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Abstract

:

Energy efficiency and ratio performance are two key parameters for the analysis of the performance of photovoltaic (PV) modules. The present paper focusses on the assessment of the efficiency of four different photovoltaic module technologies based on energy efficiency and ratio performance. These PV modules were installed at the Applied Research Unit in Renewable Energy (URAER) in Algeria and were used to provide experimental data to help local and international economical actors with performance enhancement and optimal choice of different technologies subject to arid outdoor conditions. The modules studied in this paper are: two thin-film modules of copper indium selenide (CIS), hetero-junction with intrinsic thin-layer silicon (HIT) and two crystalline silicon modules (polycrystalline (poly-Si), monocrystalline (mono-Si)). These technologies were initially characterized using a DC regulator based on their measured I-V characteristics under the same outdoor climate conditions as the location where the monitoring of the electrical energy produced from each PV module was carried out. The DC regulator allows for extracting the maximum electrical power. At the same time, the measurements of the solar radiation and temperature were obtained from a pyranometer type Kipp & ZonenTM CMP21 and a Pt-100 temperature sensor (Kipp & Zonen, Delft, Netherlands). These measurements were performed from July 2020 to June 2021. In this work, the monthly average performance parameters such as energy efficiency are given and analyzed. The average efficiency of the modules over 12 months was evaluated at 4.74%, 7.65%, 9.13% and 10.27% for the HIT, CIS, mono-Si and poly-Si modules, respectively. The calculated percentage deviations in the efficiency of the modules were 8.49%, 18.88%, 19.74% and 23.57% for the HIT, CIS, mono-Si and poly-Si modules, respectively. The low variation in the efficiency of the HIT module can be attributed to the better operation of this module under arid outdoor conditions, which makes it a promising module for adaptation to the region concerned.
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1. Introduction


The political, economic and energy situation in Algeria is currently favorable to the integration of renewable energy into the existing national power system. Solar energy, photovoltaic (PV) in particular, is of major interest in boosting the national renewable energy and energy efficiency transition program which was launched by the Algerian government in 2011 [1]. The renewable energy program was improved and updated in 2021, and it aims toward the concretization of the installation of total renewable energy capacity of 16 GW by 2035, based on solar PV, of which a first tranche of 4000 MW is to enter production by 2024. It is well known that the photovoltaic power plants are suitable for small-scale electricity generation, and several power plants have been installed and connected to the grid in several sites in the country characterized by different types of climate (temperate, semi-arid, arid, desert, etc.). In total, 21 photovoltaic power plants have been in service since 2014. Indeed, the photovoltaic module technology is useful for the purpose of directly converting solar irradiation into electricity where there are various PV modules of different semiconductor materials which can be used for power electricity generation, such as monocrystalline (mono-Si) and polycrystalline (poly-Si) silicon, gallium arsenide (GaAs), cadmium telluride (CdTe), hetero-junction with intrinsic thin-layer silicon (HIT), triple-junction solar cells composed of indium gallium phosphide (InGaP)—these are among the main materials used for PV modules [2,3]. Kumar et al. [4] presented a review study on different solar photovoltaic technologies and mathematical modeling to characterize the PV systems in which performance analysis was based in terms of standard parameters such as yield energy, reference energy, capacity utilization factor and ratio performance, and based on exergy as well as energy efficiency. Their analyses show that weather conditions, degradation and failure modes are significant for the accurate prediction of photovoltaic systems’ performance.



The manufacturers certified their fabricated PV modules under standard test conditions (STC), namely 1000 W/m2, 25 °C, AM 1.5 and wind speed less than 5 m/s), prior to their outdoor exposure. However, the PV modules are intended to operate under real climatic conditions related to the installation site [3,5].



Therefore, the performance and efficiency of the PV modules change according to site-specific environmental parameters such as radiation intensity, module temperature [6], relative humidity [7], dust [8], aged PV module [9], cell spacing [10] and in terms of financial analysis PV [11], etc.



Indeed, evaluation of real weather conditions is very important for the long-term behavior quantification of PV modules based on defining the best module technology suitable for a specific location. Recently, several investigations have been developed in the literature on the study of the influence of real onsite outdoor environment conditions on PV modules of different semiconductor technologies.



