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Abstract: In Poland, a dynamic increase in the share of renewable energy sources in the national
energy mix has been observed in recent years. Until now, these were mainly installations used
for the needs of single-family houses and large-scale installations used on the RES auction market.
However, due to the fact that the carbon footprint of the offered products is taken into account,
this aspect is becoming more and more important. The carbon footprint can be offset by, among
others, by covering the energy needs of the industrial plant by its own renewable energy sources.
The article analyzes four sample electricity demand profiles of production plants operating in the
mining industry, mainly located in Upper Silesia. Using statistical methods, the fitting of potential
photovoltaic sources production profiles to the electricity consumption profiles in the analyzed case
studies was checked. The analysis was carried out for each hour of the day and for the profiles
weighted by the electricity price from the Polish Power Exchange on the Day-Ahead Market, because
matching profiles at different hours has a different monetary value and, as a result, a different impact
on operation costs. The highest correlation coefficient between electricity consumption and insolation
on an annual basis was —0.29 in the Spearman rho-statistic for the case of M1 enterprise. On the
other hand, the highest value at the level of 0.48 was achieved by the Pearson r-correlation coefficient
determined on a monthly basis between the monetary value of electricity consumed and insolation
in June for the M2 enterprise.

Keywords: underground hard coal mining; economic efficiency; electricity costs; renewable energy
sources; PV

1. Introduction

The result of activities related to the implementation of the adopted climate provisions,
such as the Kyoto Protocol, the Paris Agreement or the European Green Deal, is the
global trend of decarbonization and an increase in the share of renewable energy sources
in the energy mix [1,2]. The energy transformation most visible in the household and
transport sector is equally dynamic in industry and, especially, in energy-intensive sectors
(metallurgy, mining and cement production). One of the areas of activity, apart from
technological changes aimed directly at improving energy efficiency, is increasing the
share of renewable energy in the electrification of industrial plants [3]. In the context
of the EU climate policy, this course of action should be considered favorable for the
implementation of the adopted provisions. It could be perceived as the effective way to
meet rising climate policymakers” ambitions by reaching each EU country’s goal in share
of renewable energy sources in electricity generation. At the same time, it creates a margin
of independence for enterprises in the face of the expected further increase in electricity
prices, especially in view of the recently observed drastic increase in the prices of CO,
emission allowances (Figure 1). In many sectors, the image-related issue of the carbon
footprint is also gaining importance, which additionally creates conditions for an efficient
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transformation towards a zero-emission economy. In addition to economic benefits, the
use of renewable energy sources—in particular, PV—in order to cover one’s own energy
needs, may bring measurable environmental benefits by limiting the peak demand in the
power grid [4], covered in Polish conditions by generation from conventional sources [5].

o
(=1

] 2

(=1

EURfMg CCy
(53

EUA certicicate price,
=]
(=]

Figure 1. EUA certificate prices in 2014-2021 [6].

This is particularly important for the energy transformation of countries such as
Poland, whose energy mix is based on conventional sources powered mainly by solid fuels.
Poland is characterized by average values of insolation in Europe, which, depending on
the region, range from 900 to 1150 kWh/m? /year (in relation to a Typical Meteorological
Year) [7].

Technological advances in RES stimulates a decrease in capital expenditures. The
current technology installation of renewable energy sources is less expensive than systems
based on fossil fuels [8-10]. The largest decline in capital expenditures was recorded for
PV solutions, which amounted to 82% in 2010-2019 [10]. PV sources have the greatest
potential for replacing high-emission conventional sources. The diversity of insolation
indicates a higher potential for the development of photovoltaics in the southern part of the
country, where there are natural conditions conducive to achieving a higher productivity
and economic efficiency of PV installations. The annual insolation values (based on the Era
5 Land website) in individual voivodships are presented in Figure 2.
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Figure 2. Horizontal insolation in Poland (for horizontal surfaces) for years: 2010-2019 (numbers in
black) and 2018 (numbers in blue). Source: References [11,12].

