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Abstract: Electrification of powertrain systems offers numerous advantages in the global trend in
vehicular applications. A wide range of energy sources and zero-emission propulsion in the tank
to wheel significantly add to electric vehicles’ (EV) attractiveness. This paper presents analyses of
the energy balance between micro-photovoltaic (PV) installation and small electric vehicle in real
conditions. It is based on monitoring PV panel’s energy production and car electricity consumption.
The methodology included energy data from real household PV installation (the most common
renewable energy source in Poland), electric vehicle energy consumption during real driving con-
ditions, and drivetrain operating parameters, all collected over a period of one year by indirect
measuring. A correlation between energy produced by the micro-PV installation and small elec-
tric car energy consumption was described. In the Winter, small electric car energy consumption
amounted to 14.9 kWh per 100 km and was 14% greater than summer, based on test requirements of
real driving conditions. The 4.48 kW PV installation located in Poznań produced 4101 kWh energy in
258 days. The calculation indicated 1406 kWh energy was available for EV charging after household
electricity consumption subtraction. The zero-emission daily distance analysis was done by the
simplified method.

Keywords: energy consumption; real driving conditions; electric vehicle; solar panels; energy flow;
renewable energy

1. Introduction

The introduction of environmentally friendly and highly efficient energy conversion
systems represents one of the biggest challenges in the development of vehicle drivetrain
systems [1]. Considering global energy consumption, 44% of global transport energy
is consumed by light-duty vehicles, the next 26% by heavy-duty vehicles [2], and 30%
by others [3]. Over 99.8% of transport means are still powered by combustion engines,
impeding fast transport decarbonization [3,4].

The mechanical energy generated by petroleum product’s combustion processes pro-
duces problematic carbon dioxide and other toxic exhaust compounds [5,6]. The EU
legislation pays special attention to CO2 emission and, starting in 2021, has limited it to
95 g/km [7,8]. The CO2 emission is tightly bound with fuel consumption and related
directly to engine efficiency in tank to wheel (TTW) calculations. A wide variety of pow-
ertrains systems, including internal combustion engines (ICE) and electric vehicles (EV),
dedicated to vehicles demand not only tank to wheel analysis but also life cycle assessment
(LCA). It provides detailed information about the environment’s energetic impacts [9].
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LCA analysis carried out by Message et al. [10] shows the most significant climate change,
expressed in gram CO2/km, for conventional vehicles using fossil fuels, particularly Petrol
Euro 4, and the lowest for EVs, highlighting the significance of energy source. The elemen-
tary difference in LCA between conventional and electric powertrain relies on Well-to-Tank
(WTT) and TTW share. EV characterizes the majority of the WTT energy conversion share
compared to conventional ICE, where TTW is dominant [10]. Respectively, other studies
indicate EV lifetime relevance [11]. The attractiveness of EVs in terms of global warming
potential increases with its lifetime.

An electric vehicle’s advantage is that it consumes energy from various energy sources,
such as fossil fuels, renewable energy (RES), bioenergy, or nuclear [12]. The trends in EV
technology field development provide a necessity for energy market analysis. The study
presented by Xu et al., 2020 [13] discusses four different charging strategies, and how they
will influence greenhouse gas (GHG) emissions in 2050, i.e., when high decarbonization
levels and large RES shares are expected. The analysis included electricity mix type and
reduced energy consumption from gas-fired power stations, and increased energy share
from RES by controlling the charging process. Other predictions, up to 2040, indicate the
benefits of implementing the ClimPol scenario. It significantly increases energy sharing
from RES, reducing kilogram carbon dioxide equivalence per kWh to just above 0.2, from
the global case of slightly more than 0.8 [14]. The trend is primarily influenced by an
increased share of wind, solar biomass, and nuclear power in energy generation and EV
battery charging, with results depending on the EU country [15]. Overall, the lowest
charging effect has been achieved in France in 2015. Forecasting shows a 19% increasing
RES share in 28 EU countries, along with a 17% decrease of share of electricity from solid
fuels between 2020–2050.

Rising demand for RES energy led to fast photovoltaic infrastructure development,
which became competitive in terms of low cost and high efficiency. The flexibility of the
design of PV systems allows energy production in a wide range of voltage, from systems
with power above 100 MWp to household applications, most often below 15 kWp [16,17].
Integration of household PV systems and electric vehicle use are a promising solution
for global GHG reduction and locally lower fuel costs [17,18]. Energy analysis from
Kyoto, with limited areas intended for RES, indicated 74% CO2 emission and 37% cost
reduction from the power and transport sectors by applying photovoltaic rooftop systems
and electric vehicles [19]. Results from 12 stands at an EV charging station equipped
with photovoltaic panels (48 kW) and Li-ion 100 kW battery energy storage show the
possibility of achieving 100% renewable electricity using appropriate control modes [20].
Modeling [21] of 400 combinations shows an attractive solution: cooperation of stationary
battery (EV) with household PV infrastructure. The electric vehicle, being mobile energy
storage, can effectively replace traditional battery storage. Using the battery in an EV as
energy storage in such vehicle to grid (V2G) combinations, the self-sufficiency of solar
self-consumption of household residentials increases [22]. In relation to V2G Technology,
Wu Y. et al. proposes a real-time energy management system (EMS), that allows for a
29–55% reduction of the total cost of a Photovoltaic assisted charging station [23].

