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Abstract: In this paper, the thermal behaviour of an unbalanced battery module made of
large lithium iron phosphate cylindrical cells of 18 Ah nominal capacity is investigated
during its discharge with 18 A, 54 A and 90 A currents. For this study, several cells were
assigned in the module to 5%, 10% and 20% initial depth of discharge (DoD). The thermal
management of the cells in the module is achieved based on a forced air cooling. The
computations of the temperature distribution inside the cells and the module are performed
with a two-dimensional modelling approach. During the discharges, the cells with a non-zero
initial DoD show a more pronounced temperature increase up to 5% compared to the
reference cells. In the end of the three discharges, the highest temperatures 26.5 ◦C (18 A),
29.6 ◦C (54 A) and 32.3 ◦C (90 A), respectively, are reached for the cells with the highest
initial DoD. For these cells, with the increase in the current rate, the highest amount of total
heat exceeds 25 W. The reactive and the active heats are found to be the main contributors
to the total heat generated by the cells. This study provides the effect of the initial DoD of
the cells on the temperature development occurring in an unbalanced battery module during
its discharge.

Keywords: unbalanced module; lithium iron phosphate; cylindrical cells; temperature
distribution; two-dimensional modelling
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1. Introduction

With their sustainable character and reliable performances as energy storage systems, batteries
represent more than ever a relevant solution for use in current and future electromobility [1–5]. However,
temperature affects the performances of the batteries and the overall performances of the electric vehicles
by influencing, among others, their lifetime, their power and energy capabilities and their reliability [6,7].
For lithium-ion batteries, the best operating temperatures are in the range between 25 ◦C and 40 ◦C [7].
To avoid the occurrence of an excessive temperature rise [8] leading to the degradation in their lifetime or,
even worse, to the thermal runaway phenomenon, the local temperature of lithium-ion batteries should
be carefully monitored. For a battery module, the operating temperature and the uniformity of the
temperature distribution are two important factors [9]. Inside the modules, the non-uniformity of the
temperature can even lead to the non-uniformity of the performances of the individual cells [6].

For these reasons, battery thermal management systems are developed for these modules. The goal
of these systems is to regulate the temperature of the cells in the battery module to extend their lifetime
and increase their performances by keeping the cells in their best operating ranges. These systems
are either active or passive and should be designed based on the conditions in which the modules will
operate. To avoid premature aging of the cells leading to the increase in their internal resistance and
their capacity loss, battery management systems should be able to keep the differences between the
temperature of the cells less than 5 ◦C [10]. Passive thermal management with a thermal phase change
material, such as graphene, has been demonstrated to be suitable in [11,12] for lithium ion batteries and
particularly for cylindrical cells. Passive thermal management solutions via enhancement of lithium-ion
battery electrodes have also been investigated in [13] with multi-walled carbon nanotubes to achieve a
higher in-plane thermal conductivity of the electrodes and in [14] with a very thick anode to achieve high
thermal and electrical conductivity, respectively. In the case of active systems, thermal management can
either be air- or liquid-based. Compared to liquid-based thermal management, air-based systems are less
expensive, because no additional costs are required for the implementation of cooling channels into the
structure of the modules [10]. The air in the air-based thermal management systems is blown from the
heat exchanger towards the cells inside the module, which in turn blows the heated air out of the module.

In the literature, research has been done on the thermal management of battery modules implementing
a forced air cooling.

For modules made of cylindrical cells, a three-dimensional electro-thermal model has been achieved
in [15] for the study of a battery module made of 26,650 (0.026 m diameter) cells. A three-dimensional
electrochemical-thermal model was developed in [16] for the investigation of a battery module made
of 18,650 (0.018 m diameter) cylindrical cells. For the study of an in-line battery module made of
26,650 cylindrical cells, the authors in [17] used a two-dimensional computational fluid dynamics
model in which the heat generation has been derived from a temperature-dependent correlation of
the electrical resistance of the cells. For the thermal management study of a battery module made of
LiMn2O4 cylindrical battery cells, a two-dimensional computational fluid dynamics model has been
developed in [18].

