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Abstract The cylindrical lithium-ion cells are being considered as one of the
preferred energy storage systems in Electric Vehicles (EV). However, they have
operational challenges involving temperature that greatly affects its life and perfor-
mance. If the cell operating temperature exceeds the threshold limit, decomposi-
tion of the battery active material may occur which can trigger thermal runaway
leading to the explosion in certain conditions. Therefore, a battery thermal model is
essential to analyze the thermal response of the cell to design an efficient and effec-
tive battery thermal management system. This paper presents a simplified unsteady
one-dimensional radial analytical thermal model to predict the temperature profile
and heat generation of an isolated cylindrical cell under natural and forced convec-
tion. The model treats the cell as homogeneous body with uniform heat generation
throughout the cell and the thermo-physical properties of the cell are assumed to
be independent of temperature. The prediction of the model on the effect of forced
convection cooling on the surface temperature of the cell for different heat transfer
coefficient values is quite interesting. It is seen that surface temperature is under
30 °C for heat transfer co-efficient of 100 W/m2 °C. The core and surface tempera-
ture non-uniformity across the radius of the cell is nearly 2 °C for different state of
charge (SOC).
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Nomenclature

Cp specific heat capacity [J kg−1 K−1]
D diameter of cylindrical cell [m]
∂U
∂T entropic coefficient [mV K−1]
h convective heat transfer coefficient [W m−2 K−1]
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H enthalpy of reaction [kJ kg−1]
I cell current [A]
k thermal conductivity [W m−1 K−1]
L length [m]
Q heat generation [W]
Q̇gen volumetric heat generation [Wm−3]
R cell radius [mm]
Re internal cell resistance [m�]rradial dimension [mm]
SOC state of charge [%]
T temperature [K]
t time [s]
V open circuit voltage [V]
U cell potential [V]

Greek symbols

α thermal diffusivity [m2 s−1]
ρ density [kg m-3]

Subscripts

a ambient condition
avg area averaged
c core
irr irreversible
o initial condition
rev reversible
s surface condition

1 Introduction

The fast-depleting fossil fuel resources and the environmental concerns hasmotivated
the need to explore environment friendly and viable alternative source of energy for
transportation demand and other applications across the world. Also, the pollutants
released from Internal Combustion (IC) engines working on fossil fuels is causing
severe air pollution resulting in global warming and depletion of ozone layer. Kumar
et al. [1] carried out a detail analysis of effects and causes of vehicular emissions and
its impact on global climate change and environment. Thus, Electric Vehicles (EV)
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are being developed as one of the alternate modes of mobility to IC engine powered
vehicles to reduce the vehicular emissions, greenhouse gases and safeguard the envi-
ronment for future generations. Honda, one of the leading automobile manufacturers
claims to electrify two thirds of its global automobile’s unit sales in 2030 with zero
emission as EV does not have tailpipe emission or fuel evaporation [2]. The EV
needs a portable source of energy to drive and power its powertrain. Thus, one of the
requirements of EV is the Energy Storage System (ESS). The cost and performance
of EV is dependent on the type of onboard ESS. ESS includes batteries, fuel cells and
ultra-capacitors which supplies power to drive the EV. The secondary (rechargeable)
batteries used to power EV come under the category of Electrochemical Storage
Systems (EcSS) which is classified as another type of ESS. In EcSS energy is trans-
formed from electrical to chemical and vice-versa through chemical reactions when
connected with external electrical circuit. Rechargeable batteries store energy during
charging phase and release energy during discharge phase [3, 4].

Lead-acid, Nickel-Cadmium, Nickel—Metal Hydride, Lithium-Ion, Lithium-
Polymer are the different battery technologies available to meet the power require-
ments of EV. The choice of a battery technology for a given EV depends on number
of factors viz. battery chemistry, stability, reliability, and its operating life, besides,
performance of EV, range and cost. The different battery technologies and their spec-
ifications with potential applications are tabulated in Table 1. Lithium-ion batteries
are preferred to power EV as it has high energy density, lower self-discharge rates,
higher efficiency, and longer lifespan compared to other types of battery technologies
[5]. In Li-ion batteries, the energy release and storage occur, when the lithium ions
move from positive to negative electrode, back and forth via the electrolyte. Lithium
cell, like general battery, consists of electrodes, electrolyte and separator as shown
in Fig. 1. The lithium is initially present in positive electrode (anode) in the form of
metal oxides, moves back and forth due to chemical reactions during charging and
discharging cycles. Generally, lithiated metal oxides or phosphates are used as anode
materials and graphite/silicon or lithiated titanium oxides materials as cathode. The
Li-ion batteries can be of various types depending on the chemistry of materials
used for electrodes and electrolytes. The performance of li-ion cells is influenced
predominantly by different cell chemistries. Apart from the battery chemistries, li-
ion batteries also come in various form factor such as prismatic cell, cylindrical,
button and pouch cells. Prismatic and cylindrical li-ion cells are preferably used in
current EV owing to ease of manufacturing, packaging, and maintenance. A few of
the most common li-ion battery chemistry used in EV are listed in Table 1.