Energy stored in lithium-ion batteries has many advantages [24]. However, significant
limitations are the dependence of the distance range on charging infrastructures, battery
capacity, and drive quality [25,26]. Hence, it is important to monitor the high voltage
battery state of charge to better understand energy flow phenomena and distance range
prediction [27]. The range–distance prediction can be estimated based on various data
collection methods. Zhang J. et al. obtained data from fifty EV taxis driving in Beijing [28].
In another study, testing was carried out by 32 electric busses traveling four routes under
different working conditions [29]. Many studies about energy consumption prediction used
data from experimental tests to validate new approaches [30–32]. In order to determine
energy consumption by an electric vehicle, some researchers [33,34] used the real driving
emission (RDE) test procedure as a suitable method to compare results with conventional
ICE vehicles.
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In recent years, Poland has noticed a rapid growth in interest in photovoltaic energy
development [35]. The installed generated power increased by approximately 30% between
the end of 2019 and May 2020 and achieved more than 1950 MW. The high growth rate
places Poland in the top five EU countries in terms of new power. Most solar energy is
produced by PV micro installations, representing more than 70% of all Polish PV markets
in 2019. New regulations and supporting programs cause changes in the Polish renewable
energy market [36]. The number of new registered battery electric vehicles has grown
parallel to the number of household PV installations. Within a year, Poland’s quantity of
EVs increased by 80% to almost 7300 vehicles [37]. In effect, electric energy consumption
will constantly be rising [38].

In the analysis of electric vehicle research, some major fields of experimental study
can be quoted:

• Energy consumption by electric vehicle [28,39],
• Energy production by household photovoltaic installations [40,41],
• EV charging process analysis and optimization with reference to PV source of

electricity [42–44].

Regarding the high rate of changes in the energy market and non-ICE vehicle devel-
opment, the authors decided to investigate the energy balance between energy production
from the micro photovoltaic system and the energy consumption by small passenger cars
equipped with a battery electric powertrain system. The approach of combining real
objects (vehicle, residential building) in the energy balance consideration, as proven in
the literature, is a commonly analyzed issue. In terms of the studied field, the novelty is
the connection between the following approaches: annual balance, changing of ambient
conditions, and road approved electric vehicle energy consumption evaluation based on a
real driving conditions (RDC) test.

This study’s aim is to assess household micro-photovoltaic systems’ self-sufficiency in
connection with battery electric vehicle use. The research goals are:

• How much energy does a city electric vehicle consume during its intended operation?
• Is the 4.48 kW photovoltaic installation capable of satisfying the energy demand in

the assumed scenarios of driving an electric vehicle?

The extent of this study included the energy flow analysis from a PV system, then
charging, followed by RDC testing to discover the amount of energy consumed by an elec-
tric vehicle. It covered a one-year period with energy generation analysis from photovoltaic
panels being carried out during the same periods as the vehicle tests, with average energy
consumption during driving estimated for both winter and summer measurements.

2. Methods of Analysis

The aim of this study was to evaluate the energy flow generated by the solar panels,
followed by analysis of the energy flow during vehicle’s charging and the energy con-
sumption in the RDC test. The analysis of energy generation from photovoltaic panels was
carried out during the same periods as the vehicle tests, i.e., in winter and summer periods
in 2020 on the territory of Poznan city in Poland. In the same periods, the average driving
energy consumption was also estimated. The following questions were posed: How much
energy does a city electric vehicle consume during its intended operation periods? Is the
applied 4.48 kW photovoltaic installation able to guarantee an electric vehicle’s energy
demand in the assumed driving scenarios? The scope of the research included two test
runs compliant with the RDC test procedure in urban, rural, and motorway cycles in winter
and summer conditions of 2020. The measurements were made in the ECO driving mode,
which in earlier studies [34] showed a beneficial reduction in energy consumption by the
vehicle. The measurements made in the same driving mode allowed the estimation of
the impact of weather conditions on the overall energy consumption of the vehicle on
selected road sections. The data from the test run were recorded in real-time based on
the information pulled from the vehicle controller area network (CAN) by a dedicated
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on-board diagnostics system (OBD) scan tool. The main parameters that were recorded
during the measurements in the actual traffic conditions of the vehicle were those describ-
ing the operation of the electric motor (rotational speed, value of the current and voltage,
and torque and vehicle speed) and the parameters concerning the accumulation of energy
in the battery (state of charge (SOC), and power).

