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Abstract

:

In the past four years, the number of prosumers utilizing photovoltaic (PV) installations in Poland has increased significantly, exceeding 1.3 million, reaching a total power capacity of 10.5 GW by the end of 2023. This paper presents a three-year energy yield analysis of the prosumer PV systems operating in Eastern Poland. The 9.6 kW system consists of high-efficiency monocrystalline photovoltaic modules in half-cut technology. Over the three years of operation, specific yields have been analyzed along with weather parameters, such as solar intensity, outdoor temperature, humidity, wind speed, rainfall, or snowfall. The average annual final yield was found to be relatively high, exceeding 1000 kWh·kW−1 in each of the analysed years. The highest monthly specific yields of the analysed period were noticed during the summer, reaching the maximum value of 164 kWh·kW−1 in 2022. The daily final yields varied from a minimum of 0.15 kWh·kW−1 in Winter 2021 to a maximum of 6.8 kWh·kW−1 in Spring 2022. Weather conditions increasing the energy yields, such as low average ambient temperatures together with high insolation periods, were noticed. Energy production in such favorable conditions reached a surprisingly high value of energy yield in April 2020, comparable to the summer months (151.0 kWh·kW−1). The occurrence of heavy rainfall in summer was also noted as a desirable effect that leads to the natural cleaning of the PV modules. The average performance ratio during the analyzed period was found to be 0.85. The energy production of the PV system allowed the reduction of about 21 tons of CO2 emission.
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1. Introduction


Energy production from renewable sources (RESs) has emerged as a critical issue in many countries worldwide. The share of fossil fuels in the electricity mix is predicted to decline from 59% to 12% by 2050; therefore, replacing fossil fuels with renewable sources is of high importance [1,2]. Among others, photovoltaics play a pivotal role in the RES sector. In accordance with EU Parliament Regulation and the long-term outlook (2021–2030) for energy and climate in Poland [3,4], the development of the PV sector in Poland aligns with the fundamental objectives for renewable energy sources (RES) share in gross final energy consumption. It also leads to the achievement of the objectives related to the greenhouse gas (GHG) reduction target proposed by the European Commission in [5] and new RES targets outlined in the REPowerEU plan [6].



In our previous works related to the energy yield assessment of several PV rooftop systems located in the temperate climate of Poland [7,8], attention was paid to the sharp increase in the sector of prosumer’s photovoltaic installations due to several government programs, some of which are described in [9]. The significant growth of Poland’s photovoltaic (PV) market has continued. The total power capacity in Poland, at the end of the first quarter of 2023, exceeded 13 GW, of which 74% belonged to the prosumers (micro installations up to 50 kW), 21% to small systems up to 1000 kW, and 5% to large PV plants. The share of PV systems in electric power production from renewable sources increased from about 3% in 2019 to above 23% three years later [10].



Many papers related to the performance evaluation of rooftop PV systems can be found in the scientific literature. A long-term evaluation study of PV specific yields in Germany has been presented by te Heesen et al. [11]. The analysis showed the south–north gradient with the lowest value in the north of the country (816 kWh/kW in 2017) and the highest in the south (1049 kWh/kW in 2018). The performance of several European countries, such as the Netherlands, Belgium, France, and Italy, has also been comprehensively investigated by Schardt and te Heesen [12]. The performance ratio ranged from a minimum value of 0.72 to a maximum of 0.76 over the entire period (2012–2019). The average specific yield varied from 947 kWh·kW−1 in the Netherlands to 1195 kWh·kW−1 in Italy and was also characterized by a latitude-dependent gradient. Other research on the PV systems energy yield in Croatia revealed a range of specific yields between 1065 kWh·kW−1 and 1116 kWh·kW−1 depending on the technology of the PV modules. The yearly performance ratio of the monocrystalline PV array was found to be 74.59%, while, for the polycrystalline, it was 73.75% [13]. Annual specific yield and performance of PV systems in Hungary were presented in the work of Atsu et al. [14]. The energy output ranged from 796.16 kWh·kW−1 for a-Si technology to 1106.47 kWh·kW−1, with a performance ratio of about 77%, for the pc-Si system. A final yield of about 1296 kWh·kW−1 with the PR of 0.83 was obtained for the PV system located in Spain by Muñoz-Rodriguez et al. [15]. In the papers of Adaramola [16,17], a final yield of 931 kWh/kW and performance ratio of 83% were noticed. An in-depth analysis of rooftop PV installations in a tropical monsoon region of central Vietnam, covering a longer period, was presented in the work of Nguyen et al. [18]. PR varied from 58% to 78%. The results of the average daily final yield (about 3 kWh/kW/d) were compared with the results obtained by other researchers worldwide. The performance of the PV system of a domestic house in Bahrain in 2 years of operation was investigated by Alnaser [19]. The average PR was found to be 73%. The annual energy production of the PV rooftop systems installed on several buildings was also investigated by Khairi et al. [20]. The yearly final yield values changed in the range of 1159 kWh·kW−1–1302 kWh·kW−1. Several research studies related to rooftop systems in Poland can also be found in the scientific literature [21,22,23,24].



