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Abstract: Zero-emission transport is a very important topic that is increasingly taken up by many
institutions and research centers around the world. However, the zero-emissivity of the vehicle is
quite a complex issue, which should be understood as not only the lack of emissions during the
operation of the vehicle, but also the provision of clean energy to the vehicle. In this approach,
charging the battery of an electric vehicle from renewable sources—a photovoltaic (PV) farm—and
its operation can be considered as a totally zero-emission form of transport. The article presents
a PV system containing two micro-installations with a capacity of up to 40 kWp each to supply
electricity to two parts of the Lublin Science and Technology Park (LSTP) building. Thanks to the
innovative monitoring system, it was possible to analyze the consumption and production as well
as the effective use of electricity. Statistical analyses of consumption (charging the electric vehicle
battery) and electricity production by the PV installation were carried out. It was found that charging
an electric vehicle could be a good way to use the surplus energy production from the farm and thus
a faster repayment on investment in the PV farm installation.

Keywords: electricity production; charging the electric vehicle; carport; photovoltaic system; energy
management; zero-emission transport

1. Introduction and Literature Review

The automotive industry is currently experiencing enormous changes caused by vari-
ous factors, which are dominated by economic, technical, energy, and social factors. Among
the latest factors, the most significant ones are consumer changes and the epidemic threat
caused by the SARS-CoV-2 virus. The global influence of the virus disrupted the current
order in many areas of human life, affecting economic systems and many of its sectors,
including the transport sector and air pollution [1,2]. Disrupted logistics chains have be-
come the basis for the problems of the entire automotive industry related to production
downtime and shortages of selected vehicle components. Despite these recent problems,
the automotive industry has experienced tremendous development in the last two decades.
It is visible, inter alia, in the improvement of the design of internal combustion engines
(ICE) [3-8], the existing power supply systems for spark ignition engines [9-12] and diesel
engines [13-17], the production and development of alternative fuels [18-22], and the
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development of innovative vehicle drives such as hybrid systems [23-26] or battery electric
vehicles (BEV) [27-29]. Moreover, very advanced works are underway on the method of
changing driving, i.e., development works on fully autonomous vehicles [30-34].

In the case of passenger cars powered by an ICE, there is a clear departure from
diesel engines in favor of small, supercharged spark-ignition engines. According to the
report from 2021 [35] of the European Automobile Manufacturers Association, the share
of passenger cars with diesel engines dropped to 42.3% in 2019. On the other hand, there
is also a constant interest in researching alternative fuels to power internal combustion
engines [36—41]. Among the research on fuels, the large share of gaseous fuels should
be emphasized, from LPG popular in many countries [42—44], to natural gas [45-47],
CNG [48-50], LNG [51-54], or others [55-59]. PEM fuel cells are another widely studied
alternative energy storage solution [60,61]. Over the last decade, a significant increase
in the interest of manufacturers in hybrid drive systems has been noticed. This is also
reflected in a large amount of research work in this area, such as [23,62]. Equally great
interest is visible in the case of BEV, which proves the ongoing revolution in transport for
electro mobility. More and more countries are interested in electro mobility, which can be
seen in government strategies for transport in cities and incentives to purchase electric
vehicles (EV) for companies, fleets, and individual drivers. Therefore, public transport
vehicle managers buy electric and hybrid vehicles. Hybrid systems minimize the use of
ICE and limit their negative impact on the environment, integrating them with electric
motors [63]. The issue of the operation of electric vehicles is now a very important topic
raised by many researchers [64—68]; they concern road tests [28,69,70], issues of charging the
batteries of these vehicles [64,71-73], and the disposal of lithium-ion batteries from electric
vehicles [74]. Changing the powertrain of vehicles causes big changes also for the energy
sector, which was noted in the following scientific publications [75,76]. The development
of electric drives is also important for the development of self-propelled vehicles that are
fully autonomous. This type of vehicle, however, constitutes a separate, quite extensive
part of the transport sector and multi-faceted scientific research in this area [30-32,77,78].