Carr et al. [12] compared five different technologies of PV modules based on annual and monthly assessments of their performances, namely crystalline silicon (mono-Si), laser grooved buried contact (LGBC) mono-Si, polycrystalline (poly-Si), triple-junction amorphous (3j a-Si) and copper indium diselenide (CIS), which were exposed to a temperature climate in the range of 16.5–28 °C at a specific site in Perth, Western Australia. They found that the thin-film modules, namely the triple-junction amorphous and copper indium diselenide modules, produced more energy compared to mono-Si modules, with an increase of 8% and 9% in winter, and 15% and 13% in summer, respectively. In India, Sharma et al. [13] presented a performance assessment of three PV technology arrays at specific site, namely polycrystalline (poly-Si), hetero-junction with intrinsic thin-layer silicon (HIT) and amorphous single-junction silicon (a-Si), which were examined under the same real external climatic conditions based on the annual values of their energy efficiency and performance ratio. The authors noticed that the HIT and a-Si arrays performed better than the poly-Si array. Cañete et al. [14] carried out a comparative study based on energy performance among four (04) different PV module technologies, namely amorphous silicon (a-Si), tandem structure of amorphous silicon, cadmium telluride (CdTe) and microcrystalline silicon (a-Si/µc-Si), which were installed and exposed to the same climatic conditions in a specific region of Southern Spain. The results obtained showed that the daily efficiency decreased with respect to the efficiency under standard test conditions (STC) given by the manufacture by 5.0%, 5.4%, 6.5% and 7.6% for a-Si, CdTe, a-Si/µc-Si and poly-Si modules, respectively. Başoğlu et al. [15] presented an energy performance analysis of three different PV array technologies, namely monocrystalline silicon (mono-Si), polycrystalline (poly-Si) and cadmium-telluride (CdTe), which were installed in an on-gird application in Izmit, Northwest Turkey, and monitored for over 14 months. The authors found that due to the low dependency on climatic changes, the mean array efficiencies (MAEs) of CdTe resulted in higher values than the other arrays. Elibol et al. [16] analyzed three different technologies, namely monocrystalline (mono-Si), polycrystalline (poly-Si), and amorphous silicon (a-Si), in Northwest Turkey based on a statistical analysis with the aim of establishing the relationship between the performance ratio and the efficiency of the studied array technologies. It was found that with a temperature increase of 1 °C, the efficiency of the poly-Si arrays and a-Si arrays increased by 0.033% and 0.029%, respectively, while the efficiency of the mono-Si array decreased by 0.084%. Gaglia et al. [17] examined the energy efficiency of a small polycrystalline PV array under real onsite outdoor conditions in Greece. The efficiency they obtained was 18% lower than that which was obtained under STC, which was stipulated by the manufacturer. Tahri et al. [18] reported an evaluation of the performance of four (04) grid-tied PV systems under tropical climate conditions in Japan, namely two PV systems based on polycrystalline (poly-Si) and two PV systems using thin-film technology of copper indium selenium (CIS); these were monitored for one year. It was observed that the efficiencies of the PV systems with polycrystalline modules were better than those with CIS in all seasons except in the winter. Kafui et al. [19] presented a study comparing efficiency among five PV modules of different technologies, namely monocrystalline silicon, polycrystalline silicon, transparent monocrystalline silicon and amorphous silicon, all subject to the same outdoor conditions in Hungary. The experimental results obtained onsite show that the higher value deviation was obtained for the polycrystalline PV module, while the minimum value deviation was recorded for the monocrystalline PV module. Gulkowski et al. have presented a comparative analysis between three types of grid-connected PV systems subject to temperate climate conditions in Eastern of Poland [20]. These systems were composed of modules based on three technologies, namely thin film (cadmium-telluride (CdTe)), copper indium gallium selenium (CIGS) and polycrystalline (poly-Si) modules. The experimental results obtained show that the efficiency decreased according to the efficiency measured under standard test conditions (STC) given by the manufacturer. Adouane et al. [21] presented a comparative performance evaluation of eight different PV modules based on the technologies of mono-Si, poly-Si, HIT and thin film (CdTe, CIGS, and a-Si) under outdoor conditions in Kuwait, which were monitored for 12 months. They found that the mono-Si, poly-Si and HIT modules performed better at high irradiance levels, while their performances decreased suddenly at a lower irradiance. The amorphous module, by contrast, showed good performance at low irradiance due to its better light-absorbing characteristics.