However, most of this research focused on modules made of small-size cylindrical cells with low
capacity values and always considered that all of the cells in the module have the same initial depth of
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discharge (DoD). In practice, differences in the initial DoD of the cells in a battery module can occur.
As mentioned in [19], the series connection of the cells in a module can be used in electric vehicles
(EVs) and hybrid electric vehicles (HEVs) to allow one to reach the required voltages. Although in
this configuration, even if the current in each cell is the same, voltage differences from cell to cell may
occur. During their discharge and their charge, because of the voltage unbalances, the weakest cells in
the module will reach the cut-off voltage first and suffer from over-discharge or over-charge. In the worst
case (e.g., failure of the balancing system of the battery module), these weakest cells may lead to fast and
large internal temperature increases inside the cells and to reductions of the performances of the module.
So far in the literature, no two-dimensional study has been conducted regarding the thermal behaviour
of battery modules made of large cylindrical cells, and no specific study has been addressed regarding
the thermal behaviour during the discharge of unbalanced battery modules, including cells at different
initial depths of discharge.

It is why in this paper, the thermal behaviour of an unbalanced battery module is achieved through its
analysis during a discharge performance test defined by several discharges at different constant current
rates and a 25 ◦C operating temperature. The studied battery module is made of large-size (0.06 m
diameter) cylindrical lithium iron phosphate cells of 18 Ah nominal capacity. For the modelling, a
two-dimensional approach has been used. Based on this modelling approach, the effects of the initial
depth of discharge of the cells, the discharge current rate and the inlet air velocity on the temperature
distribution inside the battery module are investigated. The results demonstrate an increase in the
temperature and the heat generation of the cells with the increase in the initial DoD and the discharge
current rate applied to the cells.

2. Module Description

In the context of a previous study, the thermal conductivity of large-size cylindrical cells in the
longitudinal direction was observed to be much greater compared to the thermal conductivity value
in the radial direction [20]. Therefore, for a single cell, the temperature gradients observed in the
longitudinal direction are significantly lower in value compared to the ones in the radial direction.
Considering the smaller temperature difference in the longitudinal direction of each single cell at the
end of a 90 A constant current discharge compared to the radial direction, a reduced two-dimensional
thermal study of the module is achieved in this paper. With its accuracy and its reduced computational
time, this two-dimensional modelling approach is suitable for the study of battery modules made of large
cylindrical cells, as investigated in this paper. The schematic of the module is presented in Figure 1. The
distance from the top and the bottom of the cells to the sides of the module, as well as the distance from
the left- and right-hand side of the cells to the sides of the module are equal to 0.01 m.

For the thermal management of the module, a forced air cooling is implemented with air entering in
the module with a mass flux jm (kg/m2·s).
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Figure 1. Schematic of the battery module.

3. Mathematical Modelling of the Module

The modelling of the large-size and high-power lithium iron phosphate cylindrical cells (GAIA
HP 601300 LFP) involves different length scale physics. In order to study the thermal behaviour of
these cells, a coupled electrochemical-thermal model was implemented, whose input parameters are the
electrical, the chemical and the thermal parameters of the cells. COMSOL Multiphysics 4.3 R⃝ and
MATLAB R2012a R⃝ were used as simulation tools for the solving and the processing of the multi-scale
equations governing the behaviour of the module and the cells.

3.1. Governing Equations

3.1.1. Electrochemical Equations of the Cells

In this study, the electrochemical modelling of the cells is based on the pseudo-two-dimensional
(P2D) model of Doyle et al. [21,22]. The governing non-linear partial differential equations (PDEs) and
their constitutive equations are summarized in Table 1 for the modelling of the behaviour of the cells by
means of transport phenomena and electrochemical relationships.

During the discharge of the cells, the electrochemical processes are characterized by the conversion
of the chemical energy into electrical energy and vice versa during the charge of the cells. These
energy conversions are observed at the solid electrolyte interface (SEI) according to the electrochemical
reactions taking place at the cathode (Equation (1)) and the anode (Equation (2)).

xLi+ + xe− + Li1−xFePO4 ⇀↽ LiFePO4 (1)

LiC6 ⇀↽ Li1−xC6 + xLi+ + xe− (2)
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Table 1. Electrochemical governing equations of the cells.

