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Abstract: The increasing number of electric vehicles is forcing new solutions in the field of charging
infrastructure. One such solution is photovoltaic carports, which have a double task. Firstly, they
enable the generation of electricity to charge vehicles, and secondly, they protect the vehicle against
the excessive heating of its interior. This article presents the functioning of a small carport for charg-
ing an electric vehicle. Attention is drawn to the problems of selecting the peak power of the photo-
voltaic system for charging an electric vehicle. An economic and energy analysis is carried out for
the effective use of photovoltaic carports. In this article, we present the use of the Metalog family of
distributions to predict the production of electricity by a photovoltaic carport with the accuracy of
probability distribution.

Keywords: photovoltaic carport; electric vehicle; power; green energy; environmental indicators;
Metalog

1. Introduction

Ensuring the energy security of electric vehicles (EVs) primarily concerns the availa-
bility of charging points capable of covering the demand for the electric power of vehicles.
Currently, almost all areas of our lives have been mechatronized. The first step was the
electrification of existing mechanical solutions at the beginning of the 20th century, in or-
der to achieve greater reliability and improve safety. Over the years, it was proven that
the electric drives were much more reliable, more efficient and definitely more ecological
than the then-steam drives [1]. In addition, the electrification of cities and villages has
cleared human settlements of CO2 emissions and other flue gas components produced
during coal combustion in boilers [2]. Due to the fact that alternating current enables the
transmission of electricity over long distances with low transmission losses, it is possible
to supply many consumers. In addition, humanity simultaneously began to use alterna-
tive [3] and renewable energy sources (RES) [4] to meet its energy needs. At the beginning,
electric drives were used in stationary mode, but with their development they began to
be used in mobile mode [5]. The biggest problem that emerged was energy storage. How-
ever, with the evolution of technology, traction batteries appeared on the market, the elec-
tric capacity of which ensures that the vehicle can travel several hundred kilometers [6].
Currently, batteries of this type are becoming cheaper and more reliable [7]. In the work
of [8], the impact of driving cycles on the range of the vehicle was examined, which
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showed that in the urban environment electrically powered vehicles travelling at low
speeds are highly efficient. Another factor of the increase in the popularity of the electric
drive of vehicles is the fast charging of the battery with high current [9]. Therefore, there
is an increasing interest in battery electric vehicles (BEVs) [10-12] and other means of
transport using electric drive [13,14], which contributes to the reduction of CO2 emissions
from transport. In turn, hybrid electric vehicles (HEVs) proved to be a good solution, fill-
ing the gap between the desirable features of electric drive systems, including long range
and more affordable costs, unlike conventional vehicles [10,12,15,16]. In some countries,
as early as in 2022, it was declared that the production of diesel engines would cease, as
well as the production of gasoline engines by 2028. Of course, humanity faces many chal-
lenges, e.g., research on the risk or reliability of drive. A very important trend observed in
science is research into the impact of innovative technologies on the natural environment
and human life [17].

Many global trends can be observed in the area of electricity production and distri-
bution. Due to the shrinking resources of crude oil and coal, as well as their high emissiv-
ity in the form of carbon dioxide, energy based on RES has been introduced in many coun-
tries. Huge dams on water reservoirs, windmill farms or hectares of land covered with
photovoltaic panels are already a daily sight [18]. Nuclear energy has returned to favor
and many more countries are planning to base their energy independence on this source.
Apart from large traditional and alternative power plants, elements of distributed energy
often emerge with acceleration [19]. For instance, it can be in the form of solar panels for
heating hot water in individual households or in the form of photovoltaic systems (PV
systems) supplying prosumers with electricity. Our vehicles can also run on many types
of fuel; we can easily and safely buy diesel, petrol and liquefied petroleum gas (LPG) at
every petrol station [20]. At selected stations in Europe and Poland, it is possible to refill
your car with ethanol (E85) [21], compressed natural gas (CNG) [22,23] and even hydro-
gen [24,25]. Many vehicles can be powered by two or three types of fuel (dual or tri fuel)
[21,25-31].

At no time in history has such a diversification of energy generation sources, available
fuels, and devices and vehicles been performed on such a scale [32]. The recovering econ-
omy after the SARS-CoV-2 pandemic in 2020-2021 requires even more energy in various
forms. As shown by Setter et al. in their paper [33], during the pandemic in some cities,
the volume of transport and distribution of individual shipments (e.g., groceries, delivery
of ready meals, etc.) increased by more than 100%. It should be noted that these deliveries
were mostly made by vehicles with internal combustion engines. This paper includes a
recommendation for the location of urban logistics centers, which would allow the use of
EVs, including autonomous vehicles.

In the 21st century, the power grid in many countries must be adapted to transmit
more and more energy and the higher power consumed by individual users [34]. It should
also be able to absorb even more energy produced from RES by smaller micro-installations
[35]. Here, there is a challenge related to energy balancing in the distribution grid. This is
where stationary and mobile electricity storage can be of aid [36]. Some EVs have the V2G
(Vehicle to Grid) function, which enables the home to be powered from the energy stored
in the vehicle’s traction battery. The infrastructure for charging electric vehicle batteries is
growing exponentially [37]. It has the form of both low-power electricity poles and fast
DC chargers with power up to 350 kW [38,39].

2. Materials and Methods

The electric drives of vehicles are characterized by quiet operation [40] and high effi-
ciency [41]. Due to this, they are often used to drive small city vehicles [42] and city buses
[43]. Currently, entire fleets of electric vehicles are frequently being introduced [44,45].
Scientists are involved in the optimization of electric drive systems [46,47] and traction
batteries [48]. Each year, better-performing vehicles are introduced to the markets [49].
Many electric vehicle on-board systems are more efficient than traditional solutions [50].
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In order for the safe and reliable functioning of energy-generating devices and energy
receivers, it is necessary to monitor and supervise these facilities properly [51-53]. This is
possible as a result of the introduction of the global Internet network in the world over
the last three decades. Currently, most sources and receivers of electricity are Internet of
Things (IoT) devices and fulfil the functions of Industry 4.0 [54]. Device monitoring, diag-
nostics and their maintenance is possible by sending chosen parameters to the data cloud,
where they are analyzed on-line or off-line [55]. Therefore, thanks to advanced on-line
platforms, electricity management is not a problem, even in large areas. Types and con-
nections of electricity generation infrastructure and its receivers are shown schematically
in Figure 1 [56,57].

