

  energies-17-02197




energies-17-02197







Energies 2024, 17(9), 2197; doi:10.3390/en17092197




Article



An Assessment of a Photovoltaic System’s Performance Based on the Measurements of Electric Parameters under Changing External Conditions



Agata Zdyb 1,* and Dariusz Sobczyński 2





1



Faculty of Environmental Engineering, Lublin University of Technology, Nadbystrzycka 40B, 20-618 Lublin, Poland






2



Faculty of Electrical and Computer Engineering, Rzeszow University of Technology, Powstańców Warszawy 12, 35-959 Rzeszów, Poland









*



Correspondence: a.zdyb@pollub.pl; Tel.: +48-81538-4747







Citation: Zdyb, A.; Sobczyński, D. An Assessment of a Photovoltaic System’s Performance Based on the Measurements of Electric Parameters under Changing External Conditions. Energies 2024, 17, 2197. https://doi.org/10.3390/en17092197



Received: 9 April 2024 / Revised: 26 April 2024 / Accepted: 30 April 2024 / Published: 3 May 2024



Abstract

:

This article presents an analysis of the performance of a 14.04 kWp grid-connected photovoltaic (PV) installation consisting of monocrystalline silicon, polycrystalline silicon and bifacial glass–glass monocrystalline silicon modules. The photovoltaic system was mounted in Poland, a location characterized by temperate climate conditions. On the basis of the obtained results, the photovoltaic parameters were determined in accordance with the international standard. The annual energy yield of the entire system was 1033 kWh/kWp, and the performance ratio achieved was 83%. The highest average daily final yield was in the range of 4.0–4.5 kWh/kWp for each photovoltaic technology under investigation. In the cold part of the year, the efficiency of the photovoltaic modules was estimated to be 15%, and it was estimated to be 7% during the warm part of the year. Array capture losses accounted for around 0.75 kWh/kWp of energy loss per day, whereas the inverter efficiency was over 95% during the months that are beneficial for energy production.






Keywords:


photovoltaic; solar cell; solar module; bifacial modules; silicon modules; high-latitude photovoltaics












1. Introduction


Industrial development and the popularization of new useful electronic technologies, especially in developed countries, as well as the continuous growth of the world’s population have resulted in an increasing demand for energy. The competition for access to energy resources between different countries and climate changes are the most disturbing issues experienced by the modern world. The use of renewable energy sources contributes to resolving both of those problems since the conversion of energy from renewable sources can be performed locally without long-distance transmission, and it can limit harmful emissions from fossil fuel combustion. Technical solutions based on energy provided by renewable sources are therefore consistent with the idea of sustainable development, which, in the broader perspective, addresses the standard of life of subsequent generations.



Among the various renewable energy sources, the sun is one of particular importance because its solar energy is available all over the earth. It reaches various regions of the globe in different amounts, but it is independent from local conflicts, and only natural processes seasonally limit the access of incident solar radiation. In this context, investigations on the performance of photovoltaic technologies in particular regions of the world which differ in climatic conditions are of high importance.



The operation of solar modules under real external conditions differs from the results obtained by manufacturers in laboratory tests in which the efficiency is determined in Standard Test Conditions (STCs—irradiance 1000 W/m2, temperature of 25 °C and AM 1.5 spectrum of light). In the real world, it is not possible to make measurements under the conditions mentioned above since the changes in temperature and light intensity are dynamic. Hence, there is a need to determine indices to compare the efficiency of modules made with different technologies operating over a period of several years under different meteorological conditions. The solar irradiance in the plane of the photovoltaic module, the temperature of the photovoltaic cells and losses occurring in individual parts of the system have the most significant and direct influence on photovoltaic (PV) performance. Photovoltaic systems with different configurations, monitored in different locations, can be easily compared by assessing their standardized photovoltaic performance indicators.



However, this research topic is mainly exploited in low-latitude countries characterized by high insolation due to the popularity of photovoltaic installations in such places [1,2,3]. Numerous reports showed the analysis of energy production, losses and the degradation of solar modules under high solar radiation.



In Egypt, rooftop installation using monocrystalline Si, polycrystalline Si and CdTe modules was experimentally investigated under real external conditions, i.e., a hot and dry climate, and compared with the results simulated in the PVSyst software. The research showed the highest degradation rate of 1.67% per year for thin-film CdTe technology [4]. In Morocco, where very good solar conditions are also met, monocrystalline Si, polycrystalline Si and amorphous Si modules were studied under the mountain temperate climate. The results demonstrate that poly-Si is the most suitable technology in this location for its highest monthly average performance ratio of 66–83%, the lowest degradation rate of 0.2–0.36% per year and the cost-effectiveness expressed as the price of 0.09 USD/kWh [5]. A performance analysis of the same set of PV technologies in Malaysia also showed the advantages of poly-Si modules that demonstrated an array efficiency of 12.17%, a system efficiency of 11.33% and beneficial values of other parameters in comparison to mono-Si and a-Si [6]. In some locations with a dry climate, high insolation is accompanied by dust deposition on the surface of modules, which can be a reason for a monthly efficiency reduction of up to 80%. Such investigations have revealed that desert areas with large spaces and high irradiation suffer from a decrease in photovoltaic yield due to dust, which is suspended in the air and accumulates on the modules [7].