The energy intensity of transport is a topical topic all over the world [79]. Highlighting
technologies that ensure a clean environment is very much required for modern cities,
where the significant development of transport causes an increase in pollution and other
serious environmental problems [24]. Global warming and air pollution are largely caused
by the emission of pollutants and greenhouse gases [80]. They are emitted from many
anthropological sources, primarily industrial and transport activities [81,82]. The objective
adopted by the European Union to reduce greenhouse gas emissions by 55% by 2030
and achieve full climate neutrality by 2050 means that the market for alternative energy
sources must be developed dynamically [83]. For these reasons, solutions are sought to
combine low-emission or zero-emission energy sources with means of transport. Electric
cars, charged with electricity generated by photovoltaic systems, are becoming completely
zero-emission vehicles.

Photovoltaic systems could be also categorized depending on the amount of electricity
generated. In this regard, Polish law distinguishes micro-installations with a capacity
of up to 40 kWp [84]. Micro-installations are sufficient to cover the energy demand of
individual households or smaller buildings of public institutions. The surplus of generated
energy from such installations is transferred to the power grid based on a prosumer
agreement. The degree of use of the produced electricity for one’s own needs depends
on the size of the PV installation and the individual demand of a given building for this
energy [85]. An alternative to powering the power grid from the excess of produced
electricity is the accumulation of this energy in stationary or traction batteries used to
power vehicles. Unfortunately, the storage of electricity in stationary batteries has some
specific technical limitations.

Scientists from universities and research and development centers of large global
corporations are concentrating their resources in various research areas. One of them is
the efficient design of photovoltaic plants [86]. It includes the theoretical and experimental
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study of photovoltaic systems assembly in various environmental conditions [87]. During
the design of individual components of the photovoltaic system, as well as the design of the
installation itself, environmental aspects related to their potential for subsequent recycling
should be considered [88].

Thanks to the progress in the field of energy inverters and developments in materials
engineering, it is possible to improve PV systems based on the latest engineering materials.
Currently, the most commonly used materials for the construction of PV panels are compos-
ite materials presented, e.g., in [89], metal nanofibers [90], polymeric materials for photon
management [91], and the increasingly popular perovskites [92]. Modern engineering
materials make it possible to increase the efficiency of PV systems, reduce their price,
and increase resistance to unfavorable weather conditions [93]. In the works [93-95], the
authors pointed out that impacts caused by unfavorable weather conditions, such as hail,
may damage the PV panels, which in turn reduces the efficiency of the entire PV system.
For these reasons, it is so relevant to study and understand the operating conditions of the
system in order to effectively counteract the existing problems.

Scientists are still working on mathematical methods for assessing the electrical char-
acteristics of photovoltaic panels [79]. Effective control of a photovoltaic installation in
terms of production and consumption of generated electricity requires precise measure-
ments. Measurements of these parameters are relevant from the viewpoint of managing
the generated electricity and its use to charge batteries [96]. The values of the measured
parameters are processed, and the obtained results are used to optimize the operation of the
entire system. Of course, the developed control algorithms should be thoroughly checked
and tested in real conditions [97]. Modern photovoltaic inverters and energy management
systems are more and more advanced; they can have innovative functions related to, for
example, detecting the amount of dirt on the panels and generating messages about the
need to clean them [98]. The same is true for short-circuits in the installation, which are
automatically detected and precisely located [99]. Thanks to the more and more frequently
used individual optimizers, it is possible to monitor the operating parameters of each
panel [100,101]. With the help of intelligent measuring systems, the exact values of the
electricity generated in the PV system are obtained and it is possible to monitor the energy
consumption of the building or other energy-receiving facility.

The production of electricity by photovoltaic systems is characterized by a high
variability of the produced energy depending on weather conditions. Additionally, the
amount of electricity consumed by the building is highly variable in different periods
(e.g., working days vs. weekend days or summer vs. winter). Both the amount of energy
produced by the PV system and used by the building ought to be constantly monitored.
Performing an accurate energy balance can be used in energy management for optimal use.

