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ABSTRACT

Electric vehicles are penetrating the transportation sector with a pace to reduce greenhouse 
gases and climate changes. Some limitations to penetrating in market are range, thermal per-
formance, and battery cost. The performance of electric vehicles is majorly based on the qual-
ity and chemistry of the battery. The current study is on the Lithium Iron Phosphate battery 
pack of 48 V 42Ah with an ambient temperature. The current demand for electric vehicles 
varies with the speed under various loading conditions. Heating of the battery in real-time is 
one of the problems currently faced by automakers. The Joule’s heat is the primary parameter 
for increasing the battery’s temperature. Prediction of the heat generation in the battery was 
carried out with different mechanisms at constant charge/discharge rate, not with dynamic 
loading. The inefficient battery thermal management system may result in the thermal run-
away, leading to fire catch incidents, hence estimation of the current withdrawal needs to 
be accurate. To predict heat generation, 1. Bernardi’s equation used, but having limitation in 
predicting accurate heat prediction, 2. Ohmic/Joule’s equation, the current must be known. 
Hence, experiments carried out to find the current withdrawal under different actual loading 
conditions. In this work, the temperature rise under various loading conditions is measured 
on the single-wheel vehicle model operated on a battery, at varying conditions of rolling re-
sistance, load, speed, and test duration. Experiment results show a 7.6 & 6.7°C rise in battery 
temperature at 125 kg, 15km/hr speed for 75 min on concrete and tar roads, respectively. From 
the experimental result need of the battery thermal management system, heat dissipation rate 
can be efficiently designed.
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INTRODUCTION

Conventional internal combustion engine (ICE) vehi-
cles have limitations of harmful emissions, limited fossil 
fuel sources, and high transportation cost per kilometer. 
Conventional ICE vehicles are being replaced by electric 
vehicles (EVs) which use rechargeable batteries as a source 
of energy, a motor, and a controller. In the global market, 
the share of EVs in the automotive market has signifi-
cantly increased in the last decade. Furthermore, extensive 
research in battery technology has remarkably decreased 
battery costs, resulting in a market share. Worldwide efforts 
are to improve the performance of EV batteries and the 
vehicle’s performance. During the battery discharge, the 
cells used for battery construction generate a significant 
amount of heat, which causes a rise in the battery pack’s 
temperature. 

While the literature survey provides valuable insights 
into the heat generated in the cell at the laboratory level 
during constant current discharge, it also reveals a signif-
icant gap in our understanding. There are very few papers 
that delve into the current withdrawn from the battery at 
various speeds, under different payloads, and in different 
road conditions. These factors, such as rolling resistance, 
payload, and vehicle speed, can significantly vary the power 
demand at different intervals. This scarcity of literature 
underscores the urgency of further research in this area to 
ensure the optimal performance and safety of EV batteries 
under real-world conditions. 

Lithium Iron Phosphate (LFP), Lithium Nickel-Cobalt-
Aluminum Oxide (NCA), and Lithium-Nickel-Manganese-
Cobalt-Oxide (NMC) batteries were experimentally tested 
at ambient temperature and under different operating cur-
rents, measuring cell voltage and surface temperature [1]. 
The elevated temperature affects the battery’s performance, 
causing capacity fade, fire hazards, thermal runaway, etc 
[2]. Thermal runaway occurs when the cell’s temperature 
is over the working temperature due to the heat-generating 
reactions within the cell, causing flammable gasses [3]. One 
impact of the cell’s increase in temperature occurred on the 
battery’s SoC estimation. SoC determines the present cur-
rent density of the battery [4]. During the discharging of 
the cell, the heat evolved inside the cell, which causes the 
SEI layer to decompose, binder decomposition, enhance 
the rate of reaction, and decomposition of the electrolyte, 
which results in the gas buildup inside the cell [5]. 