In relation to the implementation of installations based on bifacial photovoltaic modules, there are few studies at low latitude despite such places having beneficial solar conditions. A recently developed model and experimental investigations carried out in five climatic zones in India demonstrated that bifacial modules had better performance by up to 34.93% per year than monofacial modules at the very beneficial albedo of 30% [8]. Tests of different azimuth and tilt angles of bifacial modules in the hot desert climate of Qatar showed that an east–west orientation and a vertical position of modules provide comparable results with tilted modules facing south. The annual gain of 16.3% of energy production was obtained due to the 90% bifaciality of the used modules [9]. A tilt angle of 45° was applied in Saudi Arabia, where the performance assessment of bifacial crystalline modules exhibited the advantages of bifacial technology since the modules showed a gain of up to 15% when compared to monofacial ones [10].



Low values of solar irradiation and significant seasonal changes in solar irradiation are characteristic of higher latitude locations where photovoltaic technology gradually gains interest in spite of the limited access of insolation.



In the Netherlands, a study on PV performance showed that changes in irradiance and module temperature have the strongest impacts, leading to gains or losses from +2.8% to −3.2% for the influence of irradiance and −0.5% to −2.2% for the module temperature [11]. In the case of thin film modules, low irradiance was the reason for the 1.2% reduction in the annual energy yield of the CIGS modules and 1% for CdTe. A spectral impact on the energy yield was also identified in Germany, where gains of 1.1% for high-efficiency crystalline silicon, 2.4% for CdTe and 0.6% for CIGS were determined [12].



Research in areas with higher latitude is limited, especially in countries where photovoltaic technology only started to become popular in recent years, when supporting financial programs were introduced. An example of such country is Poland, where the yearly sum of irradiation reaches 1000–1100 kWh/m2 and the boom for photovoltaics started in 2018; however, it was partially limited due to difficulties with the excess of generated electric energy transmission through an outdated, non-modern electric grid. The few investigations performed under Polish climatic conditions showed that polycrystalline Si technology had an annual energy yield of 1098–1130 kWh/kWp, an energy density of 188 kWh/m2, a capacity factor of 12.53% and a performance ratio of 82% [13,14].



The vast majority of investigations are devoted to conventional monofacial silicon modules; however, bifacial technology with the promise of gains in energy production of up to 30% is projected to achieve an 85% market share by 2031 [15]. Therefore, the evaluation of bifacial modules in real environments is a challenge worth taking up.



In Sweden, under snowy climate conditions, the performance of bifacial technology was investigated with a dependence on the tilt angle, showing that the highest energy output was obtained at 35–45° [16]. Despite the low insolation, bifacial modules were also mounted and tested at various configurations in a northern location in Alaska. The study indicated that east–west-oriented vertical bifacial modules can outperform south-oriented monofacial modules, and a 20% bifaciality gain was achieved from April to July [17]. The performance of bifacial modules mounted via off-grid installation was assessed in the UK under a temperate climate in relation to several ground coverages, which differed in albedo in the range of 0.1–0.15 for soil and 0.7–0.8 for white tiles. The largest energy production increase of 14.3–25% was achieved with white tiles, and the overall bifacial gain reached 25.66% on cloudy days compared to 16% on a sunny day [18]. The elimination of metallic rear contact and a transparent back surface enables bifacial modules to absorb light at both sides. An analysis of the influence of external factors on bifacial modules can be useful in predicting the performance of bifacial modules in a given location. Studies on the realistic efficiency of bifacial modules mounted in different climate conditions are necessary to support investors at the planning stage of PV installations since insufficient knowledge hinders bifacial technology from being implemented.



However, there is a lack of long-term investigations which include bifacial photovoltaic modules among other technologies installed for comparison in the same location. The current paper bridges this gap and presents a performance analysis of a grid-connected installation constituting three types of solar modules, such as monocrystalline silicon, polycrystalline silicon and bifacial monocrystalline silicon of a similar nominal power in the southeast part of Poland. This work thoroughly examines the energy production of three different photovoltaic technologies installed with the same tilt and azimuth, offering a detailed analysis compared to the data in the literature. This paper highlights the fundamental role of meteorological data during the year as well as the particularly noteworthy role of energy loss in the representative period. The analysis relates to the 2023 year and includes data on the energy output, performance ratio, efficiency of modules and inverter, array yield, final yield and losses.