The aim of the research is to use an innovative system for measuring the parameters
of a photovoltaic micro-installation (energy produced by PV and consumed energy) to
manage the flow of electricity in the system including: PV installation, Lublin Science and
Technology Park (LSTP) building, and carport. On the other hand, the purpose of managing
the electricity produced by a PV micro-installation is to use it to the maximum for its own
needs, which will allow for the fastest repayment on investment in the construction of
a PV installation in the tested facility. Due to the unfavorable changes in the Polish law
concerning electricity prosumers, which come into force on 1 April 2022, it is important
to use the produced energy from PV installations for one’s own needs even more. This
study presents the possibilities of using PV installations in the LSTP building. The work
of the installation with energy production supplied to the power grid, as well as the use
of the generated energy for the building’s own needs and charging BEV with the use of a
carport charger was analyzed. The results of the analysis are valuable for the development
of regional installations of this type in public buildings. Moreover, it may constitute
“good practice” for buildings with similar energy demand of facilities around the world.
Additionally, it may enhance the development of electro mobility in the near future by
using RES to charge vehicle batteries.
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The article presents the energy infrastructure located in the LSTP and it is described
in detail in Section 2. Section 3 presents the results of the research throughout the year
(12 full months) and their analysis. Particularly in Section 3.1, the emphasis is placed
on measuring the energy produced by two photovoltaic micro-installations with a ca-
pacity of 40 kWp each. The production of electricity by photovoltaic systems and the
demand for electricity in selected months and selected days of the week are analyzed.
That expert knowledge can be used in the future in algorithms that manage energy in a
building. Section 3.2 depicts a statistical analysis of the energy produced by different PV
systems. Section 4 contains the final conclusions resulting from the conducted tests and
analysis performed.

2. Materials and Methods

The research used a terrestrial photovoltaic installation located in front of the building
of the LSTP. For the construction of this, the LSTP system received funding from the Lublin
Agency for Enterprise Support. This installation consists of 2 micro-installations with a
peak power of up to 40 kWp each, using polycrystalline PV panels, and was commissioned
at the end of 2018. The system described above is shown in Figure 1.

Figure 1. Photovoltaic micro-installation at the LSTP [102].

Both micro-installations have been connected to two zones of the building and supply
different types of electrical devices in the building. The first micro-installation supplies
Sector 4 of the building, where most of the electricity is consumed to supply the server
room. The second micro-installation is responsible for powering Sector 5, where most of
the electricity is consumed by room lighting and air conditioning, as well as the office
equipment and low-energy laboratory and research equipment.

At the LSTD, the infrastructure for producing energy from renewable sources has been
constantly expanded since 2015. The first investment of this type was the photovoltaic
carport with a capacity of 3 kWp, built in May 2016. It was built to charge a Renault Twizy
electric vehicle with PV energy. When the electric vehicle was not charged with energy
from the carport, it transferred the generated energy to Sector 4 of the LSTP. The presented
carport was used not only to present innovative technologies to employees and guests at
the LSTP, but it was also used for scientific research. Positive experiences related to the
use of the carport to charge an electric vehicle and supply energy to the LSTP building
prompted the authorities to make further investments in renewable energy sources. At the
end of 2018, a photovoltaic farm with a total power of 80 kWp was commissioned. The
photovoltaic farm was divided into two separate micro-installations with a capacity of up
to 40 kWp, supplying two LSTP sectors which resulted from the law in force in Poland at
that time. Since the launch of the photovoltaic farm, the amount of energy produced has
been constantly monitored by the monitoring system. The acquired measurement data has
been stored in the cloud and processed for economic and scientific purposes.
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Figure 2 shows the overall diagram of the electrical connections of the PV system to
the LSTP building.
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Figure 2. The general diagram of the PV system electrical connections to the LSTP building.

The analysis of data from the operation of a PV farm covers the period from 1 May 2019
to 30 April 2020. The statistical analysis of the collected data was performed with the use
of the Statistica 13.3 software. An analysis of the correlation of individual variables (energy
fed into the grid, energy taken from the grid, and energy produced from the photovoltaic
panels and energy produced by the carport) was performed.