Indeed, recently several research works on the performance of multi-technology PV were conducted in some regions of Algeria under different climate conditions. Guenounou et al. [22] analyzed the performance of four (04) different PV panels of different technologies, namely monocrystalline (mono-Si), polycrystalline (poly-Si), amorphous silicon (a-Si) and micro-morph silicon (µ-Si), which were installed in a region near the southern shore of the Mediterranean Sea in Algeria. Their analyses show that the a-Si and µ-Si panels ensured better performance ratios in summer, contrary to the monocrystalline and polycrystalline panels, which ensured better performance ratios in winter. In 2017, Balaska et al. [23] conducted a performance evaluation of five different PV module technologies under outdoor conditions in the region of Saida, Algeria. The module technologies investigated were three thin-film modules (tandem structure of amorphous silicon and microcrystalline silicon (a-Si_μc-Si), mono-crystalline hetero-junction with intrinsic thin-layer (HIT) and copper indium selenide (CIS)) and two crystalline silicon modules (mono-crystalline back contact and multi-crystalline). The authors observed that the daily PV efficiency and output power of all the modules depended on the daily irradiance received on the plane of the module and the module temperature. Chikh et al. presented a performance assessment of a grid-connected PV plant under arid climate conditions. This plant was composed of four (04) PV technology sub-systems, namely monocrystalline (mono-Si), polycrystalline (poly-Si), thin-film cadmium-telluride (CdTe) and amorphous silicon (a-Si), monitored for one year [24]. The authors found that thin-film PV sub-systems (a-Si, CdTe) performed better than crystalline silicon (mono-Si, poly-Si) PV sub-systems.



The study presented in this paper is based on the real measurements collected on the site of the test bench after three years of its operation, which were installed at the Applied Research Unit for Renewable Energies (URAER) of Ghardaïa in the southern region of Algeria. The main aim was the assessment of the performance of the various installed PV technology modules under real outdoor climatic conditions. The main contribution in this study can be summarized as follows:




	
Presentation of the collected measurements of the real maximum power produced from the four multi-technology modules PV installed on the experimental photovoltaic platform at the URAER in Algeria from July 2020 to June 2021.



	
Performance analysis of the multi-technology PV modules exposed to the same climatic conditions.



	
Evaluation of the percentage deviation of the energy efficiency and ratio performance of the PV module technologies under study based on the stipulated date by the manufacturer in case of application under the typical weather conditions of Ghardaïa, Algeria.








Furthermore, most of the published papers dealing with the performance of PV multi-technology modules under different climate conditions in Algeria did not provide the percentage deviation on the energy efficiency of the photovoltaic modules under outdoor climatic conditions. It is worthy to mention that the other PV technologies presented in this work were not covered in the above previous studies at the same site as the present study, which allows for providing experiment data to help local and international economical actors to improve the performance of the four (04) different technologies under arid outdoor weather, which is mainly characterized by dry weather.



The investigation presented is based on the energy efficiency of multi-technology PV modules, namely mono-Si, poly-Si, CIS and HIT. The study was carried out during one year under the same outdoor conditions during the period from July 2020 to June 2021 at the site of Ghardaïa, Algeria. The main goal of this investigation was to find the PV technology which performs better under the climate of the site studied, based on a comparison of the real-time measured PV energy efficiency under real outdoor operating conditions obtained under standard test conditions (STC) stipulated by the manufacture.



The rest of this paper is organized as follows:



Section 2 describes the methods used for the outdoor measurement and the mathematical analytical calculation. Section 3 presents the measurement and analysis of the experimental data obtained based on outdoor testing. The main outcomes of the study are presented in Section 4. This paper ends with a conclusion.




