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The possibility of energy consumption reduction using the ECO driving mode 
based on the RDC test 

 
The greenhouse effect and overall climate changes are the main reasons for developing ecological powertrain units 

dedicated to road vehicles. An electrical drivetrain without using conventional combustion engines fueled by hydrocarbon 
fuels is an effective method to significantly reduce CO2 emissions from the fleet. It is particularly vital in 2020 emission 
regulations aspects, and continuously the number of vehicles increasing. In this paper battery electric drive system of a 
small size passenger car was analyzed in terms of two different drive modes in cooperation with two recuperative braking 
modes. The research was carried out with real driving condition test requirements and driving parameters recording. 
Based on data obtained from OBD signals, energy flow and torque distribution have been specified. In results, overall 
reducing energy consumption has been achieved with ECO mode compared to normal mode. Selection of the driving mode 
ECO has a positive impact on reducing the state of charge saving more than 5%, taking into account the whole RDC test; 
greater energy consumption reductions were observed in selected test areas. 
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1. Introduction  

The trends in the design of powertrains of road vehicles 
are mainly set by the changing exhaust emission legislation. 
It is a common knowledge that exhaust emissions have  
a negative impact on the natural environment and human 
health. Carbon dioxide, one of the main greenhouse gases 
(GHG) responsible for the global climatic changes, is gen-
erated, inter alia, during the combustion of hydrocarbon- 
based fuels in combustion engines (ICE) [28]. A significant 
contribution of road transport to the overall emission of 
GHG and the forecast of a 60% increase in the number of 
vehicles by 2035 compared to 2014 presented by Interna-
tional Organization of Motor Vehicle Manufacturers indi-
cate the significance of the impact of this means of 
transport on the environment [2]. The effect is the tighten-
ing of the homologation regulations on the specific emis-
sion of CO2 from newly registered passenger vehicles and 
light duty trucks in the European Union. Starting from 
2020, the admissible average emission of carbon dioxide 
from a fleet of vehicles is 95 g/km. The excess of this limit 
(past 2021) will be subject to an additional fee of 95 euros 
multiplied by the exceeded emission and the number of 
newly registered vehicles [5, 10]. 

An effective method of reduction of the CO2 emission 
from a fleet of vehicles is the application of zero-emission, 
particularly fuel-electric (EV) powertrains. The main group 
are the widely implemented battery electric vehicles (BEV) 
and, introduced by some of the carmakers, fuel-cell electric 
vehicles FCEV [38]. The experts forecast a reduction in the 
demand for diesel, gasoline and liquefied petroleum gas 
(LPG) fuels and an increased demand for electrical energy 
for the charging of BEV vehicles. The latter is to reach 
approx. 4806 GWh in 2035 in Poland, which gives a 178 
times higher result compared to the 27 GWh in 2015 [19]. 

The current advancement of conventional powertrains 
allows the obtainment of an optimum point of work of  
 

a combustion engine by applying automatic transmissions.  
A proper application of the powertrain hybridization may 
have a positive impact on the shift of the engine operating 
range towards the area of lower fuel consumption. The 
application of an electric motor in the powertrain allows 
energy regeneration with a simultaneous process of high 
voltage battery charging, which allows the operation of the 
vehicle in a fully electric or hybrid mode. In order to sys-
tematize the structures of cooperation of an electric motor 
in vehicle powertrains, designations from P0 to P4 were 
adopted (Fig. 1). For example P0 identifies belt-driven 
MGs attached to the front of the engine. A P2 with the 
PHEV capability actually delivers better overall efficiency 
in pure electric mode than the powersplit type. P4 allows 
the fitting of the electric motor directly in the driven axle. 