Physics Governing Equations Mathematical Expressions

Chemical kinetics

Butler–Volmer equation jLi = as · i0{exp(αaηF
RT )− exp(−αcηF

RT )}

Electrode overpotential η = (ϕs − ϕe)− U

Exchange current density i0 = k · (ce)αa · (cs,max − cs,e)
αa · (cs,e)αc

Charge conservation
Solid phase ∇(σeff · ∇ϕs)− jLi = 0

Electrolyte phase ∇(κeff · ∇ϕe) +∇(κeffD ∇ln(ce)) + jLi = 0

Mass Transfer
Species conservation in solid phase

∂cs
∂t

=
Ds

r2
∂

∂r
(r2 · ∂cs

∂r
)

Species conservation in electrolyte
∂(ϵe · ce)

∂t
= ∇(Deff

e ∇ce) +
1− t+

F
· jLi

The electrochemical parameters of the lithium iron phosphate cylindrical cells obtained from the
literature are summarized in Table 2. Since the electrochemical parameters are intrinsic to the battery
chemistry type, no effects due to the difference in scale between the large-size cylindrical cells and the
cylindrical cells in [23,24] were expected nor observed.

Table 2. Electrochemical parameters of the cells.

Parameters Anode Separator Cathode

Thickness [24], (m) 3.4× 10−5 2.5× 10−5 8× 10−5

Active material volume fraction [24], (/) 0.58 0.55 0.374

Filler volume fraction [24], (/) 0.0326 - 0.0535

Volume fraction electrolyte, (/) 0.3874 0.45 0.5725

Particle radius [24], (m) 5× 10−6 - 5× 10−8

Electrolyte phase Li+ diffusion [24], (m2/s) 2× 10−10

Initial electrolyte concentration [23], (mol/m3) 2000
Maximum solid phase concentration [24], (mol/m3) 30, 555 - 22, 806

For the lithium ion diffusion and the reaction rate coefficients of both negative and positive electrodes,
the temperature dependence is considered with the Equations (3) and (4).

Ds,i = Ds,i,25◦C · exp
(
Ea,Ds,i

R
·
(

1

298K
− 1

T

))
(3)

ki = ki,25◦C · exp
(
Ea,ki

R
·
(

1

298K
− 1

T

))
(4)
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The values for Ds,i,25◦C and Ea,Ds,i
and ki,25◦Cand Ea,ki were equal to 1× 10−13 m2/s and 20 kJ/mol

for the positive electrode [25] and 3× 10−14 m2/s and 4 kJ/mol for the negative electrode [25].
The evolutions of the potential of the anode and the cathode during the discharge of the cells are

illustrated in Figure 2. At the anode, an increase in the open circuit potential occurs, while at the anode,
a decrease occurs. The variations of these open circuit potentials with the temperature define the entropy
coefficient of the electrodes, which are represented in Figure 3.

Figure 2. Open circuit potential of the electrodes.

Figure 3. Entropy coefficient of the electrodes.

3.1.2. Electrochemical-Thermal Equations of the Cells

The heat equation given by Equation (5) describes the heat transfer occurring between the cells and
the air surrounding them:
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ρcp ·
∂T

∂t
= ∇(k∇T ) +Q (5)

where ρ represents the density, cp the heat capacity, T the temperature, k the thermal conductivity and Q

the heat generation. The internal region, the electrodes and the separator thermo-physical properties of
the cells are presented in Table 3.

Table 3. Cell internal region, electrodes and separator thermo-physical properties.

Regions cp (J/kg·K) ρ (kg/m3) kT (W/m·K)

Cell internal region 1034.2 3345.5 0.33434 (kT,r)
57.515 (kTang)

negative electrode [23] 1437.4 1347.33 1.04

positive electrode [23] 750 3600 0.20

separator electrode [23] 1978.16 1008.98 0.344

negative current collector [23] 385 8933 398

positive current collector [23] 875 2770 170

To study the thermal behaviour of the cells based on their electrochemical-thermal modelling, the
internal region of the cells (or active material region) were considered as homogeneous. With this
approach, the properties of the internal region of the cells were defined by the mean values of the
thermo-physical properties associated with each layer inside the cells. This is assuming perfect thermal
contact existing between the different layers thanks to the electrolyte that surrounds the electrodes and
the separator layers and fills in, therefore, the gaps that would lead to differences in the temperature
of the different layers. For the modelling, as in Inui et al. [26], the centers of the cells were filled in
with air.

