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ABSTRACT

The aim of the study was to determine the variability of electricity production from PV installations and its rela-
tionship with solar parameters. The analysis was performed on the basis of data from PV installations in B¢bto,
Krakow County. The level of sunshine, solar radiation, and UV index were obtained from measurements at two
local weather stations (Bgbto and Bolechowice). The data were compiled and approximated for the years 2021—
2024. Linear trend equations were determined, along with the R2 determination coefficients. The average value of
daily energy production for 4 years was 7.17 kWh. The day of the year with the highest average energy production
over the 4 years was 10th May. Zero electricity production was also recorded during the periods of complete snow
cover on the panels. There was a linear correlation between the amount of solar radiation and the UV index, with a
coefficient of determination of 0.99. There was also a high level of correlation between the amount of energy pro-
duction and these parameters. The total duration of the monthly sunshine was averaged at 55.1 hours. The month
with the lowest insolation was December 2022 and the highest was May 2024. The highest daily values of solar
radiation and UV index, as a 4-year average, were recorded in May and June. The UV index exceed the monthly
average of 2.0 — which already indicated an average level of UV radiation risk to human health — only in these
months. The results of the study allow this information to be estimated from photovoltaic data, which is already
widely available, and PV installations in most cases accurately record their parameters.
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INTRODUCTION

final energy consumption [Etherden, 2014; Troster
and Schmidt, 2019; Consectec/IAEW 2011; Heu-
ser, 2012; Podewils, 2012]. Currently, photovol-
taic installations are the most popular in Poland.
They are installed in large companies, as well as in
schools and public buildings. They have become
more popular among individual consumers in their
homes and properties. According to a report by the
Energy Regulatory Office (URE), there are already
1.5 million different RES micro-installations oper-
ating in Poland, the vast majority (99.7%) are PV
installations [Szymanski, 2017; Report...2025].
The popularity of this solution has been

Renewable energy sources (RES) are becom-
ing increasingly popular. They are inexhaustible
and reduce greenhouse gas emissions and other
pollutants, contributing to the fight against climate
change. They allow for greater energy indepen-
dence from fossil fuel imports. The most important
types of renewable energy sources include photo-
voltaic panels, solar collectors, wind and hydro-
electric power plants, geothermal energy, biomass,
biogas, and biofuels. The investments in RES
can generate new jobs and stimulate the develop-
ment of local economies [Wisniewski et al., 2016;

Curtis et al., 2021]. Poland is developing renew-
able energy sources to achieve the targets set by
the European Union for the share of RES in gross
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driven by the high electricity costs and subsidies
that support this type of energy generation. The
variability in the production of electricity from
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photovoltaic installations depends on many fac-
tors. The amount of solar radiation reaching the
panels is crucial. This is mainly influenced by the
season, the associated angle of incidence of the
sun’s rays, cloud cover, temperature, and the pres-
ence of obstacles (e.g. trees, buildings). The im-
pact of dirt on the panels, such as dust, leaves, and
other contaminants, is also significant. In winter,
snow cover often completely prevents the panels
from producing energy [Wisniewski et al., 2016;
Karbowniczek, 2021; Tora et al., 2022; Sarniak,
2022; Kaczmarczyk, 2023].

The purpose of the study was to determine the
variability in the production of electricity from
PV installations on a daily and monthly basis in
relation to the level of sunshine and associated
solar radiation and the UV index. It also aimed
to determine the relationship between energy pro-
duction and solar parameters in order to approxi-
mate solar parameters based on the data from
photovoltaic installations.

MATERIALS AND METHODS

The analysis of electricity production was
based on the data from a photovoltaic installa-
tion located in Bebto, Wielka Wie§ municipality,
Krakoéw district. The data on sunshine levels, so-
lar radiation, and UV index were obtained from
the measurements recorded at two local meteo-
rological stations located in Beblo and Bolecho-
wice (Figure 1). The research area in question
is located in the southern part of the Krakow-
Czgstochowa Upland and lies in the eastern part
of the Silesian-Krakow Upland. It stretches from

Krakow in a north-west direction to Czgstochowa
over a length of approximately 80 km. The sur-
face of the uplands slopes gently towards the
north-east, while towards the west it descends to
the Silesian Uplands.

The terrain rises to an altitude of approxi-
mately 300 meters above sea level (m a.s.l.) in the
eastern part and up to approximately 500 meters
in the southern part. Most of the Upland lies with-
in the climate zone of the Central Polish Uplands.
Only the southern parts belong to the foothill re-
gion. The Krakow-Czestochowa massif is char-
acterized by varied sunlight exposure, depending
on the slope and terrain exposure. The valleys are
less sunny, while the southern slopes are warmer
and drier [Kondracki, 2009].

Methods

The paper compiles data on electricity pro-
duction for the years 2021-2024 obtained from a
photovoltaic installation installed on the roof of a
house in Bebto (longitude 21°59'17.66", latitude
50°4' 24.78"). The installation has been in opera-
tion since 30" November 2020 and is orientated
at an azimuth of 180° with an inclination angle
of 26°. The power of the installation is 2.6 kWp
(kilowatt peak). An inverter with a production ca-
pacity of 400 W has been installed.