A battery thermal management system was adopted to 
limit the temperature rise of the battery pack. Several ther-
mal management techniques include air cooling systems, 
liquid cooling systems, phase change materials, composite 
phase change materials, etc. The selection of a suitable ther-
mal management system depends on the heat generated in 
the battery pack. Hence, estimating the amount of heat 
generated in the battery pack is crucial in deciding the type 
of thermal management system. Researchers continuously 
develop battery thermal management systems (BTMS) 

by adopting different approaches. Few authors developed 
novel BTMS for Lithium-ion batteries (LIBs) employing 
air cooling strategies like symmetrical air-cooling, two-di-
rectional air-flow approach, air cooling coupled to water 
evaporation, and metal and non-metal foams [6-12]. Liquid 
excellent BTMS technique was studied extensively by vari-
ous researchers [13], where coolants like water, Nanofluid, 
and water-ethylene glycol mixture, along with novel tech-
niques/arrangements like micro-vascular composites, 
mini-channel aluminium tubes, circuitous channels, etc., 
were studied. In addition to this, researchers have inves-
tigated BTMS employing novel techniques using phase 
change materials (PCM), composite phase change materi-
als (CPCM), and heat-pipe approach [11-18]. Hybrid cool-
ing mechanism, where air and liquid cooling are adopted 
for efficient cooling [19]. Paraffin wax, along with Al2O3 
Nanoparticles, shows enhancement in the charging and 
discharging process of the PCM [20]. Fly ash Nanofluid in 
the base of water-ethylene glycol (ratio 3:1) shows better 
heat dissipation over the simple water-ethylene glycol (ratio 
3:1) as a coolant [3, 21]. Different authors used K-type ther-
mocouples for thermal cycles during different processes 
[22-24]. The sources of heat generation in the LIB’s are 
reversible heat generation and irreversible heat generation 
due to activation, concentration, and ohmic (electronic and 
ionic) polarizations – in with graphite/LiFePO4 electrode 
materials [25]. One of the most used methods to measure 
the heat generated in the  cell is the accelerating rate cal-
orimeter (ARC), restricted to use under adiabatic condi-
tions and for the high rate operating cells [26]. Allouhi et 
al. proposes the design of an electricity charging station for 
small-size electric vehicles powered by the same HRES. It 
help Moroccan authorities to have insight on the role that 
can play HRES systems to not only enhance the energy 
efficiency of supermarkets and lower their emissions but 
also how they can help in transitioning towards a clean and 
green mobility [27]. The lithium-ion batteries get affected 
due to the high temperature in view of safety and perfor-
mance. Due to high temperatures side reactions occurred 
result to degradation of cell capacity and the fading of elec-
trochemical performance [26]. Artificial intelligence and 
machine learning techniques show a promising future to 
predict the current withdrawal from the past data set [28].

 In this work, an attempt is made to investigate the 
effect of the loading condition on the heat generated in the 
Lithium Iron Phosphate (LFP) cell. During real-time driv-
ing, the speed and payload on the vehicle vary which causes 
changes in the power demand and current demand from 
the battery. Currently, in the literature survey, the heat gen-
erated at the constant current output was discussed at dif-
ferent loading conditions. The experiment study gives the 
relationship of the current withdrawn from the battery with 
respect to the payload, rolling resistance, and speed of the 
vehicle. As the Joules heat, the major parameter to raise the 
temperature inside the battery solely depends on the with-
drawn current. This study predicts the current withdrawal 
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and heat generated in the battery under different loading 
conditions. Depending on the battery’s heat generated, the 
battery thermal management system’s deployment can be 
easily selected. To evaluate the performance of the battery 
pack, a single wheel was tested using a test dynamometer at 
different load and speed conditions.

Heat Generation in the Cell
In the present study, lithium iron phosphate (LFP) type 

lithium-ion battery cells are investigated. The LFP cells use 
LiFePO4 as a cathode material, while a form of carbon is 
an anode material. The lithium ions (Li+) travel from the 
anode to the cathode through the electrolyte during the cell 
discharge and from the cathode to the anode during the cell 
charge. These ions get rapidly integrated into the cathode 
material once they reach the cathode. The charge and dis-
charge reactions in the battery are presented in Eq.1 and 2, 
respectively [13].

Charge reactions:

	 FePO4 + xLi+ + xe- = xLiFePO4 + (1-x) FePO4	 (1)

Discharge reactions:

	 LiFePO4 - xLi+ - xe- xFePO4 + (1-x) LiFePO4	 (2)

The estimation of heat generation in the cell during 
the charge and discharge process is vital to deciding on the 
type of battery thermal management system for the battery 
pack. To estimate the heat generation within the battery 
cell, it is crucial to understand the mechanism of heat gen-
eration have mentioned various approaches for measuring 
the battery heat generation (1) through direct experimen-
tal tests, (2) by employing Bernardi’s equations, and (3) by 
adopting electro-thermal coupling model. Predicting heat 
generation within the battery using the Bernardi equation 
is a highly effective, time-saving approach with equitable 
results [13]. 

