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Abstract: Hybrid propulsion dedicated to light duty vehicles is seen as an evolutionary change from
internal combustion engine (ICE) to electric propulsion. Widespread direct replacement of convection
ICEs in the current energy system is impossible because ICEs are vehicles’ main source of mechanical
energy. The hybrid powertrain uses the advantages of electric propulsion with the ability to charge
the traction battery or have the internal combustion engine assist the system. The article compares
different types of hybrid drives (with a small share of plug-in hybrid propulsion) under typical urban
driving conditions. Nine vehicles were tested, and the tests were conducted over several months in
various cities in Poland. The terms of the research conducted were not under the requirements of the
driving test. However, they are authoritative when using the vehicle in real traffic conditions. Such
conditions take into account many aspects that are relevant to a road test. It was found that urban
conditions are a very suitable environment for hybrid propulsion systems, as they cover more than
50% of the distance in electric mode, regardless of the initial battery charge, in most cases.

Keywords: hybrid powertrain; pure electric mode; energy flow; discharge; charging; regenerative
braking

1. Introduction

An integral part of civilization’s progress is the parallel development of many sectors
in the economy, including the rapid growth of transportation. Among the many on-board
energy sources in vehicles, fossil fuels are still the most attractive, due to their high energy
density, refueling time and storage conditions [1]. In order to bring powertrains into
compliance with current and future standards that determine approval for use, a great deal
of interest has focused on hybridization of powertrains [2]. In the European market, the
share of HEVs (hybrid electric vehicles) increased by 4.2% between 2021 and 2022. Among
electrified powertrains, HEVs have the largest share followed by BEVs (battery electric
vehicles) and, finally, PHEVs (plug-in HEVs) in 2022 [3].

By 2030, fossil fuels are projected to contribute about 75% of the total energy supply,
and by 2050 their share will drop to about 60% [4]. These trends symbolize changes in the
energy landscape since the Paris Agreement.

Prices for spot purchases of natural gas have reached levels never seen before, regularly
exceeding the equivalent of USD 250 for a barrel of oil [4]. High fuel prices are responsible for
90% of the increase in the average cost of electricity generation worldwide. Electricity is mostly
produced from fossil fuels. The increase in the price of fuel is therefore related to the increase
in electricity. For this reason, new solutions are being sought for fuels [5–8], propulsion
systems [9,10], internal combustion engine designs [11] or their components [12,13]. All of
these methods, unfortunately, provide limited opportunities to increase energy independence
from conventional fuels.
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The current costs of renewables play only a marginal role. This reinforces the fact that
energy transformation should be the solution to the problem [4].

Currently, in electric hybrid propulsion systems, the main on-board energy source is
a compression-ignition or spark-ignition internal combustion engine modified for specific
operating conditions [14]. Instead of an internal combustion engine, fuel cells can be used to
create a propulsion system that is zero-emission in TTW (tank-to-wheel) measurement [15,16].
Simulation studies of a propulsion system that incorporates an internal combustion engine
and a fuel cell stack are also being conducted [17].

Besides the power source, an important component is the energy storage unit. In
hybrid vehicles, the most common energy storage is the battery. Lead–acid batteries are
widely used in the field of low-cost hybrids, followed by nickel–metal hydride batteries for
HEVs and lithium batteries dedicated to plug-in hybrids [18]. There are also less popular
systems, such as ultracapacitors, characterized by the highest power density and durability,
pneumatic systems and fly wheels [19–21].

Due to the degree of hybridization, hybrid systems in vehicles are divided into the four
basic groups of micro, mild, full and plug-in and, due to the configuration of components,
into series, parallel, power-split and multi-mode. We can further classify the parallel-type
system in terms of the location and size of the electrical machines as P0 to P5 (Figure 1) [22].
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Figure 1. Topology of hybrid drive systems (based on [23]); P0—electric motor is used only
to start the combustion engine or to use it as a starter–alternator; the power is transmitted by
a V-belt; P1—electric motor in inserted between the combustion engine (ICE) and the clutch;
configuration P2—contains the electric motor placed behind the clutch; intermediate configuration
P2.5—designates the positioning of the electric motor in a dual clutch transmission (DCT) [24];
P3 configuration—indicates the electric motor is mounted at the output of the transmission; combin-
ing two electric motors with a planetary gear results in a power split (PS) [25]; mounting the electric
motor on the rear axle is the P4 solution; P5 architecture—electric motors are placed in the wheels of
the vehicle; a combination of solutions is possible (also in terms of 4 × 4 drive systems).