The performance of a lithium-ion battery is greatly influenced by operating
temperature. The safe operating temperature of a typical li-ion cells/module/packs
ranges from 15 °C to 35 °C [7]. Operating the battery outside the permissible range of
temperature results in battery degradation, reduced life, low EV range and in extreme
cases, can lead to thermal runaway and explosion of battery pack. Thermal modelling
of li-ion batteries is essential in the design of battery pack to ensure it is operating
in safe working limits. Li-ion cells generate heat due to complex chemical reactions
occuring inside the cell during charge and discharge cycles. EV used for transporta-
tion necessitates batteries to be charged and discharged at very high C-rates which
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Table 1 Different battery technologies and their applications [6]

Battery technology Energy density [Wh/kg] Cycle life [cycles] Applications

Lead-Acid (LA) 35–40 2000 Used in IC engines
powered vehicle as a
starter, UPS systems and
recently valve-regulated
LA batteries are being used
in low-cost EV

Nickel based 60–120 3000 Used in portable
electronics, EV, HEV and
starting aircraft engines

Zinc-Halogen 60–85 > 2000 Can be used for EV
applications

Metal-air 60–700 > 1000 Al-air is used to power
marine and underwater
vehicles. Fe-air can be used
as a power source for EV
but has very low energy
density of 60 Wh/kg

Sodium-beta 150–240 10,000 Have been used in older EV

Lithium 100–265 > 2000 Preferred for most of the
portable electronic devices
and EV because of its high
energy density and specific
capacity

Fig. 1 Lithium-ion battery chemistry: a Discharging and charging b Sectional view of cylindrical
battery [6]

leads to enormous heat generation rate. The generated heat must be dissipated to
provide safe working environment for the li-ion cells. Therefore, thermal modelling
of li-ion cells is essential to get an insight into the heat generation of the cell at
various C-rates which may provide inputs to model the cooling requirements of the
battery in thermal management system.



A Simplified Thermal Model to Predict Temperature … 15

Table 2 Specification of commonly used lithium-ion battery chemistry in EV [10]

Battery chemistry Specific capacity
[mAh/kg]

Energy density
[Wh/kg]

Cycle life
[cycles]

Properties

LCO 140 110–190 500–1000 Less safe and
good life

LMO 146 100–120 1000 Cheaper, safer
than LiCoO2

NCA 180 100–150 2000–3000 High energy
density and
expensive

NMC 145 100–170 2000–3000 High cycle life
and less safe

LFP 170 90–115 > 3000 Low cost and
high stability at
high operating
temperatures

LTO 170 60–75 > 5000 High specific
capacity and
thermal stability

Li-ion cells exhibit a large anisotropic behavior in thermal conductivity (k) of the
cell. The in-plane thermal conductivity is substantial in magnitude than the through-
plane conductivity resulting in increased thermal resistance in the through-plane
direction. In cylindrical battery cells (rolled stack layers), thermal conductivity is
higher in axial direction (10–50 W/mK) and very low in radial direction (0.3–0.5
W/mK). Thus, the heat dissipation in cylindrical cells along the radial direction
is minimal resulting in increased cell temperature [8, 9]. In the present work, a
simplified unsteady one-dimensional radial analytical thermal model is developed to
predict temperature of the li-ion cell. The battery cell is considered as homogeneous
body in the thermal model with uniform heat generation throughout the cell and the
thermo-physical properties of the cell are assumed to be independent of temperature.
This approach in modelling is adopted to reduce the complexity besides achieving
satisfactory prediction (Table 2).