The characteristics of the electric vehicle used in road tests are shown in Table 1. The
vehicle used in the tests—ŠKODA CITIGOe iV—is supplied with an electric drive, allowing
different driving modes and variable intensity of regenerative braking. The 61 kW ŠKODA
CITIGOe iV powertrain used a Li-Ion battery of 36.8 kWh full capacity and 32.3 kWh
useable capacity. The location of the batteries have also been shown in Table 1.

Table 1. Technical data of the analyzed powertrain fitted in ŠKODA CITIGOe iV [34].

Electric Motor/Car Battery

Parameter Value Parameter Value

Max. voltage 360 V Type Li-ion
Max. power output 61 kW Capacity total 36.8 kWh

Max. torque 212 Nm Capacity usable 32.3 kWh

Maximum speed 130 km/h Charge port AC-Type 2
DC-CCS2

Operating weight 1235 kg Charge power AC-7.2 kW
DC-40 kW

This article presents an analysis of three stages of energy conversion with emphasis on
the vehicle’s energy consumption under real traffic conditions (Figure 1). The comparison
of the stages of energy conversion from the PV energy generation to vehicle charging,
allowed us to develop a compilation of the possibility of driving the vehicle using energy
from renewable sources only.

Figure 1. Division of analysis carried out in the discussed studies.
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2.1. Long-term Analysis of Solar Panel Household Power Generation

Long term analysis of producing electric energy has been based on monitoring work-
ing the parameters of household micro-PV installation located in the northern part of
Poznan and in service since February 2020. The system has been working in on-grid mode
with solar electric power used by household and the surplus sold to the grid. The PV
installation contains fourteen monocrystalline rooftop PV panels, DC/AC inverter, fuses,
and assembly parts. The 320 W panels’ total power output is 4.48 kW. The installation
also includes three-phase 5.2 kW inverter SMA Sunny Tripower 5.0 and a two-way energy
meter. The real-time view of the energy data (±1 Wh) is possible through dedicated web
and mobile apps.

The daily average energy consumption has been calculated using Equation (1) below.

Ehousholdusage avg =

(
E f rom the grid + Edirect use f rom solar panels

)
∑ analyzed days

(1)

Ehousholdusage avg =
2293 + 402

258
= 10.4

[
kWh
day

]
The calculation was based on 258 days with 2293 kWh of energy taken from the grid

and 402 kWh of energy supplied by PV installation.
Available energy dedicated to an electric vehicle charging has been estimated using

Equation (2).

Eavailable f or EV vehicle charging
= E f rom solar panels

−
(

E f rom the grid + Edirect use f rom solar panels

) (2)

Eavailable f or EV vehicle charging = 4101− (2293 + 402) = 1406 [kWh]

This additional energy of 1406 kWh is available for EV charging (taking into account
the billing period of 258 days). Due to the analyses carried out in different periods of the
year, it is possible to change the flow of energy from the source in the form of photovoltaic
panels and the power plant. The trending differences are shown in Figure 2.

Figure 2. Characteristic correlations in electricity production from photovoltaic panels in the summer and winter months
(based on [45]).

2.2. Electrical Vehicle Charging Modes

Small passenger EV used in this investigation could be charged following the
modes below:

• 2.3 kW (AC) Type 2 from the household grid with dedicated converter supplied by
the manufacturer,

• 7.2 kW (AC) Type 2 from the wall outlet or a public charging station,
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• 40.0 kW (AC/DC) combined charging system (CCS) from the rapid charging station.

The combined charging system (CSS) can, within one hour, charge up to 80% of the
car battery capacity.

The full charge time increases with decreased charging power. Charging profile of the
first mode—2.3 kW (AC)—was observed over one full cycle. The charging level (±0.1%),
voltage (±1 V), and current (±0.01 A) were sampled with 1.3 Hz and were registered from
vehicle’s CAN in real time. The observation setup is shown below in Figure 3.

Figure 3. Vehicle charging setup.

2.3. Vehicle Energy Consumption in RDC Test

The test route was proposed in [34,46] and determined to lead through the city of
Poznań and its surrounding areas. It covered urban, rural, and motorway conditions. The
maximum motorway legal speed is 140 km/h. Selected test requirements related to the
course of the test run have been presented in Table 2. The duration of all the test runs
exceeded 90 min, and the total length of the track did not change.

Table 2. Real driving conditions test requirements with map of the route traveled during the measurements [34].