A study by Yang et al. indicates that using a P2 drive configuration reduces fuel
consumption by 6.68% relative to a P1 system [26]. Another study [27], which compared
the parallel P2 system with the power split, indicates more advantages of the power split
drive. These include better economics, smoothness of propulsion operation and efficiency
of electric mode operation.

The advantages of using an electric hybrid propulsion system are obtained especially
in urban conditions, where the vehicle operates at low speeds and the share of pure electric
modes is significant [28]. An analysis of fuel consumption and emissions under real traffic
conditions for conventional and hybrid vehicles with very similar specifications driving in
tandem was carried out by Huang et al. [29]. On three different routes covering a distance
of 10.1 to 23.1 km, fuel consumption in L/100 km by HEVs was 23–49% lower, which
corresponded to lower CO2 emissions. Frequent stopping and starting of the combustion
engine in the hybrid powertrain resulted in higher carbon monoxide emissions. Prati et al.
compared two vehicles with alternative HEV and NGV (natural gas vehicle) powertrains
according to the RDE (real driving emissions) test; results indicated that the HEV demon-
strated 1.4 MJ/km lower energy consumption in the urban section. Analyzing the overall



Energies 2023, 16, 794 3 of 17

RDE test, energy consumption was 0.2 MJ/km lower for the hybrid vehicle. In the rural and
highway sections, energy consumption was lower for the NGV [30]. Comparative studies
for vehicles with a hybrid and conventional system equipped with a gasoline engine show
higher fuel consumption of conventional vehicles in the US06 test and indicate the influence
of the braking pattern of the hybrid vehicle on energy consumption [31].

In HEVs, their mass has a smaller impact on fuel consumption than is the case in
conventional vehicles. The lower impact of HEV weight on fuel consumption is due to
the ability to recover energy during braking, which is wasted in conventional vehicles.
The relationship between fuel consumption and vehicle weight is significantly influenced
by the type of hybrid used [32]. In their work, Reynolds et al. [33] indicate that in an
HEV, an increase in weight by every 100 kg results in an increase in fuel consumption of
0.4 dm3/100 km, while in conventional vehicles it is 0.7 dm3/100 km.

A significant number of the papers comparing the performance of powertrains in pas-
senger vehicles are simulation works, or those based on manufacturers’ catalog data. Such
work usually results in the evaluation of vehicle emission factors and the determination of
energy consumption. In the present work, the energy flow in hybrid powertrains of HEVs
and PHEVs was identified experimentally and related to the indicators characterizing the
particular powertrain. Vehicles with powertrains of different generations developed by
the Toyota concern were analyzed. The essence of the work is the experimental analysis
of energy flow, which directly impacts the emission and energy indicators of powertrains.
An additional value of the work is the extension of the analysis to a group of vehicles with
different specifications.

The article consists of seven chapters. The introduction includes information on
currently used alternative powertrain systems and discusses the design of conventional
hybrid powertrains. Subsequently, the purpose and scope of the paper are presented along
with the methodology of the experimental study. The fourth chapter analyzes the routes
according to which the test runs were performed. The fifth chapter is focused on the
evaluation of energy flow in the electrical part of the drivetrain. Next, in chapter six, the
results of the contribution of the electric mode against distance and time is presented. The
last chapter is dedicated to conclusions.

2. Aim and Scope of Research

The hybrid powertrain, developed by Toyota, has been fitted in various configurations
to different types of vehicles continuously since 1997. The decision to develop hybrid
drivetrains was determined by the following goals:

• Identify the energy flow in the electric drive systems of hybrid vehicles under urban
driving conditions;

• Compare energy flow rates for hybrid systems of different generations;
• Determine the effect of vehicle weight on the energy consumption of the electric

drive train;
• Evaluate the effect of hybrid vehicle type on electric mode share relative to time

and distance.