In the LFP cell, heat generation is primarily due to 
polarization heat, heat released during chemical reactions, 
and Joule’s heat. Of these, Joule’s heat, which is related to 
Ampere2 x Internal resistance, is the major contributor to 
heat generation in the cell. As the load and speed change, 
the power demand to cope with these conditions increases, 
leading to an increase in current and subsequently, the tem-
perature of the cell.

The Bernardi equation is given below,

	 	 (3)

where, Qgen = the rate of heat generation (W), I = the cell 
current (A), U = the open circuit voltage (V), T = the tem-
perature (K), and V = the cell terminal voltage (V). The first 
term of the equation quantifies the heat generation due to 
the polarization effects in the cell whereas the second term 
quantifies the entropic heat generation [29-32]. However, 

this equation does not consider the heat generation due to 
the phase change and mixing [33].

The term ∂U/ ∂T which is a  derivative of OCV with 
respect to the temperature is termed as entropic coefficient 
of the cell.

Accurate estimation of heat generation is critical for 
EV batteries. Conventional means of heat estimation (i.e., 
Bernardi equation) work only for constant current dis-
charge. However, fluctuating current conditions are the 
standard mode of operation for cells in EV applications. It 
is noted that Bernardi method is an indirect method of heat 
estimation based majorly on electrical parameters. It is also 
observed that the reversible part of Bernardi heat is negligi-
ble under drive cycle operation. Lithium-ion batteries can 
utilize various cathode chemistries, including LFP, LCO, 
and NMC. Each cathode chemistry has distinct advantages 
and disadvantages concerning specific capacity, energy/
power density, cost, and thermal stability [34].

EXPERIMENTAL SETUP AND PROCEDURE

For the experimental work, four parameters are consid-
ered with high priority, Speed of vehicle, Payload on vehicle, 
Time of drive, and the road surface itself. The coefficient of 
drag and road gradient were not considered for the study 
as the coefficient of drag is finalized by the vehicle manu-
facturer and is independent of the driver. Road gradient, in 
the urban area, the slope from underground to basement 
or elevation at the overhead bridge is present by maximum 
elevation is up to 500 meters, which covers in maximum 
of 2-3 minutes, so consideration of the same for the whole 
duration of time was exempted after expert comment. 

The payload is an essential parameter of the vehicle. 
Here two two-wheeler vehicles were considered in the 
study. In a typical scenario average weight of a single person 
in India is 68 kg. Considering the vehicle running without a 
person, only the vehicle’s weight plays a critical role. Hence, 
80/2 kg was considered for lower-weight conditions. On the 
higher side, the average weight of the person is multiplied 
by 2.5 to consider variations in the weight. Furthermore, an 
additional 80 kg wt. of chassis was added to the calculation 
for deadweight and safety analysis for extreme variation in 
weight. All this counted to 250/2 kg as a higher side weight 
in the analysis.

As per the SAE J2452 standard, the rolling resistance for 
the tar road is 0.013, and for the concrete, it is 0.01. In urban 
areas, the roads are constructed with tar or concrete roads; 
hence, these conditions are implemented with the two Mild 
steel roads at the bottom of the Tire. 

In the Indian context, the diversity in the weight and 
driving pattern of the driver gender was observed widely. 
The range of the vehicle majorly depends on the payload of 
the vehicle. As per observation, the male (age 30 onwards) 
drives smoothly with experience to gain high performance, 
whereas the female driving pattern differs from the male in 
which jerky motion is involved. After benchmarking with 
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MINITAB software, different payload combinations, time, 
and speed combinations were formulated with the surface 
response method.