Route Pattern Followed in
Research

Selected RDE/RDC Test
Requirements Urban Rural Motorway

Cycle repetition [%] (± 10%) 29 < ratio ≤ 34 33 ←
Speed [km/h] < 60 60 ≤ V ≤ 90 V > 90

Max. speed [km/h]
(± 15 km/h for less than 3% of

driving time)
- - 145

Average speed (stops included)
[km/h] 15 ≤ V ≤ 30 - -

Minimum travelled distance
[km] 16 ← ←

Altitude difference
(beginning/end) [m] 100 ← ←

Maximum slope [m/100km] 1200 m/100 km ← ←
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The main problem of constantly developing industry is its negative impact on the
environment. One of the most dynamically changing sectors of industry is transport, which
significantly affects the concentration of hazardous substances in the air. In order to reduce
the impact of vehicles on the environment, increasingly restrictive emission standards are
being introduced, and solutions are being sought to minimize the emission of exhaust
fumes from vehicles. Exhaust emission standards are set to control the pollutants emitted
from automotive vehicles around the world. Exhaust emission values are measured under
conditions in an established type approval test. This part of the vehicle certification process
is responsible for the environmental performance of the vehicle and is the same for all
passenger cars. The course of the test corresponds to the most likely road conditions,
and the tests performed, which are the same for all vehicles, authorize the comparison
of emission results between them. However, currently, more and more attention is paid
to road tests, i.e., tests performed in real driving conditions. At present, these tests have
been included in the European Union regulations under the name RDE (real driving
emissions) [47,48]. They are performed in order to best reflect the actual vehicle operation
conditions in terms of ecological aspects. Such tests must be performed with specific
requirements, the main assumptions of which are presented in Table 2. The winter and
summer runs performed in this research met the requirements specified in the RDE test
directive (Table 3). However, due to the lack of exhaust emission measurement, these tests
are named RDC.

Table 3. Meeting real driving emissions (RDE) test requirements for summer and winter performed
measurements [47,48].

Test Specification Result Winter
Conditions

Result Summer
Conditions Requirement

Urban component [km] 22.3 23.4 >16

Rural component [km] 27.2 23.6 >16

Highway component [km] 28.3 30.0 >16

Total route length [km] 77.8 77.0 >48

Urban component [%] 29.7 30.3 29−44

Rural component [%] 34.9 30.7 33 ± 10

Highway component [%] 35.4 39.0 33 ± 10

Average speed on urban route [km/h] 20.9 24.0 15–40

Duration of stops on urban route [%] 28.9 28.24 6–30

Trip duration at more than 100 km/h [min] 14.2 15.2 >5

Maximum speed [km/h] 117.0 116 <160

Trip duration at more than 145 km/h during
the highway component [%] 0.0 0.0 <3

Maximum single stop duration [s] 103.0 99.9 <180

Trip duration [min] 99.5 92.8 90–120

Urban: data set no. ai > 0.1 m/s2 1146 1024 >150

Rural: data set no. ai > 0.1 m/s2 263 269 >150

Highway: data set no. ai > 0.1 m/s3 158 188 >150

Urban: 95. percentile V·apos [m2 /s3] 17.0 15.0 <17.2 1 <17.7 2

Rural: 95. percentile V·apos [m2 /s3] 24.7 14.8 <24.9 1 <24.6 2

Highway: 95. percentile V·apos [m2 /s3] 25.9 24.7 <27.3 1 <27.3 2

Urban: RPA [m/s2] 0.323 0.268 >0.142 1 >0.137 2

Rural: RPA [m/s2] 0.099 0.085 >0.047 1 >0.053 2

Highway: RPA [m/s2] 0.065 0.078 >0.025 1 >0.025 2

1 and 2—Specific value determined for each trip, taking into account vehicle speed parameters based on European
Union regulations. 1 Data calculated for winter real driving conditions (RDC) test. 2 Data calculated for summer
RDC test.
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2.4. Energy Supply and Demand for Selected Driving Scenarios

The choice of a means of transport for many users is motivated by economic factors
(total cost of vehicle use). Literature sources of daily commutes provided average distances
in the EU. Commutes within cities ranged between 4–25 km. Commutes from suburban
areas can be significantly longer (Figure 4). In the next part of this section, we analyzed
and presented three scenarios of daily commute.

Based on described trends [50] of dependency of distance and travel frequency and
information about average distances covered in Poland [49], three different distances have
been selected to analyze (Figure 5). Scenario 1 assumes a 15 km distance per day focusing
on an urban area. Consequently, scenarios 2 and 3 concern the suburban areas where the
residence is a farther distance from the workplace.

Figure 4. Average travel distances (km) in Europe, with focus on Stockholm and Barcelona, showing
the dependence of the average distance on the distance from the metropolitan area [49].