Thus, the work focuses mainly on the high-voltage electric system. The study will
determine the impact of the powertrain configuration used and the vehicle’s dimensions
on the electric mode share, braking energy recovery efficiency or the operating range of the
high-voltage battery. Nine cars manufactured by Toyota Motor Corporation were selected
for the study. The list of vehicles, along with their years of production, is shown in Figure 2.
Cars of varying sizes, from the lightest vehicle, the Toyota Yaris, to the Toyota RAV4 SUV
were selected for analysis. The analyzed vehicles also include a plug-in hybrid vehicle. All
vehicles were equipped with a power-split hybrid system.
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The scope of the research work included performing test drives in two Polish cities.
Each test drive was performed twice, according to the same route in urban conditions.
During the drive, operating parameters were recorded indirectly.

3. Methodology of Research

According to the abovementioned information, nine vehicles were tested, whose
technical data is shown in Table 1. ICE stands for an internal combustion engine, and EM
stands for electric motor. In addition, the traction battery voltage specified is the nominal
voltage. The lightest vehicle dedicated to urban applications was the Toyota Yaris, weighing
1095 kg, and the heaviest was the Toyota RAV4, an SUV, weighing 1750 kg. All vehicles
used naturally aspirated gasoline engines with displacement from 1.5 to 2.5 dm3. All cars
were front-wheel drive, with the exception of the RAV4 and NX300h models, where an
additional third electric motor with 50 kW and 139 Nm of torque is fitted to drive the
rear axle.

Table 1. Technical data of tested hybrid vehicles [35–38].

Vehicle
Type

Production
Year
[-]

ICE
Power
[kW]

EM
Power
[kW]

HV
Battery
Voltage

[V]

Battery
Type

[-]

Battery
Capacity

[Ah]

Energy
of Battery

[kWh]

Vehicle
Mass
[kg]

Hybrid
Power
[kW]

Prius_I 1999 53 33 273.6 Ni-MH 6.5 1.78 1250 71.0
Prius_III 2017 53 50 201.6 Ni-MH 6.5 1.31 1370 71.0

Prius Plug-in 2017 73 60 201.6 Li-Ion 21.5 4.33 1425 100.0
Auris 2017 73 60 201.6 Ni-MH 6.5 1.31 1400 100.0
C-HR 2019 72 53 201.6 Ni-MH 6.5 1.31 1450 90.0
RAV4 2016 114 50 244.8 Ni-MH 6.5 1.59 1750 147.0
Yaris 2012 54 45 144.0 Ni-MH 6.5 0.94 1095 73.6

Prius+ 2016 73 60 201.6 Li-Ion 5.0 1.01 1520 100.0
NX300h 2015 114 50 244.8 Ni-MH 6.5 1.59 1690 147.0

Based on the technical data of the tested vehicles (Table 1), powertrain performance
indicators were calculated (Table 2). The specific power was calculated by dividing the
power of the internal combustion engine, the electric motor and the total hybrid drive by the
weight of the vehicle. Despite possessing the highest weight, the highest concentration of
power from the internal combustion engine was shown by SUVs (NX300h and RAV4) with
a 2.5 dm3 engine; the same trend was obtained when considering the entire hybrid drive.
The greatest concentration of energy generated by the plug-in drive was demonstrated
by the use of the highest-capacity battery. The value is about three times larger than the
others, except for the oldest hybrid version of Toyota—the first-generation Prius. The use
of a large battery does not translate into the highest power density value.
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Table 2. Calculated indicators of the tested hybrid propulsion systems.

Vehicle
Type

Engine
Specific Power [W/kg]

Motor
Specific Power [W/kg]

Hybrid
Specific Power [W/kg]

Specific Energy
[Wh/kg]

Prius_I 42.4 26.4 56.8 1.4
Prius_III 38.7 36.5 51.8 1.0

Prius Plug-in 51.2 42.1 70.2 3.0
Auris 52.1 42.9 71.4 1.0
C-HR 49.7 36.6 62.1 0.9
RAV4 65.1 28.6 84.0 0.9
Yaris 49.3 41.1 67.2 0.9

Prius+ 48.0 39.5 65.8 0.7
NX300h 67.5 29.6 87.0 0.9

A diagnostic tester with TechStream software connected to an On-Board Diagnostics
(OBD) system port was used to record data during the test. For electric measurements, this
method of data collection is correct and common. Data was recorded at a frequency of
1 Hz. The following parameters were registered:

• Vehicle speed [km/h];
• Engine speed [rpm];
• Voltage [V] and current [A] of MG2 electric motor (the study analyzed data on the

MG2 (output) electric motor. This electric machine is responsible for supporting the
internal combustion engine and recovering energy during braking);

• Braking torque [Nm];
• Battery state of charge [%];
• Traction battery current and voltage.