  

 
Fig. 1. Electrification of ICE-based powertrain systems [15] 

In the years 2010–2019 a significant increase in the 
worldwide sales of electric vehicles was recorded (Fig. 2). 
The greatest number of electric vehicles is sold in China. 
The sales in the US and Europe are also significant. The 
number of BEV vehicles registered in Poland increased 
over two times from 895 in 2018 to 1677 in 2019 [26]. In 
multiple publications, [11, 26, 32] a further intense fleet 
electrification is forecasted. 
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Fig. 2. World sales of Battery Electric Vehicle between 2010–2019 [27] 
 
When considering the influence of a BEV vehicle on the 

environment, attention should be drawn to the source of 
electrical energy, which has a direct impact on the emission 
of carbon dioxide [37]. Burchart-Karol et al. [4] have eval-
uated the influence of battery charging on the natural envi-
ronment going on the assumption of a constant energy 
consumption of 19.9 kWh/100 km by a vehicle in different 
EU member states. The criteria of evaluation were the 
emission of greenhouse gases, human health, water con-
sumption, impact on the eco-system and depletion of natu-
ral resources. In the majority of the analyzed countries, the 
influence of electric vehicle charging decreased in subse-
quent years along with the increase in the share of renewa-
ble energy used for the charging. The battery charging had 
the smallest environmental impact in France, taking into 
account the majority of the analyzed categories, while in 
the case of Denmark the smallest cumulative water use was 
observed. The most environment-friendly source of renew-
able energy for the BEV vehicles was the wind energy. The 
performed comparative Life Cycle Assessment (LCA) for 
the BEV vehicles and a conventional ICEV with particular 
focus on utilization indicate a greater environmental impact 
of BEV vehicles at the stage of production. This is particu-
larly caused by the process of production of batteries and 
other materials [21, 34]. An important problem in the ad-
vancement of BEV electric vehicles is the effective and 
ecological method of storage of electrical energy. Today, 
the most common material for the production of batteries is 
lithium, and the manufacturers estimate the life of such 
batteries at 6–8 years. When the battery capacity decreases 
by 20–30%, it is to be renewed [8, 36]. This type of batter-
ies can be rebuilt [83], used again for other purposes such 
as energy storage from renewable sources [6] or recycled 
[7]. Given the cost of battery production reaching 35% of 
the final price of the vehicle, the fact of its further life is 
significant [36] and the assessment of the aging process is  
a subject of research [3, 30]. The application of batteries of 
lower capacity in vehicles without a significant reduction of 
the vehicle range is possible by the application of light 
materials such as aluminum and carbon fiber reinforced 
plastic for their production [31].  

The range of a BEV vehicle depends on the battery ca-
pacity, energy consumption by the vehicle and the automo-

tive comfort systems. An efficient method of energy saving 
and at the same time an unparalleled advantage of electric 
vehicles is the possibility of energy regeneration from brak-
ing. The energy lost during braking is estimated at 50% of 
the energy used for the operation of the vehicle, particularly 
under the conditions of urban driving [20]. An important 
factor is also the driving style. Questionnaire-based re-
search carried out among drivers of conventional vehicles 
(ICE) and EV [40] has shown a greater tendency of drivers 
to apply eco-driving when using an electric vehicle. This is 
exhibited by smoother driving with limited braking and 
limited hard acceleration. Such drivers are also more likely 
to extend the time of traveling to ensure lower energy con-
sumption. The in-vehicle display (IVD) technologies appear 
quite helpful in maintaining the proper driving style.  

Due to the limited range of BEV vehicles, hence the 
need to plan the trip, forecasting energy consumption and 
identification of the factors influencing this consumption is 
extremely important from the user's point of view. Zhichen 
et al. [38] used a simulation to compare the efficiency of 
energy recovery from a BEV vehicle. Three test routes of 
different average speeds were selected for comparison. The 
greatest amount of energy was recovered for the slowest 
test route (33.4%) and the smallest amount was recovered 
for the fastest (expressway) route. More simulations were 
carried out by Gao et al. [16]. They compared the influence 
of eco-driving for three different types of vehicles used 
according to their intended use. Eco-driving style was based 
on the reduction of frictional braking loss via appropriate 
speed control, avoiding unnecessary braking and, if possi-
ble, shortening the standstill time. The benefits of eco-
driving using full electric powertrain reduce the energy 
consumption in passenger vehicles by 27%, buses 22% and 
heavy-duty trucks by 8% (Fig. 3). For conventional power-
trains the impact of eco-driving is even greater. In the said 
paper, the authors also presented the significance of loss 
during regenerative braking. They indicate a possibly great 
reduction of braking in order to limit the loss. 