Battery Pack
The battery pack of 48-volt 42 Ah is constructed with 

32650 (32 mm diameter, 65 mm height of cell & Circular 
shape) lithium iron phosphate (LFP) cylindrical cell with 
nominal voltage 3.2 V and 6000 mAh capacity. The battery 
pack consists of 112 nos. in Two stacks, an upper and lower 
stack each containing 56 LFP cells. Technical specifications 
of the cells used for battery construction with battery are 
tabulated in Table 1. In each stack, the cells are arranged in 
eight series – seven parallel (8S7P) layout with an effective 
capacity of 42Ah and a nominal voltage of 24V. The upper 
and lower stacks are then connected in series to double the 
nominal voltage of the  battery pack to 48V. The battery 
pack is used to operate an electric two-wheeler. The picto-
rial view of the battery pack is shown in Figure 1.

Experımental Setup
The objective of this work is to evaluate the tempera-

ture rise of the battery pack by measuring the battery cell’s 
temperature during the vehicle’s operation. The various 
operating conditions include rolling resistance, load, speed, 
and duration of operation. Rolling resistance of 0.01 and 
0.013 are selected to simulate the tar and concrete road 
conditions [35]. With these rolling resistance values, tests 
were performed at different loads and speeds, as specified 
in Table 3. A chassis dynamometer test setup was devel-
oped to simulate the operating conditions with a single 
fixed roller. The laboratory setup is depicted in Figure 2. 
The wheel rolls over the single fixed roller (shaft) at vari-
ous speeds through a chain and sprocket mechanism by a 
motor. The roller shaft is supported over the pillow bearing 
on the I-section base and is free to rotate. The wheel rotates 
over a shaft, which applies a rolling resistance to the wheel. 
The brushless DC motor controller takes power from the 
battery and supplies it to the motor as per the requirement. 
A 1 kΩ potentiometer communicates the power required 
to the controller based on the accelerator position. A 48V 
brushless DC motor with a maximum power of 1500 W and 
a maximum speed of 3000 rpm was used to drive the wheel 
assembly. The display on the front panel shows the battery 
voltage and the current. A miniature circuit breaker (MCB) 
protects the circuit from excessive current during overload-
ing and short circuits.

The payload is an essential parameter of the vehicle. 
Here two two-wheeler vehicles were considered in the 
study. In a typical scenario average weight of a single person 
in India is 68 kg. Considering the vehicle running without 
a  person, then only the  weight of the vehicle plays a key 
role. Hence, 80/2 kg was considered for lower-weight con-
ditions. On the higher side, the average weight of the per-
son is multiplied by 2.5 to consider variations in the weight.

Furthermore, an additional 80 kg wt. of chassis was 
added to the calculation for deadweight and safety analysis 
for extreme variation in weight. All this counted to 250/2 
kg as a higher side weight in the analysis. In the urban city 
as per the survey, 80-90% of the population drives a vehi-
cle with 25 km/h speed due to the road, traffic, and signal 
control conditions, either on the tar road or concrete road. 

Figure 2 shows the laboratory test setup with a 35 mm 
mild steel shaft under the tire to assess rolling resistance 
conditions. During each test, a data acquisition system 
records the voltage of the battery pack and the discharge 
current. To measure the cell’s temperature, thermocou-
ples were attached to the surfaces of the different cells in 
the upper and lower stacks. Type ‘T’ thermocouples with 
a temperature inaccuracy of ±0.75% were used to measure 
the cell’s temperature. A multichannel data logger was used 
to record the temperature data at fixed intervals. The layout 
of the battery pack and the location of the thermocouples 
are depicted in Figure 3. The shaded cells show the location 
of the thermocouple.

Table 1. Technical specifications of cell and battery pack 

Parameter Value Battery pack
Nominal voltage 3.2 V 48 V
Cell capacity 6000 mAh 42 Ah
Diameter 32 mm --
Height 65 mm --
Mass 160 g 17.92 kg
Cut off voltage 2.8 V --
Internal resistance 0.02 ohm --

Figure 1. Battery pack
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Since each cell in the battery pack is subjected to the 
varying conditions of the convection, it is vital to mea-
sure the temperature of cells at various locations. To dif-
ferentiate it, the cells in the battery pack are classified 
into regions as layer 1 (L1), layer 2 (L2), layer 3 (L3), and 
layer 4 (L4). Layer 1 includes the cell in the outermost 

region of the battery pack directly exposed to atmo-
spheric air. Layer 2 includes the cells in the layer inside 
r 1, and layer 3 includes the cells inside r 4 in the core 
central part of the battery pack. Table 2 lists cells with 
thermocouples in each layer of the battery pack for the 
upper and lower stack.