The energy flow in the drive system during traction battery discharging, charging and
regenerative braking was also calculated:

• Energy flow:

∆E =
∫ t = tmax

t =0
U·Idt (1)

Instantaneous values of energy flow ∆Ei were divided according to the following
criteria:

• Discharging:

∆Edis =
∫ t=tmax

t=0
U·Idt (if ∆Ei < 0) (2)

• Charging:

∆Ech =
∫ t=tmax

t=0
U·Idt (if ∆Ei > 0 and Mreg ≥ 0) (3)

• Regenerative braking:

∆Ereg =
∫ t=tmax

t=0
U·Idt (if ∆E > 0 and Mreg < 0) (4)

where: U—voltage [V], I—current [A], dt—time [h], Mreg—braking torque [Nm].
Vehicle tests were conducted under varying urban driving conditions. These con-

ditions were only partially related to the requirements of RDE tests [39]. Analyses were
performed in several cities in Poland, and in conditions that comply with traffic regulations.
For this reason, despite the urban conditions, sometimes the driving speeds are higher
than 50 km/h (Figure 3) (currently, in the RDE test requirements, the speed limit in urban
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driving conditions is 60 km/h). However, each driving test was performed twice, red
marking the first run and blue the second (Figures 3 and 4).
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Figure 3. Vehicle speed profiles during the tests (distance as a relative value is shown on the
horizontal axis).
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Figure 4. Variation analysis of battery state of charge resulting from the condition of vehicle move-
ment in relation to the distance traveled.

The higher driving speeds were due to traffic regulations in specific driving sections.
In this way, typical driving conditions for many vehicles in spring–summer–autumn were
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repeated. Tests were not conducted in winter conditions (the ambient temperature on
individual days was between 15 and 23 Celsius degrees) as changes in battery charging–
discharging would significantly affect the results obtained, for example, the time of electric
driving participation.

Most of the vehicles were equipped with Ni–MH batteries (Table 1), which resulted in
specific values of SOC (state of charge) changes (Figure 4). Li–Ion batteries were present in
only two vehicles. Even then, the state of charge did not exceed 70% (Prius+). Tests of the
plug-in drive were carried out under conditions of its discharge (SOC of around 14%) from
the range that could be recharged only from an external source. Its operating conditions
corresponded to the CS (charge-sustaining) method [40], consisting in micro-charging of
the battery to maintain a minimum SOC state. Such a method was chosen to determine
changes in the SOC of this vehicle’s battery with respect to the other test vehicles.

Two trips were made with each vehicle discussed in the article and, depending on
the availability of time and vehicles, the routes were initiated from the same location or
back and forth. In addition, the runs of the RAV4 and NX300h vehicles were carried out
while driving in tandem, making the routes of the two vehicles as similar to each other
as possible.

4. Analysis of Test Routes

Analysis of changes in state of charge indicates that, regardless of route or vehicle,
the SOC at the end of the ride is comparable. This was found in cases where the SOC
was at either a higher or lower value than the final state during the initial phase of the
ride. Initial state-of-charge values varied within a range of ±20%. However, the vehicle
typically allows it to move in hybrid mode without using the increased battery capacity.
This leaves the increased range of the vehicle to travel in specific conditions that force
driving in electric-only mode.

The characteristics of the individual trips shown in Figure 5a indicate the repeatability
of certain route characteristics that make it possible to compare the different types of hybrid
and plug-in hybrid vehicle powertrains. The proportion of time and distance are presented
as relative values from the trips with the largest values. The share of road distance (S) was
related to the longest trip of 21.14 km recorded for the Auris vehicle. The contrary was
true regarding the share of time: the longest was recorded for the Prius ride and amounted
to 58.1 min. The time and road presented in the research refer only to driving in urban
test conditions.

