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Abstract Conventional fuels are the primary source of pollution. Switch-
ing towards clean energy becomes increasingly necessary for sustainable de-
velopment. Electric vehicles are the most suitable alternative for the future
of the automobile industry. The battery, being the power source, is the crit-
ical element of electric vehicles. However, its charging and discharging rates
have always been a question. The discharge rate depends upon various fac-
tors such as vehicle load, temperature gradient, surface inclination, terrain,
tyre pressure, and vehicle speed. In this work, a 20 Ah, 13S-8P configured
lithium-ion battery, developed specifically for a supermileage custom vehicle,
is used for experimentation. The abovementioned factors have been analyzed
to check the vehicle’s overall performance in different operating conditions,
and their effects have been investigated against the battery’s discharge rate.
It has been observed that the discharge rate remains unaffected by the con-
sidered temperature difference. However, overheating the battery results in
thermal runaway, damaging and reducing its life. Increasing the number of
brakes to 15, the impact on the discharge rate is marginal; however, if the
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number of brakes increases beyond 21, a doubling trend in voltage drops was
observed. Thus, a smoother drive at a slow-varying velocity is preferred. Ex-
periments for different load conditions and varying terrains show a rise in
discharge with increasing load, low discharge for concrete, and the largest
discharge for rocky terrain.

Keywords: Clean energy; Lithium-ion battery; Discharge rate; Voltage; EV; Super-
mileage; Environment

1 Introduction

Encouraging renewable and alternative energy is the need of time for sus-
tainable development. With the current speed of globalisation and thriving
industrialization, the worldwide energy demand has increased promptly.
Indeed, fossil fuels have made a significant impact in the previous two cen-
turies in worldwide development; however, global climate change and the
depletion of fossil fuels have become major constraints. As per the data
mentioned in the literature [1–3], it has been anticipated that with the
5% annual increment in the present production rate of oil (1.41%), coal
(1.64%), and natural gas (2.69%), the fossil fuels will barely survive for
next 50 years. Moreover, annual fossil fuel consumption on a global scale
has increased by 1.77%. However, the spread of coronavirus disease 2019
(COVID-19) and subsequent restrictions have impacted such fuels’ inter-
national supply and demand. Restricting the use of fossil fuels is one of the
prime focuses of the Paris Climate Accords adopted in 2015; the committee
has agreed to decrease the overall temperature below 1.5◦C [3,4].

Alternative energy sources have been promoted and commercialized to
overcome environmental and other major challenges [5]. As per the latest
data in the literature [6, 7], about 22 cities out of 30 most polluted cities
in the world are from India. Air pollution has become a major global issue,
and millions of lives are at risk due to severe air pollutants released from
the transportation and industrial sectors [8,9]. After so many cautions and
various action plans, the issue is still showing an alarming trend. One such
modification and action is switching towards electric or hybrid vehicles.
Although there are lots of constraints, the popularity of electric vehicles is
increasing. Consequently, lots of research is being processed to overcome
the shortcomings and improve overall performance. Furthermore, the need
for electric vehicles are even more justified, considering the environmental
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degradation. The search for alternative power sources has been a constant
struggle, and electric cars can potentially be a solution. The overall cost
of ownership, including battery cost, drivetrain cost, fuel prices, and main-
tenance costs with time, will have better pricing in the future with more
research in the fields of battery technology [10].

Electric mobility is an important aspect of the energy transition. Elec-
tric vehicles (EVs), even with lower maintenance, higher well-to-wheel effi-
ciency, and the obvious environmental and economic benefits, still have the
biggest challenge of low range, low efficiency, longer charging times, limited
infrastructure, and high capital cost of batteries [11, 12]. For an electric
vehicle to be resourceful, the main characteristics to be focused on are that
it should run entirely on cheap, small, and efficient electric motors, requires
low maintenance, has a large battery for long range, and has a fast-charging
capability. Consequently, battery charging conditions should be maintained
to supply uninterrupted power [13]. Therefore, significant research, analy-
sis, and optimization of batteries, which act as a portable energy reserve for
an e-vehicle, are of utmost importance. The longevity of batteries is related
to charging and discharging as well as ambient conditions of use.