In this work, significant attention was paid to the performance analysis of the rooftop PV system situated in Poland. The main objective was to present a wide perspective of the PV system operation in order to provide useful information about the energy production from photovoltaics in high-latitude locations. A long period of analysis was shown, which is new in terms of research about PV systems installed in Poland, especially if the newest monocrystalline half-cut technology is considered. Moreover, a detailed analysis of the weather conditions during the analysed period was carried out to understand their positive and negative impact on the PV system performance. Among others, such weather conditions as low temperature combined with high insolation periods or occurrence of heavy rains in summer months or snow in the winter were presented. Finally, similarly to other work in the field [25], the paper demonstrates long-term environmental benefits by showing the amount of CO2 emission that can be avoided due to the investment in rooftop PV systems in the location of Poland.



To the best of the authors’ knowledge, there is a limited number of papers in the literature considering the performance of rooftop PV systems in Poland over an extensive period. The presented work addresses the gap in knowledge in this field.




2. Materials and Methods


2.1. PV System Description


The rooftop PV system under scrutiny (Figure 1) was installed in the Lublin Voivodeship of Poland (51°126′ N and 23°427′ E) and was commissioned in June 2019. In accordance with the Köeppen−Geiger classification, the Lublin region is determined by a temperate climate with full humidity and warm summers [26]. According to the Polish standard, PN-EN 12831:2006 [27], it is characterized by a mean value of yearly temperature and irradiation of 7.6 °C and 1123 kWh/m2, respectively [28,29].



The PV system, with a total power capacity of 9.6 kW, contained 30 monocrystalline silicon PV modules fabricated with mono-PERC, half-cut technology, with different orientations and inclinations. It consisted of two parts. In the first, 18 series-connected PV modules were installed facing south at a 45° tilt angle. Another part comprises 12 PV modules, with six oriented eastward and six westward. The most relevant parameters of the equipment used in the PV installation provided by the manufacturer can be found in Table 1.



Both subfields were connected to an 8000 W Solar Edge inverter SE50K, characterized by a high-efficiency factor of 98%, dedicated to small and medium-sized photovoltaic installations up to 10 kW. Due to the consistent input voltage system, the SolarEdge inverter functions optimally, irrespective of the solar panel quantity or prevailing weather conditions. During the analyzed period, the PV system was operating without interruption, and the data was collected without any failures or interruptions due to a smart optimization system which ensures high efficiency of conversion. The energy generated by on-grid installation is directly used to fulfill the energy requirements of households, and the surplus is then transferred to the grid. The scheme of connections can be found in Figure 2. More details about the system can be found in the work of Grochecka [30].



To investigate the influence of the climate conditions on the performance of the PV system, the weather data were measured by a weather station located about 50 km away from the analyzed PV system and provided by the Institute of Meteorology and Water Management [31]. Parameters such as irradiance (in W/m2), temperature (in °C), humidity (in %), wind speed (m/s), precipitation (mm) and snow depth (cm) were taken into account. A measurement of 1 mm denotes 1 L of water from precipitation per m2 of surface.



The data was analyzed and presented using Matlab/Simulink® R2022b (Natick, MA, USA) computing software.