Energies 2023, 15, x FOR PEER REVIEW 8 of 17 
 

 

   

(a) (b) (c) 

Figure 5. Analysis of vehicle traffic conditions: (a) percentage of time and distance traveled, as well 

as initial and final battery state of charge; (b) share of acceleration, constant speed, braking, stop-

ping; (c) average speed (S—normalized distance; t—normalized time; SOC-s—SOC at the start test; 

SOC-e—SOC at the end test; a—acceleration; stop—normalized stop time of the car; V—vehicle 

speed). 

Though the study was not conducted under RDE test conditions (the start of work 

on the energy flow issue did not yet include procedures related to the regulations on RDE 

test conditions), the main indicators of meeting the requirements of these regulations 

were determined. 

The following were determined in accordance with The European Union Regulation 

(715/2007/EC [41] and 692/2008 [42]) on RDE tests: (a) 95%_centyl and the average value 

of positive acceleration (relative positive acceleration—RPA) (meeting the conditions a > 

0.1 m/s2). 

The results of these analyses are shown in Figure 6. Although the tests were not 

conducted in compliance with the RDE procedure, there were only a few cases in which 

the results did not these requirements. As Figure 6a shows, only a few runs would not 

comply with RDE requirements. In the case of average positive acceleration, all tests met 

the requirements of the RDE test. 

  

(a) (b) 

Figure 6. Conditions for carrying out tests against the background of the new requirements of the 

RDE regulations: (a) 95%_centyl; (b) average value of positive vehicle acceleration. 

5. Assessment of Energy Flow 

According to the information in the introduction, hybrid vehicles are characterized 

by the ability to charge the high-voltage battery while the internal combustion engine is 

running and during the vehicle’s braking. Both cases of drivetrain operation result in the 

0

20

40

60

80

100
Prius_I_1

Prius_I_2

Prius_III_1

Prius_III_2

Yaris_1

Yaris_2

Auris_1

Auris_2

Prius+_1

Prius+_2

C-HR_1

C-HR_2

NX_1

NX_2

RAV4_1

RAV4_2

Plug-in_1

Plug-in_2
S [%]

t [%]

SOC-s

SOC-e

0

10

20

30

40

50
Prius_I_1

Prius_I_2

Prius_III_1

Prius_III_2

Yaris_1

Yaris_2

Auris_1

Auris_2

Prius+_1

Prius+_2

C-HR_1

C-HR_2

NX_1

NX_2

RAV4_1

RAV4_2

Plug-in_1

Plug-in_2
a > 0 [%]

a = 0 [%]

a < 0 [%]

stop [%]

0

5

10

15

20

25

30

35

40
Prius_I_1

Prius_I_2

Prius_III_1

Prius_III_2

Yaris_1

Yaris_2

Auris_1

Auris_2

Prius+_1

Prius+_2

C-HR_1

C-HR_2

NX_1

NX_2

RAV4_1

RAV4_2

Plug-in_1

Plug-in_2 V [km/h]

0

5

10

15

20

25

30

35

–20 0 20 40 60 80 100

9
5

%
_c

e
n

ty
l [

m
2
/s

3
]

vav [km/h]

maximum

Prius_I_2

CH-R_1

Prius_II_2
Yaris_2

CH-R_2

NX_2
Plus_2

Plug-In_1

Auris_1

Plus_1
Auris_2
NX_1 RAV_2
Yaris_1

RAV_1

Prius_II_1
Prius_I_1

Prius-In_2

0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0 20 40 60 80 100

R
PA

 [
m

/s
2
]

vav [km/h]

minimum

Figure 5. Analysis of vehicle traffic conditions: (a) percentage of time and distance traveled, as
well as initial and final battery state of charge; (b) share of acceleration, constant speed, braking,
stopping; (c) average speed (S—normalized distance; t—normalized time; SOC-s—SOC at the
start test; SOC-e—SOC at the end test; a—acceleration; stop—normalized stop time of the car;
V—vehicle speed).
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All hybrid vehicles are characterized by similar values for the state of charge of the
battery in both the initial and final phases, with the exception of the plug-in vehicle, whose
absolute value is at a lower level than the other vehicles. However, this is due to the design
of the energy accumulation system [39], which maintains a small total battery charge in the
absence of recharging from an external source.