Among many other batteries, the lithium-ion rechargeable battery has
been a focal point of research and application. It has the potential to power
not only electric vehicles but also various electronic consumer goods, en-
ergy storage systems, aerospace, robotic and military applications [14, 15].
Compared to traditional batteries, lithium-ion batteries charge faster, last
longer, and have high power density for longer battery life in a lighter
package [16,17].

Lithium atoms at the anode get ionized and separated from their elec-
trons during the lithium-ion battery’s discharge cycle. The lithium ions
then move to the cathode, recombining with electrons and getting electri-
cally neutralized. They move through the electrolyte and are small enough
to pass through a micro-permeable separator between the anode and the
cathode [18]. Due to the small size of lithium-ion, lithium-ion batteries can
produce a very high voltage and charge storage per unit mass and volume.

• Lithium (Li) batteries are powered by the lithium oxidation reaction:

Li → Li+ + e− (3.05 V).

• The oxidation potential pushes electrons generated at the anode through
external circuitry, thus delivering energy.
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• Different types of materials can be used as electrodes in a lithium-ion
battery. One of the most typical compositions is that of lithium cobalt
oxide (cathode) and graphite (anode), which can be usually discovered in
compact electronic devices such as mobile phones and laptops [19]. Addi-
tional materials that can be used as cathodes include lithium manganese
oxide and lithium iron phosphate. Lithium-ion batteries ordinarily use
ether as an electrolyte.

1.1 Advantages

Lithium-ion cells offer a considerable advantage of low self-discharge rate
compared to rechargeable cells, namely, NiMH and Ni-Cad forms. This
helps deal with the concern of the range of EVs and more prolonged op-
erations before discharge. The cell voltage of lithium-ion battery cells is
higher than other standard batteries available; thus, the number of cells
required for the same power generation is smaller. Lithium is the lightest
of all metals, has the greatest electrochemical potential, and provides the
largest energy density for its weight [20]. Two of the main reasons elec-
tric cars failed in the past were the size and weight requirements of the
battery installed. Earlier, fuel-powered vehicles proved to be a more conve-
nient and effective way of energy storage [21]. However, the development in
battery technologies has made them wonderfully compact and light. With
such progress, electric cars will be lighter than ever, taking the weight of
the drivetrain and the energy storage together into account. Lithium-ion
batteries have a reasonably high energy and power density. The broadly ac-
cepted lithium-ion battery should have a longer life along with high energy
intensity [22,23].

1.2 Disadvantages

One charge plus one discharge is known as a cycle, and the number of
times a battery supports its charging and discharging without its decay is
called the life cycle. The battery life of lithium-ion batteries isn’t just de-
pendent on life cycles but also on environmental conditions. Exposing them
to high temperatures reduces their capacity. Also, lithium is an abundantly
available resource, but its current extraction is not cost-effective [24].

The current energy densities of batteries aren’t at par with the fuels used
in IC engines. Battery charging infrastructure is currently under develop-
ment as well. Controlled charging is an additional requirement for the safe
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operation of the battery and the vehicle. To ensure continuous safe use of
the battery without its degradation, a novel technique, i.e., a dynamic early
recognition framework was proposed to distinguish the abnormal batteries
from normally degrading batteries before their capacity drops [25].

Electric vehicles may catch fire as the Lithium-Ion battery is susceptible
to a short circuit within one or more cells that make up the battery [26]. The
overheating batteries could result in thermal runaway, damaging the vehicle
and its life [27]. The heat can ignite the chemicals within the battery, and
the fire can spread rapidly and efficiently. Various articles in the literature
have discussed the way to safeguard the battery and hence the electric
vehicle. Consequently, a control strategy was discussed by Dar et al. [28] to
protect the battery and enhance its life. The article proposed an offboard
charger for charging lithium-ion batteries used in EVs. The methodology
used for charging safeguards the battery by protecting the battery from
overvoltages. The considered charger has the ability to transfer power in
two directions to transfer the additional power back to the grid and hence,
protect the battery from overcharging.