Figure 5. Typical distribution of frequency of trips vs. distance covered in Italy [50], supplemented
by proposed scenarios and statistical data on average distances covered in Poland [49].
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3. Results
3.1. Long Term Analysis of PV Energy Production

In Poland, the solar radiation falls consistently within 1050–1160 kWh/m2/year, with
highest values observed in the central part (Poznan or Warsaw) and in the south of the
country (Krakow), as shown in Figure 6. The photovoltaic systems produce similar amounts
of energy throughout the country. The Institute of Renewable Energy report shows that, in
Poland, about 70% of currently installed photovoltaic sources are micro installations with an
increasing trend. In 2019, there were 640 MW of new power installed, three times more than
in 2018. Such a rapidly growing branch of power industry presents real possibilities for power
self-sufficient households with excess energy to be dedicated to zero-emission transport.

Figure 6. Average annual sum of photovoltaic (PV) power potential [51] and the development of micro installations in
Poland [35].

Measurements of an existing single-family building with a 4.48 kWp photovoltaic
installation were made. The Sunny Tripower 5.0 model STP5.0–3AV–40 424 inverter enabled
real-time measurement of the generated power by the photovoltaic system, with monitoring
performed by a dedicated application (SMA Smart Connected) and data archiving by the
Sunny Portal service. The inverter’s parameters are shown in Table 4 and the values of the
energy obtained are presented in Figure 7.

Table 4. Characteristics of the inverter Sunny Tripower 5.0 used in the tested home installation [52].

Input (DC) Output (AC) Efficiency

Parameter Value Parameter Value Parameter Value

Max. PV array power 9000 Wp Rated power
(at 230 V, 50 Hz) 5000 W Max. efficiency 98.2%

Max. input voltage 850 V Max. output
current 3 × 7.7 A European efficiency 97.4%

The differences between energy generation in the summer and winter months were
significant. Shortening the time of solar radiation of the panels by 30% reduced the
maximum power generated by 19% (Figure 7), resulting in a total reduction in the share of
accumulated energy by about 40% (energy gain in June was 664.5 kWh while in March only
406.7 kWh). Such large differences in the total values of energy produced raises doubts
about the ability to meet the energy demand for both the power supply to the building and
the electric vehicle.
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Figure 7. The data from 4.48 kWp solar energy installation located in Poznan city in Poland—energy generated during the
winter and summer weeks, collected by the Sunny Tripower 5.0 data acquisition system.

The compiled daily electricity production characteristics (Figure 7) were averaged
and presented in relation to the daily usage pattern of the electric vehicle (Figure 8). Part
of the energy produced during the day (around the afternoon hours) was transferred to
the power plant, because at this point, the energy was not used for the household’s needs.
The graph shows the maximum vehicle charging time with a discharged battery. Charging
time, in this case, is long also because of the choice of basic charging technology. In the
absence of energy production by photovoltaic panels, the energy needed to charge the
vehicle (as well as other home usage) was drawn back from the power plant.

Figure 8. Electric vehicle charging scenario (using charging mode 2) in relation to the average generation of electricity from
the photovoltaic installation (red—summer, blue—winter).

3.2. Vehicle Charging Analysis

The charging profiles, represented by SOC, power, and voltage, are shown in Figure 9.
The authors did not optimize the charging process. Algorithms implemented by the vehicle
manufacturer controlled the charging. Battery charging from 15.2% to 95.6% lasted almost
sixteen hours. The charging process was carried out by constant current (CC) mode, i.e.,
with approximate constant current and variable voltage using the original manufacturer
household charger. The voltage rose from 296.25 V to 351.75 V at the end of charging.
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At the same time, the current value was changing significantly. At 96% of SOC, current
reduced to slightly above 0, and with it, large voltage variations were observed. When
the car was not being used and had a full battery, the charger ensured stand by energy
consumption. The battery delivered 30.16 kWh energy after one charging cycle.

3.3. The Impact of Atmospheric Conditions on the Energy Consumption of an Electric Vehicle

The driving cycles, realized in compliance with the RDC procedures, were started at
100% battery SOC level (software readout). The test runs were performed by a single driver
to assure consistency in the driving style. Compared to the previous analysis results of the
driving energy consumption in the RDC test [34], this article focuses on the determination
of the total energy consumption by route sections: urban, rural, and motorway under
different atmospheric conditions. The vehicle velocity and relative SOC profile during
the RDC tests are shown in Figure 10. Presented curves marked in blue and red colors
represent different ambient conditions. Vehicle speed and state of charge are represented
by solid and dotted lines, respectively. In the tests with similar conditions achieved during
the measurement journeys, the indications of the vehicle speed in relation to the distance
travelled showed a high similarity to the journey, both in the urban part and in the sections
with increased speeds. Some differences in the speed on the suburban and highway routes
were dictated by road conditions, and there was no possibility to repeat them.

Figure 9. Single cycle charging profile carried out by household dedicated converter in constant current (CC) mode.