However, despite the dynamic increase in the share of renewable energy sources in
electricity generation, they are subject to limitations related to the dependence of their
operating parameters on weather conditions (insolation, ambient temperature, wind speed,
cloudiness, etc.) [13-15]. These restrictions imply from the point of view of the operator
of the transmission network challenges of balancing demand and supply of energy from
renewable sources unstable. On the one hand, this means the need for the effective coop-
eration of renewable energy sources with energy storage technologies [16,17]. However,
their general availability and ability to solve the current problems of transmission network
operators is, as of now, limited due to the required capital expenditures. Technological
developments of energy storage solutions should gain progress. It seems to be crucial for
increasing their affordability. On the other hand, RES weather limitations create challenges
for network operators to maintain stable operating parameters of the transmission and
distribution networks [18,19]. The need to maintain stability and modernization of the
energy networks is particularly important due to the distributed nature of these sources. In
order to prevent the generation of disturbances in the grid, sources such as PV installations
should be balanced directly at the point of consumption of the energy they produce (house-
holds, housing cooperatives and enterprises) [20-23]. While the energy produced in the
micro-installation will be consumed on an ongoing basis, in the case of the construction of
PV installations with significant power, for the own needs of industrial recipients such as
a mining plant, this consistency becomes particularly important. In view of the adopted
climate obligations, hard coal mining in Poland will end before 2050, i.e., after the typical
lifetime of PV installations (approx. 25-30 years) [22]. However, even with a drastic tight-
ening of the climate policy, potential PV installations used for the needs of existing mining
plants can supply electricity to mine water drainage and treatment stations, reducing the
costs incurred after the mines’ closure [24].

This article analyzes four samples of electricity demand profiles of enterprises operat-
ing in the mining industry, located mainly in Upper Silesia. Using statistical methods, the
matching of potential RES production profiles to the electricity consumption profiles in the
analyzed case studies was examined.
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The research was carried out in the RStudio® (RStudio: Boston, MA, USA) environ-
ment on hourly data from 2018 on electricity consumption (Figures 3 and 4), electricity
prices on the Day-Ahead Market in the Polish Power Exchange (Figure 5) and insolation
(Figure 6).
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Figure 3. Annual course of hourly electricity consumption for the analyzed case study: (a) M1,
(b) M2, (¢) M3 and (d) M4. Source: own study.
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Figure 4. Ordered values of hourly energy consumption for the analyzed case study: (a) M1, (b) M2, (c) M3 and (d) M4.

Source: own study.
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Figure 5. (a) The annual pattern of electricity prices on the Day-Ahead Market in the Polish Power Exchange in analyzed

period. (b) Ordered data of electricity prices on the Day-Ahead Market in the Polish Power Exchange in the analyzed period.

Source: own study.
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Figure 6. Horizontal insolation for the location of the case study: (a) M1, M2, M3 and (b) M4. Source:
own study.

2. Research Objects, Data Sources and Scope of Work

The aim of the article is to present the course of electricity consumption in industrial
enterprises operating in the mining industry and to compare their electricity consumption
profile with potential own PV sources in the context of their interaction and impact on the
stability of the National Power System.

The research presented in this article has been focused on whether the connection of
any PV capacity on the demand side in location of industrial customer will lead to a slight
stabilization of the demand for electricity from the national power grid. A stable demand
profile in conditions similar to the Polish ones in the energy sector based on conventional
sources is preferred due to the limited scale of using balancing capacities. It is therefore
desirable to achieve a flattened resultant profile of the electricity demand of a mining plant
equipped with its own PV sources.

The data on electricity consumption was compared with the insolation conditions for
the considered locations, assuming this variable as the only productivity driver of potential
PV sources that would be used to cover own energy needs. The analyzed electricity
consumption profiles were taken as representative for enterprises in the mining sector.

The source data was a set of measurement data with hourly resolution for 2018,
concerning:

electricity consumption in four analyzed enterprises: M1, M2, M3 and M4;
horizontal insolation in places considered objects of research based on data ERA5-
Land;

e electricity prices on the Day-Ahead Market on the Polish Power Exchange.