1.3 Scope

It is usually difficult to predict the factors responsible for battery ageing and
degradation. Some studies conclude the type of degradation, whether chem-
ical or mechanical, by analyzing the battery’s condition over time [29–32].
However, limited studies infer the ergonomic or environmental factors that
may influence the said deterioration. This paper analyzes the trend of volt-
age drop of a lithium-ion battery as it discharges due to various factors
and conditions. This paper aims to explore the multiple conditions con-
tributing to faster discharging, which can be manipulated or evicted. The
primary research concentrates on external factors affecting the discharge of
the battery, namely, vehicle load, ground terrain, braking conditions, and
temperature. To consolidate, the variation in the voltage of the battery
has been investigated by varying each factor separately and a few factors
simultaneously to understand the real-time impact on the battery.

This paper includes modifications in operational parameters to study
their effect on vehicle efficiency, which is directly linked to the battery.
The aim is to conduct testing of voltage drops under various conditions
and understand the combined impact of these parameters. The present
research will help predict the battery’s efficiency and its dependency on
external factors [33]. This study can further aid in optimizing the battery
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and its application to its maximum potential. The enhancement and pro-
gression of battery technologies, sustainable and manufacturable battery
pack, and robust design of the battery pack act as a major catalyst in
the promotion of electric vehicles as a means of transportation and energy
reserve [34].

The battery under observation is lithium-ion, one of the most promi-
nent propellers for EVs. Apart from vehicles, it finds use in solar energy
storage. When these two applications are combined, it will pave the way
for the energy transition that will be sustainable, economical, efficient, and
convenient nonetheless [35–37]. Thus, research about lithium-ion batteries,
their study, analysis, and up-gradation will be a breakthrough in achieving
this conclusion.

In 2021, the automobile industry aspires to have over 50 per cent of all
new models equipped with EV drivetrains [38]. This is possible as many
original equipment manufacturers (OEMs) have aimed to introduce models
to their production lines, which is nonetheless aided by government policies.
In the coming decade, the EVs produced would comprise further optimized
versions of their electronic systems due to advancements in the methods of
monitoring energy consumption [39].

2 Materials and method

2.1 Materials and configuration

The main focus of this work is the lithium-ion battery. The battery used
in the following analysis is an essential component of an existing project
that involved the design and fabrication of a supermileage vehicle. The
vehicle was conceptualized and manufactured by Team Panthera for the
Shell Eco-Marathon, Asia, and is illustrated in Fig. 1. The car was de-
signed on Solidworks software [40]. The specifications of the battery cater
to the vehicle. The experimental analysis for the battery performance and
voltage drop conducted later in this research has been done via the said
supermileage vehicle. The configuration of the battery has been charted in
Table 1. The authors had begun taking readings with an initial voltage of
53.4 V. The observations were taken using a voltmeter enabled in the ve-
hicle itself. The shell vehicle consists of a compact chassis with subsystems
specified in Table 2.
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Figure 1: Illustration of the electric vehicle used for experimental analysis.

Table 1: Custom lithium-ion battery configuration.

Custom battery configuration

Current rating 20 Ah

Cells arrangement 13S 8P

Rated voltage 48 V

Number of batteries 1

Table 2: Supermileage vehicle subsystems.

Chassis Structural members: Aluminium 4130 Single passenger seat

Steering Steering assembly

Brake assembly Brake pedal Braking handle mounted
on the steering

Battery Lithium-lon battery with mount and
connections

Transmission Acceleration system, including the pedal

Miscellaneous Honking system

2.2 Method

The electrical connections of the vehicle used for the present research are
illustrated in Fig. 2. The positive terminal connects the battery to the kill
switch, which is externally accessible so that the vehicle can be stopped
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in an emergency. There are three wires connected to the motor controller.
The fourth wire is a Hertz sensor which senses the frequency and sends the
signal to the motor regarding the speed. The command given on the throttle
is accessed by the controller and transmitted to the motor. The negative
terminal connects the battery directly to the controller and speedometer.
Also, the kill switch is connected directly to the speedometer and controller.
The battery usually takes 5–6 h to charge to its maximum capacity. The
speed reading is observed on an external speedometer software.

Figure 2: Illustration depicting the electrical connections of the electric vehicle.