Figure 1. Electricity supply and reception infrastructure.

The next infographic, shown in Figure 2, presents the possibility of charging electric
cars with RES in the form of a ground-based photovoltaic system.

Figure 2. Charging electric vehicles with renewable energy.

Carports are an effective source of solar energy that can be used to charge electric
vehicles [58]. Carports not only generate the necessary electricity, but also provide shade
for the vehicle parked under it. For these reasons, carports are an ideal solution for charg-
ing EVs [59]. Carports are, therefore, an ideal solution for installation in large parking lots
in front of office buildings and shopping centers. The EVs of customers or employees will
be protected against excessive sunlight and can additionally be charged.

The analysis of the literature shows that scientists are increasingly using the Metalog
family of distributions to describe various processes. Using the Metalog family of distri-
butions, we obtain information from a knowledge base, not from a database. The differ-
ence is that in the database, the answer to the questions asked is obtained as a result of
searching the database, while the knowledge base answers the question by running an
inference algorithm. This approach is similar to asking the question: What if? Based on
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Metalog, determining the probability for a given daily amount of energy produced re-
quires a simulation process that uses the inverse function of the Empirical Distribution.
The GeNle 4.0 Academic software has built-in Metalog distribution families and allows
us to quickly determine the Empirical Distribution, the Probability Density Function and
an easy way to extract information from the knowledge base.

GeNle 4.0 Academic software was used for off-line calculations. The presented cal-
culations support the decision-making process of the constructor of photovoltaic carports.
The authors did not install their own additional power measurement system and the
amount of energy produced by the carport. The data sent by the photovoltaic inverter to
the MQTT broker were used. One of the authors was the operator of the MQTT server, as
a result of which he had access to the transferred data. The amount of energy produced
was measured with an accuracy of 0.1 kWh.

Metalog distributions are a new system of continuous one-dimensional probability
distributions designed for flexibility, simplicity and ease/speed of use in engineering prac-
tice and science. The Metalog system consists of unbounded, partially bounded and
bounded distributions, each of which offers almost unlimited shape flexibility compared
to Pearson, Johnson and other traditional probability distributions. Unlike other distribu-
tions that require non-linear optimization for parameter estimation, Metalog quantile
functions and PDF Probability Density Functions have simple closed-form expressions.
Metalog distributions are linearly quantile-parameterized using cumulative CDF data. In
2016, Keelin was the first to show how Metalog distributions can support data and distri-
bution research in fish biology and hydrology [60].

Keelin and Howard [61] offer a family of continuous probability distributions, match-
ing methods and tools that provide enough flexibility in shape and constraints to closely
match virtually any probability distribution or data set. The authors have shown that Met-
alog applications improve decision-making and can be widely used in virtually any ap-
plication of continuous probability in any field of human endeavor.

Metalog is a flexible probability distribution that can be used to model a wide range
of density functions using only a small number of parameters obtained from experts. Sci-
entists prefer using the Metalog family of distributions to describe processes in various
fields of science, such as theology [62], mathematics [63] and cybernetics [64].

3. Results and Analysis

The object of the research is a photovoltaic carport installed at WSEI University car
park in Lublin (Poland). The carport consists of four polycrystalline panels with a total
power of 1 kWp. The carport is made of welded steel profiles with anti-corrosion coating
(galvanized) placed on a supporting structure in the form of two crossed vertical profiles
(see Figure 3). The roof structure of the carport on which the panels are mounted is made
of aluminium profiles. The inclination angle of the photovoltaic panels mounted on the
carport is 30°. The carport is positioned exactly to the south. It was designed by one of the
authors, together with a group of students from the University. It is used to charge a small
electric car: a Renault Twizy. When an electric vehicle is not connected to the carport, all
the energy produced supplies the nearby laboratory. The carport has a compact design
and can be quickly disassembled and reassembled. Three electric receivers can be sup-
plied simultaneously from the carport, with an alternating voltage of 230 V. The test ob-
jects in the form of a carport and a small electric car, a Renault Twizy, are shown in Figure
3. Renault Twizy is the smallest vehicle produced by Renault and is used to transport two
adults around the city. It has traction batteries with a capacity of 6.1 kWh, which provide
it with an autonomy of 60 to 100 km.
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Figure 3. Carport at the WSEI during the charging of the Renault Twizy EV.

To be precise, the inverter in the photovoltaic carport has the functions of the Internet
of Things. Due to the additional communication module, it is possible to wirelessly trans-
fer measurement data (via Wi-Fi) to the data cloud. The authors use measurement data on
the daily and monthly amount of energy produced by the carport for the analysis pre-
sented in the article. The amount of energy produced by a photovoltaic system is crucial
in optimal energy management. The amount of energy produced by the photovoltaic sys-
tem, the amount of energy consumed by the electric vehicle when charging the battery
and the energy consumption of the building are the components of the energy balance.
An MQTT broker is an intermediary entity that enables MQTT clients to communicate.
Specifically, an MQTT broker receives messages published by clients, filters those mes-
sages by topic, and distributes them to subscribers. Currently, each manufacturer of in-
verters used in photovoltaic systems has an MQTT broker. This is a standard that is re-
quired by individual customers and large producers of energy from renewable energy
sources. In addition to the data on the instantaneous power generated by the system and
the amount of energy produced, the MQTT broker receives large amounts of measure-
ment data that are later applied for diagnostic purposes.