The enterprises constituting the case studies of this article were four hard coal mines
located mainly in the area of Upper Silesia. Hourly data on electricity consumption was
provided by the power departments of the mines. It is worth clarifying that the hourly
resolution of the measurement data means that the given values of electricity consumption
expressed in MWh are, in fact, the sums of the volumes consumed within 60 min. However,
this consumption may well be the sum of the approximately constant minute values, as
well as the result of the high consumption achieved in 20 min in the analyzed hour and a
certain background level in the remaining 40 min (e.g., during a shift of working teams).
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The annual pattern of the above-mentioned variables is shown in Figures 3-6. In
addition, Figure 7 shows the profiles of electricity consumption in the first week of February
and August.
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Figure 7. The course of electricity consumption in the selected week of February and August for the
analyzed case of the research object: (a) M1, (b) M2, (c) M3 and (d) M4. (blue solid line—February;
red dashed line—August). Source: own study.

The analysis of Figure 3 indicates the existence of certain differences in the course of
variation of hourly electricity consumption. These differences result, among others, from
the specific conditions of production process carried out in individual mines.

Vertical, repetitive, relatively narrow areas with lower values of the observed variable
occur in the periods of overlapping of production shifts (1 to 2 h). The wider vertical stripes,
especially visible in the M2 mine between 7 and 11 a.m. and in the M4 mine between 3 and
6 a.m., represent a production-maintenance shift.

Blue horizontal stripes represent low electricity consumption on nonworking days.
Characteristic of mines, M3 and M4 conduct mining on Saturdays and some holidays,
which is reflected in maintaining the stability of larger electricity consumption on a weekly
basis. The 1-h horizontal displacement visible in the M4 mine occurs due to lack of
synchronization of the measuring system with the seasonal shift of local time in order to
adjust to the zone time, which took place on 25 March and 28 October in 2018.

3. Research Methodology
3.1. The Choice of Research Method

The aim of the research was to determine the impact of the electricity consumption
profile in mining plants on their cooperation with potential photovoltaic sources. For this
reason, the research methods were sought among the statistical correlation tests.

Choosing the right statistical test and checking the fulfillment of its assumptions
is extremely important from the point of view of the credibility and correctness of the
interpretation of the results. The tests of the normality of the distribution are specific tests
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examining the compliance of the empirical distribution with the normal distribution—most
often used in statistics, because many features have a distribution similar to it [25]. The
assumption of normality is often required in the case of parametric statistical tests. On the
other hand, nonparametric tests are free from such assumptions [26].

Existing algorithms provide for the testing of relatively small sample sizes. The most
recommended for general applications is a parametric test of normality, Shapiro-Wilk.
However, it may give erroneous results for samples larger than 2000 observations. Sources
say that the most commonly used tests, i.e., Kolomogorov-Smirnov, gives reliable results
for samples up to 100 observations, and Shapiro-Wilk in the algorithm implemented in the
nortest library in R has been provided for the analysis of sample sizes from 3 to 5000 ob-
servations [27]. On the other hand, the random extraction of smaller samples from the
sample of 8760 observations analyzed in this article for the purpose of applying the existing
normality tests under the conditions of their applicability would be a bizarre practice.

Adoption of the null hypothesis of normal distribution should always be confirmed
by a graphical representation of data [26]. Therefore, at the beginning of the study, the
normality of the distributions of the analyzed variables was assessed, as it is one of the key
assumptions necessary to select the test from among the parametric and nonparametric
correlation tests. Due to the discussion taking place between researchers in the literature
on the subject over the superiority of one test of the normality of distribution over the
other and the optimal conditions for the application of individual tests, the nature of the
distribution of variables was not determined by using compliance tests.

Adoption of the null hypothesis of normal distribution should always be confirmed
by a graphical representation of the data [26]. Therefore, at the beginning of the study, the
normality of the distributions of the analyzed variables was assessed, as it is one of the key
assumptions necessary to select the test from among the parametric and nonparametric
correlation tests. Due to the discussion taking place between researchers in the literature
on the subject over the superiority of one tests of the normality of distribution over the
other and the optimal conditions for the application of individual tests, the nature of the
distribution of the variables was not determined by means of compliance tests. On the
basis of the central limit theorem, there is also a situation where, even with a large sample
size and the lack of normality of the variable in the population, the mean of the samples
is subject to normal distribution. On the basis of the above theorem, one could therefore
assume normal distribution as the correct one and apply the most popular parametric test
of Pearson’s linear correlation. The value of the Pearson’s correlation score as a measure of
the linear relationship between two variables, however, may be underestimated when there
is a relationship between the variables, but the relationship is not linear. It may or may
not give erroneous values and also lead to misinterpretation of the results in the case of
noncompliance with assumptions of the distribution normality. It is also very susceptible
to outliers.