The driving cycles, realized in compliance with the RDC procedures, were started
at battery level SOC 100% (software readout). The test runs were performed by a single
driver to avoid inconsistency in the driving style. During the test run, the vehicle speed
and battery level were recorded. Due to running the vehicle in ECO mode, the maximum
speed was limited by the drivetrain controller; both runs were comparable speeds in the
given test intervals, and nevertheless, the energy consumption was about 11% more in
the winter period. For this reason, further work identifies the intervals of route split and
vehicle speed affecting the increased energy consumption.
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Figure 10. Comparison of the real driving conditions (RDC) test for the performed test runs in winter and
summer conditions.

The flow of the energy ∆E was determined based on the flow of current (IBAT) and
voltage (UBAT) of the battery as a result of its discharge and regenerative braking charge
during driving of the car:

∆Ei = ∑t=tmax
t=0 UBAT × IBAT dt (3)

• discharging:

∆Edis = ∑t=tmax
t=0 UBAT × IBATdt (when ∆Ei < 0) (4)

• energy recovery (regenerative braking):

∆Ereg = ∑t=tmax
t=0 UBAT × IBATdt

(when ∆Ei > 0 and Mreg < 0)
(5)

In order to determine the individual electric powertrain operating conditions, road
portions were specified where the system operated in these individual conditions. On
this basis, the operating modes were divided into individual phases: driving, acceleration,
standstill, and braking, during operation of the electric drive. The adopted criteria have
been shown in Table 5 and Figure 11.

Table 5. Vehicle motion phase criteria.

Parameter Key Assumptions

Drive a = 0 v > 0
Acceleration a > 0 v > 0

Standstill - v = 0
Regenerative braking a < 0 v > 0 IBAT > 0
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Figure 11. Distribution of motion phases in winter and summer conditions.

The energy balance as a function of the type of the road is shown below (Figure 12).
Regardless of the weather conditions, similar energy recovery values were recorded. How-
ever, due to more vehicle stops during winter measurements, higher energy recovery was
achieved in both the urban and suburban parts during winter measurements. The greatest
amount of energy was recovered in the urban cycle due to the high number of brakings,
compared to the smooth traffic road portions.

Figure 12. Energy consumption balance in terms of road and weather conditions.

The specification of the assumptions used in the energy flow summation (Figure 12)
are specified in Table 6. The assumptions for the urban, rural, and motorway segmentation
of the route are consistent with the RDC test assumptions presented earlier (Tables 2 and 3).
The value of power delivered or generated from/to the battery was recorded during the
measurements, with the following assumptions, the summed energy flows presented
earlier were determined. These assumptions also apply to the energy consumption totals
in Figure 14.

Table 6. Vehicle motion phase criteria [34,35].

General Form of the Equation Energy Flow Speed Requirements

∆Echar/dischar =
t=tmax

∑
t=0

PBAT × dt

Urban Rural Motorway
Charge

PBAT > 0 v ≤ 60 60 > v ≥ 90 v ≥ 90
Discharge
PBAT < 0
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During the RDC test, the vehicle’s energy consumption was dependent on the road
conditions. Increased energy consumption of the vehicle was noticeable in the higher
speed ranges. The bar charts of Figure 13 show the energy flow and the share of energy
consumption for different speed ranges. The marked points represent the total energy
flow of both recovered (green) and consumed (red) energy in a specific speed range. The
largest amount of energy was recovered in the 20–50 km/h range. The amount of energy
recovered in the urban speed range allowed us to increase the vehicle range. However,
the energy consumption in each speed range was higher than the recovered energy. The
highest energy consumption was recorded in the intervals of increased vehicle speed, both
during summer and winter driving conditions; in the speed range 110–120 km/h, the
vehicle consumes more than 4 kWh (the distance covered at this speed is almost 25% of
the entire RDC test). The shares of each speed interval in the test indicate nearly identical
driving conditions in the urban route speed range (0–60 km/h) and in the motorway route
range (v > 90 km/h).

Figure 13. Energy flow characteristic and the share of energy consumption for different speed ranges in the RDC tests.

A summary of the vehicle’s energy consumption during the RDC test for sections
of the route (urban, rural, and motorway) is shown below in Figure 14 and Table 7 (1, 2
and 3). It compares both the energy consumption without recovery and the reduction of
energy consumption after taking into account the recovery of energy from braking, which
is shown in Table 7 (1′, 2′ and 3′). The graph shows the energy flow characteristics for both
winter and summer conditions. The energy consumption was then calculated for 100 km
of the sections under consideration (urban, rural, and motorway), thus obtaining the total
energy consumption of the vehicle in winter conditions (14.9 kWh/100 km) and in summer
conditions (13.1 kWh/100 km). Averaging the total energy consumption of a vehicle,
without division into sections of the route and weather conditions, gives 14 kWh/100 km.
The assumptions presented below are affected by some simplifications, but the paper is
intended to undertake a preliminary analysis of the possibility of supplying an electric
vehicle from a renewable source. Due to the variety of drivers and routes taken, these
calculations are not applicable to every type of vehicle or every road with their own unique
characteristics; nevertheless, the authors estimated the average energy consumption for a
small urban vehicle, which was then compiled together with the assumed travel scenarios
of the electric vehicle user.
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Figure 14. Energy flow characteristics and the share of energy consumption for different speed
intervals in the RDC tests.

