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Abstract
Electrical energy consumption of a converted electric vehicle in the real-world environment has been examined. The 
objective of such test is to compare the overall energy consumption of a vehicle with and without regenerative braking 
features. For each test, sets of data such as the total testing time, the batteries charge and/or discharge power, and the 
vehicle mileage were collected and analyzed to determine the energy consumption. The reliability of the data was tested 
using confidence intervals, which could be used as an indication of the level of confidence that the average value taken 
could represent the average population. The average value of energy consumption in the vehicles with and without 
regenerative braking is 145.26 Wh/km and 154.79 Wh/km, respectively. The difference between the average energy 
consumption from those two conditions, which is 9.53 Wh/km, has 95% probability to be accurate, as indicated by the 
confidence intervals test. This shows a decrease in electrical energy consumption by about 6.16%, which indicates an 
enhancement in mileage or vehicles efficiency.
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1  Introduction

Electric vehicles (EVs) are vehicles that utilize electrical 
energy to supply the driving components. The source of 
electrical energy can be connected directly to the grid or 
stored in the battery. Traction effort of an electric vehi-
cle is supplied from one or several electric motors [1]. In 
terms of electric vehicles with batteries, the overall mile-
age in every charging depends on the battery capacity, 
the driver’s driving style, and the efficiency of the driv-
ing components. Increasing the battery capacity would 
increase the mileage, but it comes with higher cost and 
longer charging time. Meanwhile, to condition the driver’s 
driving style may also affect the amount of discharge from 
the battery, but this method is technically difficult to apply 
due to its subjectivity factor. Hence, the most realistic way 

to optimize the EV mileage is by increasing the efficiency 
of its driving components.

Previous studies show various ways to improve the 
efficiency of the driving components. A simulation study 
on two motors coupled with planetary gear and parallel 
transmissions shows a higher efficiency compared to EV 
powered by a single motor [2]. Traffic signals can be used 
to increase the efficiency of EV by regulating the speed 
based on the actual traffic status [3]. Appropriate infor-
mation about environmental conditions or the batteries 
states of charge (SOC) could assist drivers to adjust their 
driving style at the best possible way to cover more miles 
[4]. The working temperature of the battery also affects the 
mileage. The use of coolant is found to be more effective in 
maintaining an acceptable temperature range rather than 
a passive cooling system from a solid material. The flow 
pattern of the coolant affects the thermal profile of the 
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battery cells [5]. A strategy to regulate the air-conditioning 
system of the EV might also influence the mileage, since 
hot or cold weather conditions would affect the electri-
cal load of the air-conditioning system [6]. These studies 
show that the more efficient use of electrical energy inside 
the battery would directly increase the mileage of electric 
vehicles.

One alternative to improve the efficiency of the EV driv-
ing components is by means of regenerative braking. The 
basic principle of this technology is to convert the kinetic 
energy from inertia during deceleration/braking into elec-
trical energy that can be utilized again by the driving com-
ponents [7]. An example of the use of regenerative braking 
is in converted hybrid heavy vehicles with notably lower 
fuel consumption than the other, similar type of vehicles 
[8]. The advantage of regenerative braking is the ability 
to improve the efficiency of EV without any addition of 
components, especially for the induction and permanent 
magnet electric motors. The three-phase induction motor 
operates on a four-quadrant basis. The first and third quad-
rants are the motor operation modes, and the second and 
fourth quadrants are the operating modes of regenera-
tive braking [9]. To activate or deactivate the regenerative 
braking system, users could simply adjust the setting of 
these modes manually as they connect the motor control-
ler to the computer software.

Further study about regenerative braking is to obtain 
the best possible energy conversion efficiency. The 
amount of energy generated from regenerative braking 
can be controlled by estimating the vehicle longitudinal 
velocity and from the information of vehicle states [10]. 
Fuzzy adaptive control algorithms can be used to increase 
the generation of energy from regenerative braking while 
reducing the weight of the vehicle [11]. The amount of 
energy generated by regenerative braking can be linked 
to the variations of the brake pedal depression [12]. The 
regenerative braking efficiency can be improved further 
by applying the predictive control theory by means of 
determining hydraulic braking torque and motor braking 
torque [13].