 

 
Fig. 3. Example of passenger car speed profiles with and without eco-
driving applied and a comparison of the percent energy savings of the EVs  
 and conventional vehicles resulting from eco-driving [16] 
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Another energy consumption test was performed on  
a 90 kW electric vehicle under real traffic conditions in 
compliance with the RDE test requirements [17]. As a re-
sult of two correctly realized test runs, an average energy 
consumption of 19.6 kWh was obtained. In road tests, it is 
important to identify the factors influencing the energy 
consumption (the consumption of energy by additional 
equipment and braking strategy). With the assistance of the 
developed model [1], the authors have proven a 15–40% 
increase in the overall energy consumption by a vehicle 
driven at the speed of 20 km/h and 5–15% for the average 
speed of 60 km/h assuming additional energy consumption 
on the level of 250–750 W. Additional energy consumption 
denotes energy consumed by climate control, interior light-
ing, multimedia and vehicle control. The analysis of the 
amount of energy recovered during braking indicates  
a reduction in the energy recovery along with the increasing 
average speed of the test run. Another aspect influencing 
the energy consumption is the traffic management strategy 
that changes the speed profiles of the vehicle [13]. The 
probabilistic approach analyzing four different infrastruc-
ture scenarios indicates varied energy consumption and 
proposes the application of the developed model in further 
works. Kalt et al. [29] have attempted to develop a repre-
sentative driving cycle dedicated for use when designing 
electric powertrains. Data from a large number of EV taxi-
cabs and personal vehicles were recorded with the resolu-
tion of 1 Hz. The results indicate greater acceleration values 
and higher average speeds than those specified by the 
WLTP test. It has also been confirmed that a single test 
cannot reflect all the cases of actual traffic operation and 
work points of the powertrain. When calculating the energy 
consumption, one must allow for the type of road. Tests 
performed on a chassis dynamometer according to the 
NEDC test requirements indicate a great significance of the 
arterial road [12]. Forecasting of energy consumption can 
be done using two paths – the offline mode based on the 
information pulled from vehicle systems supplemented with 
the information obtained in the online mode. The performed 
comparison of the forecast with the actual traffic conditions 
have rendered positive results – the difference in the energy 
consumption did not exceed 10% [41]. 

In the analyzed literature, authors draw attention to the 
energy consumption of a BEV vehicle directly related to its 
range. Predicting energy consumption based on the assess-
ment of the vehicle energy consumption is a key factor in 
the further advancement of electric vehicle technology.  
A proper assessment should be made under actual traffic 
conditions, as the tests do not entirely reflect the driving 
dynamics. The influence of the driving dynamics on the 
final results is critical. In the paper, the authors attempted to 
analyze the energy consumption of a passenger vehicle 
from the A category BEV vehicle allowing for regenerative 
braking strategies and the available driving modes imple-
mented by the manufacturer based on road tests performed 
in compliance with the RDC procedure. Similar works have 
been performed earlier on vehicles fitted with a hybrid 
drive (combustion engine-electric) [9, 14, 35].  