2.2. Performance Metrics


Based on the works of [32,33,34,35], in relation to the performance of the PV systems and in accordance with the IEC 61724:2021-1 standard [36], relevant metrics were computed to evaluate the PV rooftop system under scrutiny. These include daily and monthly reference yields (Yr, in Wh∙W−1), daily and monthly final (AC) yields (Yf, in Wh∙W−1), as well as monthly performance ratios (PR).



The reference yield (Yr), which denotes the reference irradiance hours, can be calculated using Equation (1) in which Hi denotes in-plane irradiation collected during a given period (here: a day and Hm in terms of a month) and G* is the irradiance at standard test conditions (1000 W/m2). Daily insolation was computed according to Equation (2) as a numerical integration of the irradiance (    G   i , k    ) data, measured by the nearest weather station, with a time interval (    τ   k    ) equal to one minute. Monthly irradiation was computed using Equation (3).


    Y   r   =     H   i       G   ∗     ,  



(1)






    H   i   =   ∑  k   L      G   i , k   ·   τ   k      



(2)






    H   m   =   ∑  i   N      H   i      



(3)







In the equations related to the performance metrics (2)–(5), L is the total number of irradiance values collected during the analyzed period, while N is the number of days in a month. It should be mentioned that subscript i refers to daily values, while m refers to a monthly period.



Similarly, daily energy can be computed using power output produced by the PV system over a day, according to Equation (4).


    E   i   =   ∑  k   L      P   i , k   ·   τ   k     ,  



(4)




where     P   i , k     is the k-th registered output AC power and     τ   k     is the k-th time step. The power data were collected by inverters’ monitoring software with an interval of 5 min. Monthly energy is given by Equation (5).


    E   m   =   ∑  i   N      E   i      



(5)







The final yield Yf (kWh∙kW−1) was calculated based on daily (Ei) or monthly (Em) energy output divided by the power capacity of the PV system P* (Equation (6)). It represents the number of hours the system has been operating at its rated power.


    Y   f   =     E   i       P   ∗      



(6)







The performance ratio of the PV system can be computed by dividing the final yield by the reference yield using Equation (7). PR provides information about the quality of the PV system regardless of the power capacity or location [37].


  P R =     Y   f       Y   r     · 100 %  



(7)









3. Results and Discussion


3.1. Weather Conditions


Figure 3 shows the results of monthly global horizontal irradiation (GHI) and ambient temperature measured by the weather station located 50 km away from the PV system under study. The measurements were taken during the years of PV system operation, i.e., from 2020 to 2022. The characteristic shape of the irradiation plot for high-latitude locations, with low insolation during the winter months and high in the summer half-year, can be observed in Figure 3a. The peak irradiation over the three-year period was recorded in June 2022 at a value of about 206 kWh·m−2. June was also characterized by favorable irradiance conditions in 2021 with a value of about 180 kWh·m−2. A similar value (179.7 kWh·m−2) was measured in July 2020. The months with the least insolation, from November to January, mostly did not exceed 20 kWh·m−2. Yearly irradiation measured by the weather station ranged between 1084.9 kWh·m−2 in 2021 and 1191.0 kWh·m−2 in 2022.



The monthly average ambient temperature shown in Figure 3b strongly depends on the season of the year. During the analyzed period, the temperature ranged from −3.4 °C in February 2021 to 22.5 °C in July of the same year. In the summer months (from June to August), it fluctuated at around 20 °C, while in winter it was around 0 °C. The spring and autumn months were characterized by average temperatures of around 10 °C. Figure 4a shows the monthly average minimum temperature along with the number of days with registered snow depths in 2021. Relatively low average minimum temperatures in the winter months of 2021, ranging between −5.1 °C in December and −8.7 °C in February, provided favorable conditions for the maintenance of snow cover on most winter days. Additionally, 21 days with snow cover were detected in January and December, while 25 days with snow cover were noticed in February. Compared with other years in the period under scrutiny, a relatively high number of days with snow cover was observed in 2022, with 13 days featuring in January and 20 in December. The average minimum temperatures in these months were equaled to −3.3 °C and −4.0 °C, respectively. Unlike the following years, 2020 was characterized by a low number of days with snow depth (five in winter months) and a slightly higher average minimum temperature of about −2.2 °C. As was studied in the work of Øgaard et al. [38], snow cover significantly affects the performance of the PV system due to shading or partial shading of the PV modules.