The road parameters were determined by the driving parameters for each vehicle, so
the shares of acceleration, constant speed, braking and stops were determined (Figure 5b)
in addition to the average speed of the vehicle over the entire urban route (Figure 5c).
Average speeds were achieved in the range of 15 to 35 km/h, but most trips were made in
the 20–25 km/h range, which is highly repeatable given the varying conditions of the urban
route. The time shares of the characteristic driving conditions for the city are as follows:

• During acceleration—about 30%;
• When driving at constant speed—about 15%;
• During deceleration—25%;
• During stops—30%.

However, due to the varying conditions of each route, the individual shares change as
shown in Figure 5a.

Though the study was not conducted under RDE test conditions (the start of work
on the energy flow issue did not yet include procedures related to the regulations on RDE
test conditions), the main indicators of meeting the requirements of these regulations were
determined.

The following were determined in accordance with The European Union Regulation
(715/2007/EC [41] and 692/2008 [42]) on RDE tests: (a) 95%_centyl and the average
value of positive acceleration (relative positive acceleration—RPA) (meeting the conditions
a > 0.1 m/s2).

The results of these analyses are shown in Figure 6. Although the tests were not
conducted in compliance with the RDE procedure, there were only a few cases in which
the results did not these requirements. As Figure 6a shows, only a few runs would not
comply with RDE requirements. In the case of average positive acceleration, all tests met
the requirements of the RDE test.
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Figure 6. Conditions for carrying out tests against the background of the new requirements of the
RDE regulations: (a) 95%_centyl; (b) average value of positive vehicle acceleration.
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5. Assessment of Energy Flow

According to the information in the introduction, hybrid vehicles are characterized
by the ability to charge the high-voltage battery while the internal combustion engine is
running and during the vehicle’s braking. Both cases of drivetrain operation result in the
charging of the traction battery (as shown in Figure 7). In the case of energy recovery from
only one source (internal combustion engine operation or braking), the battery discharge
values in all trips would be higher, resulting in a negative energy flow rate. The amount of
energy recovery from both internal combustion engine operation and braking is always
greater than the battery discharge. Total energy is related to Test I and, therefore, indicates
changes in the battery’s SOC. Positive values indicate that during each test the battery
energy was higher after the test was completed (SOC-e > SOC-s).
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Figure 7. Analysis of energy flow in hybrid drives under urban driving conditions: (a) total en-
ergy flow (sum of discharging, charging and charging during regenerative braking); (b) discharge;
(c) charging; (d) charging during regenerative braking.

The operating conditions of the drivetrain as well as variable route conditions cause the
values to contain varying values, but one might point to greater positive energy flows for
vehicles with greater weight and dimensions; these are characterized by increased amounts
of energy recovered during braking (noticeable for Toyota models C-HR, RAV4 and Lexus
NX). These vehicles also experienced greater energy recovery during internal combustion
engine operation but increased energy consumption during acceleration; therefore, their
total energy flows were at similar levels to the other vehicles tested.

The measured volumes of the energy components were compared with each other to
determine the relationship between them. Linear correlations were sought; the results of
this work are shown in Figure 8.

The analyses shown in Figure 8 indicate low correlations between the total energy flow
and their components (Figure 8a–c). The highest value of the correlation coefficient R2 is
0.48. This value does not indicate the existence of a correlation. A much higher correlation
was obtained when analyzing the relation of discharge and charge from regenerative
braking (Figure 8d–f). Here, the correlation is more than 0.70. This means that vehicles
with a high degree of final battery discharge were also characterized by a high proportion
of energy recovery. This is a highly recommended advantage, as it allows a large amount
of energy recovery.
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Figure 8. Comparative analysis of the relation: (a–c) between total energy flow, discharge energy,
charging energy and energy recovered during vehicle braking; (d–f) between energy recovered
during vehicle braking, charging and discharging.