Typically, it takes about 4 h to recharge fully discharged Renault Twizy batteries.
Figure 4 shows graphs of electric vehicle charging power (Pev) and carport power (Ppv)
vs. time. According to the presented data on the graph, the charging process took 210 min.
The charging power of the electric vehicle was not constant throughout the charging pro-
cess. The on-board charger of the vehicle initially consumed 1200 W. Then, charging took
place for almost 3 h with a power of 1800 to almost 2000 W. Around 15.00, there was a
decrease in the charging power of the electric vehicle battery. The Battery Management
System (BMS) reduced the charging power from approx. 2000 W to approx. 400 W. Charg-
ing with lower power usually lasts approx. 15-30 min, until the traction battery is fully
charged (SoC = 100%). Then, the BMS completes the charging process and the power
drawn drops to 0 W. The power generated by the carport (Ppv) ranged from 800 to 600 W.
This means that the electric vehicle was charged on a sunny and cloudless day. The carport
was connected to the power grid (on-grid connection). This connection makes it possible
to draw additional energy from the power grid when the energy generated by the carport
is not sufficient to charge the vehicle [65]. The opposite of this solution is an off-grid in-
stallation, where the PV installation is not connected to the power grid [60].



Energies 2023, 16, 3126

6 of 16

2000

1800 _M

1600

1400 n ./ e e ® Py
O—0O—O0 va

Power [W]
> N
o o
o o

800 — \

600

400

200

0

11:30 I 12:00 I 12:30 I 13:00 I 13:30 I 14:00 I 14:30 I 15:00 I

Time [hh:mm]
Figure 4. Graphs of the power generated by the mini carport (Ppv) and the power consumed during
vehicle charging (Pev).

In this case, the vehicle consumed almost 6 kWh of electricity to be fully charged. At
that time, the carport generated 2.75 kWh of electricity, which is 46% of the demand. An-
alyzing the graph presented in Figure 4, it can be concluded that the WSEI carport cannot
cover the instantaneous power needed to charge this EV. The missing power is taken from
the power grid by the charger. The situation presented in Figure 4 is rare because the
charging process took place in very good sunlight conditions, which are not usually pre-
sent during the year. Thus, the energy generated by the system is much less than that
shown in this example. It should be remembered that each PV installation is characterized
by the high uniqueness of the generated power, which is closely related to the prevailing
weather conditions and is characterized by seasonality (seasons). Therefore, the peak
power of the PV installation cannot be the only parameter on the basis of which one de-
termines the power demand and selects the size for a specific EV.

Another important parameter of vehicle traction batteries, apart from the charging
power, is their energy capacity, i.e., the amount of electricity stored in the battery ex-
pressed in kWh. The range of each EV depends on the amount of energy stored in the
battery and the actual energy consumption. The test vehicle (Renault Twizy) has a nomi-
nal battery capacity of 6.1 kWh. which is approximately the amount corresponding to the
daily electricity demand of an average-sized single-family house. The vehicle can cover a
distance of 60 to 100 km on a fully charged battery, depending on speed and vehicle char-
acteristics. Based on previous long-term research conducted by the author [43], it appears
that the average range of the vehicle on one full charge is 65 km.

The analysis of the daily amount of energy produced by the WSEI carport on indi-
vidual days in June 2022 is shown in Figure 5. As one may notice, the amount of electricity
produced is in a wide range, from 1.5 to over 6 kWh. In addition, the maximum amount
of energy produced in June 2022 is close to the energy capacity of the battery of the tested
EV.
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Energy production [kWh]

Figure 5. Daily electricity production by the WSEI mini carport in June 2022.

Photovoltaic electricity generation systems, including photovoltaic carports, are de-
vices of the Internet of Things, which means that they generate data on instantaneous
power and calculate the amount of energy generated in a given period of time. Data pack-
ets are sent every few minutes to the data cloud, where they are archived and can be
viewed using user-friendly software. The administrator of such a portal can also down-
load and process these data. Therefore, IoT devices “speak to us” using measurement
data, which are usually used to monitor correct operations and for diagnostic purposes.
By using more advanced methods of data processing, they can also be used for optimiza-
tion and planning purposes.

In this section of the article, we will present the use of the Metalog family of distribu-
tions to predict the production of electricity by a photovoltaic carport with the accuracy
of the probability distribution. The amount of electricity produced by the carport on par-
ticular days of the month is used to determine the Cumulative Distribution Function
(CDF), which is a continuous function. Then, the Probability Distribution Function is de-
termined. The Metalog family of distributions allows one to make calculations for a spe-
cific photovoltaic carport located in a specific location (Lublin in Poland) and in a specific
context (location on the ground, azimuth, shading).

The Metalog family of distributions, parametrized with quantiles, allows us to deter-
mine the percentiles in the production of electricity by a photovoltaic carport and to de-
termine what its value will be with the accuracy of the probability distribution (Table 1).
The Metalog approach discusses the composition of generative probabilistic models. It is
a complex decomposition. From the shape of the density function, it can be concluded that
there are several different contexts for the functioning of the carport.

Table 1. Quantile parameters.

Probability Energy Production (kWh)
0.05 2.400000095367
0.25 4.400000095367
0.5 5
0.75 5.599999904633
0.95 6

Basic statistical calculations show that in June 2022 the minimum value of the energy
produced was 1.4 kWh, the maximum value was 6.1 kWh, and the average value of the
energy produced was 4.79667 with a standard deviation of 1.08389. The Metalog family of
distributions allows for a more flexible fitting of CDF and PDF to the real data.
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Then, we determined the Empirical Distribution of the Distribution (Figure 6) and
the Probability Density Function (Figure 7).
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Figure 6. Empirical Distribution Function (sea color line) for daily energy produced by the WSEI
carport in the month of June 2022 and quantile parameters (yellow symbols)
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Figure 7. Probability Density Function (sea color line) for the daily energy produced by the WSEI
carport in June 2022.