Precipitation is an important factor that can prevent a decrease in PV system efficiency due to dust or dirt through natural cleaning [39]. Figure 4b depicts the monthly precipitation registered in the analyzed three years. As shown in the figure, a relatively high level of rainfall was observed in the months of the summer half-year, which is desirable taking into account that the solar insolation is also the highest in these months. Yearly sums of precipitation in the analyzed period ranged from 630 mm (2021) to 698 mm (2020).



In Figure 5a,b, the average daily humidity with average daily wind speed were shown. The winter half-year period is characterized by a higher average relative humidity, ranging from about 70% in March 2020 to a maximum of 93.3% in November 2022. In the summer half-year, the relative humidity ranges between 60% and 80%. The daily average wind speed reached its highest value in the winter months, with a maximum of about 5.7 m/s in January 2022. The minimum value, 2.5 m/s, was noticed in August 2022. During the high-insolation period, when the energy production from the PV system was at its highest, the daily average wind speed was about 3 m/s.



The weather conditions have a significant impact on PV systems’ energy yield, especially solar radiation and temperature. Presented analysis allows a certain regularity to be assumed, which is of high importance in terms of energy production prognosis. However, the occurrence of periods with relatively high insolation during cold spring months (e.g., in March of 2022 or in April 2020) can be noticed. As can be seen in the further analysis, it has a significant influence on energy production, which should be taken into account for energy production prognoses from PV.




3.2. PV System Performance


Figure 6a shows the results of the monthly final yield of the PV system registered during 2020–2022. The highest value (165 kWh·kW−1) was noticed in June 2022, the same month that also experienced the highest insolation (see Figure 3a). Considering the three years of the PV system operation, the highest energy production period was from June to July, during which the monthly final yield ranged between 132 kWh·kW−1 and 165 kWh·kW−1 (in June) and 140 kWh·kW−1 and 150 kWh·kW−1 (in July), depending on the year. A slightly lower range was noticed in May (from 128 kWh·kW−1 and 155 kWh·kW−1) and August (from 106 kWh·kW−1 and 135 kWh·kW−1). The exceptional energy production, comparable to levels characteristic of the summer months, was noticed in April 2020 (151 kWh·kW−1), which was caused by a relatively high insolation month with a low average temperature (compared with Figure 3a,b). The worst period in terms of energy production from the PV system was from November to January. The lowest final yield values of 9.9 kWh·kW−1, 13.5 kWh·kW−1 and 15 kWh·kW−1 were noticed in December 2022, January 2021 and December 2020, respectively, corresponding to periods with a significant number of snowy days.



In Figure 6b–d, the distribution of daily final yields in the years 2020–2022 is presented. During the analyzed period, June 2022 is characterized by the lowest interquartile range, from 5.3 kWh·kW−1 to 6.2 kWh·kW−1, with a median of 5.6 kWh·kW−1. It denotes a relatively high number of sunny hours compared to other months. A similar median value was found for 2021. The interquartile range in June was between 4.8 kWh·kW−1 and 5.9 kWh·kW−1. A slightly lower range was observed in June 2020 (from 3.5 kWh·kW−1 to 5.6 kWh·kW−1), which denoted the occurrence of a higher number of cloudy or partly cloudy days. However, an interesting month of this year turned out to be March, which featured a low interquartile range (between 4.3 and 6.0 kWh·kW−1) and a relatively high median of final yield (5.7 kWh·kW−1) in comparison to summer months. The high level of energy production was caused by high irradiation values (the monthly GHI value was equaled 160 kWh·m−2) and a low average ambient temperature of 8.2 °C compared to summer months, when the value often reaches 20 °C (compare with Figure 3b). It was also the month of 2020 with the lowest precipitation and humidity, reaching 8.5 mm and 52%, respectively (see Figure 4b and Figure 5a). Spring and autumn months are characterized by relatively high interquartile ranges and median levels between 1 and 4 kWh·kW−1.