2. Materials and Methods


2.1. Outdoor Measurements


The experimental test bench was installed within the Applied Research Unit in Renewable Energy (URAER) of Ghardaïa in southern Algeria (32°34′ N, 3°41′55″ E), 15 km from the center of the Ghardaïa downtown. This region is characterized by a dry and hot climate in summer and a cold climate in winter. The maximum solar radiation varied between 800 and 1100 W/m2 in terms of the modules. The temperature varied between −5 °C and 50 °C. Indeed, the site concerned in this study is usually subject to severe climatic conditions, which allowed for a good evaluation of the performance of the solar equipment [25]. The test strip consisted of the following elements:




	
Four types of PV modules of different technologies: monocrystalline silicon (mono-Si), polycrystalline (poly-Si), copper indium selenium (CIS) and hetero-junction with intrinsic thin-layer silicon (HIT), which were installed and tested on an experimental photovoltaic platform within the URAER (Figure 1). The main standard electrical characteristics of the modules given by the manufacturer relating to each module are presented in Table 1. The supporting structures of the modules were fixed and inclined towards to south at the latitude of the place (the inclination angle is θ = 32 °).








	
A pyranometer type Kipp & ZonenTM CMP21 (sensitivity 18.58 µV/W/m2, maximum operational irradiance 4000 W/m² and operating temperature range −40 °C to +80 °C) was installed on the same plane as the modules.



	
A Pt-100 type temperature sensor (±0.3 °C) was fixed to the rear face of each PV module.






These modules were exposed to the same conditions onsite with a cleaning once a month on average. On the other side, a battery charge controller based on the MPPT algorithm was used to ensure the control of the produced energy from each PV module under study, which allowed for extracting the maximum power from the module to be injected into the battery storage system. The collection of the measured data from the modules, such as the temperatures, solar radiation, currents and voltages, was ensured by using an Agilent 34970A (Agilent technologies Inc. Lovelend manufacturing Center, Colorado, USA) type data acquisition device, whose main technical characteristics are presented in Table 2.



This acquisition device operation was based on the use of the Agilent Benchlink Data Logger software, which allows specifying the channels, the measurement range and the data acquisition sampling time. The Agilent device 34970A used was connected to a computer on which the Benchlink Agilent Data Logger software version 1.0 (www.keysigh.com) was installed to ensure the success of real-time measurement and continuous storage of the collected data.




2.2. Performance Analysis of the PV Modules


The performance of each PV panel among the study technologies was analyzed using the technical indicators based on the evaluable date collected onsite, such as the performance indicators developed by the International Energy Agency (IEA) within the Photovoltaic Power Systems Program, which were established initially by the IEC standard 61,724 [26,27,28]. In this section, the definitions of the main indicators used in this paper for the performance analysis of the PV panels are presented in detail.



2.2.1. Energy Output EDC


The total energy produced is the sum of the power measured by the module under real outdoor conditions during the measurement sampling period (τ), which is expressed as follows:


   E  D C   = τ   ∑   i = 1  N   P  m e s , i    



(1)




where τ is the sampling time of the measurements (4 min); Pmes,I is the maximum power measured at interval of time “ i ” (kW) and N is the number of equal intervals of time  τ  measured.




2.2.2. PV Module Efficiency Hreal


The efficiency of the photovoltaic module is the ratio between the energy produced by the PV module and the solar incident radiation on the overall surface of the PV module studied. It can be expressed as follows:


   η  r e a l   =    E  D C     G × S    



(2)




where EDC is the output energy of the PV module, G is the global solar radiation incident on the surface of the module (W/m2) and S is the total surface of the module (m2).




2.2.3. Efficiency Percentage Deviation


This indicator presents the percentage deviation of PV module efficiency under actual site conditions, which is defined as:


  Δ η =    η  S T C   −  η  r e a l      η  S T C     × 100  



(3)




where Hreal is the conversion efficiency calculated onsite and HSTC is the standard nominal efficiency, which is normally stipulated by the manufacturer.