The GeNlIe 4.0 Academic software makes it possible to determine the Empirical Dis-
tribution and the Probability Density Function for various k factors (Figure 8).
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Figure 8. Empirical Distribution Function (sea color line) along with quantile parameters (yellow
symbols) and Probability Density Function (sea color line) for the daily energy produced by the
WSEI carport in the month of June 2022 for various k coefficients.

The next step is to obtain information from the knowledge base. The probability of
energy production is calculated by the WSEI carport > 6 kWh. This is the amount of energy
needed to fully charge the Renault Twizy’s traction battery. The program’s answer to the
question asked is as follows: The probability of daily production of electricity equal to or
less than 6 kWh by the WSEI carport in the month of June 2022 is 0.9333. So, the probability
of producing more than 6 kWh is 1-0.9333. A question can also be formulated regarding
the probability of the energy produced by the WSEI carport of 23 kWh. The program’s
answer to the question asked is as follows: The probability of daily production of electric-
ity equal to or less than 3 kWh by the WSEI carport in the month of June 2022 is 0.0667.
So, the probability of producing more than 3 kWh is 1-0.0667, which is a sufficient result.

The physical interpretation of the obtained results is as follows: in June 2022, the
WSEI carport, with a very low probability, produced energy higher than the energy ca-
pacity of the traction batteries of the Renault Twizy vehicle. However, the amount of en-
ergy produced greater than 3 kWh of energy was already with a very high probability.
This means that it is possible that the Renault Twizy’s batteries can be charged to half of
their energy capacity.

Thus, the presented approach related to the use of the Metalog distribution family
can be used to simulate various strategies for generating energy by photovoltaic carports,
depending on the energy demand for charging the selected electric vehicle (characterized
by the energy capacity of the battery). It is worth emphasizing once again that the pre-
sented calculations are made for a specific carport in a given location and in a specific
context (e.g., time).

The production of electricity by photovoltaic systems varies seasonally [61]. In Polish
climatic conditions, the amount of energy produced varies greatly in the summer and the
winter [66]. During the winter period (November, December, January, February), the
WSEI carport produces small amounts of electricity throughout the month. They corre-
spond to several charges of the Renault Twizy’s battery. In the summer time (May, June,
July), the production of energy by the carport is definitely higher and allows for fully
charging the vehicle’s batteries about 20 times. On this amount of energy, a small electric
vehicle has a range of over 1000 km. Long-term testing (7 years) of the Renault Twizy
vehicle showed that this is the average monthly mileage of the tested vehicle. Moreover,
as noted in [67-69], the monthly amount of energy produced is an important parameter
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characterizing PV systems. In Poland, as well as in many other countries around the
world, invoices for electricity consumed are settled and paid on a monthly basis.

From the results presented above, it can be concluded that the daily amount of energy
produced is critical in the selection of the carport power to charge the selected electric
vehicle. Another important time period to be considered, subject to statistical analysis, is
the monthly amount of energy produced. Individual users and people managing fleets of
electric vehicles frequently summarize the amount of energy consumed and pay for it on
a monthly basis. Thus, in addition to the daily energy production, the monthly electricity
production is important. The amount of electricity produced by the WSEI carport in indi-
vidual months of 2022 is presented in Figure 9.

150

Energy production [kWh]
[0
o

SNWHAOTODN
OCOO0OOO0OO0OOO0

Figure 9. Monthly electricity production by the WSEI mini carport in 2022.

Basic statistical calculations show that in 2022 the minimum value of energy pro-
duced per month was 5.9 kWh, the maximum value was 143.9 kWh, and the average value
of energy produced was 67.475 with a standard deviation of 49.558. The Metalog family
of distributions also allows for more advanced statistical analysis in this case, including
the determination of quantiles, as shown in Table 2.

Table 2. Quantile parameters.

Probability Energy Production (kWh)
0.05 5.900000095367
0.25 27.79999923706
0.5 77.5
0.75 117.0999984741
0.95 143.8999938965

The next step is to determine the Empirical Distribution of the Distribution and the
Probability Density Function for various k factors (Figure 10).
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Figure 10. Empirical Distribution Function (sea color line) along with quantile parameters (yellow
symbols) and Probability Density Function (sea color line) for the monthly energy produced by the
WSEI carport in the year 2022 for various k coefficients.

The following step is to obtain information from the knowledge base. The probability
of energy production by the WSEI carport is calculated in a given month, amounting to
60 kWh. This is the amount of energy needed to fully charge the Renault Twizy’s traction
battery 10 times.

The program’s answer to the question asked is as follows: The probability of monthly
production of electricity equal to or less than 60 kWh by the WSEI carport in 2022 is 0.5.
Thus, the probability of producing more than 60 kWh per month is 1-0.5. This means that
in the middle months of the year, the WSEI carport is able to produce energy more than
10 times the demand required to fully charge a Renault Twizy.

4. Annual Energy Demand of an Electric Vehicle

According to the authors, the nominal size of the carport should be selected to cover
the annual electricity demand of the car. This demand depends on the number of kilome-
ters travelled per year (annual mileage) and the average energy consumption of the vehi-
cle for 100 km. Figure 11 depicts the results of a simulation of energy consumption by
vehicles with different energy consumption levels during particular years of operation,
for an annual mileage of 10,000 km. Electric drives are currently installed in all types of
vehicles [70,71]. An example of a small electric city vehicle with an energy consumption
of 10 kWh/100 km is the Renault Twizy described in this article. In turn, the Nissan Leaf
described above is a C-class electric car with an energy consumption of approx. 15
kWh/100 km. Larger limousines and sport utility vehicles (SUVs) consume up to 25 kWh
of energy for 100 km.
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Figure 11. Demand for electricity in individual years of the vehicle at the mileage of 10,000 km/year.