After the initial identification of the lack of a linear relationship between the analyzed
variables, it was expected to achieve higher values in the Spearman’s Rho test as a better
measure of the degree of correlation of the variables, being the subject of this article. The
use of nonparametric methods independent of the distribution of analyzed variables is
also more convenient from the point of view of meeting the applicability conditions of
the parametric statistical procedures. Spearman rho coefficient can be treated similarly
to Pearson’s linear correlation coefficient, i.e., in terms of the percentage of explained
variations. The main difference is that the Spearman rho statistic value is calculated based
on ranks.

In light of the foregoing considerations, due to large sample size used for the needs of
the present study, correlations between the variables using the most intuitive parametric
Pearson r correlation test and its nonparametric equivalent, Spearman rho, were carried
out [28].

As part of the study, the normality of the distribution of the studied variables was
assessed using:



Energies 2021, 14, 5775

9 of 20

e agraphical representation of the distribution of statistical data by:

O histograms in the form of a combined plot with a normal distribution probabil-
ity density plot;
O whisker frame plots for visualizing the scattering of variables.

e a standard set of descriptive statistics within the summary function, additionally
extended by the coefficients of skewness and kurtosis of the distribution using the
1071 library, as well as the variance and standard deviation.

3.2. The Course of the Research Process

In the next stage of the research process, the visualization and multidimensional
analysis of the electric energy consumption profiles in the examined objects were conducted.
First, the general characteristics of the electricity consumption per year were determined.
In a further step, we designated courses in descending order to visualize the frequency of
the particular values of the hourly electricity demand. Then, due to the significant share of
air-conditioning devices in electricity consumption, profiles for the example weeks in the
summer and winter months were determined.

Correlation matrices, as the end product of research, were developed in two contexts,
ie.

e environmental efficiency of the use of their own PV sources to cover the demand
for electricity due to the reduction of the emission intensity of the domestic power
industry based mainly on fossil fuels;

e economic efficiency of the potentially used PV installation and its significance for the
independence of the cost of operations from electricity price increases. In the condition
of the national energy mix, due to the volatility of the prices of CO, emission rights,
which is difficult to predict, it is of particular importance from the point of view of an
industrial customer.

The result of the first area of research is the correlation matrices comparing the electric-
ity consumption profiles of the research objects with the electricity production profiles of
the potential PV sources. The PV productivity was defined, in a simplified manner, solely
on the basis of the historical insolation conditions for the considered locations. The result
of the second part of the research was the correlation matrices weighted by the price of
electricity on the Day-Ahead Market, taking into account the critical peak hours for the
entire day in relation to the differences in the values of the electricity volumes consumed
during the day. The occurrence of hours with the highest electricity prices was observed in
the conditions of the Polish power grids in a particular way between 9 a.m. and 5 p.m. in
the summer months (Figure 5).

The correlation matrices were organized in such a way as to investigate how the
electricity generation profiles of a potential RES source fit into the electricity consumption
profiles of individual research objects to cover their own energy needs. This approach was
also chosen for its utility in a wide range of potentially installed PV capacities. With the
low power of the installation, self-consumption of the produced energy will almost always
occur [24], while, with the rescaling of the installation, the degree of self-consumption of
electricity decreases and, at the same time, the self-sufficiency increases [29,30]. Regardless
of the power of installation, the degree of correlation of the profile, while maintaining the
conditions for which they were drawn, remains approximately constant.