2.2.4. Performance Ratio Efficiency (PR_Hpv)


The performance ratio is defined as the ratio of the efficiency of the PV module during its operation onsite to the efficiency at STC of the same module, which can be defined as follows [28,29]:


  P R _ η =    η  r e a l      η  S T C      



(4)










3. Results and Discussion


The study presented in this paper mainly deals with the presentation and analysis of the measured data collected onsite for four different PV technologies during the period of monitoring. These technologies were the thin-film module of copper indium selenide (CIS), the hetero-junction with intrinsic thin-layer silicon (HIT) and the crystalline silicon modules (polycrystalline (poly-Si) and monocrystalline (mono-Si)). These PV modules under study were fixed and inclined towards to the south with an inclination angle of θ = 32 ° on the site concerned. Indeed, the present analysis was carried out based on certain measurements such as the daily average solar radiation, the monthly average air temperature, the monthly average module temperature, the monthly average energy efficiency and the performance ratio. Figure 2 shows the daily solar radiation on the module plane and the air temperature during the period from July 2020 to June 2021. It can be observed that the daily average solar radiation varied between 5.16 kW/m2 and 6.92 kW/m2 for January and August, respectively. By contrast, the highest monthly average air temperature value (38.2 °C) was registered in August and the minimum value (16.37 °C) was measured in December.



Figure 3 shows the monthly average temperatures for each PV module. It can be clearly observed that the lowest monthly average temperature was measured in December and the highest in August for all modules. It is obvious that the CIS module had the highest monthly average temperature throughout the year compared to the other modules studied.



Figure 4 shows the temperature variation of the modules studied versus the solar radiation. It is clear that the real measured values could not reach those which could be obtained under standard test conditions onsite.



It is well known that the average efficiency of the photovoltaic module presents the main characteristic on which the evaluation of its performance is based. It is usually given under STC and nominal operation conditions (NOCT) in datasheets of the manufactures and it is directly related to the technology of the photovoltaic module used.



The efficiency was calculated using Equation (2). The results obtained for this parameter of the PV modules tested are given in the histogram shown in Figure 5.



Typically, the efficiency of the PV modules varied from one month to another throughout the seasons and the year. It was observed that the modules had maximum values in winter and minimum values during the months with higher temperatures, which means that the module temperature increased again from autumn to winter. The efficiency of the different technologies of the studied modules varied following this rule between maximum values and minimum values: for the HIT it varied between the values of 4.36% in August and 5.00% in January, for the CIS between 8.03% in January and 7.20% in August, for the mono-Si between 10.01% in January and 8.10% in August, for the poly-Si between 10.98% in January and 9.56% in August. The conversion energy efficiencies indicated high values for the silicon-based modules (poly-Si and mono-Si) and lower energy efficiencies for the other module technologies. It is worthy to note that all PV module technologies had their highest energy efficiency during the winter seasons due to the lower air temperature in comparison with summer.



Figure 6 shows the deviation of the measured efficiency of the technologies studied from the efficiency obtained under STC. The maximum deviations for the four (04) cases were 0.82%, 2.23%, 3.3% and 3.89% for HIT, CIS, mono-Si and poly-Si, respectively. It can be concluded that the real efficiencies of the modules were generally lower than those obtained under STC. The lowest monthly efficiency deviation based on STC can be observed within the HIT module during the period of monitoring, as shown in Figure 6. Under important changes in real outdoor conditions, the low deviations in the energy efficiency were an observable feature of the PV modules [15].



Figure 7 demonstrates the experimental yearly average efficiency of each PV technology during the testing period. The calculated average efficiency of the four technologies were 4.74%, 7.65%, 9.13% and 10.27% for the HIT module, the CIS module, the mono-Si module and the poly-Si module, respectively. Based on these results, it can be said that this parameter is directly related to the technology of the module. A comparison between the standard nominal efficiencies provided by the manufacturer for the four (04) technologies and the values calculated based on the onsite measurements show a significant difference in this parameter, as shown in Figure 7. The experimental results show that the efficiency decreased when compared to the efficiency under standard test conditions (STC) provided by the manufacturer, and that this difference was essentially related to the PV module temperature increase which led to the increase in the energy losses.