In the module, a time varying heat generation and a transient heat transfer are considered for the cells.
The heat generation Q inside the cells is derived from Equation (6):

Q = jLiT (
∂U

∂T
)︸ ︷︷ ︸

reactive heat

+ jLi(ϕs − ϕl − U)︸ ︷︷ ︸
active heat

+ [σeff
s ∇ϕs∇ϕs + σeff

l ∇ϕl∇ϕl + κeff
D ∇ln(cl)∇ϕl]︸ ︷︷ ︸

ohmic heat

(6)

where jLi is the transfer current due to the intercalation or deintercalation of lithium ions, ϕs is the
potential of the solid phase, ϕl is the potential of the electrolyte phase, U is the open circuit voltage, T is
the temperature, σeff

s is the effective value of the electrical conductivity of the solid phase, σeff
l is the

effective value of the electrical conductivity of the electrolyte phase and cl represents the concentration
of the electrolyte [27]. By definition, κeff

D is given by Equation (7):

κeff
D =

2RTσeff
l (1− t+)

F
(7)
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where R represents the universal gas constant equal to 8.314 J/mol·K, T is the temperature, σeff
l is

the effective electrical conductivity of the electrolyte, t+ is the transference number of lithium ions and
F represents the Faraday constant, which is equal to 96,485 C/mol [27].

The first term in Equation (6) defines the reactive heat; the second term defines the active heat;
while the third one (in brackets) defines the ohmic heat generation [23,28]. By definition, the active
and the reactive heat generations take place at the negative and the positive electrodes, while the
ohmic heat generation originates from the electrolyte and both the negative and positive electrodes. To
convert the volumetric heat generation given by Equation (6) into a heat generation expression in Watts,
Equations (8) and (9) [29] are introduced:

L = πN
(D + d)

2
(8)

Vi = 2wihL (9)

where L represents the total length of the spiral formed by the layered internal region of the cell, N is
the total number of layers inside the cell, D is the diameter at the end of the spiral (or the cell diameter),
d is the diameter at the beginning of the spiral (or the internal diameter of the cell), Vi is the volume of a
layer, wi is the width of a layer inside the cell, h is the height of the cell and i identifies each layer.

3.1.3. Thermo-Hydrodynamic Equations of the Module

The modelling of the thermal behaviour of the air flow in the module is achieved with the
two-dimensional formulation of the Navier–Stokes equations (conservation of mass, conservation of
momentum and conservation of energy) defined in Table 4. In these equations, the air flow is considered
as steady (∂v

∂t
= 0), and its properties at the entrance temperature are assumed to be constant in

time (∂ρ
∂t

= 0).

Table 4. Navier–Stokes equations.

Conservation Equations Mathematical Expressions

Conservation of mass ∇(ρv) + ∂ρ
∂t = 0

Conservation of momentum v∇(v) + 1
ρ · ∂p

∂x − ν(∇)2 · v + ∂v
∂t = 0

Conservation of energy v∇(T )− k
ρ·cp · (∇2T ) + ∂T

∂t = 0
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3.2. Boundary Conditions

At the entrance of the module, the temperature is set constant to 25◦C, and the velocity of the inlet
air is considered to be unidirectional in the axial direction: vx = v (m/s) and vy = 0 (m/s). At the exit
of the module, a pressure equal to 1 atm is defined and the normal gradient of the temperature is set to
zero: ∂T

∂n
= 0. To bound the fluid and the solid regions, walls boundaries are defined for the cells and the

upper part of the module casing. At the interface between the cells and the air, the no-slip condition is
defined, so that the normal velocity of the air is equal to zero. The module is considered to be thermally
insulated from the ambient environment, so that no transfer of heat and no variation of the temperature
occurs through the outer walls of the module casing: ∂T

∂n
= 0. The uniformity of the temperature and

the heat flux are considered at the interfaces between the cells and the air. To reduce the computational
effort of the simulations, a symmetry axis has been introduced in the module, so that the simulations are
achieved on its half only. At this symmetry axis, the normal velocity of the air and the normal gradient
of the temperature are set to zero: vn = 0 and ∂T

∂n
= 0.

3.3. Numerical Solution and Validation

The validation of the electrochemical modelling of the cells is achieved in Figure 4 for several
constant discharge currents. The experimental tests are defined by the measurements of the voltage
of a commercially available GAIA LFP HP 601300 (diameter: 60 mm; height: 159 mm) battery cell.
The nominal voltage and the nominal capacity specified for this cell are 3.2 V and 18 Ah (at 0.2 C),
respectively. From the data sheet of the cell, the voltage during the discharge should not go below 2.1
V (the lower limit for the voltage during discharge). To test the cell at different current rates and to
monitor the voltage evolutions, a PEC battery tester was used [30]. The current rates were defined with
1 It, 3 It and 5 It (i.e., 18 A, 54 A and 90 A). The temperature measurements were recorded on the
surface of the battery at the mid of its height with a Type K thermocouple with ± 0.1 ◦C measurement
accuracy, as characterized in [31]. From Figure 4, a good agreement between the experiments and the
simulations results is found with less than a 5% deviation between the experimental and the theoretical
voltage (Figure 4a) and temperature (Figure 4b) curves.
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Figure 4. Validation of the voltage (a) and the temperature (b) of the cell.