In connection with an experimental study, the meth-
ods to generate regenerative braking energy efficiently 
are developed on the actual object, that is, the vehicle. 
The vehicle is tested on a chassis dynamometer with a cer-
tain driving cycle procedure so that the energy efficiency 
values can be obtained and calculated from some com-
parable methods [14]. Scientifically, those experimental 
results can be used as research achievement. However, 
often these experimental results might not reflect the 
actual energy efficiency when tested in the real environ-
ment. The electrical energy consumption of EV tested in 
the real-world environment might be beneficial as a ref-
erence used by stakeholders to establish transportation 

policies, especially on energy, environmental, and eco-
nomic aspects [15]. However, the published data obtained 
from tests on the real-world environment are still relatively 
rare, lack of accuracy, and hard to replicate. An analysis 
of the characteristics of energy consumption is the main 
basis in planning infrastructure locations, adjusting the 
driving style, and finding the routes with the lowest 
energy consumption [16]. Analysis using multivariate lin-
ear regression (MLR) model is one of the methods to esti-
mate the electrical energy consumption of vehicle mileage 
[17]. Regression analysis can be used to obtain the energy 
consumption characteristics of EV by overriding any driv-
ing conditions [18]. Another test in the real-world envi-
ronment has been conducted according to the Chinese 
Typical City Regenerative Driving Cycle (CTCRDC) standard 
by evaluating the increase in energy transfer efficiency and 
mileage due to the regenerative braking [19]. The effect of 
vehicle accessories systems to the efficiency of regenera-
tive braking has also been studied in the real-world envi-
ronment using China City Bus Typical Driving Cycle [20].

In this study, the vehicle testing was carried out in 
the real-world environment, that is, on the urban roads. 
Such roads were chosen because it is already became 
the focus of research in many countries, in an attempt 
to reduce vehicle emissions. The electric vehicles test on 
urban roads was also focused in various objectives and 
targets. The rapid growth of EV in China could potentially 
be challenging with regard to the construction of charging 
infrastructure and in terms of electricity grid stability [21]. 
Meanwhile, the energy consumption of the electric freight 
vehicles (EFVs) in Rome is estimated and validated based 
on real-world data [22]. The energy consumption of bat-
tery electric vehicle from Shanghai, China, was obtained 
from an analysis of four factors, i.e., trip distance, speed, 
initial SOC, and ambient temperature [17]. The energy con-
sumption of electric trucks in Gothenburg, Sweden, has 
been estimated based on a comparison between numeri-
cal simulations and the actual consumption data meas-
ured on the public transport route [23].

Despite all those recent studies, the energy measure-
ments that can be obtained from the regenerative braking 
system, especially in the converted gasoline-fueled into 
electric vehicle, are still rare in the literature. The previous 
research on regenerative braking and any other improve-
ment methods are mainly dedicated to common EV prod-
ucts or prototypes, not on the converted EV from gasoline-
based vehicle. On the other hand, such EV conversion is 
actually one way to implement the electric driving tech-
nology at notably lower cost. Such conversion and revi-
talization can also be done on the old electric buses and 
minibuses by means of replacing lead-acid batteries with 
lithium-ion batteries to enable fast charging features [24]. 
Furthermore, there is also a growing demand to convert 
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the gasoline-fueled to the electric public transport due 
to its positive benefits to the environment [25]. Therefore, 
the energy measurement and vehicle performance on the 
converted EV with regenerative braking system in the real-
world environment needs to be done, which is the main 
objective of this study.

2 � Methods

2.1 � Calculation of the vehicle energy consumption

A Toyota Kijang Super car gasoline-fueled passenger vehi-
cle has been converted into an electric vehicle. The original 
1,500 cc gasoline-fueled engine, manufactured in 1994, 
has been replaced with a three-phase induction electric 
motor. Fuel tanks and exhaust parts are some of the other 
components that have been removed from the car. These 
components are replaced with electric motors, batteries, 
motor controllers, and other electric vehicle components. 
The vehicle has a new specification with an electric drive 
system as tabulated in Table 1, and the photograph of the 
converted car is presented in Fig. 1.

The converted car in this study uses Curtis 1238–7501 
AC induction motor controller manufactured by Curtis 
Instruments, Inc. This motor controller has a vector con-
trol technology which can manipulate the magnitude, fre-
quency, and the phase of the motor controller variables to 
produce a high-efficiency electrical motor. These motor 
controller variables above can be adjusted as needed. A 
Curtis 1314 Programming station software application 
is used to connect the motor controller with a laptop via 
serial communication. The software allows monitoring and 
storing data (as data loggers) of each variables when the 
car is in use. Before testing, the laptop and motor control-
ler were connected, and the data logger feature in the soft-
ware was prepared. The variables stored by the data logger 
are the battery voltage as well as the electric current from 

and to the battery. Power was calculated by multiplying 
the voltage and current from the battery. The regenerative 
braking power means the electric power that charges the 
battery when the motor controller is in regenerative mode.