In order to easily apply the graph in Figure 12 to select the size of the carport, one
more principle should be borne in mind. The amount of electricity produced by a photo-
voltaic system with a peak power of 1 kWp in Polish climatic and weather conditions
should be approx. 1 MWh (1000 kWh). PV systems mounted on carports often have better
performance than those mounted on the ground or a roof. This is due to the better wind
cooling of the panels on the carport. Air washing is easier and clearly affects the efficiency
of the entire PV system.
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Vehicle energy consumption ‘
10,000 — | @—@—@® 25 kWh /100 km

O—0—0O 20 kWh /100 km
@—0—® 15kWh /100 km
@—@—® 10 kWh /100 km

Energy [kWh]

0 10,000 20,000 30,000 40,000 50,000

Figure 12. Annual demand for the electric energy of the vehicle with differences in mileage.

The results of the electricity demand for vehicles with different energy consumption
levels appear similar if we make calculations depending on the annual mileage of an elec-
tric car instead of years (as in Figure 12). The results of such simulations are shown in
Figure 12.

Both graphs shown in Figures 11 and 12 enable us to easily determine the peak power
and thus the size of the photovoltaic carport, depending on the vehicle and annual mile-
age. The calculations are based on the assumption that all the energy produced by the
carport will be used to charge the EV.
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5. Conclusions

Due to the increasing number of electric vehicles in Poland, Europe and around the
world, there is an increasing demand for charging them. The most ecological way to
charge electric vehicles seems to be the use of renewable energy sources. Photovoltaic car-
ports generate the electricity needed to charge electric cars and at the same time generate
shade for vehicles parked under them. This article presents the use of the Metalog family
of distributions to simulate the amount of electricity produced by a photovoltaic carport
with the accuracy of the probability distribution. The Metalog family of distributions fa-
cilitates making calculations for a specific photovoltaic carport located in a specific loca-
tion (Lublin in Poland) and in a specific context (location on the ground, azimuth, shad-
ing). From assuming the probability of the daily production of electricity by the carport
and the daily demand of the electric vehicle for battery charging, one can infer the size of
the constructed carport. In this way, it is possible to obtain specific assumptions about the
newly designed carport based on data obtained from the operating carport. Hence, it is
possible to calculate the probability of charging an electric vehicle with the energy ob-
tained from the carport.

The authors also proposed to perform calculations on the probability of the amount
of energy produced during individual months of the year. Considering the probability of
the amount of energy produced in individual months and the energy consumption of an
electric vehicle, this is of great importance due to the widespread use of monthly billing
of electricity costs.

The conducted research shows that in an example of a summer month, the amount
of energy produced daily by the WSEI carport is sufficient to charge half of the Renault
Twizy’s battery. Subsequent studies have shown that there is a high probability of gener-
ating the amount of energy needed to recharge the Renault Twizy’s battery 10 times dur-
ing the summer months. The obtained results are in very good agreement with the prin-
ciples of using a small electric vehicle, i.e., a Renault Twizy, only in the warm months of
the year.

This article presents calculations based on real data obtained from the operation of a
photovoltaic carport. The authors of the article cooperate with companies involved in the
production and assembly of photovoltaic carports. The presented method of using the
Metalog family of distributions will be used in the future to accurately select the power of
photovoltaic carports for specific models of EVs. The authors intend to continue carport
research. In the future research, they intend to use bifacial photovoltaic panels, stationary
energy storage and a hybrid inverter.
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Abbreviations

BEVs battery electric vehicles

BMS battery management system

EVs electric vehicles

CDF cumulative density functions

CNG compressed natural gas

CO2 carbon dioxide

DC direct current

HEVs hybrid electric vehicles

TIoT Internet of Things

LPG liquefied petroleum gas

PDF probability density functions

PV photovoltaic

Ppv power generated by the mini carport
Pev power consumed during vehicle charging
RES renewable energy sources

SoC state of charge

SUVs sport utility vehicles

V2G Vehicle to Grid

References

1. Muha, R,; Perosa, A. Energy Consumption and Carbon Footprint of An Electric Vehicle and a Vehicle with an Internal Com-
bustion Engine. Transp. Probl. 2018, 13, 49-58. https://doi.org/10.20858/tp.2018.13.2.5.

2. Merkisz-Guranowska, A.; Daszkiewicz, P. Possibility of Reducing CO2 Emissions for Example Electric Vehicles. ]. KONES
Powertrain Transp. 2014, 21, 211-217. https://doi.org/10.5604/12314005.1133215.

3. Gis, W,; Gis, M. Overview of the Method and State of Hydrogenization of Road Transport in the World and the Resulting
Development Prospects in Poland. Open Eng. 2021, 11, 570-583. https://doi.org/10.1515/eng-2021-0039.

4. Diaz-Londono, C.; Colangelo, L.; Ruiz, F.; Patino, D.; Novara, C.; Chicco, G. Optimal Strategy to Exploit the Flexibility of an
Electric Vehicle Charging Station. Energies 2019, 12, 3834. https://doi.org/10.3390/en12203834.

5. Mruzek, M.; Gajdac, I.; Kucera, I.; Gajdosik, T. The Possibilities of Increasing the Electric Vehicle Range. Procedia Eng. 2017, 192,
621-625. https://doi.org/10.1016/j.proeng.2017.06.107.

6. Du,J,;Liu, Y.; Mo, X,; Li, Y.; Li, ].; Wu, X,; Ouyang, M. Impact of High-Power Charging on the Durability and Safety of Lithium
Batteries Used in Long-Range Battery Electric Vehicles. Appl. Energy 2019, 255, 113793. https://doi.org/10.1016/j.apen-
ergy.2019.113793.

7.  Ansari, S,; Ayob, A.; Hossain Lipu, M.S.; Hussain, A.; Saad, M.H.M. Multi-Channel Profile Based Artificial Neural Network
Approach for Remaining Useful Life Prediction of Electric Vehicle Lithium-Ion Batteries. Energies 2021, 14, 7521.
https://doi.org/10.3390/en14227521.