4. Results
4.1. Descriptive Statistics of the Analyzed Variables

The results of the summarizing function summary give an overview of the nature of
empirical distribution of the analyzed variables. Table 1 presents descriptive statistics, as
well as the measures of dispersion and shape of distribution, of the electricity consumption
variables in four analyzed cases of underground mines, solar radiation conditions in the
considered locations and electricity prices in the analyzed period, i.e., 2018.
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Table 1. Descriptive statistics of the analyzed variables for 4 analyzed research objects and insolation in their locations and

electricity prices in 2018.

Hourly Electricity Consumption in the Case

Horizontal Insolation

Study
in Location of in Location of Electricity Price
M1 M2 M3 M4 Cases: M1, M2, M3 Case M4

Unit MWh MWh MWh MWh kWh/m?/year kWh/m?/year EUR
Min. 7.24 11.34 5.06 9.32 0 0 15.56
1st Qu. 10.69 16.6 9.48 32.54 0 0 28.36
Median 13.54 19.37 11.14 42.39 4.81 4.88 32.68
Mean 13.3 18.78 11.14 38.85 115.89 110.66 35.6
3rd Qu. 15.58 20.98 12.83 46.77 179.47 172.26 40.14
Max. 21.07 25.22 16.9 54.74 733.58 725.7 255.38

Skewness  —0.01 —0.44 —0.02 —0.89 1.54 1.56 5.59
Kurtosis 1.98 2.27 2.31 2.64 4.27 4.36 54.13
Variance 8.23 8.37 4.97 104.6 31,276.29 28,622.04 230.39
SD 2.87 2.89 2.23 10.23 176.85 169.18 15.18

Source: own study.

In research objects M1, M2 and M4, the average value of the hourly electricity con-
sumption was lower than the median, and therefore, more observations were on the right
side of average value, which indicated a left asymmetry of the empirical distribution. The
concentration of the empirical distribution (kurtosis) was below 3, which means that they
were platocurtic distributions, and the values of the variable were less concentrated than
with the normal distribution.

In the case of M3, the mean and median values were equal, which, in the context of
skewness, means the convergence of the empirical distribution with the normal distribution.
This was confirmed by the values of the distribution dispersion measures. The skewness
value was close to zero. However, the value of the kurtosis coefficient was below 3,
which means that values of the variable were less concentrated than in the case of the
normal distribution, and it was not exactly a mesokurtic distribution but only close to a
normal distribution.

In the case of insolation conditions in the locations of the analyzed case studies,
the distribution of the variables, due to numerous occurrences of zero and close-to-zero
values, showed a strong left asymmetry. They were also leptokurtic distributions, as the
value of the kurtosis coefficient was over 4 [31]. Additionally, literature sources indicated
that the empirical distribution of horizontal insolation did not show similarity to the
normal distribution and was best approximated by the beta distribution [32-36]. The
sources also indicated that, for some seasons and latitudes, the empirical distribution may
be approximate to the Weibull distribution [33,36-38] commonly used for wind speed
analyses, as well as the log-normal [33] or gamma distribution [33,35].

The distribution of electricity prices showed a positive skewness, which was confirmed
by the positive value of the skewness coefficient. Moreover, it was a strongly leptokurtic
distribution, as the value of the kurtosis coefficient was over 54. The values were strongly
concentrated around the measures of central tendency.

4.2. Graphical Representation of the Distributions of the Analyzed Variables

An important element of the descriptive analysis of data is the shape of its distribution,
providing information about the frequency of occurrence of the variable’s value in various
areas of its variability [27]. For a complete description of the variable, it is necessary
to analyze the statistical plots—in particular, the histogram and the whisker box plot
(Figures 8-14) [39].
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Figure 14. The graphical representation of the distribution of the hourly electricity prices on the
Day-Ahead Market in the Polish Power Exchange in 2018. Source: own study in RStudio environment
based on Polish Power Exchange data.