2 Thermal Modeling

2.1 Theoretical Background

Thermal models predict the temperature profile of the cells during charge and
discharge cycles. Few of the thermal models reported in the literature are simpli-
fied lumped parameter model, pseudo electrochemical-thermal model, equivalent
circuit model, one-dimensional (1D), two-dimensional (2D), three-dimensional (3D)
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complex numerical (FEA/CFD) models [11]. All these models require heat gener-
ation rates and thermo-physical properties of the cells as the input for modeling. A
lumped parameter model considers entire cell at uniform temperature with negli-
gible temperature gradient within the cell. The temperature prediction of the cell by
the thermal model is sensitive to its complexity involving various heat generation
parameters of the cell. The source of heat generation in a li-ion cell is represented
by the following equation [12].

Q̇ = I (V − U
.

avg) + I T
∂Uavg

∂T
−

∑

i

�Havg
i ri −

∫ ∑

j

(Hj − H
avg
j )

∂C j

∂t
dv (1)

where Q̇ is the heat generated/consumed, I is the current, V voltage, U is equilibrium
potential, T is temperature, �H the variation of enthalpy of a chemical reaction i, ri
the rate of reaction, H j the partial molar enthalpy of species j, C j its concentration,
t the time and v the volume. The term ‘avg’ represents properties being evaluated
at volume averaged concentration. The first term on the right side of Eq. (1) is the
heat generated due to joule heating (irreversible resistive dissipation heat) and is
always positive. The second term is reversible entropic potential and can be positive
or negative depending on whether the cell is charging or discharging. The third term
denotes the heat of chemical reaction of species. The last term of equation represents
the heat of mixing occurring due to change in species concentration gradients of the
cell. As the contribution of third and fourth term is minimal compared to the first
two terms, and can be ignored with minimal errors in the temperature profile [12].

Consequently, the equation (1) reduces to simplest form [13] and is expressed as
follows.

Q̇ = I (V −U ) − I T
∂U

∂T
(2)

where the term I (V-U) is heat generation due to joule heating and −I T ∂U
∂T is the

entropy change heat source term.
The irreversible heat generation due to joule heating can be expanded as

Qirr = I (V −U ) = I 2 R (3)

Where ‘R’ is the internal resistance of the cell.
And the reversible heat generation due to entropic coefficient is expressed as

Qrev = −I T
∂U

∂T
= −T�S

I

nF
(4)

where ‘�S’ is the entropy change, n charge number (n = 1 for li-ion battery) and
‘F’ Faraday constant.
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2.2 Model Description

The energy balance equation in radial direction is expressed as [11]

1

r

∂

∂r

(
r
∂T

∂r

)
+ Q̇gen

k
= 1

α

∂T

∂t
(5)

The following boundary conditions at the cell centre and cell surface with initial
conditions are applied.

dT

dr t,r=0
= 0 and − k

dT

dr r=R
= h(Ts − Ta) (6)

T = Ta at t = t0 for all r (7)

Here, Q̇gen is the heat generation per unit volume, α thermal diffusivity, k thermal
conductivity, h heat transfer coefficient. Some part of the heat generated remains
inside the cell as sensible heat and remaining part gets conducted through the cell
layers to the cell surface and then it is dissipated to the surroundings by convec-
tive heat transfer. Mahamud and park [9] reported that the heat transfer in spirally
wounded cylindrical cells, in the radial direction is very much lower than the axial
direction due to the interfaces between the electrode layers. In the present model,
1D heat transfer with internal heat generation in the cylindrical cell is restricted to
radial heat transfer only.

3 Results and Discussion

3.1 Validation of One-Dimensional Radial Analytical Model

The simplified one-dimensional radial battery thermal model is simulated using
MATLAB©. The input parameters used in the model is tabulated in Table 3. The
temperature profile of the cylindrical li-ion cell is obtained by simulating the model
at constant current discharge rates of 0.5C, 1Cand 1.5C.The thermalmodel solves the
energy balance equation (5) for the given ambient conditions and input parameters to
obtain temperature points within the cell along the radial direction for different state
of charge (SOC). The density of the cell is estimated using the mass and volume data
of the cylindrical cell. The heat generated at the battery core is conducted through
the spirally wound battery layers to the surface of the cell which is then dissipated
to the surroundings by natural convection as depicted in Fig. 2. The validation of
model prediction considers both convection and radiation at the battery surface and
thus equivalent heat transfer coefficient is utilized in the simulation. The comparison
of average volumetric heat generation at 0.5C, 1C and 1.5C with the literature is
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Table 3 Specifications and
operating conditions of li-ion
cells [14]

Battery technology: Li-ion battery (cathode: LiCoO2; Anode:
Graphite)

Battery specifications Simulation conditions
(validation case)