6. Identification of the Use of Electric Drive

The test routes were divided into sections in order to determine the driving time in a
specific mode:

• HV drive:

tHV =
∫ tmax

ti=0
tidt for (ati = 0∧ nti > 600∧ vti > 0) (5)

• EV drive:

tEV =
∫ tmax

ti=0
tidt for (ati = 0∧ nti< 600∧ vti >0) (6)

• HV acceleration:

tHV a+ =
∫ tmax

ti=0
tidt for (ati > 0∧ nti > 600∧ vti > 0) (7)

• EV acceleration:

tEV a+ =
∫ tmax

ti=0
tidt for (ati > 0∧ nti< 600∧ vti >0) (8)
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• Standstill:

tstop =
∫ tmax

ti=0
tidt for (vti = 0) (9)

• HV braking (HV or only engine):

tHV a− =
∫ tmax

ti=0
tidt for (ati< 0∧ nti >600∧ vti > 0) (10)

• EV braking:

tEV a− =
∫ tmax

ti=0
tidt for (ati< 0∧ nti< 600∧ vti >0∧ IBti >0) (11)

where: ati—acceleration over a given time period (∆t = 1 s); vti—velocity over a given
time period (∆t = 1 s); nti—engine speed over a given time period; IBti—battery current
under braking.

The shares of operating time by hybrid and electric drive conditions, according to
Equations (5)–(11), without the involvement of vehicle stops, are shown in Figure 9. The
largest shares of the electric drive were registered for vehicle deceleration and are about
70–80%; however, in some models, the internal combustion engine also remained on during
deceleration, thereby increasing the share of the hybrid drive in the figure shown.
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Figure 9. The share of hybrid and electric mode use in the three driving phases: (a) constant speed;
(b) acceleration; (c) braking.

When driving at a constant speed in urban driving conditions, there was a half share
of both powertrains for most vehicles; only the Toyota Prius plug-in vehicle and the Toyota



Energies 2023, 16, 794 12 of 17

C-HR are characterized by a much higher share of electric propulsion. This is explained by
the generation of the powertrain, the most recent among tested vehicles.

During the summary analysis of acceleration by propulsion type, most vehicles are
characterized by about 30–50% electric drive. This value will strongly depend on the route
conditions determining the vehicle acceleration parameters.

Consideration of the vehicle’s mass allowed us to determine the dependence of the
vehicle’s specific energy (per unit mass) related to the discharge energy. The rectilinear
dependencies dictated the choice of this magnitude of energy, with a high coefficient of
determination (R2) for this energy demonstrated in Figure 8. The results of these measures
are shown in Figure 10. Despite the wide discrepancies in the values obtained, the constant
value of the specific charging energy should be noted on the vehicle mass. This means
that the specific energy of charging is almost a constant quantity (the change varies by
about 10%) and does not depend on the vehicle mass when the vehicle is driven in urban
conditions. Concerning the value of the specific energy of discharge, the trend line is
proportional to the value of the vehicle mass. A 50% change in this mass (its increase)
increases specific energy by about 50% as well. A similar relation was noted for the specific
energy of regenerative braking. A 50% change in the vehicle mass (its increment) causes a
change (increment) in the specific energy of regenerative braking of more than 50%.
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Figure 10. Correlations of specific energy: charging, discharging and regeneration to vehicle mass.

In order to produce more precise determinations of the capabilities and contributions
of electric driving in urban driving conditions, speed interval analyses were performed
using measurements of the electric drive’s contribution to the driving phase (acceleration,
constant speed and braking). This makes it possible to conclude that most of the hybrid
vehicles in the study fleet achieved high shares of acceleration in electric mode only in
vehicle speed intervals in the range of 1–10 km/h (Figure 11). Individual models also
achieved high shares during acceleration in the 10–20 km/h range. However, as the vehicle
speed increases, the share of electric drive in the acceleration phase of the vehicle decreases
significantly. The shares of energy recovery in the electric mode during braking are at a
similar level and range from 2–5% in the speed ranges of 50–10 km/h; below 10 km/h the
energy recovery (share of the electric mode) decreases due to the design of the drivetrain,
which performs the final stopping of the vehicle with the participation of the conventional
braking system.
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Figure 11. Interval analysis of speed under hybrid and electric driving conditions of the tested vehicles.