2. Experimental Methods


The considered PV system was installed at the end of 2018 in Rzeszów city in the southeast part of Poland (50°02′ N, 22°00′ E) on the roof of a building belonging to the Rzeszów University of Technology. The entire PV generator is composed of 49 modules with a total nominal power of 14.04 kWp and a three-phase inverter, which is located in the building, together with data acquisition devices of the measuring system. Attaching the module support system directly to the original roofing felt was not recommended, so the ballast system was used. Figure 1 shows a photo of the analyzed rooftop installation with a 38° southwest orientation, tilted 25°. Each type of module is connected into one separate string, which is depicted in Figure 2.



The three strings were composed of different types of modules, namely monocrystalline silicon (1), polycrystalline silicon (2) and bifacial glass–glass monocrystalline silicon (3), the technical data of which are shown in Table 1. The modules were connected to the Solaredge SE 12.5k inverter, and its specifications are given in Table 2. The product warranty for all of the installed modules is 12 years, and they are expected to maintain 80% efficiency for 25 years. According to manufacturer’s data, the modules present a minimum of 97% STC efficiency under low irradiance at 200 W/m2.



The scheme of the PV system and registered parameters are presented in Figure 3. The following nomenclature was adopted:



Ta—ambient temperature (°C);



Tm—temperature of photovoltaic module (°C);



Ia1, Ia2, Ia3—strings (1, 2, 3) of DC currents in PV system (A);



Ua1, Ua2, Ua3—string (1, 2, 3) of DC voltages in PV system (V);



Pa1, Pa2, Pa3—string (1, 2, 3) of DC power in PV system (kW);



Ea1, Ea2, Ea3—string (1, 2, 3) of DC energy in PV system (kWh);



Ig—grid current (AC side PV inverter) (A);



Ug—grid voltage (AC side PV inverter) (V);



Pg—grid power (AC side PV inverter) (kW);



Eout—grid energy (AC side of PV inverter) (kWh).



The acquisition of the measured data of the analyzed system, such as the voltage, current, power and energy, was carried out using the recording capabilities of the devices included in the system. The meteorological parameters (the solar radiation on a given plane and the temperature of the module and the surroundings) were recorded using the sensors, the range and accuracy of which are listed in Table 3.



The irradiance sensor is mounted in the plane of the modules. It measures the natural solar irradiance, and the uncertainty of the registered values is valid for spectrum AM 1.5. It also poses external temperature compensation. The temperature is measured using the thermocouple mounted on the back side of the module. The data were recorded in 5 min intervals and registered using the Solaredge monitoring system.




3. Results


3.1. Characteristics of Climate Conditions in Location


According to Köppen’s climate classification, the considered location for photovoltaic installation has a warm summer continental climate, which is characterized by significant differences between summer and winter in terms of the daytime length, solar radiation intensity, cloud cover and ambient temperature. Around 80% of the solar irradiation in Poland is received during the warm part of the year (April–September). In such a climate, the set of standard test conditions (solar irradiance of 1000 W/m2, ambient temperature of 25 °C and air mass of 1.5), which is applied by manufacturers when new modules undergo performance tests, is rarely met. Under real external conditions, the modules operate in broad ranges of irradiance and temperature values, which sometimes change drastically on a daily basis.



Table 4 presents the main climatic parameters, which directly or indirectly affect the yield of a solar module, i.e., the solar irradiation, ambient temperature and temperature of the modules measured in the location of photovoltaic installation in this study. In the warm part of the year, the monthly sum of solar irradiation exceeds 173 kWh/m2,and the monthly mean module temperature, which is higher than ambient temperature due to heating from solar insolation, reaches 26.5 °C. In winter months, the irradiation is very low; however, a meaningful improvement in solar conditions is observed in the spring. The monthly average temperature of the modules is close to 0 °C in the winter and is equal to ambient temperature when the impact of solar radiation is negligible, and then it achieves higher values in the fall and spring months. The yearly sum of irradiation in the module plane equals 1205 kWh/m2 in which the contribution of warm months is 74.3%.




3.2. Seasonal Performance Assessment


The broad range of changes in weather conditions throughout the entire year influences the power output of solar modules on an ongoing basis. The impacts of irradiation and external temperature variation play the most important roles among various external parameters, which is clearly visible in the daily analysis of photovoltaic performance.



In order to track the weather effects in detail, four characteristic days were chosen, and parameters such as irradiation, ambient temperature and the temperature of the modules (Figure 4) were analyzed during these days and then juxtaposed with the output DC power (Figure 5). The selected days include the following: a sunny warm day, a sunny cold day, a cloudy warm day and a cloudy cold day. On a sunny day, when the irradiation reaches 250 Wh/m2, the external temperature is over 30 °C under a clear sky and drops to around 20 °C under overcast conditions. On cloudy days, the irradiation value is well below 200 Wh/m2 in the summer and decreases to around 8 Wh/m2 in the winter when the ambient temperature is below 0 °C. These changes are accompanied by the significant differences in the daytime, specifically a maximum of 16 h in the summer and a minimum of 8 h in the winter, and consequently, the incoming amount of solar radiation in these two seasons of the year is drastically affected and—as a result—the solar modules’ electric energy production is also affected.