8.  Settey, T.; Gnap, ]J.; Syndk, F.; Skrucany, T.; Dockalik, M. Research into the Impacts of Driving Cycles and Load Weight on the
Operation of a Light Commercial Electric Vehicle. Sustainability 2021, 13, 13872.

9. Tomaszewska, A.; Chu, Z,; Feng, X.; O'Kane, S.; Liu, X.; Chen, J.; Ji, C,; Endler, E.; Li, R,; Liu, L.; et al. Lithium-Ion Battery Fast
Charging: A Review. Etransportation 2019, 1, 100011. https://doi.org/10.1016/j.etran.2019.100011.

10. Ferrero, E.; Alessandrini, S.; Balanzino, A. Impact of the electric vehicles on the air pollution from a highway. Appl. Energy 2016,
169, 450-459.

11. Hurtova, L; Sejkorova, M.; Verner, J. Experience operating a trolleybus equipped with traction batteries nLTO. In Transport
Means — Proceedings of the International Conference, Juodkranté, Lithuania, 20-22 September 2017; Kaunas University of Technology:
Kaunas, Lithuania, 2017; pp. 242-247.

12. Mocera, F. A Model-Based Design Approach for a Parallel Hybrid Electric Tractor Energy Management Strategy Using Hard-
ware in the Loop Technique. Vehicles 2021, 3, 1. https://doi.org/10.3390/vehicles3010001.

13. Deméar, L; Cerne, B.; Tavéar, J.; Vukasinovi¢, N.; Zorko, D. Agile Development of Polymer Power Transmission Systems for e-
Mobility—A  Novel Methodology Based on an e-Bike Drive Case Study. Polymers 2023, 15, 68.
https://doi.org/10.3390/polym15010068.

14. Dizo, ].; Blatnicky, M.; Melnik, R.; Karla, M. Improvement of Steerability and Driving Safety of an Electric Three-Wheeled Ve-
hicle by a Design Modification of Its Steering Mechanism. LOGI Sci. |. Transp. Logist. 2022, 13, 49-60.

15. (Vlulik, K.; gtefancové, V.; Hrudkay, K.; Morgos, J. Interior Heating and Its Influence on Electric Bus Consumption. Energies 2021,
14, 8346. https://doi.org/10.3390/en14248346.

16. Mishina, Y.; Muromachi, Y. Are potential reductions in CO2 emissions via hybrid electric vehicles actualized in real traffic? The

case of Japan. Transp. Res. Part D Transp. Environ. 2017, 50, 372-384.



Energies 2023, 16, 3126 15 of 16

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

Flasza, ]. Electromobility in Poland: Challenges and Possibilities Taking into Account Intelligent Installation RES. AUTOBUSY
Tech. Eksploat. Syst. Transp. 2017, 6, 1196-1198.

Synak, F.; Gana, J.; Rievaj, V.; Mokrickova, L. Ways of Reducing Carbon Dioxide from Road Transport. Arch. Automot. Eng. 2019,
86, 41-54. https://doi.org/10.14669/AM.VOL86.ART3.

Groppi, D.; Nastasi, B.; Prina, M.G.; Astiaso Garcia, D. The EPLANopt Model for Favignana Island’s Energy Transition. Energy
Convers. Manag. 2021, 241, 114295. https://doi.org/10.1016/j.enconman.2021.114295.

Krzysiak, Z.; Bartnik, G.; Samociuk, W.; Zarajczyk, J.; Plizga, K.; Rachwal, B.; Wierzbicki, S.; Krzywonos, L.; Brumercik, F.
Analiza zagrozenia bezpieczenstwa przeciwwybuchowego na stacji paliw cieklych. Przem. Chem. 2017, 96, 279-282.

Tutak, W.; Jamrozik, A.; Bereczky, A.; Lukacs, K. Effects of injection timing of diesel fuel on performance and emission of dual
fuel diesel engine powered by diesel/E85 fuels. Transport 2018, 33, 633—-646. https://doi.org/10.3846/transport.2018.1572.
Dziewiatkowski, M.; Szpica, D. Evaluation of the conversion rate regarding hydrocarbons contained in the exhaust gases of an
engine fuelled with compressed natural gas (CNG) using different catalysts operating at different temperatures. Mechanika 2021,
27,492-497.

Warianek, M.; Lejda, K. The Environmental Safety of the Fiat 0.9 TwinAir Compressed Natural Gas Engine. Arch. Automot. Eng.
2020, 88, 47-60. https://doi.org/10.14669/AM.VOL88.ART4.

Pietra, A.; Gianni, M.; Zuliani, N.; Malabotti, S.; Taccani, R. Experimental Characterization of an Alkaline Electrolyser and a
Compression System for Hydrogen Production and Storage. Energies 2021, 14, 5347. https://doi.org/10.3390/en14175347.
Synak, F.; Syndk, J.; Skrticany, T. Assessing the addition of hydrogen and oxygen into the engine’s intake air on selected vehicle
features. Int. |. Hydrog. Energy, 2021, 46, 31854-31878.

Jurkovic, M,; Kalina, T.; Skrtcany, T.; Gorzelanczyk, P.; L'uptak, V. Environmental Impacts of Introducing LNG as Alternative
Fuel for Urban Buses—Case Study in Slovakia. Promet-Traffic Transp. 2020, 32, 837-847.

Lagowski, P. The Effect of Biofuel on the Emission of Exhaust Gas from an Engine with the Common Rail System. Arch. Automot.
Eng. 2021, 90, 33—44. https://doi.org/10.14669/AM.VOL90.ARTS3.