It is possible to determine the proportion of time moving in electric mode for each
vehicle tested (Figure 12). The research concluded that each electric vehicle moves almost
10% of the time in electric mode for speeds up to 10 km/h; the higher the speed, the more
that the share of electric mode decreases, reaching less than 5% in the speed range of
40–50 km/h. These values are not large, but it is important to recall that they must be
summed to determine the contribution of electric mode in urban driving, which was
performed (Figure 13).
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Figure 12. Analysis of the electric mode share of vehicle motion according to interval values of speed:
(a) for each vehicle; (b) average values for all tested vehicles.
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Figure 13. Shares of electric driving in urban conditions for individual vehicles.

The vehicles tested are characterized by electric mode participation ranging from 23 to
52% of the time in urban driving conditions. Such a wide spread in these values is justified
by the testing of many vehicles of different generations. However, individual vehicles
achieve more stable values regardless of the type of route and initial battery charge. The
two-run averages for each vehicle are shown in Figure 14. Among the vehicles tested, the
influence of the type of battery cannot be stated unequivocally, as the lithium–ion battery
installed in the plug-in Prius achieved the best electric mode share (despite the lack of
charging from an external source); the battery of the same type also achieved the worst
result in the Prius+ vehicle. However, these are completely different battery capacities and
different vehicle weights.
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Figure 14. Average (for the model) values of electric drive share in urban conditions, including
average battery SOC value.

7. Conclusions

Over the years, hybrid vehicles have proven their usefulness, especially in urban
driving conditions. Regardless of the generation of the powertrain, a hybrid vehicle uses
only electric propulsion in the city more than 30% of the time. This value can reach
almost 50% for selected models tested. However, it should be particularly noted that these
drives were not carried out according to the guidelines of the current tests in real driving
conditions, which would increase this value up to 70–80% [43,44]. This means that typical
test conditions (RDE test) still do not reflect real urban driving conditions.

Based on the research conducted, specific conclusions were also determined:

• Analysis of the energy flow in urban conditions indicates a large share of battery
charging and regeneration energy. This means that the HEV’s propulsion system in
urban conditions uses up to 50% of the recovered energy.

• Under urban conditions, the total amount of electricity is positive (in all studies
analyzed). This means that SOC-e > SOC-s (the final energy stored in the battery is
greater than the initial energy).
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• The average share of electric propulsion in city driving depends marginally on the
average SOC. In addition, in city mode, the type of battery does not matter either:
with both Ni–MH and Li–Ion, it is possible to achieve about 50% electric mode share
in city driving (C-HR and Prius plug-in).

• The value of energy recovered during braking in most driving is greater than the
value of charging from the engine. The sum of these values is greater than the energy
of battery discharge during urban driving. The state of charge of the battery varies
independently of the tested vehicle, showing mostly positive values relative to the
initial SOC, determined by the characteristics of the route. Positive values of energy
flow (Figure 7) indicate typical control of energy flow in a hybrid drive (indicating
positive energy flow regardless of urban driving conditions).

• Steady state driving conditions (Figure 9) are generally characterized by a much higher
proportion of electric drive than hybrid drive. Negative vehicle acceleration (braking)
has similar effects. However, vehicle acceleration in urban traffic is characterized by
a 70% share of the use of hybrid propulsion; electric propulsion is used only 30% of
the time.

• The share of electric propulsion in urban conditions is highest at the slowest driving
speeds (Figure 11). This means that initiating the motion of the vehicle is realized in
electric mode. As the speed increases, the share of the electric drive decreases. At
speeds above 60 km/h, the vehicle operates only in hybrid drive. Such conclusions
were also confirmed when the vehicles were analyzed cumulatively (Figure 12b).

• Analyses of the use of electric propulsion in hybrid vehicles indicate that the share
of electric propulsion in urban conditions is greater than 30% (Figure 13). Only in
2 cases out of 18 test samples (that is, slightly more than 11%) was this share lower
(23.3% and 26.4%, respectively). The maximum share of electric propulsion obtained
during the tests was 52.7%. The lower the average speed of the vehicle during the
tests, the higher the share of electric drive in the total time (taking into account data
from Figures 5, 11 and 14).
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