However, there were also exceptions of higher values, e.g., in September 2020 or March 2022, with a median final yield of about 4.3 kWh·kW−1. In the worst period for PV production in this study, i.e., from November to January, the median final yield was very low, ranging between 0.15 kWh·kW−1 in January 2021 and 0.6 kWh·kW−1 in November 2021. This means that most days during this period were fully cloudy. Additionally,, there was a number of days with snow cover registered by the weather station (see Figure 4), which makes it possible to assume that the PV modules were also covered by the snow.



The average annual energy production of the PV system under scrutiny during the three years of operation was found to be 1049.3 kWh·kW−1 (see Table 2). This result is comparable to previously published findings about the PV systems of similar efficiency rooftop systems [7], as well as ground mounted ones [40]. The majority of the energy is obtained in the summer half-year. In the period from April to September, the final yield ranged from 740 kWh·kW−1 (in 2021) to 804 kWh·kW−1 (in 2020). In the winter half-year, this value reached approximately 270 kWh·kW−1 in 2020–2021 and 286 kWh·kW−1 in 2022. The performance ratio of the PV system in each year was computed and presented in Table 2, together with the computed in-plane irradiation and the final yield of the PV system under study. The in-plane irradiation was calculated using the GHI data provided by the weather station and monthly transposition coefficients, which can be found in the work of Haberlin [41] for a given azimuth and tilt of the analyzed PV installation. The yearly PR was determined based on monthly performance ratios, the values of which changed depending on the period of the year. Excluding snowy winter days, high PR was observed on sunny winter days due to the low temperatures of the PV modules. In summer months, the temperature influenced the efficiency, leading to a decrease in the performance to the range of 80–85%, depending on the year. On heavily snowy days, the PR decreased to 40%. An analogous decrease in PR for November or December was shown in the previous work [40].



Lower PR values were observed in the summer season compared to winter due to the influence of temperature in Patagonia [42]. The authors observed that PV modules were cooled by northwest cold winds in the winter season (from April to September), preventing the PV modules from overheating. The yearly PR was found to be almost the same as in this study (85.5%). A range of monthly PR values between 0.79 and 0.9 was observed also in Andalusia (Spain) by Muñoz-Rodriguez et al. [15]. The annual value was slightly higher than 0.8.




3.3. Greenhouse Gas Emission Analysis


The combustion of fossil fuels significantly contributes to the emission of greenhouse gases into the atmosphere. The reduction in carbon dioxide, CO2, sulphur dioxide SO2, nitrogen oxides NOx, carbon moNOxide CO, and dust particles can be achieved by the production energy from renewable energy sources. According to coefficients for each year (Table 3) presented by the National Center for Emissions Balancing and Management in Poland [43,44,45], the environmental analysis has been carried out (Table 4).



Referring to energy production by photovoltaic installation, a significant reduction in CO2 emission, exceeding 21 tons, can be observed. The greatest decrease in greenhouse gas emissions occurred in the year 2020, which corresponds to the highest energy production. The average reductions over the analysed period are 7.2 tons, 4.87 kg, 4.98 kg, 2.35 kg, and 0.22 kg for CO2, SO2, NOX, CO, and dust, respectively. The greater the energy production from renewable energy sources (RES), the larger the reduction in negative environmental impact. Replacement of fossil fuels with renewable energy sources, such as solar energy, has led to a reduction in GHG emissions and thus decarbonization and the energy transition process. Assuming the energy generated by the installation will remain at a comparable level throughout the project’s lifetime of approximately 20 years, the average reduction in CO2 emissions can be estimated at an average of 140 tons.