 

2. Aim of the research 
The aim of the performed research was the evaluation 

of the energy consumption of a Skoda CITIGOe iV battery 
electric vehicle allowing for the actual traffic conditions 
and the use of different powertrain modes. The following 
research questions were posed: How much energy does  
a city electric vehicle consume during its intended opera-
tion? What economies can be expected by varying the oper-
ation of the powertrain (restricting the instantaneous power 
output and maximum speed of the vehicle)? The scope of 
the research included two test runs compliant with the RDC 
test procedure in urban, rural and motorway cycles. The 
control of the powertrain included modifying the regenera-
tive braking strategy and activation of the eco-mode (lim-
ited energy consumption). The data from the test run were 
recorded in real time based on the information pulled from 
the vehicle CAN network by a dedicated OBD diagnostic 
scan tool. 

The assessment of the energy flow was made in com-
pliance with the RDC driving cycles, also used in the RDE 
tests. To this end, research procedure compliance analyses 
were performed [18, 33]. The flow of the energy ∆E was 
determined based on the flow of current and voltage of the 
battery as a result of its discharge, charge and regenerative 
braking: 

 ∆Ei = ∑ UBAT ∙ IBAT
t=tmax
t=0 dt (3.1) 

• discharging: 

 ∆Edis = ∑ UBAT ∙ IBAT
t=tmax
t=0 dt(when ∆Ei < 0)    (3.2) 

• charging: 

 ∆Ech = ∑ UBAT ∙ IBAT
t=tmax
t=0 dt    (3.3) 

(when ∆Ei > 0 𝑎𝑎𝑎𝑎𝑎𝑎 Mreg ≥ 0) 

• energy recovery (regenerative braking): 

 ∆Ereg = ∑ UBAT ∙ IBAT
t=tmax
t=0 dt            (3.4) 

(when ∆Ei > 0 𝑎𝑎𝑎𝑎𝑎𝑎 Mreg < 0) 

where: UBAT – voltage [V], IBAT – current [A], dt – time [h], 
Mreg – braking torque [Nm]. 

In order to determine the individual electric power-
train operating conditions, road portions were specified 
where the system operated in these individual conditions. 
On this basis, the operating modes were divided into indi-
vidual phases: driving, acceleration, standstill and braking 
during operation of the electric drive. The adopted criteria 
have been shown in Table 1. 

 
Table 1. Vehicle motion phase criteria 

Mode Parameters 

EV mode a = 0, v > 0 

Acceleration EV a > 0, v > 0 

Standstill v = 0 

EV regenerative braking  a < 0, v > 0, IBAT> 0 
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3. Research object 
The investigations were carried out using a vehicle fit-

ted with a ŠKODA CITIGOe iV electric drive allowing 
different driving modes and variable intensity of regenera-
tive braking. The ŠKODA CITIGOe iV powertrain of the 
power output of 61 kW used a Li-Ion battery of the full 
capacity of 36.8 kWh and useable capacity 32.3 kWh. The 
location of the batteries has been presented in Fig. 4. The 
batteries are fitted in the tunnel between the seats, under the 
driver and passenger’s seats and under the rear seats. The 
parameters of the investigated vehicle have been presented 
in Table 2. 
 

 
Fig. 4. Location of the battery in the vehicle [24] 

Table 2. Technical data of the analyzed powertrain fitted in Skoda  
CITIGOe iV [39] 

 ŠKODA CITIGOe iV 
Electric motor 

Max. voltage [V] 360 

Max. power output [kW/KM]  61 (82) 

Max. torque [Nm] 212 
Battery 

Type Li-Ion 
Capacity [kWh] 32.3 

 
The analyzed electric vehicle is a redesigned version of 

the original model fitted with a conventional combustion 
engine powertrain. In the original powertrain, the engineers 
fitted a naturally aspirated 1.0L three-cylinder indirect fuel 
injected (MPI) gasoline engine (Fig. 5) combined with  
a 5 speed automatic transmission. The electric version of 
CITIGOe iV is fitted with a liquid-cooled three-phase 
powertrain (Fig. 6) with a single electric motor of a con-
stant gear ratio.  