4.3. The Results of the Study of the Correlation between the Analyzed Variables
Correlation Analysis in the Context of the Environmental Efficiency

The values of the correlation coefficient between the hourly values of the volume of
electricity consumption and insolation per year for the M2 and M3 cases were close to zero
(no correlation). For cases M1 and M4, the Spearman rho correlation coefficients indicate
the existence of only a weak nonlinear relationship between the variables (Figure 15 and
Table 2). Interestingly, in the case of M1, the correlation was negative, which may indicate a
provision of the DSR stabilization services by this enterprise and/or using cheaper, off-peak
electricity to conduct production processes, the delay of which is technologically possible.
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Figure 15. Correlation between the hourly values of horizontal insolation and electricity consumption
for the analyzed case of the research objects: (a) M1, (b) M2, (c) M3 and (d) M4. Source: own study in
the RStudio environment.
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Table 2. Values of the correlation coefficient between the hourly volumes of electricity consumption
and horizontal insolation per year (8760 h) in 4 analyzed cases of mines.

M1 M2 M3 M4
r-Pearson —0.28 —0.05 —0.06 0.16
rho-Spearman —0.29 —0.08 —0.08 0.21

Source: own study.

In the case of M4, however, the presence of a positive, relatively weak monotonic
nonlinear relationship was visible, which was also reflected in the value of the Spearman’s
rho coefficient being slightly higher compared to the Pearson r coefficient. This relationship
was underestimated by the set of outliers located in the lower part of the graph. Their
occurrence was associated with the adopted system of organization of the work—the lack
of a standard occupancy on Sundays and public holidays from work. A typical week is
also shown in Figure 7. This enterprise was also characterized by the consumption of
significant amounts of electricity during periods of peak demand in the national grid, i.e.,
at prices much higher than the average. This was confirmed by the concentrations of the
observations (high energy consumption with high energy prices) in the upper part of the
point cloud in Figure 16.
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Figure 16. Correlation between the hourly electricity prices and electricity consumption for the
analyzed case of the research objects: (a) M1, (b) M2, (c) M3 and (d) M4. Source: own study in the
RStudio environment.

The correlation analysis carried out for individual months (Tables 3 and 4) showed that,
for the M1 case, the highest (absolute) values of the correlation coefficient were recorded in
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the summer months (July and August), i.e., in the period of the highest electricity prices in
the national grid based mainly on power plants powered by solid fuels.

Table 3. Values of the Pearson r linear correlation coefficient between the values of electricity
consumption and horizontal insolation in individual months in 4 analyzed cases of mines.

M1 M2 M3 M4

January -0.12 -0.11 0.03 0.13
February —0.09 0.04 —0.08 0.2
March —0.20 —0.09 —0.14 0.13
April -0.27 —-0.07 0 0.21
May —0.28 —0.14 —0.06 0.08
June —0.18 0.01 —0.03 0.17
July -0.31 —0.12 -0.11 0.16
August —0.35 0 —0.05 0.25
September —0.27 —0.08 —0.04 0.13
October -0.28 —0.01 0.02 0.24
November —-0.2 0.02 0.01 0.12
December —0.07 —0.07 0.07 0.25

Source: own study.

Table 4. Values of the Spearman rho correlation coefficient between the values of electricity consump-
tion and horizontal insolation in individual months in 4 analyzed cases of mines.

M1 M2 M3 M4

January —0.24 -0.13 —0.02 0.13
February —0.16 0.05 —0.12 0.21
March —0.22 —0.09 —0.14 0.17
April —0.31 —0.03 —0.05 0.22
May —0.29 —0.13 —0.09 0.14
June —0.18 —0.02 —0.06 0.18
July —0.32 —0.13 —0.13 0.18
August —0.35 0 —0.06 0.28
September —0.28 —0.15 —0.11 0.13
October —0.32 —0.13 —0.05 0.25
November —0.25 —0.08 —0.03 0.13
December -0.13 —0.12 0.05 0.27

Source: own study.

The highest value of the Spearman’s rho coefficients achieved in the case of M4 in
August was related to the high consumption of electricity by air-conditioning devices, due
to the great depth of mining exploitation.

A graphical analysis of the data distribution indicated the existence of, at most, a very
weak, monotonic nonlinear relationship between the variables. In the case of the analysis
of the relationship between the price of electricity and its consumption in individual mines
(Figure 16), a very weak nonlinear correlation was visible only in the case of M4. The
accumulation of points in the right part of the chart (consumption of 40-50 MWh/h at
prices above EUR 50/MWh) indicated the consumption of significant volumes of relatively
expensive energy. Additionally, reanalyzing Figure 4a, it can be seen that this situation
occurs mainly in the summer period, when the potential PV source would work with
high productivity.