Sixteen units of lead-acid batteries were stored in sev-
eral compartments outside the cabin. Four battery units 
were placed in the electric motor compartment area, two 
battery units in each side under the floor, and eight battery 
units under the floor replacing the fuel tank. The drivetrain 
arrangement of the 1994 Toyota Kijang Super gasoline-to-
electric converted car is longitudinal with rear wheel drive 
(RWD). Therefore, the position of the electric motor follows 
the longitudinal position of the transmission. The original 
manual transmission of the 1994 Toyota Kijang Super was 
not changed. There was also no change with regard to the 
gear ratio in the transmission of this car; even the flywheel 
and clutch were still used. The transmission ratio of the 
1994 Toyota Kijang Super gasoline-to-electric converted 
car is shown in Table 2. The schematic drawing of the main 
components is depicted in Fig. 2.

Table 1   Specifications of the 
retrofitted 1994 Toyota Kijang 
Super electric vehicle [26]

Name of components Specifications

Electric motor type Three-phase AC induction
Electric motor maximum power 52 HP
Electric motor maximum torque 156 Nm
Electric motor maximum rotation 6.500 rpm
Battery type Deep cycle lead acid
Battery nominal voltage 96 Vdc
Battery nominal capacity 235 Ah (135 min. @ 75A)
Charger Power 2.800 W (single phase)
Other features 400 W DC/DC converter, electrohydraulic 

power steering and electric vacuum 
brake

Fig. 1   1994 Toyota Kijang Super gasoline-to-electric converted car 
[26]
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The 1994 Toyota Kijang Super has an empty weight 
(vehicle curb weight) of around 1200 kg. The engine, fuel 
lines, radiator, and exhaust lines were removed during the 
retrofit process and subsequently replaced by 16 units of 
lead-acid batteries, electric motors, motor controllers, 
and chargers resulting in an empty vehicle weight of the 
gasoline-to-electric converted car approximately 1600 kg. 
The lead-acid battery used is the Deep Cycle 6D135 from 
INCOE.

The converted car was tested by comparing the value 
of electrical energy consumption with and without the 
regenerative braking feature. This regenerative braking 
function was set to operate automatically when the accel-
eration pedal is not being pushed. Hence, the inertia of 
the vehicle can be converted into electrical energy that 
is transferred back into the battery. Certainly, the energy 
conversion results in deceleration of the car. The amount 
of regenerative braking electric current was set to a maxi-
mum of 10% of the traction current which is around 55A. 
The value of the regenerative braking current is smaller 
than the current required for the traction, so the braking 
effect on the car is similar to an engine brake on a con-
ventional car. When using a lead-acid battery for traction, 
increasing the regenerative braking current too much is 

not recommended, considering a potential over-current 
on charging the lead-acid battery, which can cause the 
electrolyte liquid to boil and cause degradation of the bat-
tery’s life.

A 12.4-km route in Bandung city was designated as a 
vehicle test route, as shown in Fig. 3. It started from the 
laboratory and then went toward the main roads before 
finally returned back to its original place. It is necessary 
to determine the route and operation during the testing 
beforehand, since these are significant factors that contrib-
ute to the data obtained, as the previous study in Southern 
California suggests [27]. Some variables that were fixed 
during the tests are listed in Table 3. Prior to testing, the 
battery was fully charged to prevent the vehicle from 
breaking down during the test period.

The data taken from the testing are: test date and time, 
numbers of datum, duration of each test, total battery 
charge/discharge power, and vehicle mileage. The mileage 
data were collected from the odometer reading before and 
after the test. The remaining data were obtained from the 
data logger in a laptop using a motor controller program. 
The test was carried out only once in a day. All the data 
were processed to calculate the value of electric vehicle 
energy consumption at each test using Eqs. (1)–(4), where 
t is the duration of test (in hour), n is the number of datum 
population, and D is the sampling time, which was set as 
a constant of 300 ms throughout the study.