Figure 2. Test setup.

(a) Upper Stack (b) Lower Stack

Figure 3. Layout of battery pack and location of thermocouples.
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RESULT AND DISCUSSION

Temperature Rise of Cell
The heat generated in the battery during the discharge 

is dissipated to the surrounding air by the convection 
mode of heat transfer. The heat transfer rate depends upon 
the ambient temperature heat transfer coefficient and is 

Table 2. Thermocouples in different regions of battery pack

Region Upper Stack Lower Stack
L1 UA1, UA7, UH1, UH7 LA1, LA7, LH1, LH7
L2 UB2, UB6, UG2, UG6 LB2, LB6, LG2, LG6
L3 UC3, UC5, UF3, UF5 LC3, LC5, LF3, LF5
L4 UD4, UE4 LD4, LE4

Table 3. Test specifications

Sr. No. Parameter Lower value Higher Value
1 Speed of vehicle (km/h) 05 25
2 Payload (kg) 80/2 {[(68x2.5) + 80] = 250}/2
3 Rolling resistance coefficient 0.01 for tar 0.013 for concrete
4 Time (minutes) 10 75

Table 4. Experimental value

Experiment No. Designation Rolling Resistance (RR) Load (kg) Speed (km/h) Duration of Test (min)
1 E1 0.01 40 05 43
2 E2 0.01 82.5 05 75
3 E3 0.01 82.5 05 10
4 E4 0.01 125 05 43
5 E5 0.01 40 15 75
6 E6 0.01 40 15 10
7 E7 0.01 82.5 15 43
8 E8 0.01 82.5 15 43
9 E9 0.01 82.5 15 43
10 E10 0.01 125 15 75
11 E11 0.01 125 15 10
12 E12 0.01 40 25 43
13 E13 0.01 82.5 25 75
14 E14 0.01 82.5 25 10
15 E15 0.01 125 25 43
16 Y1 0.013 40 05 43
17 Y2 0.013 82.5 05 75
18 Y3 0.013 82.5 05 10
19 Y4 0.013 125 05 43
20 Y5 0.013 40 15 75
21 Y6 0.013 40 15 10
22 Y7 0.013 82.5 15 43
23 Y8 0.013 82.5 15 43
24 Y9 0.013 82.5 15 43
25 Y10 0.013 125 15 75
26 Y11 0.013 125 15 10
27 Y12 0.013 40 25 43
28 Y13 0.013 82.5 25 10
29 Y14 0.013 82.5 25 75
30 Y15 0.013 125 25 43
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available for the convection. For the battery pack under 
investigation, the outer cells are exposed to the inner side 
of the battery pack. However, the cells at the inner locations 
are subjected to the heated trapped air in the battery pack. 
As a result, the heat transfer coefficient at the outer cell sur-
face is more significant than that at the  inner cells of the 
battery pack. Consequentially, it is evident that the inner 
cells are subjected to more extraordinary temperature rise 
than the outer cells of the battery pack. The average rise 
in temperature of cells in each region battery pack for all 
tests with rolling resistance of 0.01 and 0.013 are shown in 
Figure 4 a and b, respectively.

It is perceptible that the average rise in temperature of 
cells in the core region of the battery (L4) is more signifi-
cant than all other layers, followed by regions L3, L2, and 
L1. The average temperature rise for the region L1 is lower 
than the other regions due to the higher convective coeffi-
cient. As ambient air enters the battery pack, it gets heated 
by heat generation in the cells, reducing the heat transfer 
rate from the cell to the air in the battery pack’s central part. 
Because of this, the temperature rise in the L4 region of the 
battery is higher than in other regions.

The cells in the central part of the battery pack experi-
ence a lower heat dissipation rate, leading to a higher cell 
temperature than cells in other parts of the battery pack. 

a) For Rolling Resistance 0.01

b) For Rolling Resistance 0.013

Figure 4. The average rise in temperature of cells in each region of the battery pack.
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For all other cells, a portion of the heat generated by the 
cell is dissipated to the atmospheric air through the convec-
tion plus conduction mode of heat transfer. The cell surface 
temperature is crucial to measuring the entropic heat gen-
eration in the battery pack accurately. For this purpose, the 
maximum temperature rise of the cell is considered for each 
test. The maximum temperature rise of the battery pack for 
each test is detailed in Table 4.