Figure 7 presents the performance of two types of 
powertrains used in the analyzed vehicle model. The elec-
tric 61 kW motor marked red and the most powerful ver-
sion of the combustion engine (55 kW) are used in this car 
model. The main difference between the engine and the 
electric motor is the speed range resulting from the design 
differences. It is noteworthy that the comparison involved 
the engines only, not the entire powertrain. The powertrains 
differ in the way the power is transferred to the wheels. In 

the case of the electric motor, a constant ratio transmission 
was applied while the conventional powertrain included  
a multi-speed manual or automatic transmission.  

 

 
Fig. 5. The gasoline engine used in the conventional Skoda CITIGOe iV 

powertrain system [25] 

 
Fig. 6. Design of the Skoda Citigoe iV electric powertrain unit [23] 
 

 
Fig. 7. Catalogue comparison of the performance of the electric motor and 

the internal combustion engine fitted in Skoda CITIGOe  iV [39] 

4. Research methodology 
The investigations presented in this paper were per-

formed experimentally based on the test runs carried out on 
a BEV vehicle on the predetermined route in compliance 
with the RDE homologation tests. The advantage of the 
said tests is that the cycles are defined so as to represent  
a real life scenario. They must take into account variable 
environment, road slopes, wind, traffic and different driving 
behaviors (Fig. 8). As per the presented range, the RDE test 
provides the analysis of the powertrain in its widest possi-
ble range of operation. 
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Fig. 8. Emission norm cycle operating ranges comparisons [22] 

 
The selected route (Fig. 9) went through the city of 

Poznań and its surrounding areas. It covered urban, rural 
and motorway portions. The maximum legal speed on the 
latter is 140 km/h. The test route was proposed and deter-
mined following another paper by the authors [14] and its 
determination was not the purpose of this paper. Selected 
test requirements related to the course of the test run have 
been presented in Table 3. As per the requirements, the 
duration of all the test runs exceeded 90 minutes. 

 

 
Fig. 9. Route pattern followed in the research 

 
Table 3. Real Driving Conditions test requirements 

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 (±15 km/h 
for less than 3%  
of driving time) [km/h] 

– – 145 

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

Minimum travelled 
distance [km] 16 ← ← 

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

Maximum slope  
[m/100 km] 1200 m/100 km ← ← 

Two runs were carried out at the same time of day, day 
after day in order to ensure possibly reproducible test con-
ditions. The average ambient temperature was 22°C and 
ambient pressure 1015 hPa.  

In the analyzed passenger car, four recuperation braking 
intensity levels from 1 to 4 are available (Fig. 10). Level 1 
means the lowest braking intensity, Level 4, also called "B" 
means the biggest intensity. The electric motor automatical-
ly realizes the braking while releasing the accelerator pedal. 

 

 
Fig. 10. Available recuperation levels (results of tests for D1 and B4 

modes presented in this article) [39] 
 
During the first test run, the vehicle operated in the 

NORMAL mode, which means all energy saving systems 
were deactivated. Additionally, the regenerative braking 
assistance was set to minimum (level 1). Automatic braking 
was minimum and the vehicle was in the sailing mode. In 
the consecutive test run, the ECO mode was activated with 
a button located in the central console (Fig. 11). In this 
mode, the maximum vehicle speed was restricted to 120 
km/h and the maximum power output to 80%. In extreme 
unexpected road situations it is possible to obtain the max-
imum power by depressing the accelerator pedal to the 
floor. Additionally to the activation of the ECO system, 
regenerative braking was set to level B (level 4). In this 
mode, the vehicle automatically braked with the energy 
regeneration function using the electric motor as the driver 
retracts the foot from the accelerator pedal. 

 

 
Fig. 11. The location of the ECO mode button [39] 

 
Given the fact that the analyzed vehicle was fitted with 

an electric drive, precise data related to the operation of the 
powertrain were pulled in real time from the CAN network 
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through a diagnostic scan tool. Nine parameters were rec-
orded that were used for further analysis. The course of the 
test route was recorded with a mobile GPS device. The 
view of the equipment and its arrangement has been shown 
in Fig. 12. 