The numerical simulations of the thermal behaviour of the module are based on the solving of
the governing equations for the battery cells and the cooling air on half of the module, by using the
symmetry property highlighted in Figure 1. The simulations used a MUMPS (Multifrontal Massively
Parallel Solver) time-dependent solver with a relative tolerance of 10−3 for all of the variables to obtain
the solutions for which the mesh independence was verified. The meshing of the module is achieved
with 487,562 triangular elements and a 0.000402 maximum element size. The solving of the module
governing equations for the computation of the numerical solutions was achieved based on a segregated
approach. At each time step, the Navier–Stokes equations are solved at each node of the mesh to compute
the temperature and the air velocity inside the module, from which the temperature solution serves as
input for the solving of the electrochemical-thermal equations governing the behaviour of the cells.

4. Results and Discussion

4.1. Module Design Considerations

4.1.1. Influence of the Cooling

Figure 5 illustrates the temperature distribution in a module at the end of its discharge with a low
(Figure 5a) and a high (Figure 5b) current rate. The module is initially at 25 ◦C and is closed, so that it
is not cooled with a fluid. With the increase in the current rate, higher temperatures inside the cells are
observed in Figure 5b because of the higher amount of heat generation. In Figure 5b, the temperature
of the air around the cells also increased significantly due to the increase in the heat generation.
Therefore, thermal management is important to avoid too large of an increase in the temperature of
the air surrounding the cells, especially during the discharge of a module at high current rates.
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Figure 5. Closed module at the end of (a) 18A and (b) 90A constant current discharges.

4.1.2. Influence of the Air Flux

Figure 6b illustrates the cooling of a battery module discharged with a high current rate (90 A). For
cooling purposes, a 0.024 kg/m2.s air flux is entering at 25 ◦C on the left-hand side of the module.

From Figure 6b, the maximum air velocity is equal to 0.14 m/s and is reached in the channel made
between the two rows of cells. In the regions between the cells and the upper and lower sides of the
module, the air is slowed down by the geometry configurations of the cells in the module. At the end of
the discharge, Figure 6b indicates lower temperatures (around 25 ◦C) at the front and higher temperatures
(around 30 ◦C) at the rear of the module. Therefore, Figure 6b emphasises the need for a sufficient inlet
air velocity for a proper thermal management of the cells located in the rear of the module.

Figure 6. Temperature distribution at the end of the discharge of a module initially at 25◦C
(a) without cooling and (b) cooled with air (jm = 0.024 kg/m2·s).

With an increased air flux equal to 0.059 kg/m2·s, the maximum velocity of the air between the rows
of cells equals now 0.32 m/s. As a consequence, compared to Figure 7b, a better cooling of the cells is
achieved in Figure 7d considering the existence of temperatures around 25 ◦C for the air at both the front
and rear sides of the module.
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Figure 7. Air velocity field (m/s) (a,c) and temperature distribution (◦C) (b,d) for a
cooled module with 0.063 m cell inter-distance and air fluxes equal to 0.024 kg/m2·s
and 0.059 kg/m2·s.

4.1.3. Influence of the Spacing

To assess the influence of the spacing between the cells on the same row, on the temperature
distribution in the battery module, the distance between two consecutive cells has been increased
from 0.063 m (in Figure 8b) to 0.08 m (in Figure 8d). The air velocity field inside the module is
illustrated in Figure 8c. In this figure, the flow of air in between the cells on the same row is facilitated,
although because the velocity of the air in these regions has not increased, no significant decrease in the
temperature is observed in Figure 8d in these regions. Considering this, the spacing between the cells
has therefore a rather limited influence on their cooling.