The efficiency percentage deviations of each PV module technology are depicted in Figure 8. Their calculated values were 8.49%, 18.88%, 19.74% and 23.57% for the HIT, CIS, mono-Si and poly-Si modules, respectively. It is clear that the highest percentage deviation value was obtained in the case of polycrystalline technology. On the other hand, the HIT module had the lowest value of 8.49%, which demonstrates the good operation behavior of this module technology under the severe temperature conditions of the site under investigation. At the same time, the anticipated impact on each module’s performance according to the relevant parameters was associated with the reception of the solar radiation by the PV modules (G, AM, dependence of absorption and transmittance). It can also be observed that the temperature was the parameter that had the most significant impact on the PV efficiency, and that consequently it contributed highly to the deviation of the efficiency from its rated value [17].



Figure 9 shows the monthly average ratio performance of the PV modules. It can be clearly observed in Figure 9 that the monthly average ratio performance varied between a minimum value of 84.22% in August and a maximum value of 96.56% in January for the HIT module. It varied between the minimum value of 76.35% in August and the maximum value of 85.15% in January for the CIS module. It varied between the maximum value of 87.85% in January and the lowest value of 71.07% in August for the mono-Si module. Finally, for the poly-Si module, it had the highest value of 81.64% in January and the lowest value of 71.11% in August. In addition, the ratio performance of the efficiency (PR_η) for all PV module technologies increased from September to March and then decreased afterward. The results obtained also show a seasonal variation of this parameter due to the solar spectrum response and the temperature variations. This observation was also reported by [30]. Indeed, the ratio performance analysis indicates that the performance of the PV modules depends on climatic parameters and the variations in environmental conditions [31].



Figure 10 shows the minimum and maximum ratio performance (PR_H) of the four PV modules under investigation. It can be concluded that the gap between the PR_H of the different modules was small. In fact, the HIT module possessed the highest yearly PR_H (91.14%), followed by the CIS module (81.12%), the mono-Si module (80.06%) and finally the poly-Si (76.39%) module. It can be concluded that the values of the yearly PR_H of the PV modules during the monitoring period may be considered acceptable with respect to the values which were mentioned in the literature. It can be said that the results obtained on the radio performance in [23] and in the present study lead to the same conclusion concerning the technologies suitable for use in semi-arid and arid regions.



Figure 11 shows the curves of the monthly energy efficiency versus the air temperature for each PV module technology. It can be clearly observed that these curves have a linear behavior: the monthly energy efficiency decreased with the increase in the air temperature nearly in the same manner for all the PV module technologies studied in this paper. However, for the thin-film module technology, the temperature dependence on the real efficiency of the concerned module was weaker.



Table 3 summarizes the experimental average energy efficiency, percentage deviation and ratio performance for each PV module technology. It can be concluded that the PR_H of the HIT PV module was the highest compared to the CIS PV module, mono-Si PV module and poly-Si PV module throughout the whole year.



Table 4 presents an updated summary of the performance indices for the most important investigations in the literature.




4. Conclusions


The main objective of this paper was to present a detailed investigation of the effect of the outdoor climatic conditions of the study site on the performance of different types of photovoltaic (PV) module technologies based on the measurements obtained onsite for the four different PV module technologies installed at URAER, which is characterized by an arid climate.



This study was based on monitoring the total electrical energy produced from each PV module technology under study after exposure to the outdoor climate during a period of 12 months according to the recommendations developed by the International Energy Agency (IEA). The present study led to the following conclusions:




	
The average air temperature and daily average solar radiation measured from July 2020 to June 2021 in Ghardaïa were 26.45 °C and 6.12 kW/m2, respectively. Under these values, the average energy efficiency of the tested modules was 4.74%, 7.65%, 9.13% and 10.27% for the HIT (64 Wp), CIS (40 Wp), mono-Si (150 Wp) and poly-Si (125 Wp), respectively. These resulting efficiencies were much lower than the efficiencies of the same PV modules under STC as stipulated by the manufacturer, which were 5.18%, 9.43%, 11.4% and 13.45%, respectively. In addition, the ratio performances of the tested modules were found to be 91.14%, 81.12%, 80.06% and 76.39% for the HIT, CIS, mono-Si and poly-Si modules, respectively. By contrast, the corresponding percentage deviations in energy efficiency calculated for the aforementioned modules were 8.49%, 18.88%, 19.74% and 23.57% for the HIT, CIS, mono-Si and poly-Si modules, respectively.