Table 7. Energy consumption of an electric vehicle in the RDC test of Figure 13.

[-] Period Explanation Urban
[kWh]

Rural
[kWh]

Motorway
[kWh]

1
Winter condition

Energy consumption of the vehicle in the selected road section without
considering energy recovery −4.83 −4.433 0.79–4.79

1′ Energy consumption of the vehicle in the selected road section with
considering energy recovery (energy recovery during vehicle braking) −3.06 −3.91 −4.63

2
Summer condition

Energy consumption of the vehicle in the selected road section without
considering energy recovery −4.16 −2.88 −5.23

2′ Energy consumption of the vehicle in the selected road section with
considering energy recovery (energy recovery during vehicle braking) −2.67 −2.64 −5.03

3
Average

from research periods

Energy consumption of the vehicle in the selected road section without
considering energy recovery −4.51 −3.65 −5.01

3′ Energy consumption of the vehicle in the selected road section with
considering energy recovery (energy recovery during vehicle braking) −2.87 −3.27 −4.83

4 Winter condition Estimated energy consumption for 100 km in a selected section of the tested
route (including energy recovery from braking characteristic of the route) −13.73 −14.36 −16.39

5 Summer condition Estimated energy consumption for 100 km in a selected section of the tested
route (including energy recovery from braking characteristic of the route) −11.43 −11.15 −16.72

The above average values, without division into atmospheric conditions, were used
for the analysis of the electric vehicle driving scenarios and are presented below.

3.4. Energy Supply and Demand for Selected Scenarios of Driving a Vehicle

The analysis of the average distance travelled by passenger vehicles in 2.4 has been
used to develop a theoretical list of three scenarios (Table 8) in which the distance, together
with the share of individual route sections, is a variable. Scenario (S1)—the minimum
analyzed commuting distance is 15 km and covers urban driving conditions only. Scenario
(S2) assumes a one-way distance of 30 km with 15 km in urban and 15 km in suburban
driving conditions. Scenario (S3) assumes the participation of all three sections of the route
and is 45 km total in one direction. Increasing the distance makes it necessary to charge
the vehicle more often. This frequency was estimated based on calculations of the distance
of a particular route compared with the energy consumption of the vehicle presented in
the previous sections. According to the investigation’s assumptions about charging, the
vehicle must ensure an adequate charge to cover the entire route planned during the day.
An overview of the charging frequency is presented in Figure 15.
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Table 8. Analyzed scenarios of distances covered by an electric vehicle.

Scenarios
Under

Investigation

Daily
Distance

Work

Travel Conditions Total
Distance
in Week

Energy
Usage in the

Scenario

Frequency
of Vehicle
Charging

Average Energy
Demand Per

MonthUrban Rural Motorway

[-] [km] [km] [km] [km] [km] [kWh] [-] [kWh]

S1 15 15 - - 210 3.78 8.54→8 113.4

S2 30 15 15 - 420 7.62 4.24→4 228.6

S3 45 15 15 15 630 12.6 2.56→2 378

Figure 15. Frequency of charging an electric vehicle in the presented scenarios depending on the
distance covered by a user.

The summary of energy production to power an electric vehicle, Figure 16, shows the
energy produced by the photovoltaic installations in the months from March to October,
marked as green. The calculated energy consumption of the vehicle in all scenarios shows
it can be met by the production of electricity from solar panels in all months except October.
However, if we also consider the current average electricity consumption of household
appliances, Scenario 3 is not possible in any month. In such cases, the energy to power the
vehicle in scenario 3 would come directly from the power plant. The solution to reduce
electricity costs in such cases should be increasing the number of photovoltaic panels.
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Figure 16. Energy balance of the presented scenarios of driving an electric vehicle in relation to the
energy produced and consumed by a household with a 4.48 kW photovoltaic installation.

4. Discussion

This paper focused on an experimental assessment of the energy flow between house-
hold PV installation and a small size battery electric vehicle. Karkosiński et al., 2018 [53]
conducted a similar approach without RDC test requirements and household energy con-
sumption. The results indicated a significant impact of the sun’s shining state during the
day for energy generation, obtaining 100 W/m2 sun irradiance on a cloudy day and almost
250 W/m2 on a clear day in January. In effect, 11.4 kWh energy was obtained on an average
sunny day in January. The study of [54], with polycrystalline and monocrystalline PV
modules, showed an 80% difference between the amount of energy produced in summer
and winter over a three year period. The results of this study confirmed the above trends
through detailed analyses of PV energy production during the week of ride test cycles. In
addition, a 19% increase in peak power has been observed in summer with the effective
energy production time during the day raised by approximately 4 h.