For readings, the experiments were conducted at different times of the day
to get the different environmental temperatures. Accordingly, the tempera-
ture of the battery taken and its effects were noticed. The experimentation
started in the early morning when it was slightly chilly, and then based on
the environment temperature, it continued to the afternoon when it was rel-
atively hotter and then in the night when it was cold again. A thermometer
was installed with the vehicle to measure the environmental temperature.
Additionally, the load on the vehicle was measured from the weighing scale
and varied from 49 kg to 55 kg. Also, a voltmeter was installed with the
vehicle to measure the voltage drop during the experiments.

The analysis and observations have been performed from start to end on
the supermileage vehicle throughout the same day. The mileage observed
was approximately 119 km/kWh. The four essential parameters such as
temperature, number of brakes, load and surface terrains, have been con-
sidered for experimentation as illustrated in Table 3.
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Table 3: List and range of parameters evaluated during experimentation.

Parameters considered Range defined

Temperature 6◦C

Number of brakes 20 brakes

Load 6 kg

Terrain muddy + grass, concrete

1. The first parameter, the temperature, has been varied to check the
variation of the discharging of the battery. Temperature variation was
achieved through changes in the temperature of the surroundings from
morning to evening. The discharge at temperature differences of 2◦C
has been observed by keeping the load constant.

2. The second parameter, the number of brakes, has been observed by
keeping the temperature, load, and distance travelled constant. The
number of brakes applied is increased for a fixed distance.

3. The third parameter is load. While keeping the temperature constant
and increasing the load by 6 kg, the discharge rate has been analyzed
in gradual increments.

4. The final parameter, the terrain, has been changed twice to check the
battery’s voltage drop. The experiment was conducted on: (1) a muddy-
grass road and (2) a concrete road.

3 Result and discussions

The variation of discharge with temperature, load, terrain, and the number
of brakes is represented in graphs and charts for efficient visualization of
results.

3.1 Temperature variation analysis

As illustrated in Fig. 3, the vehicle’s voltage drops with an increase in
temperature. This is associated with battery performance and its chemical
reactions [41]. The initial drop is observed at 0.3 V, which is steeper till
24◦C (53.8 V to 53.5 V), followed by a short phase with a reduced drop,
i.e., 66% of the initial fall (53.5 V to 53.3 V). The voltage drop is observed to
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get steeper again (53.3 V to 53.0 V) beyond 26◦C. Low temperatures show
a reduction in the ionic conductivity of the battery [42, 43]. In contrast,
high temperatures tend to increase the rate of thermal ageing, thereby
shortening the life of the lithium-ion battery [44,45].

Figure 3: Battery voltage versus temperature in degrees Celsius to depict
voltage drop with temperature.

3.2 Number of brakes variation analysis

Figure 4 shows that the voltage drop increases with the number of brakes
applied due to high energy losses in the conventional braking system [46].
With nine brakes, the voltage drop is negligible, as seen from the reading
change from 52.2 V to 52.1 V, i.e., 0.1 V. When the number of brakes is in-
creased by 6 to 15 for the same distance patch, the drop observed increases
by 100%, i.e., 0.2 V (from 52.1 V to 51.9 V). With another increment of 6
brakes to 21, the drop increases by another 100% to 0.4 V (from 51.9 V to
51.4 V). This doubling trend in voltage drops is inferred to be highly wor-
risome and causes concern in EVs. The battery powers auxiliary systems.
The brakes are a crucial part of the system and have an impact on the ob-
served voltage drop. Therefore, it is recommended to adopt energy-efficient
driving practices to develop an optimal speed. This, in turn, reduces the
aerodynamic drag and hence, the power consumption. Moreover, it is also
recommended to install a regenerative braking system. However, existing
research has proved that even with regenerative braking, optimal velocity
profiles can be beneficial in reducing electromechanical energy conversion
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losses [47]. Several researchers have studied the benefits of regenerative
braking systems in the past. Recovering the kinetic energy evolved can
substantially reduce the load on the lithium-ion battery [48–52].

Figure 4: Battery voltage versus number of brakes to depict voltage drop
with speed variation.