	
The increases in module temperature resulted in decreases in energy efficiency for all the technologies tested. The influence of temperature on the poly-Si module was more predominant than on the thin layer.



	
The PV module efficiencies and percentage deviations were compared with those obtained in other similar studies, as presented in Table 4, in order to validate the results and outcomes of the present study.



	
The low variation in the efficiency of the HIT module shows that the operation of this type of module is better suited to the climatic conditions of the site of the present study.



	
The results obtained on the data provided can be useful in forecasting the power generation and PV system design of different types of PV module technologies under operating conditions similar to those in the region studied. At the same time, the data can ensure optimally precise sizing of PV plants following specific energy demands.








Based on the analysis presented, it can be concluded that the thin-film photovoltaic technology can be very promising for large applications in regions characterized by arid climate. However, the required surface area plant of the thin-film module technology is higher than that for the crystalline-based panel, which may prove disadvantageous if there is no available area. This constraint can be solved by increasing efficiency. The average efficiency of the HIT is 21%, and the manufacturing roadmap forecasts reaching 24% by 2030 [38,39]. In fact, the choice of a specific technology to be installed at a given site can be influenced by some other factors not taken into account in this work, such as windstorms, dust, degradation and cost. It would be important to focus on the evaluation of the degradation rate of each module technology in order to make the optimal decision on the technologies better adapted to the region studied.
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Abbreviations








	Nomenclature
	



	URAER
	Unit for Applied Research in Renewable Energy



	CIS
	Copper indium selenide



	HIT
	Hetero-junction with intrinsic thin-layer silicon



	poly-Si
	Polycrystalline silicon



	mono-Si
	Monocrystalline silicon



	a-Si
	Amorphous silicon



	CdTe
	Cadmium telluride



	a-Si/µc-Si
	Microcrystalline silicon



	STC
	Standard Test Conditions



	AM
	Air mass



	IEA
	International Energy Agency



	IEC
	International Electrotechnical Commission



	DC
	Direct current



	EDC
	Output energy of the PV module



	Pmes
	Maximum power measured



	G
	Global solar radiation in-plane



	S
	Total area of the module



	PR_H
	Ratio performance



	Greek Symbols
	



	τ
	The time step of measurements



	Hreal
	The real efficiency PV Module



	HSTC
	The standard nominal efficiency



	∆H
	The percentage deviation
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Figure 1. Experimental test bench (URAER). (a) Platform containing the photovoltaic modules with temperature and solar radiation sensors; (b) Data acquisition device and PC; (c) Electronic load; (d) Connection cabinet. 
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Figure 2. Monthly averages of solar radiation and air temperature in Ghardaïa. 
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Figure 3. Monthly averages of module temperatures for each PV module. 
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Figure 4. Variation in module temperatures with solar radiation during the months of (a) July 2020, (b) October 2020, (c) January 2021, (d) April 2021. 
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Figure 5. Monthly energy efficiency of the PV modules tested. 
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Figure 6. Difference between measured energy efficiency and STC efficiency for each PV module technology. 
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Figure 7. Standard energy efficiency obtained experimentally for the PV modules tested. 
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Figure 8. Percentage deviation in the energy efficiency for each PV module technology studied. 
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Figure 9. Monthly average ratio performance of energy efficiency for each PV module technology. 
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Figure 10. PR_η of the tested PV modules. 
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Figure 11. Relationship between monthly energy efficiency and air temperature for each PV module technology. 
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Table 1. Standard electrical characteristics of the modules.
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	PV Technology
	mono-Si
	poly-Si
	CIS
	HIT(3J: a-Si)





	Manufacturer
	ATERSA
	Kyocera
	Shell ST 40
	UNI-SOLA



	Country
	Spain
	Japan
	Netherlands
	Mexico



	Power maximum Pmpp (W)
	150
	125
	40
	64



	Module efficiency  η (%)
	11.4
	13.45
	9.43
	5.18



	Photovoltaic area of a module S (m2)
	1.3162
	0.9291
	0.42104
	1.2354



	Temperature coefficient of γ Pmpp(%/°C)
	−0.4
	−0.42
	−0.41
	−0.45
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Table 2. Technical characteristics of the data acquisition system.
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	Parameters Measured
	Voltage Range
	Current Range
	Frequency Band