 

 
Fig. 12. Arrangement of the data acquisition equipment during the tests 

4. Results and discussions 
The driving cycles realized in compliance with the RDC 

procedures were started at the battery level SOC 100% 
(software readout). The test runs were performed by a sin-
gle driver to avoid inconsistency in the driving style. Dur-
ing the test run, the vehicle speed and battery level were 
recorded. The results have been presented in Fig. 13.  

 

 
Fig. 13. Comparison of the RDC test for the performed test runs in the 

NORMAL and ECO modes 
 
The tracing shows the speed profile and current SOC as 

a function of time. Additionally, in the table, the authors 
presented the average speeds in the analyzed speed inter-
vals as divided into road portions. The beginning of the test 
route was the urban cycle where the vehicle speed did not 
exceed 60 km/h. The next one was the rural area with the 
speeds of 60–90 km/h and the motorway with the speed in 
excess of 90 km/h. The SOC decreased in time with the 
intensity depending on the vehicle speed. During the reali-
zation of the first part of the test, no significant difference 
was recorded between the NORMAL and ECO modes in 
the urban cycle, which results from the similar average 
speeds in the urban area. An increase in the average speed 
in the rural portion resulted in an increase in the energy 
consumption in the NORMAL mode. The greatest differ-
ences were observed when the vehicle operated at the high-

est speed during the test. The difference in the average 
speeds in this road portion was 6.5 km/h. This results from 
the speed restriction to 120 km/h in the ECO mode. The 
change in the driving mode to ECO resulted in a decrease in 
the battery discharge level by 5.3%. This indicates the sig-
nificance of the vehicle speed on the energy consumption, 
particularly at high speeds. This is influenced by the vehicle 
motion resistance. Despite the differences in the average 
speeds in the analyzed portions, the final values of the aver-
age speeds for the entire tests are similar, which gives 
grounds for further reliable analysis. 

A selective analysis of the test results allowed determin-
ing of the share of individual drive phases against distance 
and time (Fig. 14). A drive phase with a constant speed was 
distinguished when the vehicle acceleration equaled a = 0, 
change of speed where the acceleration/deceleration as-
sumed values +/– and stoppage where the vehicle speed 
equaled V = 0 km/h. For both powertrain modes, the great-
est share had the phase with the constant speed, which is 
particularly visible when we consider it in relation to the 
covered distance. The drive in the ECO mode was charac-
terized with a smaller share of acceleration and deceleration 
and a greater share of driving with a constant speed. The 
process of energy recovery from braking and acceleration 
leads to loss generated during the conversion of electrical 
energy into mechanical one and vice versa. Limiting these 
phases leads to a reduction of the energy conversion loss, 
which reduces the energy consumption by the vehicle. 

 

 

 
Fig. 14. Comparison of the phase motion share during the RDC test with 

NORMAL and ECO modes 

The share of individual drive phases in time has been 
presented in detail in Fig. 15. When comparing both test 
runs, we can see differences in the distribution of the indi-
vidual phases. This is related to the dynamically changing 
traffic conditions. In the case of road tests, these types of 
differences among the test runs are unavoidable and ex-
tremely valuable when further analyzed, particularly when 
developing energy consumption models.  
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Fig. 15. Distribution of motion phases in terms of NORMAL and ECO driving modes  

In EV vehicles, the flow of energy between the source 
and the electric machine is an extremely important aspect. 
In this paper, it has been determined based on the voltage 
and the current flowing to the motor during acceleration 
and from the electric motor to the battery during regenera-
tive braking.  

Figure 16 presents the flows of energy for both realized 
driving modes. The bar chart pertains to the collective share 
of a given vehicle speed in the entire test for a given speed 
interval against distance and time.  