The average battery charge/discharge power value Pr 
is defined to indicate the power value which represents 
each test:

(1)t =

n
∑

i=1

Di

/

3.6 × 106

Table 2   Transmission ratio of 
the converted car used in this 
study

Gears Ratio

1st 4.015
2nd 2.509
3rd 1.533
4th 1.000
Reverse 4.571
Final gear 4.778

Fig. 2   Main components 
drawing of the gasoline-to-
electric converted car used in 
this study
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where Pi is the instantaneous power on each datum (W). 
Any acceleration and deceleration would cause fluctua-
tions in this instantaneous power Pi.

The amount of electrical energy required during each 
test Et in a day is defined as the multiplication of the aver-
age power Pr with the total hours of testing t.

Et is the total electrical energy needed throughout the 
test (Wh), while the vehicle electrical energy consumption 
per km Ec is obtained from the total electrical energy Et 
divided by the distance covered by the vehicle (trip).

Ec is therefore defined as the electric energy consump-
tion per km for each test (Wh/km), and trip is the difference 
of the odometer reading before and after each test (km).

The value of electricity consumption is recapitulated 
in a table, and then, its standard deviation value is deter-
mined. The standard deviation is used for assessment 

(2)Pr =

∑n

i=1
Pi

n

(3)Et = Pr × t

(4)Ec =
Et∕trip

that the value of the average electricity consumption can 
represent the value of vehicle energy consumption with 
or without the regenerative braking feature. The average 
value of electrical energy consumption with (Eregen) or 
without (Enoregen) regenerative braking features is shown 
in Eqs. (5) and (6).

Ec1 and Ec2 are the values of Ec for each set of tests (one 
set consists of daily measurements in a total period of 
32 days).

2.2 � Confidence intervals for the population mean 
value

The reliability of data needs to be tested after calculating 
the mean and standard deviation of a sample. Reporting 
the population average in a measurement is more con-
vincing if data reliability test is added, e.g., confidence 
intervals. Confidence intervals are a range of values that 
can be believed (up to a certain percentage) to contain 
the average value of population. Confidence intervals are 
often used for a normally distributed data. The normal dis-
tribution equation ( f (x) ), which is a continuous probability 
distribution in the form of a bell curve, is shown in Eq. (7).

(5)Eregen =

∑32

i=1
Ec1i

32

(6)Enoregen =

∑32

i=1
Ec2i

32

(7)f (x) =
1

s

√

2�
e
−
(x−x)2

2s2

Fig. 3   The map of Bandung 
showing the test route. The 
location sign on the upper 
right indicates the authors’ 
laboratory, where the trip 
started and finished

Table 3   Values of some variables used in all tests

Variables Values

Maximum vehicle speed 60 kph
Vehicle load 55 kg and 43 kg (one 

driver and one pas-
senger)

Test starting time 09:00 AM
Total data sets 32
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x and x  are measurement data for each sample and 
population average, respectively, while s is the standard 
deviation of the population [28]. If the data population 
forms a normal distribution, then the upper and lower 
limit of the confidence intervals is determined by Eq. (8).

P% is the value of the confidence interval set at 95%, 
x  is the average measurement data, s is the population 
standard deviation, zP% is the z value at the percentage of 
confidence interval chosen (at 95%, z value is 1.96), and 
k = 32. It should be noted that s∕

√

k is the standard error of 
the data population [29]. Confidence intervals can also be 
used to determine the difference between the two popula-
tion averages with the same treatment. The difference is 
expressed in the following confidence intervals formula 
(Eq. (9)). x1 and x2 denote the average measurement data 
for the first and second object, respectively. Meanwhile, s1 
and s2 denote the standard deviation for the first data and 
the second data, respectively.

In this study, x1 and x2 denote the average of energy 
consumption with and without the regenerative braking 
feature, while s1 and s2 denote the standard deviation of x1 
and x2 , respectively. k1 and k2 denote the total numbers of 
datum used, which is 32 (total days, as shown in Table 4).

3 � Results and discussion

The measured energy consumption for regenerative and 
without regenerative braking is tabulated in Table 4, and 
its normal distribution is plotted in Fig. 4. It can be seen 
that both sets of data form a relatively symmetrical, normal 
distribution. The average population value is depicted by 
the vertical line in the middle.