	Voltage (V)
	0–300
	--
	3 (Hz)–300 (kHz)



	Current (A)
	--
	0–1
	3 (Hz)–5 (kHz)
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Table 3. Experimental average energy efficiency, percentage deviation and ratio performance for each PV module technology.
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PV Technology

	
PV Efficiency (%)

	
Percentage Deviation ∆Ƞ (%)

	
Ratio Performance PR_Ƞ (%)




	
Min

	
Max

	
Av

	
Min

	
Max

	
Av

	
Min

	
Max

	
Av






	
mono-Si

	
8.10

	
10.01

	
9.13

	
12.15

	
28.93

	
19.74

	
71.07

	
87.85

	
80.06




	
poly-Si

	
9.56

	
10.98

	
10.27

	
17.26

	
28.04

	
23.57

	
71.11

	
81.64

	
76.39




	
CIS

	
7.20

	
8.03

	
7.65

	
14.85

	
23.65

	
18.88

	
76.35

	
85.15

	
81.12




	
HIT

	
4.36

	
5.00

	
4.74

	
3.44

	
15.78

	
8.49

	
84.22

	
96.56

	
91.14
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Table 4. Performance parameters of PV modules and systems for different locations.
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Location

	
Climate

	
PV Type

	
PV Efficiency (%)

	
Percentage Deviation ∆H (%)

	
Monitoring Period

	
References






	
Ghardaia, Algeria

	
Arid

	
mono-Si

	
9.13

	
19.74

	
1 year

	
Present Study




	
poly-Si

	
10.27

	
23.57




	
CIS

	
7.65

	
18.88




	
HIT

	
4.74

	
8.49




	
Saida, Algeria

	
Semi-arid

	
CIS

	
11 *

	
9.8

	
3 years

	
[32]




	

	

	
a-Si/µc-Si

	
8.4 *

	
6.67

	

	




	

	

	
mono-Si

	
13.6 *

	
11.7

	

	




	
Saida, Algeria

	
Semi-arid

	
poly-Si

	
12.2 *

	
14.50

	
3 years

	
[33]




	

	

	
HIT

	
16.7 *

	
10.21

	

	




	
Málaga, Spain

	

	
poly-Si

	
12.2

	
7.6

	

	




	
Mediterranean

	
a-Si

	
5.7

	
5

	
1 year

	
[14]




	

	
a-Si/µc-Si

	
7.48

	
6.5

	

	




	

	
CdTe

	
8.8

	
5.4

	

	




	

	

	
mono-Si

	
12.01

	
18.8

	

	




	
İzmit, Turkey

	
Mediterranean

	
poly-Si

	
12.72

	
15

	
14 months

	
[15]




	

	

	
CdTe

	
10.75

	
11.88

	

	




	
Athens, Greece

	
Mediterranean

	
poly-Si

	
8.7

	
< 18

	
Summer and winter

	
[17]




	
Eastern Poland

	

	
poly-Si

	
14.5

	
5.8

	

	
[20]




	
Temperate

	
CIGS

	
11

	
12.7

	
1 year




	

	
CdTe

	
8.7

	
17.9

	




	
Brasov, Romania

	
Temperate, mountain

	
mono-Si

	
16.37

	
8.75

	

	




	
poly-Si

	
16.49

	
3.67

	

	




	
CIS

	
11.33

	
13.21

	
14 months

	
[34]




	
CIGS

	
12.84

	
5.17

	

	




	
CdTe

	
9.78

	
16.98

	

	




	
Iran

	
Semi-arid

	
mono-Si

	
13.95

	
10.11

	
1 year

	
[35]




	

	

	
poly-Si

	
12.23

	
6.71

	

	




	
Tangier, Morocco

	
Mediterranean

	
poly-Si

	
12.39

	
18.48

	
1 year

	
[36]




	
Manisa, Turkey

	
Temperate

	
poly-Si

	
13.59

	
15.6

	
1 year

	
[37]








* Values are given by Mussard et al. [31].
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