 

 

 
Fig. 16. Energy flow characteristic and the share of energy consumption for 
different speed intervals in the RDC tests; a) NORMAL D[1]; b) ECO B[4] 

The marked points present the total flow of the reco-
vered (green) and consumed (red) energy in a given speed 
interval. For both test runs (a, b), the same nature of chang-
es of the energy flow was recorded. Small differences were 
found in values in individual speed intervals. Due to the 
speed restriction in the ECO mode, the greatest share in the 
energy consumption was observed for the speed interval of 
110–120 km/h. The greatest amount of energy was reco-
vered in the speed interval of 20–40 km/h. The amount of 
recovered energy in the urban speeds interval allows ex-
tending the vehicle range. However, the energy consump-
tion in each speed interval is higher. 

In Figure 17 collective values of the energy flow for 
each speed interval (bar chart) have been compared with the 
values of instantaneous energy flow (point chart). The sam-
pling frequency of the diagnostic system was approx. 4 Hz, 
hence the presented results of the instantaneous maximum 
energy flow pertain to the energy recovery or consumption 
in the time of 0.25 s. In the NORMAL mode (a), which was 
the case when the vehicle operated at the speed exceeding 
120 km/h, a maximum energy consumption greater by 1.74 
kWh was obtained for the 120–130 km/h interval against 
the maximum total energy consumption obtained in the 
ECO mode (b) in the 110–120 km/h interval. In the 
NORMAL mode of the smallest assistance in regenerative 
braking, the instantaneous values of recovered energy were 
on a constant level between 40 and 120 km/h. In the case of 
the ECO mode, the activation of the regenerative braking 
assistance B(4), in the speed interval 80–0 km/h resulted in  
a lower maximum value of recovered energy. The differ-
ence may have resulted from the irregularity of the regener-
ative braking process. When the regenerative braking assis-
tance is off, the driver uses the brake in the same way dur-
ing each braking. If mode B is used, the vehicle mostly 
brakes automatically when the driver takes the foot off the 
gas pedal and the brake is used only in emergency situa-
tions or when the vehicle is decelerated from high speeds. It 
is these situations that decide about the reduction of the 
energy recovered during braking.  
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Fig. 17. Total energy flow characteristics and peak values for different 

speed intervals in the RDC tests; a) NORMAL D[1]; b) ECO B[4] 

The energy balance allowing for the type of the test road 
portion has been presented in Fig. 18. Irrespective of the 
applied driving and braking mode, the same values of re-
covered energy were obtained during braking in each road 
portion. The greatest amount of energy was recovered in 
the urban cycle due to the high number of breakings com-
pared to the road portions where the traffic was smooth. 
The activation of the ECO mode allowed a reduction of the 
energy consumption by 13% in the urban cycle and 18% in 
the expressway cycle. An increased consumption was rec-
orded in the rural cycle. The above, however, may have 
resulted from the variable traffic conditions in the RDC 
test. The differences may have been caused by the restricted 
power output when the vehicle accelerated. 

A great advantage of the electric drive is the ability to 
generate high torque at a relatively low speed of the motor. 
The last stage of the research presented in the paper was the 
identification of the torque distribution during the road tests. 
Figure 19 presents the distribution of the value of torque 
generated for the engine speed against the experimentally 
created full load characteristics in a given vehicle driving 
mode. The chart shows the restrictions applied when activat-
ing the ECO mode (torque reduction) and the initial fluctua-
tions attributed to the activation of the restrictions. It is note-
worthy that, in the case of the analyzed vehicle, the engine 
speed was directly proportional to the vehicle speed. The red 
circles denote the share of individual torque values divided 
into road portions: urban, rural and motorway and their posi-
tion indicates average values. This indicates the most fre-
quent use of the torque value from the lower range of availa-
ble torque values. It was observed that during the tests, the 
torque did not significantly exceed 150 Nm. 