At the same time, the solar data from the sum-
mer period was recorded at meteorological sta-
tions in Bebto and Bolechowice (Figure 1). These
were external Meteo WiFi WeatherCloud weather
stations, Vevor model TermHoff TH-WS5P. The
data from the two weather stations were aver-
aged, taking into account parameters such as
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Figure 1. Location of the measuring stations (own study based on maps.google.com)
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sunshine duration (in hours), and solar radiation
(in Wxm?) and the UV index, which is the inter-
national standard for measuring ultraviolet (UV)
radiation emitted by the Sun on a given day and
in a specific location [Liou, 2002; Degirmendzi¢,
2004]. The UV Index scale ranges from 0 to 16.
Exposure to the Sun, 6 to 7 indicate high and very
high risk, 8 to 10 indicate very high risk, and
above 11 extreme risk [https://obserwator.imgw.
pl/2020/07/26/uv-niebezpieczny-dar-od-slonca/;
Weber, 1990; Autier et al., 1999; Dennis et al.,
2003; Saraiya et al., 2004; Huncharek and Ku-
pelnick, 2011]. On the basis of the data series,
the relationships between the energy production
expressed in kWh and the solar parameters were
determined. Linear trend equations y = ax+b were
determined along with the R2 determination co-
efficients. Similar relationships were determined
between sun duration and solar radiation and in-
dex. On the basis of the average solar radiation
sums for individual months [Matuszko, 2009],
the percentage variability of the parameters was
determined as the quotient of the sample value
and the arithmetic mean of the sample. The re-
sults were approximated for the entire year, tak-
ing into account the variability of solar radiation,
the height of the Sun above the horizon, and the
length of days in the year.

RESULTS

Figure 2 shows the average daily electric-
ity production for the years 2021-2024. Figure
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3 presents the total monthly production for the
same period. In the last four years, the highest
level of electricity production was recorded on
26" May 2021 and amounted to 18.63 kWh. The
average daily energy production for the four years
was 7.17 kWh. The day with the highest average
energy production in the four years was 10" May.
Zero energy production was also recorded. These
were periods of several or more days in January
and December and a single occurrence of several
days in the first ten days of February 2023. Zero
production was due to the panels being complete-
ly covered with snow. The amount of electric-
ity generated by photovoltaic panels depends on
many factors. Figure 4 shows an example of the
daily distribution of electricity generation for two
different weather conditions.

The first involved one of the sunny days in
July, the second a cloudy day. Significant tem-
porary differences in energy production during
cloud cover were due, among other things, to the
fact that solar radiation also penetrates the cloud
layer but with varying intensity. In the case of a
day with full sunshine, the distribution of produc-
tion resembles a normal Gaussian distribution. It
is not fully symmetrical when the solar panels are
not directly south-facing (Figure 5).

Table 1 presents the average monthly sums
of the duration of sunshine and solar radiation
for the city of Krakow and its surroundings for
the years 1884-2007, while Table 2 presents the
monthly sun height and day length [Matuszko
and Jedrychowski 2006; Matuszko, 2009]. For
the parameters above, their percentage variability

.
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Figure 2. Average daily electricity production for 2021-2024
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Figure 3. Monthly electricity production for 2021-2024
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Figure 4. Daily electricity production under various weather conditions (personal development)

of determination, which was not less than 0.81. The highest daily values of solar radiation
This means that the correlation coefficient for (Figure 9) and UV index (Figure 10), as a 4-year
these relationships ranged from 0.90 to as high as average, were recorded in May and June (maxi-
0.98 in the case of the relationship between solar ~ mum values on 10" May and 20" June). The
radiation and energy production. highest monthly solar radiation (6835.4 W-m?)
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Figure 5. Distribution of energy production according
to the orientation of the panels relative to the south
[Troster and Schmidt, 2019]

was determined in relation to the annual average
as well as in relation to July (Table 1) and June
(Table 2), the months with the highest values of
the entire year. Figure 6 shows the relationship
between solar radiation and the UV index. It is
strongly linearly dependent, as evidenced by the
very high coefficient of determination R? = 0.989.

Figure 7 shows the relationship between elec-
tricity production and solar radiation levels for
the summer period, while Figure 8 shows a simi-
lar relationship in relation to sunshine duration
and the UV index.

In all these cases, the relational dependencies
were linear and characterized by a high coefficient

occurred in May 2024, and the second highest
value (6792.1 W-m?) was recorded in May 2024.
Only in these months of the entire 4-year period
did the UV index exceed the monthly average
of 2.0 on the aforementioned days, 10 May and
20" June. In turn, the highest daily values were
recorded on 24" June 2022 (UV index 2.66) and
26" May 2021 (UV index 2.64). On these days,
the UV index already indicated an average level
of ultraviolet radiation risk to human health. On
the basis of the relationships above, using the per-
centage coefficients of variation from Tables 1 and
2 (after averaging them), the sum of monthly sun-
shine (Table 3), the distribution of average daily
solar radiation values, and the UV index for the
years 2021-2024 were determined. In turn, Fig-
ures 11 and 12 present the monthly distribution
of both parameters for the same research period.
Their values were obtained on the basis of the mea-
surements of the energy production from photovol-
taic panels. Such an approximation of solar data
series was possible owing to the high correlation
coefficients presented in Figures 7 and 8.