EV energy consumption was examined with RDC tests. The average energy consump-
tion in considered cases was 13.1 kWh/100 km in summer and 14.9 kWh/100 km in winter.
The elevated energy consumption was likely caused by interior comfort system energy
demand. For reference, in [33] where energy consumption was determined also with the
RDC test, the average energy consumption was 19.6 kWh/100 km, calculated from two
repeated rides with the difference between the rides of 1.3 kWh.

Comparison of three types of powertrain: gasoline, hybrid, and electric, in terms of an
RDC test, was performed by Pielecha J. et al., 2020 [55]. During the RDE test, the lowest
accumulated energy demand was achieved for the electric vehicle, approximately 30%
lower than the combustion engine and 10% lower than a plug-in hybrid powertrain. In the
research presented, like in [55], energy consumption was analyzed separately for each road
type and in terms of ambient climate conditions, not powertrain type. In [36], the influence
of drive mode and braking strategy on energy flow in small-sized EV was investigated
within the RDC test requirements.

During the summer, smaller energy consumption was observed, 17% for urban con-
ditions and 22% for rural residents, including braking energy recovery. The result of
another investigation [56] shows decrease of possible driving range from 150 km at 20 ◦C
to 85 km at 0 ◦C. Doyle A. et al., 2019 [57] indicated that interior thermal comfort systems
consume an average of 14% of the total trip’s energy by the cooling system and 18% by a
heating operation.
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The last part of the investigation included analyses of energy balance between house-
hold PV installation and EV. To assess sufficiency of PV installations, three scenarios of
distance covered by EV were considered. In effect, it was possible to use an EV car charged
by surplus energy from PV installation. The mentioned aspect of cooperation between
electric vehicles and renewable energy sources is key to effective electric powertrain future
developments.

5. Conclusions

The article presents an analysis of energy flow from the stage of production of electric-
ity from a renewable source in the form of solar energy (PV panels), through the charging
of the electrical vehicle, and the subsequent consumption of this energy while driving.
Charging of electric vehicles, especially in areas with limited access to charging points, can
be difficult. Therefore, the estimates of both the energy consumption of the vehicle and
the necessary frequency of charging the vehicle are shown here. The energy consumption
of the vehicle has been recorded for driving conditions during both winter and summer
periods. The influence of the type of route (urban, rural, or motorway) and distance covered
have significant impact on the vehicle’s energy consumption. The presented scenarios
are a stage of preliminary elaboration by the authors of the mechanism of simulating the
energy consumption of electric vehicles considering various road conditions. In addition,
oversupply of energy produced by the residential PV system used in this study indicates
the possibility of reliance of charging of the EV from that source only.

The study specific conclusions:

• The electric vehicle’s (urban type) consumed energy during the RDC test:

◦ In winter conditions: 11.39 kWh/RDC test (estimated at 100 km = 14.9 kWh)
◦ In summer conditions: 10.35 kWh/RDC test (estimated at 100 km = 13.1 kWh)

• The 4.48 kW PV installation can guarantee sufficient EV energy demand:

◦ For all three scenarios in March–September period without energy demand by
household appliances

◦ For Scenario 1 and 2 in April–August period with household appliances

• For Scenario 3, the PV installation cannot guarantee the total energy demand while
also powering household appliances. This case will be the subject of further research
by the authors.

Author Contributions: Conceptualization, W.C., F.S., W.G., and A.B.; methodology, W.C., F.S., W.G.,
and A.B.; formal analysis, W.C., F.S., W.G., and A.B.; investigation, W.C. and F.S.; writing—original
draft preparation, W.C., F.S., W.G., and A.B.; writing—review and editing, W.C., F.S., and W.G.; visual-
ization, W.C. and F.S. All authors have read and agreed to the published version of
the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Not Applicable.

Informed Consent Statement: Not Applicable.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

Acknowledgments: This work was supported by the Volkswagen Group Polska Sp. z o.o.

Conflicts of Interest: Authors declare no conflict of interest.



Energies 2021, 14, 1085 19 of 21

Abbreviations

EV Electric Vehicle
CAN Controller Area Network
CC Constant Current
CSS Combined Charging System
GHG Greenhouse Gas
GWP Global Warming Potential
HEV Hybrid Electric Vehicle
ICE Internal Combustion Engines
LCA Life Cycle Assessment
OBD On Board Diagnostics System
PV Photovoltaic
RES Renewable Energy Source
RDC Real Driving Conditions
RDE Real Driving Emissions
SOC State of Charge
TTW Tank to Wheel
V2G Vehicle to Grid
WTT Well to Tank
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