies 14 00845 g001]







[image: Energies 14 00845 g002 550] 





Figure 2. The measuring tools used in the experiments: (a) Solar PV System Tester, (b) HT304N, (c) Mettler AT201, (d) Ambient sampling pump machine. 
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Figure 3. Flowchart of experiment steps. 
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Figure 4. Effects of (a) solar radiation in constant 25 °C and (b) air temperature shift in constant 1000 W/m2 radiation on P-V characteristic curve [28]. 
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Figure 5. The hourly solar radiation and corresponding air temperature for summer and winter (Tehran, Iran). 
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Figure 6. The voltage-current and generated power diagrams expected from the panel in standard and the first day of the experiment. 
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Figure 7. Power-voltage and current-voltage characteristics for 35°, 260 W panel. (a) Voltage-Current diagram, (b) Power-Voltage diagram. 
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Figure 8. Relation between efficiency and solar radiation. 
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Figure 9. Relation between efficiency and air temperature. 
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Figure 10. Relation between PV (a) voltage-PV temperature and (b) current-PV temperature. 
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Figure 11. Relation between solar radiation and panel temperature (1 August 2019). 
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Figure 12. Voltage-current diagram of tilted and horizontal panels. (a) summer, (b) winter. 
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Figure 13. Power–Voltage diagram of tilted and horizontal PV panels. (a) summer, (b) winter. 
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Figure 14. Power output and    I  S C     reduction due to summer and winter seasons and solar incidence angle. 
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Figure 15. The aerosols for clean and polluted days. 
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Figure 16. Concentration of particles in the summer and winter seasons. 
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Figure 17. The dust settled on the panel surface. 
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Figure 18. V-I changes for the dust deposited on the panel surface with 35° angle. 
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Figure 19. V-I changes for the dust deposited on the horizontal panel surface. 
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Figure 20. Results of SEM analysis. 
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Figure 21. Comparison of V–I and generated power diagrams for tilted panel in experiments 1 and 2. 
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Table 1. Properties of 260 W mono-silicon panel under standard test condition.






Table 1. Properties of 260 W mono-silicon panel under standard test condition.





	Maximum Power (W)
	Open-Circuit Voltage (V)
	Maximum Power Point Voltage (V)
	Short-Circuit

Current (A)
	Maximum Power Point Current (A)





	260
	37.9
	31.6
	8.73
	8.24



	Efficiency (%)
	Dimensions (L/W/H)
	TC Isc (%/K)
	TC Voc (%/K)
	TC Pmpp (%/K)



	16.25
	L = 1675/W = 1001/H = 31
	0.004
	−0.3
	−0.45
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Table 2. Weather conditions for the first day (22 June 2019) of the experiment at morning time.
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	Parameters
	    Air   Temperature   ( °  C  )    
	    Solar   Radiation   (  W  /   m  2  )    
	Humidity (%)
	    Wind   Speed   (  m  /  s  )    
	PM 2.5
	PM 10
	CO
	      O  3     





	Value
	29
	953
	13
	5.8
	68
	52
	41
	60
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Table 3. Short-circuit current variation in terms of dust deposition.
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Panel

	
Season

	
Summer

	
Winter






	
Tilted Panel

	
deposited dust (g)

	
clean

	
0.21

	
0.930

	
2.5633

	
clean

	
0.7785

	
1.4950

	
2.073

	
3.3759




	
Isc

	
9.5

	
9.4

	
8.9

	
8.7

	
8.25

	
7.8

	
7.15

	
6.5

	
6




	
Isc reduction (%)

	
-

	
1.05

	
6.31

	
8.42

	
-

	
5.45

	
13.33

	
21.21

	
27.27




	
Horizontal Panel

	
deposited dust (g)

	
clean

	
0.8742

	
1.605

	
2.4351

	
3.1652

	
clean

	
2.066

	
5.6605

	
7.70

	
10.4955




	
Isc

	
8.8

	
8.2

	
7.7

	
7.2

	
6.8

	
6.78

	
6.08

	
5.35

	
4.8

	
4.1




	
Isc reduction (%)

	
-

	
6.81

	
12.5

	
18.18

	
22.72

	
-

	
10.32

	
21.09

	
29.20

	
39.52
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Table 4. Elements forming particle samples resulting from XRF analysis.
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	Combination
	MgO
	K2O
	Al2O3
	CaO
	SiO2
	La&Lu
	SO3





	Weight (%)
	7.34
	2.68
	17.33
	11
	56.24
	<1
	5.34
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Table 5. Conditions and numerical results of the experiments performed to study the effect of air temperature and dust on performance of the panel.
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	Experiment
	Power (W)
	Air Temperature (°C)
	Accumulated Dust (g)
	Solar Radiation (W/m2)
	Humidity (%)
	Wind Speed (m/s)
	PM 2.5
	PM 10





	1
	220.79
	32
	0
	1060
	13
	5.1
	72
	56



	2
	230.04
	29
	0.2135
	1062
	18
	5.1
	53
	47
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