Effect of Load on Maximum Temperature Rise
The experimental tests are conducted at varying loads, 

speeds, and test times. The effect of load on maximum 
temperature rise for various test conditions is exhibited 
in the graphical form in Figure 5. As the load increases 
from 40 to 125 kg, the temperature-increased behavior 
was observed at 05, 15 & 25 km/for 43, 75 & 43 minutes, 
respectively.

Table 4. Maximum temperature rise of the battery pack

Test Maximum temperature rise Test Maximum temperature rise

E1 1.9 Y1 1.7

E2 4.5 Y2 3.1

E3 0.9 Y3 0.9

E4 3.3 Y4 3.5

E5 3.2 Y5 3.8

E6 1 Y6 1

E7 4.3 Y7 4.5

E8 4.5 Y8 4.7

E9 4.4 Y9 4.6

E10 6.7 Y10 7.6

E11 1.4 Y11 1.5

E12 2.1 Y12 2.4

E13 5.4 Y13 1.6

E14 1.5 Y14 5.7

E15 5.6 Y15 5.3

Figure 5. Temperature rise at varying loads.
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Heat Generation Per Minute Under Dıfferent Loading 
Conditions

The voltage and current delivered by the battery pack 
and the cells’ surface temperature were recorded during the 
test. The time-dependent current and voltage values are 

required to estimate the heat generation in the battery pack 
using the Bernardi theoretical model. The value of current 
and voltage values with time are shown in Figure 6 (a- ad). 
The rate of heat generation during each test is tabulated in 
Table 5.

Table 5. Temperature rise per minute for different tests

Test Temperature rise per minute by exp. (°C) Test Temperature rise per minute by exp. (°C)

E1 0.67 Y1 0.78

E2 0.77 Y2 0.59

E3 0.18 Y3 0.30

E4 0.39 Y4 0.40

E5 0.60 Y5 0.80

E6 0.17 Y6 0.26

E7 0.41 Y7 0.56

E8 0.42 Y8 0.47

E9 0.41 Y9 0.41

E10 0.33 Y10 0.68

E11 0.07 Y11 0.16

E12 0.22 Y12 0.27

E13 0.28 Y13 0.08

E14 0.08 Y14 0.30

E15 0.20 Y15 0.15
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CONCLUSION

A single-wheel vehicle model was operated through a bat-
tery pack on a test dynamometer at varying rolling resistance, 
load, speed, and test duration conditions. The battery pack’s 
voltage, current, and temperature were recorded during the 
test to investigate the temperature rise in the battery. It can be 
concluded that the temperature rise is within the permissible 
limit of the Lithium iron phosphate chemistry. So, natural heat 
dissipation from the cell’s surface is sufficient to keep the cell 
in the working temperature range. The experiment study also 
discussed the relationship of the current withdrawn from the 
battery concerning the payload, rolling resistance, and speed 
of the vehicle. As the Joules heat, the major parameter to raise 
the temperature inside the battery solely depends on the with-
drawn current. This study predicts the battery’s current with-
drawal and heat generated under different loading conditions. 
Depending on the battery’s heat generated, the battery thermal 
management system’s deployment can be easily selected. The 
following conclusions were drawn from the study.
•	 For rolling resistance of 0.01, for 125kg, 15 km/h & 75 

min, the maximum absolute temperature recorded was 
33.2°C with a temperature rise of 6.7°C in comparison 
to the ambient air at a temp 26.5°C. The maximum tem-
perature of the battery pack is well below the safe oper-
ating temperature limits of the cell. 

•	 For rolling resistance of 0.013, for 125kg, 15 km/h & 
duration of 75 min, the maximum absolute temperature 

recorded was 36.1°C with the temperature rise of 7.6°C in 
comparison to the ambient air at a temperature 28.5°C. 
The maximum temperature of the battery pack is well 
below the safe operating temperature limits of the cell. 

•	 There is no need for a sophisticated active thermal man-
agement system to maintain the temperature of the bat-
tery pack.

•	 However, under extreme working conditions, if atmo-
spheric temperature increased above 45°C, it would 
require a dedicated thermal management system. 
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