The factor strongly influencing the performance of the modules is also the temperature of the modules determined by the ambient temperature and the incident solar radiation. As it is visible in Figure 4, the temperature of the modules always follows the trend of the external temperature, and in the daytime, it achieves higher values. On sunny days, the difference between the module’s temperature and the ambient temperature reaches 20 °C since the modules are heated by the sun and their temperature exceeds 55 °C. Under cloudy conditions, the difference between these two temperature values decreases due to a reduction in the heating effect by the sun. On a cold and overcast winter day, the temperature of the module is close to the ambient temperature, which is below 0 °C.



Electric power production directly reflects the access to daylight and follows the shape of irradiation on each analyzed day. The values of output power depend on the amount of irradiation; however, the impact of the external temperature on the modules is also visible. The comparison of the results obtained on a sunny warm day (16 July 2023) and sunny cold day (4 May 2021) show that under similar irradiation, power production increases when the temperature of the modules is lower. On these two sample days, the lowering of the modules’ temperature by over 20 °C can be observed. Quantitatively, these trends are reflected by energy production, as presented in Table 4.



The production of power by each type of photovoltaic technology is directly determined by the illumination of the modules; therefore, the fluctuations in power, which are depicted in Figure 5, correspond to the changes in solar irradiation shown in Figure 4. On a cloudy winter day, when the incoming solar irradiance is very low, the inverter cannot begin operating; thus, the generated power is negligible. The efficiency of the photovoltaic modules reaches values over 15% when the weather conditions are favorable.




3.3. Performance of Photovoltaic Installation


3.3.1. Performance Indicators of Photovoltaic System


To analyze the performance of the tested 14.04 kWp photovoltaic system, consisting of three strings of PV modules in mono-Si, poly-Si and mono-Si bifacial technologies connected to the grid, the performance indicators were determined according to the IEC 61724 norm [19] and the methodology adopted for the PV energy assessment. Standardized indicators of performance are important because they provide a basis to compare PV systems under different operating conditions.



According to the norm, the performance of a PV system is characterized by a typical set of parameters:



Gi—solar irradiance in-plane of modules (W/m2);



Hi—solar insolation in-plane of modules (kWh/m2);



EDC—DC side energy of PV system (kWh);



Eout—AC side energy of PV system (kWh);



P0—rated power of PV system (kWp);



P0AC—rated power (AC) of PV panel (kW);



PR—performance ratio (%);



Lc—capture losses (h/day);



Ls—system losses (h/day);



YA—array yield (kWh/kWp);



YF—final yield (kWh/kWp);



YR—reference yield (kWh/kWp);



AA—summarized PV module area (m2);



η—efficiency (%).



The quantities that describe the solar radiation reaching the Earth’s surface (per square meter) are irradiation and solar irradiance. Irradiance is the instantly measured power of solar radiation on the surface per defined unit area, and in the international system of units, it is measured in W/m2. Irradiation, which refers to an interval of time, means the amount of incoming energy on a surface unit in a given time period, and it is expressed in J/m2 or Wh/m2.



The performance of a grid-connected photovoltaic system can be determined after the calculation of several important parameters based on the data recorded during its operation at a given location. These parameters include the following: the total output energy generated by the PV system (Eout), array yield (YA), final yield (YF), reference yield (YR) and performance ratio (PR).



The array yield (YA) is the quotient of the DC energy generated by the modules comprising the PV installation and the rated power of the array P0:


    Y   A   =     E   D C       P   0     (   k W h   k W   ) .  



(1)







YA determines the actual performance of the PV array in relation to its rated power. Taking into account the collected data regarding the daily or monthly DC energy, the yield can be determined on a daily or monthly basis, and they represent the specific time interval over which the PV array can operate at the rated power. Most commonly, this coefficient, denoted as YA,d, is defined on a daily basis according to the following formula:


    Y   A , d   =     E   D C , d       P   0     (   k W h   k W   ) .  



(2)







For the monthly interval, the array yield YA,m is calculated as an average of the sum of the daily values:


    Y   A , m   =   1   N     ∑  d = 1   N        E   D C , d       P   0           k W h   k W     ,  



(3)




where N—the number of days in the considered month.