3. Results and Discussion
3.1. Energy Generated by PV

Currently, most of the photovoltaic inverters are equipped with the function of mea-
suring the instantaneous power and the amount of generated energy. The measured
parameters can be sent via wire or wirelessly to the server of the inverter manufacturer. In
order to gain access to the data stored on the server, an account [103] must be created and
configured. The amount of data obtained depends on the type of inverter. This can be a
regular measurement of the system power (in kW) or single strings, as well as individual
panels, and the quantity of electricity produced (in kWh), which ordinarily takes place in a
time interval of 15 or 20 min. The inverter manufacturer stipulates in the inverter manual
that the displayed values may differ from the actual values of the measured parameters
and cannot be used for billing purposes with the transmission company. The parameters
recorded by the inverter are required for the operational control and control of the cur-
rent to be fed into the power grid. It should be added that the inverter does not have a
calibrated meter.
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An example of continuous power generated by two micro-installations of 2 x 40 kWp
is shown in Figure 3. Observing this graph, you can see a very smooth growth in the
generated power depending on the height of the sun above the horizon. The presented
data relate to a completely cloudless day (11 April 2020), which means that there are no
large fluctuations in the power generated by the PV system. The maximum power of
70,701 kW was obtained then, which is 88.37% of the peak power of the system with a
power of 80 kWp, measured in appropriately defined conditions.

@ Solar Production
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Figure 3. Total power generated by two micro-installations of 2 x 40 kWp on 11 April 2020.

Figure 4 shows an example of the energy generated by two micro-installations of
2 x 40 kWp per month (April 2020).
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Figure 4. Total power generated by two micro-installations of 2 x 40 kWp per month (April 2020).

By analyzing both micro-installations, it can be concluded that they obtain very similar
instantaneous power generated, and thus very suchlike quantity of energy produced.
Therefore, the data obtained from the system can be considered separately for each micro-
installation or jointly, as shown in Figure 5. Using the Export button (visible in the upper
left corner in Figure 5), you can export measurement data from the system at any time.
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Figure 5. Power generated by two micro-installations of 2 x 40 kWp on 11 April 2020.

3.2. Electricity Demand of the LSTP Building

A bidirectional electricity meter was used to determine the quantity of energy taken
from the power grid and the surplus from micro-installations supplied to it. An innovative
measurement system was used for the automatic acquisition of data from electricity meters
installed in Sectors 4 and 5 in the LSTP (Figure 6). This system was used to monitor the
energy flow and analyze the consumption and production of electricity and its effective
use in the facility [85,104]. The system consists of the following elements:

e  The hardware in a form of a small, battery-powered device for reading data from an
energy counter.

e  The application in a form of an Android smartphone application to synchronize data
from the device (via Bluetooth Low Energy) as well as online gateway.

e The cloud is an internet platform on which data from the measurement system is
available (data export, profiles, reports, charts, and API access, etc.) and exported for
offline analysis [85].

Landis+Gyr ES8)

Figure 6. Appearance of the measuring device.

The main advantage of this measuring system is its versatility (used in single- and
three-phase meters in power networks), simplicity, and quick and easy assembly. The
system is dedicated for individual customers (used in private homes) and small enterprises
that want to optimize electricity costs. It is mounted on the optical port of the energy
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counter and acquires measurement data through the IEC 62056-21 protocol, which allows
it to work with various models of energy counters (Apator, Landis + Gyr, Iskra, Positron,
and others). Recently, the SML (Smart Meter Language) protocol was implemented, which
is used in Germany. Work is underway to add the DLMS (Device Language Message
Specification) protocol. The measurement accuracy is ensured by an electric energy counter
at the level of Class B 1.0 and 2.0, in the case of the measurement of active and reactive
energy, respectively.

The measuring system is available in two versions. The Home version takes active
used energy data and permits users to track its costs. The Business version also provides
reactive energy data and makes it possible for users to adjust the ordered power. If we have
installed a bidirectional energy counter for the photovoltaic system, the user additionally
receives information regarding the energy supplied to the power grid.

The team is currently working on the second generation of the measurement system
named IoT, which operates based on LoRA, LTE-M, and NB-IoT communication. The team
uses the technological support of the Nordic Semiconductor. The project was awarded a
grant from the Polish National Center for Research and Development, under which work
is underway on intelligent algorithms and additional tools for energy management.