Table 5 shows the range of energy consumption of 
143.94–146.58 Wh/km for testing with regenerative 
braking, and it is with a probability of 95% true that 
the actual average energy consumption is within this 
range. Similarly, the results from vehicle testing without 
regenerative braking show the range of 153.30–156.27 
Wh/km. Therefore, it can be concluded that the aver-
age of energy consumption value for each test could 
be accepted to represent the population. Confidence 
intervals for differences between means indicate a range 
of 7.54–11.50 Wh/km, which also means that there is a 
95% probability that the actual difference in the average 

(8)P% = x ±
zP%s
√

k

(9)P% =
(

x1 − x2

)

± zP%

√

s2
1

k1

+
s2
2

k2

energy consumption due to the presence of regenera-
tive braking will be found in the range of 7.54–11.50 
Wh/km. The difference between average of energy con-
sumption without regenerative braking and regenera-
tive braking is 9.53 Wh/km. This value is within the range 
of confidence intervals with a probability of 95%, so it 
can also represent the difference in the average energy 
consumption of the two tests. Based on these data, it can 
be concluded that the regenerative braking technology 
on the retrofitted vehicle used in this study might reduce 
the electricity consumption by approximately 9.53 Wh/
km or about 6.16%. This number shows an increase in 
the efficiency of vehicles. Increasing vehicle efficiency 
could result in even more mileage covered by the same 
energy capacity.

Table 4   Results from the 
measurement of energy 
consumption for with (Eregen) 
and without regenerative 
braking (Enoregen)

Day no. Energy consump-
tion (Wh/km)

Eregen Enoregen

1 147.82 148.14
2 150.40 151.81
3 143.88 154.23
4 140.72 151.58
5 144.00 147.24
6 154.08 153.22
7 144.59 153.65
8 147.05 153.51
9 153.19 152.34
10 145.75 153.15
11 150.83 151.85
12 142.20 161.35
13 148.75 164.59
14 142.27 162.76
15 138.99 152.02
16 147.68 153.39
17 137.90 155.64
18 145.26 157.43
19 147.05 158.53
20 146.54 161.87
21 146.36 149.62
22 141.82 154.20
23 142.38 156.94
24 146.42 158.31
25 141.50 158.69
26 145.89 156.26
27 144.30 150.78
28 142.12 156.56
29 141.89 149.81
30 142.90 152.17
31 144.53 159.28
32 149.40 152.25
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4 � Conclusions

Observation on electrical energy consumption in a con-
verted gasoline-fueled vehicle into electric vehicle has 
been carried out by testing in the real-world environ-
ment. The 12.4-km road in Bandung, Indonesia, is desig-
nated as a vehicle test route. Some variables are set, and 
the same value is approximated throughout the testing. 
Test date and time, numbers of datum, duration of each 
test, total battery charge/discharge power, and vehicle 
mileage were recorded and used to calculate the electric-
ity consumption data for each run. The reliability of the 
data is confirmed by means of confidence intervals. The 
calculation of confidence intervals is used as an indication 
of the level of confidence that the average value taken 
could represent the average population. Testing of the 
vehicle with the regenerative braking feature shows a 

95% probability that its average energy consumption is 
in the range 143.94–146.58 Wh/km. On the other hand, 
the vehicle without regenerative braking would be in 
the range of 153.30–156.27 Wh/km. Confidence intervals 
also show that, for differences between means, there is 
95% probability that the difference in the average energy 
consumption of the two tests will be found in the range 
7.54–11.50 Wh/km. The difference between averages of 
energy consumption due to the presence of regenerative 
braking is 9.53 Wh/km, so it could be accepted to reflect 
the difference in the average energy consumption from 
the two tests. Based on the data analysis above, the use 
of regenerative braking technology on the retrofitted car 
under investigation produces lower electricity consump-
tion by 9.53 Wh/km or 6.16%. The decrease in electricity 
consumption equals to the increase the efficiency of vehi-
cles. Increasing vehicle efficiency can produce more mile-
age with the same energy capacity.

Fig. 4   Measurement results 
show a normal distribution of 
the energy consumption of a 
converted electric vehicle car 
under investigation. Solid line 
indicates the energy consump-
tion with regenerative braking 
feature Eregen, while broken line 
indicates the energy consump-
tion without the regenerative 
braking Enoregen. The average 
energy consumption value, 
that is, 145.26 and 154.79 
Wh/km for Eregen and Enoregen, 
respectively, is shown by the 
gray solid vertical line

Table 5   The average of 
electricity consumption and 
standard deviation

Eregen Enoregen

Average of energy consumption (Wh/km) 145.26 154.79
Standard deviation 3.81 4.27
Confidence intervals (95%) 143.94–146.58 153.30–156.27
Confidence intervals for differences between means 

(95%)
7.54–11.50
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