The total duration of the monthly sunshine
was averaged at 55.1 hours. In total, the Sun shone
for 2643 hours over the four years of the analysis.
The month with the lowest insolation was De-
cember 2022, with only 3.8 hours, compared to
the average for that month of 5 hours. The longest
insolation occurred in May 2024 (132.7 hours),
with an average for that month of 113 hours.

Table 1. Average monthly sunshine duration, total radiation, and their percentage variation (own elaboration based

on [Matuszko, 2009])

Average monthly Average Variation of the Total Average Variation of

Month sunshine duration | variation of the | parameter compared | radiation | variation of the c;ﬁpg?ézntfﬁly
[in hours] parameter [%] to July [%] [MJIm?2] parameter [%] (%]
January 48.4 0.37 0.22 91.8 0.30 0.16
February 65.3 0.51 0.30 142.7 0.46 0.25
March 107.7 0.83 0.49 269.4 0.87 0.48
April 149.2 1.16 0.68 394.6 1.27 0.70
May 203.7 1.58 0.92 530.9 1.71 0.94
June 207.2 1.60 0.94 556.0 1.79 0.98
Jule 220.4 1.71 1.00 565.0 1.82 1.00
August 202.4 1.57 0.92 483.1 1.55 0.86
September 151.7 1.17 0.69 329.3 1.06 0.58
October 105.5 0.82 0.48 198.2 0.64 0.35
November 51.6 0.40 0.23 99.2 0.32 0.18
December 37.0 0.29 0.17 72.2 0.23 0.13
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Table 2. Average monthly sun height at noon, length of day and their percentage variation (elaboration by

themselves based on [Matuszko, 2009])

sun heiaht Average Variation of the Length of the Average Variation of the
Month at noong["] variation of the | parameter compared day [hours variation of the | parameter compared
parameter [%] to June [%] and minutes] | parameter [%] to June [%]
January 18.8 0.47 0.30 8.32 0.69 0.51
February 27.1 0.67 0.43 10.05 0.83 0.62
March 38.0 0.94 0.60 11.52 0.96 0.71
April 49.9 1.24 0.79 13.48 1.12 0.83
May 58.9 1.46 0.93 15.26 1.27 0.94
June 63.3 1.57 1.00 16.22 1.35 1.00
Jule 61.4 1.52 0.97 15.56 1.29 0.96
August 53.8 1.34 0.85 14.28 1.19 0.88
September 42.7 1.06 0.68 12.37 1.03 0.76
October 31.2 0.78 0.49 10.46 0.87 0.64
November 21.3 0.53 0.34 9.02 0.75 0.56
December 16.7 0.41 0.26 8.05 0.67 0.50
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Figure 6. Relation between UV index and solar radiation (personal elaboration based on the data from 2 weather

stations)
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Figure 7. Relation between solar radiation and electricity production (personal elaboration based on the data
from 2 weather stations)
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Table 3. Monthly total insolation in 2021-2024
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Figure 11. Approximate monthly solar radiation (average for 2021-2024)
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CONCLUSIONS

The analysis of solar parameters such as sun-
shine duration, solar radiation and UV index is
essential for the design and subsequent effective
operation of a photovoltaic installation. The mul-
titude of factors that determine the efficiency of
PV installations requires a detailed analysis to
improve their performance. For example, in ad-
dition to the knowledge of the aforementioned
meteorological parameters, it is important to cor-
rectly design the inclination and azimuth of the
panels, taking into account the terrain. Therefore,
each region has its own specific characteristics
in terms of its ‘suitability’ for the installation of
photovoltaic panels. The study conducted such
an analysis for an area that is orographically rep-
resentative of the southern part of the Krakow-
Czestochowa Upland.

The analysis showed a high level of correla-
tion (0.99) between the amount of electricity pro-
duced by photovoltaic installations and the level
of solar radiation. The months with the highest
energy production were May and June. After ap-
proximating the results for the entire analyzed
period, it was found that the highest level of sun-
shine occurred in 2021 and 2024. The minimum
values of the parameters studied occurred in Jan-
uary and December, with less variation for these
months in individual years than for the spring and
summer period, especially May, June, and July. In
2021 and 2022, the highest values of all analyzed
parameters were recorded in June. In 2023, it was
July, and in 2024, it was May. The analysis al-
lowed for the approximation of solar parameters
for a longer period of time based solely on the
data on energy production from PV installations.
This is important from a cognitive point of view,
as there is a lack of detailed measurements of so-
lar parameters in the studied area. The monitoring
network for sunshine is very limited, and there
are often gaps in data continuity. The results of
the work allow this information to be estimated
from photovoltaic data, which is already widely
available, and PV installations in most cases ac-
curately record their parameter data.
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