The array yield for each analyzed string of modules (string 1—mono-Si; string 2—poly-Si; string 3—mono-Si bifacial) is presented in Figure 6. The array yield achieved in the subsequent months follows the variations in the solar irradiation values shown in Table 4. The highest YA value, which is over 4.5 kWh/kWp per day, is observed in July and May. In June and August, when the irradiation is lower, the YA value also drops. During the spring months (March and April), YA outperforms the values obtained in October and November due to there being more cloudy days in the autumn. Taking into account the warm half of the year, when there is no snow cover, the comparison of the YA value for separate strings indicates that the poly-Si modules achieved the highest values, followed by mono-Si bifacial technology.



The final performance indicator for a PV system, denoted as YF, is the ratio of the energy on the AC side of the inverter Eout to the rated DC power P0 of the PV panels. YF compares the energy produced by the system in relation to its rated output. In other words, the final output of a PV system, YF, is the fraction of the daily or monthly energy production of the entire PV system that has been delivered by the PV array in relation to the installed PV array power P0:


    Y   F   =     E   o u t       P   0         k W h   k W     .  



(4)







This indicator can also be determined on a daily basis as YF,d, the daily final yield of a PV system, expressed in (h/day):


    Y   F , d   =     E   o u t , d       P   0         k W h   k W     .  



(5)







In the case of monthly intervals, the monthly averaged final yield of the PV system YF,m can be calculated as an average of the sum of the daily indicators:


    Y   F , m   =   1   N     ∑  d = 1   N        E   o u t , d       P   0           k W h   k W     .  



(6)







Thus, YF represents the number of hours (per day or month) during which a PV panel would have to operate at its rated power P0.



In order to determine the available energy resources, the PV system reference yield index YR was introduced. YR is the in-plane irradiation divided by the array reference irradiance, which is 1000 W/m2. Therefore, it represents the equivalent peak sun hours according to the following formula:


    Y   R   =     H   i       G   i         k W h   k W     .  



(7)







The YA, YF and YR indicators for the entire photovoltaic system are presented in Figure 7, and for three PV strings (str_1—mono-Si, str_2—poly-Si and str_3—mono-Si bifacial), they are depicted in Figure 8, Figure 9 and Figure 10. The variations of YA and YF follow the changes in irradiation that are available at the module plane. First of all, May and July are the most favored months for electric energy production, followed by the rest of the months belonging to the warm part of the year: June, August, September and April. The monthly average daily final yield is in the range of over 3 kWh/kWp in April to 4.5 kWh/kWp in May and drops below 4 kWh/kWp in September. Among the cold months, attention can be drawn to March, which is when YF is around 2.75 kWh/kWp.



The PR performance factor indicates the overall impact of losses on the rated output of the PV array due to the temperature variation in the modules, spectral mismatch and other failures of component parts of the PV. In other words, PR is the ratio of the energy delivered to the grid Eout that would have been generated if the system converted solar energy to electric energy at the level expected from the PV array rating:


  P R =     E   o u t       E   D C     =     Y   F       Y   R     .  



(8)







The PR presented in Figure 11 indicates the overall effect of losses on the system output, and it is the quotient of the given PV string’s final yield (YF_Str_1, YF_Str_2 and YF_Str_3) to its reference yield YR.



In the months of the warm half of the year, from April to September, the PR value exceeds 80% for each string of modules. The tested PV technologies can be ordered in the following way, starting from the best PR: mono-Si bifacial, poly-Si and mono-Si. During the rest of months, the PR decreases significantly; however, in March, the PR achieves a value similar to that in summer months due to relatively high irradiation.



Referring to the analysis of four characteristic days (v.s.), it can be noted that the PR values of the three studied photovoltaic technologies in the selected characteristic days presented in Table 5 clearly reflect the roles of irradiation and temperature in the final yield of the photovoltaic array. The highest PR was achieved on 4 May due to a beneficial combination of the external conditions.




3.3.2. Standardized Power Losses


Normalized losses are calculated as a difference in capacity. They are expressed in (kWh/kW), (h/day) or (h/month) and indicate the time during which the array would have to operate at the rated power P0 to cover the losses. System losses LS, which represent the losses in the individual components of the PV system, are mainly a result of inverter operation; they were determined according to the following equation:


    L   S   =   Y   A   −   Y   F       k W h   k W     .  



(9)







These losses represent the amount of time that would be required for the array to operate at rated power P0 to ensure that losses are adequately balanced over this period.



The normalized array capture losses LC for the conversion of radiation energy into electrical energy are calculated as the difference of the reference yield and the array yield of the PV installation:


    L   C   =   Y   R   −   Y   A       k W h   k W     .  



(10)







This indicator represents the energy conversion losses in the PV array.



The monthly average daily capture and system losses for the whole system are visible in Figure 12, and for separate PV technologies, they are shown in Figure 13, Figure 14 and Figure 15. The losses vary between the winter and summer months and are around two times higher in the summer due to the temperature effect.