Mikulski, M.; Ambrosewicz-Walacik, M.; Duda, K.; Hunicz, J. Performance and emission characterization of a common-rail
compression-ignition engine fuelled with ternary mixtures of rapeseed oil, pyrolytic oil and diesel. Fuel 2020, 148, 739-755.
Milojevi¢, S.; Savi¢, S.; Mari¢, D.; Stopka, O.; Krsti¢, B.; Stojanovi¢, B. Correlation between Emission and Combustion Charac-
teristics with the Compression Ratio and Fuel Injection Timing in Tribologically Optimized Diesel Engine. Teh. Vjesn. 2022, 29,
1210-1219.

Rimkus, A.; Stravinskas, S.; Matijosius, J. Comparative Study on the Energetic and Ecologic Parameters of Dual Fuels (Diesel-
NG and HVO-Biogas) and Conventional Diesel Fuel in a CI Engine. Appl. Sci. 2020, 10, 359.

Dittrich, A.; Beroun S.; Zvolsky, T. Diesel gas dual engine with liquid LPG injection into intake manifold. In Proceedings of the
17th International Scientific Conference on Engineering for Rural Development, Jelgava, Latvia, 23-25 May 2018; pp. 1978-1983.
https://doi.org/10.22616/ERDev2018.17.N035.

Conradie, P.; Asekun, O.; Skrucany, T.; Kendra, M.; Stopka, O. The Effect of Fuel on the Energy Consumption and Production
of Greenhouse Gases in Transport. Arch. Automot. Eng. 2018, 82, 5-14. https://doi.org/10.14669/AM.VOL82.ART1.

Settey, T.; Gnap, J.; Betiova, D.; Pavlicko, M.; Blazekova, O. The Growth of E-Commerce Due to COVID-19 and the Need for
Urban Logistics Centers Using Electric Vehicles: Bratislava Case Study. Sustainability 2021, 13, 5357.

Liberto, C.; Valenti, G.; Orchi, S.; Lelli, M.; Nigro, M.; Ferrara, M. The Impact of Electric Mobility Scenarios in Large Urban
Areas: The Rome Case Study. IEEE Trans. Intell. Transport. Syst. 2018, 19, 3540-3549. https://doi.org/10.1109/TITS.2018.2832004.
Staiiczyk, T.; Hyb, L. Technological and Organisational Challenges for E-Mobility. Arch. Automot. Eng. 2019, 84, 57-70.
https://doi.org/10.14669/AM.VOL84.ART5.

Ibrahim, A.; Jiang, F. The Electric Vehicle Energy Management: An Overview of the Energy System and Related Modeling and
Simulation. Renew. Sustain. Energy Rev. 2021, 144, 111049. https://doi.org/10.1016/j.rser.2021.111049.

Globisch, J.; Plotz, P.; Diitschke, E.; Wietschel, M. Consumer Preferences for Public Charging Infrastructure for Electric Vehicles.
Transp. Policy 2019, 81, 54-63. https://doi.org/10.1016/j.tranpol.2019.05.017.

Ding, X.; Zhang, W.; Wei, S.; Wang, Z. Optimization of an Energy Storage System for Electric Bus Fast-Charging Station. Energies
2021, 14, 4143. https://doi.org/10.3390/en14144143.

Gnann, T.; Funke, S; Jakobsson, N.; Pl6tz, P.; Sprei, F.; Bennehag, A. Fast Charging Infrastructure for Electric Vehicles: Today’s
Situation and Future Needs. Transp. Res. D Transp. Environ. 2018, 62, 314-329.

Cizitiniené, K.; Matijosius, J.; Cereska, A.; Petragka, A. Algorithm for Reducing Truck Noise on Via Baltica Transport Corridors
in Lithuania. Energies 2020, 13, 6475. https://doi.org/10.3390/en13246475.

Gope, D.; Goel, S.K. Design Optimization of Permanent Magnet Synchronous Motor Using Taguchi Method and Experimental
Validation. Int. |. Emerg. Electr. Power Syst. 2021, 22, 9-20. https://doi.org/10.1515/ijeeps-2020-0169.

Matek, A.; Taccani, R. Long-Term Test of an Electric Vehicle Charged from a Photovoltaic Carport. Arch. Automot. Eng. 2019, 86,
55-63. https://doi.org/10.14669/AM.VOL86.ART4.

Xylia, M; Silveira, S. The Role of Charging Technologies in Upscaling the Use of Electric Buses in Public Transport: Experiences
from Demonstration Projects. Transp. Res. Part A Policy Pract. 2018, 118, 399-415.

Di Foggia, G. Drivers and Challenges of Electric Vehicles Integration in Corporate Fleet: An Empirical Survey. Res. Transp. Bus.
Manag. 2021, 41, 100627. https://doi.org/10.1016/j.rtbm.2021.100627.



Energies 2023, 16, 3126 16 of 16

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.
61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

Habla, W.; Huwe, V.; Kesternich, M. Electric and Conventional Vehicle Usage in Private and Car Sharing Fleets in Germany.
Transp. Res. D Transp. Environ. 2021, 93, 102729. https://doi.org/10.1016/;.trd.2021.102729.

Kumar, M.S.; Revankar, S.T. Development Scheme and Key Technology of an Electric Vehicle: An Overview. Renew. Sustain.
Energy Rev. 2017, 70, 1266-1285. https://doi.org/10.1016/j.rser.2016.12.027.

Subramaniam, R.; Dhinakaran, R. Design and Modeling of an Electric Vehicle for Facilitating Door Delivery of Online Orders.
Mater. Today Proc. 2021, 42, 955-961. https://doi.org/10.1016/j.matpr.2020.11.909.

Erd, A.; Stoklosa, . Main Design Guidelines for Battery Management Systems for Traction Purposes. In Proceedings of the 2018
XI International Science-Technical Conference Automotive Safety, Casta, Slovakia, 1820 April 2018; IEEE: (Vlasté, Slovakia, 2018;
pp- 1-5.

Schiicking, M.; Jochem, P. Two-Stage Stochastic Program Optimizing the Cost of Electric Vehicles in Commercial Fleets. Appl.
Energy 2021, 293, 116649. https://doi.org/10.1016/j.apenergy.2021.116649.