Nominal
capacity

4 Ah Current 2 A (0.5C)

Diameter D 26 mm 4 A (1C)

Length L 65 mm 6 A (1.5C)

Nominal
voltage

3.7 V Initial
Temperature

24 °C

Cut-off
voltage

2.75 V Heat transfer
coefficient

8.4 W/m2 °C
(0.5C)

Charge limit
voltage

4.2 V 10.2 W/m2 °C
(1C)

Density (ρ) 2550 kg/m3 12.8 W/m2 °C
(1.5C)

Specific heat
capacity (Cp)

1197 J/kgK Ambient
temperature

24 °C

Thermal
conductivity
(k)

0.8 W/mk

Internal
resistance

0.5C–57.7
m�

1C–55.3 m�

1.5C–53.9
m�

Maximum
discharge
current

2C

presented in Table 4. The proposed model presents the temperature distribution in
the cell at the battery core and the battery surface. The surface temperature curves
are validated with results published in [14]. It is observed in Fig. 3 that the prediction
agrees well with the experimental data for 50% of the total time with some deviation
thereafter. The deviations observed in the predictions are attributed to the following.

• The experimental data from the referred literature were obtained from three-
dimensional model

• The model discussed in present work assumes uniform heat generation which
predicts a nearly linear trend of temperature with C-rates.

• Averaged value of reversible heat source is considered due to unavailability of the
data in the literature.



A Simplified Thermal Model to Predict Temperature … 19

Fig. 2 Description of the
simplified battery thermal
model

Table 4 Average heat
generation of the li-ion cell

Constant current
discharge rate

1D radial
model
(W/m3)

Literature
(W/m3)

Percentage
variation (%)

0.5C 6687 5761 14%

1C 26,751 23,588 12%

1.5C 60,190 52,715 12%

3.2 Effect of Forced Convection on the Temperature Profile

The temperature variation in the li-ion cells depends upon the rate at which the heat
is dissipated from the battery to the surroundings. A forced convective heat transfer
is effective in dissipating heat compared to natural convection. Most of the battery
thermalmanagement systems employ either liquid or air based forced cooling system
to dissipate the heat to the surroundings. The cell thermal model is simulated at the
maximum discharge current of 2C under the forced convection by using the heat
transfer coefficient of 25, 50, 75 and 100 W/m2 C. It can be observed from the
Fig. 4 that the rise in cell surface temperature saturates quite early for heat transfer
coefficient higher than 75 W/m2 C For 100 W/m2 C, the cell surface temperature
is contained under 30 °C for forced convection cooling. Any further increase in the
heat transfer coefficient may not improve the cooling effectively. This is because
the heat flow from the core of the cell to the ambient encounters two resistances
in series, viz. conduction and convection resistance. Although convection resistance
reduces by increasing heat transfer coefficient, conductance resistance is responsible
for the thermal response of the cell. Figure 5 shows the temperature variation across
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Fig. 3 Comparison of thermal model simulation and experimental data [14] for temperature rise
at 0.5C, 1C and 1.5C discharge rates

the radius of the cell from cell center to surface for different state of charge (SOC)
at heat transfer coefficient of 75 and 100 W/m2 °C. A temperature non-uniformity
exists between the cell core and surface with maximum temperature gradient of ~3
°C for a given SOC. It is inferred that decreasing the convection resistance only helps
in reducing the cell surface temperature but does not have any effect on temperature
gradient inside the cell.

4 Conclusions

This paper presents a one-dimensional radial thermal model to predict the tempera-
ture profile and heat generation of the cylindrical lithium-ion cell. The prediction of
the model agrees satisfactorily with the experimental data. The model also predicts
the effect of forced convection cooling on the surface temperature of the cell for
different heat transfer coefficient values. Surface temperature of the cell remains
nearly constant after 50% of discharge time for high heat transfer coefficient values
attributing to zero heat dissipation from the cell after 50%SOC. It is also observed that
the cell surface temperature is contained within the threshold limits for heat transfer
co-efficient of 100W/m2 °C. The core and surface temperature non-uniformity across
the radius of the cell is found to be around ~3 °C for a given SOC. Temperature
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Fig. 4 a Surface temperature profile of the cell under natural and forced convection cooling, b
Core and surface temperature variation of the cell for forced cooling
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Fig. 5 Temperature variation across the radius of the cell at different SOC

gradient between the core and the surface of the cell remains almost constant with
any heat transfer coefficient values higher than 50 W/m2 ºC.
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