All of the studied PV technologies exhibit the highest monthly average array capture losses during the period characterized by the best insolation due to their sensitivity to temperature increases. In the performance of the Si-mono technology, both the monofacial and bifacial array capture losses have a value of around 0.75 kWh/kWp. In the case of the Si-poly technology system, the losses play a relatively more important role in the warmer months. System losses, which are ascribed mainly to the performance of the inverter (v.i.), are much lower than array losses.




3.3.3. System Efficiency


The conversion efficiency of photovoltaic (PV) modules ηPV is the percentage of solar radiation energy incident on the active surface of PV cells that is converted into useful electrical energy:


   η  P V   =     E   D C       ( G   i     A   A   )   ,  



(11)




where AA is the total surface area of the PV modules of the photovoltaic system.



Achieving improvements in PV conversion efficiency is a key research goal and helps to make PV technologies cost-competitive with conventional energy sources.



The average efficiency of the PV array over the analyzed period (daily and monthly) is defined as follows:


   η  P V , m   =   1   N     ∑  d = 1   N        E   D C , d       ( G   i     A   A   )     .  



(12)







The PV inverter efficiency is given by


   η  I n v   =     E   o u t       E   D C     .  



(13)







The monthly inverter efficiency (ηInv,m) is calculated as


   η  I n v , m   =   1   N     ∑  d = 1   N        E   o u t , d       E   D C , d        



(14)







All elements—system instantaneous PV system efficiency:


   η  I n v   =     E   o u t       ( G   i     A   A   )   .  



(15)







The average efficiency of the system (ηsys,m) is calculated as


   η  s y s , m   =   1   N     ∑  d = 1   N        E   o u t , d       ( G   i     A   A   )      



(16)







All of the PV efficiency values presented in Figure 16 are lower than the nominal values shown in Table 1 due to the available real irradiance level, temperature, module degradation, optimizer efficiency loss, PV array and wiring mismatch losses as well as inverter losses. The efficiency of each studied PV technology exceeds 14% from March to August. A comparison of the three strings of modules (str_1—mono-Si; str_2—poly-Si; str_3—mono-Si bifacial) indicates that the efficiency of the bifacial modules outperformed those of the monofacial mono-Si and poly-Si, and the efficiency of mono-Si is higher than that of poly-Si, which is in accordance with the small differences in the nominal efficiency of the tested technologies. The average monthly efficiency of the PV array presents similar values; however, the average efficiency of the entire system is lower. The efficiency of the inverter increases with the DC input from March to October, reaching 95–98% under the highest input conditions (for the DC input, the efficiency is above 20% of the inverter rated capacity). Due to low insolation periods in the winter, instantaneous input power to the inverter is very low, and the efficiency of the inverter decreases.






4. Discussion


The results of operating photovoltaic modules under real external conditions in Poland show some similarities to the results presented in the literature on other systems operating at a high latitude.



The parameter exhibiting strong dependence on the location of the PV system and the availability of solar radiation is the annual energy yield. The following annual yield values were recorded for the installations with silicon modules in countries located at different latitudes: 990 kWh/kWp in Sweden, 1047 kWh/kWp in the UK, 1030–1095 kWh/kWp in central Poland [20], 1100 kWh/kWp and 1080 kWh/kWp in southeast Poland [13,21], 1033 kWh/kWp in the present study, 1000 kWh/kWp in Germany, 1445 kWh/kWp in France, 1181 kWh/kWp in Italy, 1540 kWh/kWp at high irradiation combined with a higher temperature in Peru [22] and 1470 kWh/kWp in Morocco [5]. The comparison of the annual yield in various locations and different latitudes on the globe shows that the values of annual energy yield obtained in the present work are in the range that is typical for high-latitude countries.



The highest average daily final yield in this research is in the range of 4.0–4.5 kWh/kWp for all three studied photovoltaic technologies, which is lower than the maximum values of 5.2 kWh/kWp for Si-poly and 5.3 kWh/kW for Si-mono that were reached in May, June and July at a lower latitude in Morocco under a cold and temperate climate. In Malasia, the daily final yields for the mono-Si modules were 2.9 kWh/kWp in July and 4.14 kWh/kWp in March [23].



The performance ratio, which is also influenced by external conditions and the quality of modules, was 83% in this study, 81.5% in Dublin [24], 87% in the earlier study conducted in Poland [13], below 80% due to high temperatures during the summer in India [25], 70–90% for c-Si [26], 96% in a beneficial region of a cold and sunny climate in India and 90–91% in a hot and humid area [27], 79.1% in Malaysia [6], 84% in Peru under high irradiation [22] and a maximum of 85% in Morocco [5].