Two devices of the Business metering system for Sectors 4 and 5 in the LSTP, cooper-
ating with bidirectional electricity meters, were purchased and installed. The measuring
device in the form of a beacon uses Bluetooth transmission to send the obtained measure-
ment data from the energy counter to the cloud. The collected data in the cloud can be read
on a PC as well as on a mobile device [95]. The obtained data show that in April 2020 the
LSTP photovoltaic installation produced 12.58 MWh of electricity (see Figure 7), while the
production from both micro-installations was very close to the ratio of 50:50 (as shown in
Figure 5).

1 =1 -
- I‘ Lwl l. L1 ||L L|| ‘|

PP P P P P o o &w o o P P L g

Acuveenergy H Energyproductlon 2 Reactive energy
13,96 Mwh =D 71950 kwn  EEH 111,50 kwh

Figure 7. Energy flow in Sector 4 of the LSTP in April 2020, energy consumed (active energy), and
energy fed into the grid (energy production).

Analyzing the data from Sector 4, it can be inferred that practically all electricity
produced by one micro-installation was used for the LSTP building’s own needs. Out of the
almost 14.6 MWh of energy produced, only 476 kWh were transferred to the power grid.
This shows a good balance between the building’s energy demand and energy produced
from PV micro-installations for one’s own needs, which gives a chance for a quick return
on investment in the PV installation.

On the other hand, when analyzing the data for Sector 5 of the LSTP, a completely dif-
ferent tendency can be noticed (see Figure 8) than in Sector 4. There are significantly lower
values of daily energy consumption in Sector 5 of the LSTP building and a much larger
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surplus of generated electricity sent to the power grid. In this sector, the PV installation
operates largely under a prosumer agreement, which is less - beneficial for the investor.

35.0 kWh
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- |
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Figure 8. Energy flow in Sector 5 of the LSTP in 11 April 2020, energy consumed (active energy), and
energy fed into the grid (energy production) and load demand pattern (blue line).

Analyzing the data for Sector 5 in the LSTP building, it was shown that the surplus
of energy produced from the PV installations ranged from a few to 30 kW (see energy
production in Figure 8). This tendency continued practically during all days of the spring
months of the year. The data presented in Figure 9 shows that large amounts of energy
are fed into the grid daily from micro-installations connected to Sector 5 of the LSTP. An
electricity distributor buys surplus energy from the company at very low prices. This
affects the increase in time of the return of the money invested in the photovoltaic farm.
Therefore, the LSTP authorities decided to use the surplus energy produced for their own
needs, i.e., for partners and tenants in the LSTP.

250.0 kWh
200.0 kWh
150.0 kWh
1000kWwh —8—8—HN—8——@—H— I 88— 08— 8 0B
50.0 kWh —
0.0 Wh ‘ | | | | ‘ ‘ ‘ |
I I N I I I I I I I I I T T R R R Rt S R Rt S X - S SRR e
oF @ & o I S o I O o o o o 8 P 0 o o
N Active energy R Energy production BB Reactive energy
bd 2,26 mwn 3,39 MWh 2l 395,60 kwh

4

Figure 9. Energy flow in Sector 4 of the LSTP in May 2020, energy consumed (active energy), and
energy fed into the grid (energy production).
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In order to use the surplus energy for one’s own needs, the LSTP purchased an electric
vehicle with a dedicated 22kW three-phase charger, as shown in Figure 10. This allowed
for the surplus electricity produced to be used in Sector 5 from a PV micro-installation.

Figure 10. Electric vehicle charger installed for Sector 5 in the LSTP.

The amount of energy produced by the PV system and transferred to the power grid
allows the traction batteries in several electric vehicles to be fully charged. The Renault Zoe
shown in Figure 10 has a battery with an energy capacity of 40 kWh. This means that it is
possible to fully charge it up to five times with the energy produced on 9 and 10 May 2020
(see Figure 12). It is relevant to mention that the vehicle can travel 300 km on a full battery.
LPNT authorities have decided that it is better to use the energy produced to charge BEV
than to resell it at low prices. The marketing effect related to supporting electro mobility
by the LSTP will be more beneficial for the institution. In addition, it will be possible
to continue further research on the use of energy produced from PV systems to power
electric vehicles.