Culik, K.; Hrudkay, K.; Morgos, J. Operating Characteristics of Electric Buses and Their Analysis. In Proceedings of the Inter-
national Conference of Transport Means, Kaunas, Lithuania, 6-8 October 2021; pp. 251-256.

Madeti, S.R.; Singh, S.N. Monitoring System for Photovoltaic Plants: A Review. Renew. Sustain. Energy Rev. 2017, 67, 1180-1207.
https://doi.org/10.1016/j.rser.2016.09.088.

Kilikevidius, A.; Cereka, A.; Kilikevi¢iene, K. Analysis of external dynamic loads influence to photovoltaic module structural
performance. Eng. Fail. Anal., 2016, 66, 445-454. https://doi.org/10.1016/j.engfailanal.2016.04.031.

Kilikeviciené, K.; Matijosius, J.; Fursenko, A.; Kilikevicius, A. Tests of Hail Simulation and Research of the Resulting Impact on
the Structural Reliability of Solar Cells. Eksploat. Niezawodn. Maint. Reliab. 2019, 21, 275-281.

Fragiacomo, P.; Piraino, F.; Genovese, M. Insights for Industry 4.0 Applications into a Hydrogen Advanced Mobility. Procedia
Manuf. 2020, 42, 239-245. https://doi.org/10.1016/j.promfg.2020.02.077.

Gan, Y.; Chen, Z.; Wu, L,; Cheng, S.; Lin, P. Fault Diagnosis of PV Array Using Adaptive Network Based Fuzzy Inference System.
IOP Conf. Ser. Earth Environ. Sci. 2020, 467, 012083. https://doi.org/10.1088/1755-1315/467/1/012083.

Novoa, L.; Brouwer, J. Dynamics of an Integrated Solar Photovoltaic and Battery Storage Nanogrid for Electric Vehicle Charging.
J. Power Sources 2018, 399, 166—-178.

Seddig, K.; Jochem, P.; Fichtner, W. Two-Stage Stochastic Optimization for Cost-Minimal Charging of Electric Vehicles at Public
Charging Stations with Photovoltaics. Appl. Energy 2019, 242, 769-781. https://doi.org/10.1016/j.apenergy.2019.03.036.

Kulik, A.C.; Tonolo, E.A.; Scortegagna, A.K.; da Silva, J.E.; Urbanetz Junior, J. Analysis of Scenarios for the Insertion of Electric
Vehicles in Conjunction with a Solar Carport in the City of Curitiba, Parana—Brazil. Energies 2021, 14, 5027.
https://doi.org/10.3390/en14165027.

Iringova, A.; Kovacic, M. Design and Optimization of Photovoltaic Systems in a Parking Garage— A Case Study. Transp. Res.
Procedia 2021, 55, 1171-1179. https://doi.org/10.1016/j.trpro.2021.07.097.

Keelin, T.W. The Metalog Distributions. Decis. Anal. 2016, 13, 4, 243-277. https://doi.org/10.1287/deca.2016.0338.

Keelin, T.W.; Howard, R.A. The Metalog Distributions: Virtually Unlimited Shape Flexibility, Combining Expert Opinion in Closed
Form, and Bayesian Updating in Closed Form; Stanford University: Stanford, CA, USA, 2021.

Borquist, B.R. What's Love Got to Do with It? Religion and the Multiple Logic Tensions of Social Enterprise. Religions 2021, 12,
655. https://doi.org/10.3390/rel12080655.

Wybraniec-Skardowska, U. On Certain Axiomatizations of Arithmetic of Natural and Integer Numbers. Axioms 2019, 8, 103.
https://doi.org/10.3390/axioms8030103.

Harries-Jones, P. Bioentropy, Aesthetics and Meta-dualism: The Transdisciplinary Ecology of Gregory Bateson. Entropy 2010,
12, 2359-2385. https://doi.org/10.3390/e12122359.

Malek, A.; Wojciechowski, L. Carports as an element of energy security for electric vehicles. IOP Conf. Ser. Mater. Sci. Eng. 2022,
1247, 012044. https://doi.org/10.1088/1757-899X/1247/1/012044.

Malek, A.; Marciniak, A. The Use of Deep Recurrent Neural Networks to Predict Performance of Photovoltaic System for Charg-
ing Electric Vehicles. Open Eng. 2021, 11, 377-389. https://doi.org/10.1515/eng-2021-0034.

Mehrjerdi, H. Off-Grid Solar Powered Charging Station for Electric and Hydrogen Vehicles Including Fuel Cell and Hydrogen
Storage. Int. J. Hydrog. Energy 2019, 44, 11574-11583. https://doi.org/10.1016/j.ijhydene.2019.03.158.

Kostopoulos, E.M.; Spyropoulos, G.; Christopoulos, K.; Kaldellis, J.K. Solar Energy Contribution to an Electric Vehicle Needs
on the Basis of Long-Term Measurements. Procedia Struct. Integr. 2018, 10, 203-210. https://doi.org/10.1016/j.prostr.2018.09.029.

Nait-Sidi-Moh, A.; Ruzmetov, A.; Bakhouya, M.; Naitmalek, Y.; Gaber, J. A Prediction Model of Electric Vehicle Charging Re-
quests. Procedia Comput. Sci. 2018, 141, 127-134. https://doi.org/10.1016/j.procs.2018.10.158.

Dizo, J.; Blatnicky, M.; Semenov, S.; Mikhailov, E.; Kostrzewski, M.; Drozdziel, P.; Stastniak, P. Electric and plug-in hybrid
vehicles and their infrastructure in a particular European region. Transp. Res. Procedia 2021, 55, 629-636.

Wahid, M.; Budiman, B.; Joelianto, E.; Aziz, M. A Review on Drive Train Technologies for Passenger Electric Vehicles. Energies
2021, 14, 6742. https://doi.org/10.3390/en14206742.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual au-
thor(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.