 
Fig. 18. Energy consumption balance in terms of different road types for 

Normal and ECO modes 
 

 
Fig. 19. The obtained torque distribution on the full load characteristic for 

NORMAL and ECO modes 
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After activation of the B mode responsible for the re-
generative braking assistance, one could clearly see the 
restrictions of the system operation through a linear align-
ment of the points in the lower quadrant of the presented 
chart. The points outside the line indicate independent brak-
ing of the driver. When using the B mode, each release of 
the accelerator pedal activated energy recovery. This was 
particularly visible at high engine speeds. The obtained 
values of the braking moment were, however, much lower 
in the ECO mode than in the NORMAL mode when the 
driver applied the brake. 

Conclusions 
This paper presented an analysis of the influence of the 

energy management and change of the regenerative braking 
strategy on the energy consumption and behavior of a pas-
senger BEV vehicle. The results were obtained following 
road tests compliant with the RDC regime. All the test runs 
complied with these requirements.  

During the first test run, the powertrain operated in the 
NORMAL mode with the active regenerative braking sys-
tem assistance set to minimum. The second test run was 
carried out in the ECO mode activated manually by press-
ing the ‘ECO' button. Additionally, the regenerative brak-
ing system assistance was set to the B mode. This means 
that the vehicle braked automatically when the gas pedal 
was released. 

The following conclusions have been drawn: 
1. When analyzing the SOC during the test, the greatest 

differences were observed in the motorway cycle. The ECO 
mode reduced the drop of the SOC by 5.3%. 

2. In the case of the ECO mode, the following were ob-
served: a greater share of constant speed (by 3.3%), acce-
leration (by 2.1%) and deceleration (by 1.1%) against the 
distance identical for both tests. These results were separate 
for each RDC test run and reflected the road congestion.  

3. The flow of energy in the electric vehicle was real-
ized in two directions – when accelerating the energy went 
to the electric motor and during regenerative braking it was 
recuperated to the battery. For both driving modes, the 
greatest amount of energy was recovered in the speed inter-
val of 20–40 km/h. Greater values of instantaneous energy 
recovery were obtained in the NORMAL mode (driver 
braking). Also, greater instantaneous energy consumption 
in individual speed intervals in the NORMAL mode was 
observed. 

4. Instantaneous energy consumption for the speeds in 
the 120–130 km/h interval was 6.63 Wh (in the NORMAL 
mode) and 4.9 Wh in the 110–120 km/h interval; the reduc-
tion of the speed by 10 km/h resulted in a reduction of the 
instantaneous energy consumption by approx. 30%. 

5. The energy balance for the ECO mode indicates  
a lower energy consumption by 13% and 18% in the urban 
and expressway portions respectively. No differences in the 
energy recovery between the test runs were observed. 

6. Activating the ECO mode restricts the vehicle power 
output. When driving, the most frequently applied torque 
falling in the lower range of the available interval was – 50 
N·m (energy regeneration) to 50 N·m (driving) – Fig. 20.  

7. Activating mode B did not influence the amount of 
recovered energy. It only changed the strategy of its regen-
eration. Despite the activation of mode B, in emergency 
situations it was necessary to use the main brake. 

Summarizing, in the NORMAL mode the vehicles con-
sumed 10.35% more energy than when it operated in the 
ECO mode. Irrespective of the applied mode, the amount of 
recovered energy was identical. The influence of regenera-
tive braking rendered the best results in urban driving 
whether or not the regenerative braking assistance was 
activated. 

 

 
Fig. 20. Relative share of the torque interval during the RDC test for 

NORMAL and ECO modes 
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Nomenclature 
BEV battery electric vehicle 
CAN controller area network 
CE combustion engine  
CI compression ignition 
CNG compressed natural gas 
DI direct injection 
EM electric motor 
EV electric vehicle 
FCEV fuel cell electric vehicle 
GHG greenhouse gas 

ICE internal combustion engine 
IVD in-vehicle display 
LCA life cycle assessment 
LPG liquified petrolum gas 
MPI multi point injection 
RDC real driving conditions 
RDE real driving emission 
SI spark ignition 
SOC state of charge 
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