3.3. Statistical Analysis

In order to verify the collected data, a statistical analysis was performed with the
use of the Statistica 13.3 SW. For this purpose, an analysis of the correlation of individual
variables (energy fed into the grid, energy taken from the grid, and energy produced from
the photovoltaic panels and by the carport) was carried out. The correlation between the
variables X and Y is a measure of the strength of the linear relationship between these
variables. The analysis of the correlation relationship between the examined features was
started with the calculation of the correlation between the individual variables and the
preparation of a chart. Charts that graphically represent the relationship between variables
are called scatterplots. As the analyses interpret, the strongest correlation was noticed
between the data on energy production by the photovoltaic panels and the carport.

Table 1 presents a summary of the statistical values of the individual variables.

Table 1 presents information on, inter alia, the largest dependencies, whether the
correlation is statistically significant, and with what level of significance. The statistical
test shows that the null hypothesis H0—Pearson’s linear correlation coefficient is 0, while
the alternative hypothesis H1 # 0, i.e., p < 0.05, means that the value of the correlation
coefficient is statistically significantly different from 0, i.e., the relationship is significant,
and the correlation coefficient is not statistically significant.
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Table 1. A summary of the statistical values of the individual variables.
. Energy Taken from Energy Supplied to
Variable Means Std. Dev. the Grid the Grid PV Farm Carport
Energy Taken from the Grid ~ 485.30 1.034.505 1.000.000 —0.624684 —0.674884 —0.680663
Energy Supplied to the Grid ~ 10.38 137.556 —0.624684 1.000.000 0.744897 0.743157
PV farm 125.37 856.888 —0.674884 0.744897 1.000.000 0.980335
Carport 9.34 64.119 —0.680663 0.743157 0.980335 1.000.000
As the data presented in Table 1 shows that there is a strong correlation between the
quantity of energy generated by the carport and the PV Farm, only the variables relating to
these two relationships were included in the further analysis, as shown in Figure 11.
Scatterplot: PV farm vs. Carport (Casewise MD deletion)
Carport = 0.14128 + 0.07336 * PV farm
Correlation: r = 0.98028
24 - - -
22| 7
0| PVfarmyvs. Carport: y = 0.1413+0.0734*x; 3
r = 0.9803;
r* = 0.9610. °
16 1
14 t
5 12t
a )
8 10t
8 +
6 .
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Figure 11. Scatterplot for the energy production of the carport and the photovoltaic farm in Sector 4
of the LSTP.

As we can see, there is a highly significant correlation between the production of
energy by the PV farm and the carport (p = 0.001). As already mentioned, the value of the
correlation coefficient is 0.98028. Moreover, as the coefficient of determination shows, the
variability of one feature (e.g., energy production by the photovoltaic panels) up to 96%
is explained by the variability of the other (i.e., energy production by the carport). This
situation is shown in the scatterplot (Figure 11). As the analysis shows, the correlation
between these variables is r = 0.98028, which means that there is a strong positive Pearson
correlation between the amount of energy produced by the carport and the PV farm.
Moreover, there is a statistical relationship between both variables, p = 0.001.

Figure 12 shows a simple regression graph of the carport’s electricity production and
photovoltaic panels’ electricity production. The chart shows the 95% confidence interval of
the regression line (the area marked by the dashed lines).
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Figure 12. D box plots of analysis parameters of the photovoltaic system.

Detailed results of the statistical analysis of the correlation of the PV Farm and carport
variables are presented in Table 2.

Table 2. Accurate results of the statistical analysis of the correlation of the PV Farm and
carport variables.

Constant Slope  Constant Slope

; 2
Variable Mean Std. Dev. r(X,Y) r t P Dep:Y Dep:Y Dep:X Dep:Y
Carport 9.34 6.4119
PV farm 12.537 85.6888 0.980335 0.961057 94.6489 0.001 365 3.0 3.1012 0.1 0.0734