3.3 Load variation analysis

The voltage of the battery drops drastically with an increase in the load,
as illustrated in Fig. 5. At 49 kg, the observed drop is 0.3 V, from 53.3 V to
53.0 V. When the load gradually increases to 55 kg, the voltage drop also

Figure 5: Battery voltage versus load in kg to depict voltage drop with load.
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increases by 167% to 0.8 V, from 53.0 V to 52.2 V. This is because, as the
load increases, the current through the battery resistance increases; thus,
the voltage drop increases [53].

3.4 Terrain variation

The terrain was switched from muddy-grass to concrete to investigate the
impact of road surface roughness on the change in voltage drop. As de-
picted in Table 4, the voltage drop observed for a concrete road and a
muddy-grass, i.e., a relatively rugged road, was 0.1V (51.5 V to 51.4 V,
and 51.4 V to 51.3 V, respectively) for the same distance with the same
loading and environmental conditions. Therefore, the average drop is con-
sidered relatively the same across different terrains except for rocky and
puddled terrains due to the added load on suspension and the difficulty of
traction.

Table 4: Drop in voltage with variable terrain.

Terrain Voltage drop (V) Change in voltage (V)

Concrete 51.5 to 51.4 0.1

Muddy + Grass 51.4 to 51.3 0.1

Rocky 51.3 to 51.0 0.3

A group of researchers studied the performance of an EV powered by a
lithium-ion battery in the hilly terrains of Vermont and found a 13% in-
crease in energy consumption without regenerative braking [54]. It is safe to
conclude that terrain is an essential, if not highly influential, characteristic
that may impact the battery’s performance.

4 Conclusions

In the present research, a lithium-ion battery, part of a competitive su-
permileage vehicle, has been considered. Various factors, such as vehicle
load, temperature gradient, road surface terrain, and vehicle speed, have
been analyzed to check the vehicle’s overall performance in different oper-
ating conditions. The effect of these factors on the battery discharging rate
has also been investigated. The following remarks have been concluded as
mentioned below.
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• From the analysis, it was observed that the discharge rate remained
constant for the considered temperature difference of 6◦C. However,
warming a battery decreases internal resistance and improves the elec-
trochemical reaction. Thus, operating a battery at a high temperature
improves battery performance. Therefore, increasing temperature up
to a limit will improve the performance. However, overheating bat-
teries could result in thermal runaways, damaging the vehicle and its
life. Therefore, batteries are often accompanied by cooling systems.

• Secondly, increasing the number of brakes increased discharge. With
nine brakes, the voltage drop is negligible (0.1 V), however, when the
number of brakes risen from 9 to 15 for the same distance patch,
the drop observed increased to 0.2 V. With another increment of 15
brakes to 21, the drop increases further to 0.5 V. Hence, it is clear
that starting increasing brakes will not impact much on the discharge
rate, however, when the number of brakes increases beyond 15, the
battery will discharge with a much faster rate.

• Lastly, a heavier load requires more energy to operate the electric
vehicles; this voltage drop is more significant with a higher load, and
hence, the battery will discharge more. Additionally, the average volt-
age drop is relatively the same across different terrains except for
rocky and puddled terrains due to the added load on suspension and
the difficulty of traction.

It is important to acknowledge the results validated by experimentation
and make subsequent changes to our method of usage. By fabricating
lightweight vehicles, the discharge rate may be controlled. This is achieved
by smart weight-reduction strategies employed while choosing the chassis
material, removing material without hampering the strength of the compo-
nent, etc. Moreover, some additional measures taken to limit the discharge
rate are mentioned below.

1. As recommended, keeping the tyre pressure maximum according to
its model specifications.

2. Charging and discharging the battery to a moderate range of voltages.
Extremely high and low voltages affect the battery life.

3. Usage at temperatures ranging between a few degrees of room tem-
perature. At high temperatures, the electrochemical reactions that
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power the battery occur at a higher rate as opposed to low tempera-
tures, at which the chemical reaction rates reduce. Low temperature
also causes low conductivity in lithium salts.

4. Reducing the number of brakes, especially abrupt braking, leads to a
rapid drop in battery voltages which are otherwise quite slow in their
discharge. Thus, a smoother drive at a slow-varying velocity keeps
the battery from discharging soon.
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