4.4. Correlation Study in the Context of Economic Efficiency

The analysis carried out in the second context, i.e., the economic efficiency of using a
potential PV source in the analyzed enterprises in order to cover their own energy needs,
showed the existence of stronger correlations between the examined variables than in the
first approach. These impacts present greater linearity, which is confirmed by both the
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graphical representation and higher achieved values of the Pearson r correlation coefficient
than of the Spearman rho correlation (Figure 17 and Table 5). On a monthly basis (Tables 6
and 7), in some cases, the correlation coefficients reach values above 0.4, which allowed us
to define the strength of the correlation as moderate.
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Figure 17. Correlation between the hourly values of horizontal insolation and the value of the volume
of electricity consumed for the analyzed case of the research objects: (a) M1, (b) M2, (c) M3 and
(d) M4. Source: own study in the RStudio environment.

Table 5. Values of the correlation coefficients between the hourly values of the volumes of electricity
consumed and the horizontal insolation per year (8760 h) in 4 analyzed cases of mines.

M1 M2 M3 M4
Pearson r 0.06 0.28 0.24 0.30
Spearman rho 0.09 0.25 0.23 0.27

Source: own study.

On an annual basis, only in the case of M1, there was no correlation between the value
of the volume of electricity consumed in each hour and the value of horizontal insolation.
A weak correlation was found in the cases of M2, M3 and M4. It is worth noting that, in the
cases of M2 and M3, a weak positive correlation was noted between the value of electricity
volumes consumed and insolation, despite the lack of correlation both between the energy
consumption and the price of energy, as well as the energy consumption and insolation
studied in the first context. The highest values of the correlation coefficients were recorded
in the summer months (June and August) and in February. Except in one case (November,
case study M1), the correlation coefficients reached only positive values.
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Table 6. Values of the Pearson r correlation coefficient between the value of the volume of electricity
consumed and horizontal insolation in the individual months in 4 analyzed cases of mines.

M1 M2 M3 M4

January 0.11 0.17 0.22 0.26
February 0.31 0.43 0.34 0.44
March 0.16 0.22 0.19 0.36
April 0.04 0.29 0.26 0.31
May 0.30 0.42 0.40 0.33
June 0.35 0.48 0.40 0.37
July 0.05 0.24 0.18 0.29
August 0.14 0.43 0.35 0.42
September 0.01 0.29 0.24 0.28
October 0.01 0.37 0.27 0.35
November —0.04 0.17 0.10 0.16
December 0.06 0.18 0.19 0.30

Source: own study.

Table 7. Values of the Spearman’s rho correlation coefficient between the value of the volume of
electricity consumed and horizontal insolation in the individual months in 4 analyzed cases of mines.

M1 M2 M3 M4

January 0.15 0.24 0.31 0.31
February 0.30 0.44 0.33 0.42
March 0.23 0.30 0.25 0.34
April 0.04 0.25 0.23 0.29
May 0.24 0.33 0.32 0.25
June 0.30 041 0.35 0.33
July 0.03 0.16 0.15 0.26
August 0.10 0.32 0.28 0.34
September 0.04 0.21 0.20 0.24
October 0.04 0.30 0.23 0.32
November 0.08 0.26 0.19 0.22
December 0.10 0.17 0.19 0.29

Source: own study.

It is worth mentioning that the results of the correlation analysis carried out in the
second approach should be approached with wariness due to the volatility and the low
probability of a repeat of the price conditions from the analyzed year. On the other hand,
insolation conditions may, to a large extent, repeat in the following years, i.e., during the
operation of a potential PV installation.

However, the volatility of market prices of electricity probably means no possibility
of repeating such correlations in the coming years. With regards to the adopted climate
policy, a further increase in electricity prices in Polish conditions seems to be inevitable, as
evidenced by the prices in mid-2021 [40]. However, the scale of further increases [41,42]
and the daily price fluctuation remain unknown. The dynamics of further increases in PV
power (oversupply and decline in PV electricity prices on sunny days) and the development
of energy storage technologies will also be significant. Nevertheless, from the point of
view of an industrial entrepreneur, an increasing independence from risk and the market
environment is a strategic issue.