Another important parameter of the photovoltaic modules under investigation is efficiency. The nominal efficiency of the modules in this study was over 17%; however, in a real environment the efficiency of 7% was exhibited in the cold part of the year, and it increased to 15% during the warm part of the year. The highest values were obtained in March and May, when relatively good insolation was accompanied by a low temperature of the modules (monthly sum of irradiation of 95.36 kWh in March and 165.46 kWh in May and temperature of modules of 5.72 °C in March and 18.26 °C in May). In Poland, a similar efficiency of 14.5% for silicon modules was obtained in earlier studies [13,28]. In a mountainous region of North Africa where the temperature does not reach high levels, the efficiency varied between 10–12.8% and 10.4–12.7%, respectively, for p-Si and m-Si modules characterized by a lower nominal efficiency of 15% [5]. An investigation of multicrystalline modules showed a lower efficiency ranging from 6.2% to 10.4% in the summer and winter, respectively [29].



The array capture losses determined in this work, which account for around 0.75 kWh/kWp of energy loss per day, are in the range from 0.22 kWh/kWp/day [24] to 0.81 kWh/kWp/day, as reported in the literature [30]. This kind of loss is linked to the irradiance level, the temperature of modules and their quality. The total (array and system) daily losses were estimated to be 0.95–1.5 kWh/kWp for crystalline silicon technologies at a low-latitude location [5]. The main contribution to system losses comes from an inverter, which is characterized by the efficiency value, power threshold, voltage threshold and maximum power point tracking. In general, the efficiency of an inverter under good radiation is high, which was confirmed in the presented results where the inverter efficiency was over 95% during the months that are beneficial for energy production. Similar results were obtained in Ireland where the inverter efficiency varied from 86% in winter to 91% in summer [24].



In terms of the performance of bifacial photovoltaic modules, the investigations presented in the literature indicated the roles of the tilt angle, ground albedo, height over the ground and occurrence of diffuse light. According to the observations, a tilt angle of 35–45° was advantageous in Sweden where snow cover can shadow the modules, and a tilt angle of 22° facing east–west was advantageous in Qatar under much better solar conditions [9,31]. At an intermediate latitude, in Milano, the final yield gain due to bifaciality was 10.8% for rooftop monocrystalline silicon bifacial modules [19]. Satisfactory results were also obtained due to the increase in the height of the modules to 1 m over the ground, which provided a 20% bifacial gain at an albedo of 0.5 [32]. The comparative study performed in Frankfurt (Germany) and Catania (Italy) indicated that gains of up to 13.5% can be achieved with bifacial modules, and a higher latitude location in Frankfurt is beneficial due to the greater contribution of diffuse light that can be utilized by bifacial modules [33]. Such an observation was confirmed by the results of investigations carried in Saudi Arabia, where the gains were registered in the operation of bifacial modules in comparison to monofacial modules due to sandstorms [10].




5. Conclusions


The presented work is a comparative outdoor study of three photovoltaic technologies with similar rated power, namely 4.640 kWp mono-Si, 4.760 kWp poly-Si and 4.640 kWp mono-Si bifacial, in a rooftop-mounted installation at a high latitude. Despite the growing use of bifacial modules around the world, this technology is rarely met in Poland, and there is a lack of research on the operation of bifacial modules under the warm summer continental climate of Poland.



Under these conditions, the most important factors influencing PV production, such as irradiation and ambient temperature, fluctuate in a broad range during the subsequent seasons of the year. The temperature of the modules changes from −10 °C to 60 °C, and the monthly sum of irradiation increases from 26.6 Wh/m2 to 173.2 Wh/m2 in the winter and summer, respectively. In the year 2023, 1205 kWh/m2 of irradiation was accessible in the plane of modules, in which the contribution of the warm half of the year was 74.3%, and the whole system’s 14.04 kWp of rated power produced 14,141 MWh of electric energy.



On the basis of the research of three photovoltaic installations operating under the considered climate conditions, the conclusions drawn are as follows:




	
The annual yield of each tested technology was 1002 kWh/kWp for mono-Si, 1009 kWh/kWp for poly-Si and 1011 kWh/kWp for mono-Si bifacial;



	
The annual energy yield of the entire system was 1033 kWh/kWp, and the performance ratio achieved was 83%;



	
The highest average daily final yield was in the range of 4.0–4.5 kWh/kWp for each photovoltaic technology under investigation;



	
In the cold part of the year, the efficiency of the photovoltaic modules was estimated to be 15%, and it was estimated to be 7% during the warm part of the year;



	
Array capture losses accounted for around 0.75 kWh/kWp of energy loss per day, and the inverter efficiency was over 95% during months that are beneficial for energy production;



	
All three studied silicon technologies have positive values for the temperature coefficient of power and are sensitive to temperature increases, both of which are due to ambient temperature growth and the heat coming from solar radiation, which results in a decrease in power production and losses in efficiency;



	
March and May were the most beneficial months due to the combination of relatively high irradiation and a low temperature;



	
The tilt angle and the orientation of the bifacial modules were the same as those for the other types of tested modules, which resulted in a limitation of access to light on the back side of the modules, and the value of the annual energy yield was only slightly higher than that for traditional mono-Si modules. However, increasing the tilt angle would result in shading, which could be avoided by reducing the number of modules and, thus, the installed power on the roof with the limited area;



	
December and January are the months that can be excluded from the analysis due to the possible occurrence of snow cover, which limits the access of solar radiation. For the purpose of future studies, the determination of the snow cover factor based on long-term research would be useful; however, the unpredictable weather conditions evoked by climate change make such a prediction difficult.