4. Conclusions


The analysis demonstrates the results of a long-term study of the prosumers’ rooftop system of 9.6 kW located in Eastern Poland. The PV system performance, combined with a comprehensive analysis of the weather parameters, such as temperature, irradiance, humidity, and wind speed, was analysed over three years of system operation. As was shown in the paper, such unexpectedly favorable conditions as high insolation during cold early spring months lead to energy production comparable to summer months. This fact is of great importance for the national operator of the energy system, which is responsible for keeping the control between energy production and demand. Another positive aspect of the weather conditions was the occurrence of heavy rain in months of high energy production (summer). Rain allows for the natural cleaning of the PV modules, preventing the performance decrease due to soiling. This fact answers the question about the reasoning of cleaning the PV modules, which seems to be unnecessary due to natural processes caused by the rain. The influence of snow cover on low energy production in winter periods due to coverage of the PV module’s surface was also shown.



To conclude, a long-term analysis in high-latitude countries is of crucial importance for investors and companies not only from an energy production perspective, but also for evaluation of the system stability after cold and snowy winters. Considering the slight PR change during the analysed period, in the range between 0.87 in 2020 and 0.83 in 2022, no significant problems with the PV system functioning were observed. This fact is also confirmed by the relatively high yearly final yields, which obtained values between 1014 kWh·kW−1 in 2021 and 1075 kWh·kW−1 in 2020, and so it can be considered as a good prognostic for clean energy production in the analysed location in the future in terms of the amount of avoided CO2 emissions.



The total production of about 30 MWh during the three years of the PV system operation led to a reduction in CO2 emissions of 21 tons, which presents around 140 tons for a 20-year perspective. Future studies containing a degradation analysis will increase the precision of this prognosis. Considering the number of prosumer installations in Poland exceeding 1.3 million, it can be concluded that they make an important contribution to environmental protection.
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Figure 1. Visualization of the PV system. 
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Figure 2. Schematic diagram of analyzed PV system. 
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Figure 3. Monthly global irradiation on horizontal plane (GHI) (a) and ambient temperature (b) registered over the studied period of 2020–2022. 
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Figure 4. The monthly minimum temperature, days with snow depth above zero (a) and monthly precipitation (b) measured over the studied period of 2020–2022. 
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Figure 5. Daily average humidity (a) and average daily wind speed (b) in each month over the studied period of 2020–2022. 
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Figure 6. Monthly final yield of the PV rooftop system during three years of operation (a) and daily final yield together with global horizontal irradiation in 2020 (b), 2021 (c), and 2022 (d). 
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Table 1. Electrical parameters of the PV modules (at STC) and inverter used in the PV system.
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PV Modules






	
Module’s manufacturer

	
Risen Energy RSM120-6-300M-320M (Ningbo, China)




	
Rated PV power (Wp)

	
320




	
Open circuit voltage (V)

	
40.0




	
Short circuit current (A)

	
10.1




	
Voltage at Maximum Power (V)

	
33.7




	
Current at Maximum Power (A)

	
9.5




	
Efficiency (%)

	
19.1




	
Inverter




	
Manufacturer

	
Solar Edge SE 9K (Herzliya, Israel)




	
Rated AC power (W)

	
9000




	
Max. efficiency (%)

	
98




	
EU efficiency (%)

	
97.5











 





Table 2. Yearly final yield and performance ratios of the PV rooftop system under three years of operation.
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	Year
	Yr (h)
	Yf (h)
	PR





	2020
	1240.6
	1075.4
	0.87



	2021
	1177.9
	1013.8
	0.86



	2022
	1279.9
	1058.7
	0.83










 





Table 3. Greenhouse gas emissions coefficients.
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Year

	
CO2

	
SO2

	
NOx

	
CO

	
Dust




	
(kg/MWh)






	
2020

	
698

	
0.509

	
0.522

	
0.203

	
0.026




	
2021

	
708

	
0.505

	
0.505

	
0.237

	
0.022




	
2022

	
685

	
0.436

	
0.456

	
0.261

	
0.018











 





Table 4. Greenhouse gas emissions analysis.






Table 4. Greenhouse gas emissions analysis.





	
Year

	
CO2

	
SO2

	
NOx

	
CO

	
Dust




	
(kg)






	
2020

	
7206.04

	
5.25

	
5.39

	
2.10

	
0.27




	
2021

	
6890.60

	
4.91

	
4.91

	
2.31

	
0.21




	
2022

	
6962.01

	
4.43

	
4.63

	
2.65

	
0.18
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