The individual fields of the results sheet contain arithmetic means of selected variables
(9.34 for energy production by the carport and 12.537 for energy production from the
photovoltaic panels) and the standard deviation values (6.4119 for energy production by
the carport and 85.6888 for energy production from the photovoltaic panels). The Pearson
correlation coefficient was 0.980335, and the determination coefficient (r? square of the
correlation coefficient) was as high as 0.961057. It is a descriptive measure of the accuracy of
fitting regression to empirical data. It assumes values in the range < 0, 1> or in percentage
< 0, 100%> and informs, according to the record, how much of the total variability in Y
observed in the sample was explained (determined) by regression in relation to X. The
greater 12, the better the relationship, and we can have more confidence in a possible
regression line. The value of the t-statistic examining the significance of the correlation
coefficient is 94.6489, the value of the test probability is p = 0.001, the size of the group is
365 cases, the intercept of linear regression Y with respect to X is 3.0, the coefficient of linear
regression of the variable Y with respect to the variable X is 3.1012, and the intercept linear
regression of X with respect to Y is 0.1, while the coefficient of linear regression of variable
X with respect to Y is 0.0734.

The data presented in Table 2 make it possible to calculate the regression function of
the variable Y against X and the regression function of the variable X against Y, describing
the analytical form of the relationship between the variables.
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To better present the obtained results, in relation to the above analysis, Figure 13
presents basic descriptive statistics (location measures) including the median, quartiles,
and minimum and maximum for two variables—PV Farm and Carport—as well as energy
taken from the grid and energy supplied to the grid.

Box & Whisker Plot
400 .

350

300

250

200

150

100

50

: I =

o Median
50 O 25%-75%
PV Farm Carport T Min - Max

Figure 13. D box plots of the PV farm vs. the carport.

As the data analysis shows, there are statistically significant differences in the amount
of energy taken from the grid and the amount of energy supplied to the grid, and the
amount produced by photovoltaic panels from the farm and carport. The values of the
dependence of energy production in the PV farm and the carport are presented in more
detail in Figure 13.

As resulted from the data analysis, statistically significant differences in the amount of
energy produced by the PV Farm and carport (p < 0.05) in the dimension occur (at p = 0.001,
for N = 365 processed cases). Therefore, it can be concluded that the energy from one’s own
farm is a significant supplement to the energy demand of the powered sectors of the LSTP
building, and the carport installation enables the charging of electric vehicles.

Based on the data obtained from the monitoring system of the photovoltaic system
installed in the LSTP, it can be concluded that the PV farm is an important element of
covering the energy demand of the tested facility and the additional investment in the
carport ensures the use of daily surplus energy to charge the BEV. Such use of the photo-
voltaic system enables the reduction of the cost of charging BEV [25,27,28,63,66,71] and,
as it was noted, in the works [2,24,29,67,69,70,72,76,82], limits emissions from means of
transport, which is a very important direction of changes in the transport sector, especially
in urban zones.

The direction of further research, due to the growing number of electric vehicles
used by the employees of the tested facility, is to develop a method for predicting the
demand for electricity reserved for charging these vehicles. Such research will certainly
allow for a wider application of carports along with the development of electro mobility in
urbanized areas.
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4. Conclusions

The paper presents a PV system containing two micro-installations with a capacity
of up to 40 kWp each to supply electricity to two zones of the building of the LSTP.
An online platform was used to monitor the performance and diagnose the operating
characteristics of the PV system. Thanks to this, information on the generated power and
the quantity of electricity generated by the PV system was obtained. Using this innovative
monitoring system, it was possible to analyze the consumption, generation, and effective
use of electricity. The surplus of generated energy in a given facility was measured and it
was proposed to use it to charge a BEV. As can be seen, BEV charging is one way to increase
the efficiency of the use solar energy generated from the PV system.

As shown in the paper, investing in a photovoltaic installation brings benefits in the
form of providing energy for one’s own needs. In addition, it has been proposed to use the
surplus energy to charge the electric vehicle, which not only ensures a faster repayment
on investment in the installation, but also guarantees the use of a very ecological and
economical form of transport. The operation of an electric vehicle charged with energy
from renewable sources makes this form of transport virtually zero-emission.

The objective of our research was to conduct detailed statistical analyses of consump-
tion (charging the electric vehicle battery) and electricity production by the photovoltaic
farm; nevertheless, as far as further research in a discussed subject is concerned, an in-depth
financial analysis of the proposed approaches should also be carried out.
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