In Poland, the warm half of the year receives three times more solar energy than the cold half of the year. However, the annual yield of 1000–1100 kWh/kWp achieved in Poland is in the same range as in Great Britain, the Netherlands and Germany, which have been the world leaders in photovoltaics for many years. Important factors promoting the development of photovoltaics include, of course, financial investment support programs offered in countries such as Poland.
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Figure 1. View of analyzed photovoltaic installation. 
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Figure 2. Diagram of connecting modules in three strings. 
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Figure 3. Parameters measured in analyzed PV system. 
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Figure 4. Irradiation, temperature of module and ambient temperature on characteristic days: (a) sunny warm day (16 July 2023), (b) sunny cold day (4 May 2021), (c) cloudy warm day (13 July 2023) and (d) cloudy cold day (17 January 2021). 
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Figure 5. Daily power (solid line) and daily efficiency (dashed line) of three PV technologies on characteristic days: (a) sunny warm day (16 July 2023), (b) sunny cold day (4 May 2021), (c) cloudy warm day (13 July 2023) and (d) cloudy cold day (17 January 2021). 
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Figure 6. Monthly average of daily PV array yield for separate strings of modules (mono-Si, poly-Si and mono-Si bifacial). 
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Figure 7. Monthly values of array yield, final yield and reference yield of analyzed PV system. 
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Figure 8. Monthly values of array yield, final yield and reference yield for mono-Si modules. 
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Figure 9. Monthly values of array yield, final yield and reference yield for poly-Si modules. 
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Figure 10. Monthly values of array yield, final yield and reference yield for mono-Si bifacial modules. 
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Figure 11. Monthly values of performance ratio for all three PV strings (str_1—mono-Si; str_2—poly-Si; str_3—mono-Si bifacial). 
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Figure 12. Monthly values of PV final yield, capture losses and system losses. 
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Figure 13. Monthly values of PV final yield, capture losses and system losses for mono-Si modules. 
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Figure 14. Monthly values of PV final yield, capture losses and system losses for poly-Si modules. 
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Figure 15. Monthly values of PV final yield, capture losses and system losses for mono-Si bifacial modules. 
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Figure 16. The monthly values of the inverter efficiency, the efficiency of the whole system and the efficiency of three separate strings (str_1—mono-Si; str_2—poly-Si; str_3—mono-Si bifacial) over the year. 
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Table 1. Technical data of photovoltaic modules.
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	PV Module Type
	Mono-Si
	Poly-Si
	Mono-Si Bifacial





	Maximum power
	290 Wp
	280 Wp
	290 Wp



	Module size
	1640 × 992 mm
	1640 × 992 mm
	1652 × 986 mm



	PV module area
	26.03008 m2
	27.65696 m2
	26.061952 m2



	Short-circuit current
	9.75 A
	9.25 A
	



	Open-circuit voltage
	38.4 V
	38.8 V
	



	Fill factor
	0.77
	0.77
	0.77



	Nominal efficiency
	17.83%
	17.21%
	17.9%



	Temperature coefficient of VOC
	−0.31%/K
	−0.30%/K
	−0.31%/K



	Temperature coefficient of ISC
	−0.03%/K
	−0.049%/K
	−0.03%/K



	Temperature coefficient of Pmax
	−0.39%/K
	−0.40%/K
	−0.40%/K



	NOCT
	43 ± 2 °C
	42 ± 2 °C
	-



	Number of modules in installation
	16
	17
	16



	Number of cells in module
	60
	60
	fot



	Installed capacity
	4.640 kWp
	4.760 kWp
	4.640 kWp










 





Table 2. Manufacturer data of inverter.
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	Inverter
	Specification





	Maximum DC power
	16,850 W



	Maximum input voltage
	900 V



	Maximum input current
	21 A



	Maximum AC power
	12,500 W



	Nominal AC power
	12,500 W



	Maximum efficiency
	98%



	Euro efficiency
	97.7%










 





Table 3. Data of sensors.






Table 3. Data of sensors.





	Device
	Range
	Accuracy





	Irradiance sensor
	0–1500 W/m2
	±5 W/m2



	Temperature sensor
	−40 °C to 90 °C
	1.1 °C










 





Table 4. Irradiation data, temperature data and electric energy produced by whole PV system in two parts of 2023.
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Month

	
Monthly Su