Additional justification for the interest in using PV sources for their own needs by
industrial enterprises may also result from analyzes carried out by other researchers.
Malvoni et al. [43] performed a statistical analysis of electricity consumption in an Italian
company in terms of the use of photovoltaics. The share of PV energy was determined at
22%. Ossowska and Janiszewska [44] conducted an analysis of energy consumption in the
European Union, taking into account renewable energy. They showed the need to increase
the production of energy from RES in order to reduce consumption (especially fossil fuels),
as well as for climate and environmental purposes. Malec et al. [45] conducted an analysis
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of the changes in energy consumption in various industries in Poland. There were also
differences in the amount of energy consumed depending on social conditions (e.g., SARS-
CoV-2). Canales et al. [15] conducted an analysis of the increase in the availability of
renewable energy over the years, which is a promising premise given the growing energy
prices and the growing energy consumption in mining enterprises.

It should be noted that the future of mining companies is uncertain (especially in
the area of hard coal), but PV installation may remain at the installation site and produce
energy, as it has a good quality power connection. This is due to the increase in electricity
consumption and environmental awareness of society, as well as the observed slight
increase in access to solar energy (e.g., due to the reduction of dust in mining regions).

5. Conclusions

This article analyzed the data on electricity consumption from four cases of enterprises
operating in the mining sector. It showed that there was no or weak correlation between
electricity consumption and insolation.

In the analyzed period, the highest value of the correlation coefficient between elec-
tricity consumption and insolation was achieved for the M4 case, for which the positive
Spearman rho correlation was 0.21. On the other hand, the highest value of the negative
Spearman rho correlation at the level of —0.29 was achieved for the M1 case, with the
maximum value on a monthly basis in August at —0.35.

In the case of the analysis of the correlation between the monetary value of electricity
consumed and insolation, i.e., the volume of consumption weighted with the price of
energy, the existence of slightly stronger and more linear relationships was identified. In
monthly terms, the highest correlation value at the level of 0.48 was achieved for the M2
case in June and 0.43 in August and February. On an annual basis, the Pearson r correlation
value for this case study was 0.28. The highest value of the Pearson r correlation in annual
terms at the level of 0.30 was recorded for the case of M4 and one of the highest monthly
indicators, 0.42, in August.

Both cases had the highest potential use of photovoltaic installation, even without
energy storage. This conclusion could be formulated due to the impact of the use of
air-conditioning devices and their share in the demand for electricity in the period of the
highest productivity of PV sources during the year. At the same time, in the conditions
of the Polish energy sector, it is the period of the highest electricity prices. There is a
hypothetical possibility that, in the longer term, the price trend will change due to price
pressure resulting from a large increase in the installed capacity in PV sources.

The use of photovoltaics for their own needs is particularly justified in the case of the
M4 mine case study. Currently, due to the adopted production shift scheme, a significant
increase in demand from 7 to 11 a.m. was noticeable. For this reason, the M4 mine
contributed to the generation of the morning peak in the national power grid. The use
of its own PV installation with a partially east orientation had a stabilizing impact on the
operation parameters of the power grid (flattening the resultant electricity demand profile
of the mine).

The case of M1 exhibited the highest volumes of consumption of electricity during the
off-peak demand in the national grid. Therefore, there is a potential for introducing organi-
zational and technological changes in this enterprise in order to increase the adjustment of
its demand profile to the profile of electricity production from photovoltaics.

On the other hand, in the cases of M2 and M4 shown above, there was a potential way
to reorganize the work in order to increase the degree of self-consumption of electricity
from the PV source. The reorganization of the production process could include the
postponement of some subprocesses, the delay of which is technologically possible (water
pumping, vertical transport and mechanical processing of minerals), to the period of high
PV productivity. Thus, it could lead to an even better fit of their energy consumption
profiles to the generation profile of the PV source.
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