Generally, the evaluation of a battery thermal management system is based on the assessment of
its thermal transfer capabilities [10]. This can be done based on the evaluation of the pressure drop
throughout the module between its entrance and its exit. In practice, the less the resistance from the
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arrangement of cells, the lower the pressure drop throughout the module will be and the better the cooling
of the cells is achieved. After examination, the pressure drop across the module is less than 1% for both
0.063 m and 0.08 m spacings between the cells. In addition, no significant decrease in the temperature
is observed between the cells with an increased spacing of 0.08 m between the cells. Therefore, the
module design with 0.063 m spacing is chosen as a valuable design for study purposes of the unbalanced
battery module.

Figure 8. Cooled module (jm = 0.059 kg/m2·s) with 0.063 m and 0.08 m cells
inter-distance: air velocity field (m/s) (a,c) and temperature distribution (◦C) (b,d).

4.1.4. Validation of the Computational Fluid Dynamics Model

The results of the computational fluid dynamics model presented in Sections 4.1.1–4.1.3 are validated
with the experimental correlations of the Nusselt number observed in the case of the air flow through
a tube bank. For the validation of the simulation results, the experimental correlations of the Nusselt
number NuD available from the work of Zukauskas [32] are used. Given that the module corresponds
to an in-line bank of tubes with five battery cells in its length, the correlations of the Nusselt number are
given by Equation (10) as a function of the Reynolds number ReD and the Prandtl number Pr properties
of the air inside the module.
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NuD = 0.93× 0.52×Re0.5D Pr0.36 100 ≤ ReDmax ≤ 103

NuD = 0.93× 0.27×Re0.63D Pr0.36 103 ≤ ReDmax ≤ 2.105
(10)

For validation purposes, the theoretical Nusselt number is computed based on the simulations results
with Equation (11a), in which the convection coefficient h is determined from the total heat transfer rate
from the battery cells to the air surrounding them (Equation (11b)).

NuD = h·D
kf

(a)

Q̇ = hNπDL ·∆Tlm = ρvNTSTL · cp · (Ti − To) (b)
(11)

In Equation (11b), ∆Tlm represents the log mean temperature difference, which is described in
Equation (12).

∆Tlm =
((Tw − Ti)− (Tw − To)

ln((Tw − Ti)/(Tw − To))
(12)

Table 5 summarizes the results obtained for the Nusselt number based on both experimental
correlations and simulations. The comparison of these values outlines the good performances of the CFD
model and the simulations of the module with a maximum of 11% deviation between the theoretical and
the experimentally-correlated Nusselt numbers.

Table 5. Comparison of the Nusselt numbers for the CFD model validation.

Cases ReD (/) Present Study, NuD (/) Zukauskas [32], NuD (/) Deviation (%)

Figure 7a,b 538 8.91 10.01 11
Figure 7c,d 1229 21.32 19.81 7

4.2. Unbalanced Battery Module

In an unbalanced battery module, reasonable amounts of cell unbalancing are found in the range
between 10% and 20% [33]. From Table 6, Cells 2, 3 and 4 (numbered in red in Figure 1) are initially
assigned to 5%, 10% and 20% DoD, respectively. The same is valid for Cells 7, 8 and 9. Cells 1, 5, 6
and 10 (numbered in blue in Figure 1) are not assigned to any initial DoD and are therefore considered
as reference cells. During the simulations, all of the cells in the battery module are discharged with
18 A, 54 A and 90 A constant currents (or 1 It, 3 It and 5 It, where It represents the discharge current
in amperes during one hour discharge according to the IEC61434 standard).



Sustainability 2015, 7 8388

Table 6. Initial depth of discharge of the cells

Cell number Initial Depth of Discharge

2 5%
3 10%
4 20%

4.2.1. Voltage of the Cells

Figure 9 shows the voltage of the cells in the module initially at different DoD during their discharges
at 1It, 3It and 5It current rates. Figure 9 emphasises the faster voltage drop of the cells in time, with the
increase in their initial DoD and the discharge current rate.

Figure 9. Voltage of the cells during their discharge with different current rates.

4.2.2. Temperature Distribution

The temperature distribution inside the unbalanced battery module at the end of its discharge with
18 A, 54 A and 90 A is highlighted in Figure 10d–f. In the end of the 90 A discharge in Figure 10f,
the cells in the module show higher internal temperatures compared to Figure 10d. At the end of all of
the discharges, the cells with 20% initial DoD show the highest temperature in the module. The highest
temperature in the internal region of these cells is observed because more heat is generated inside these
cells at the end of the discharges compared to the other cells. From Figure 10a–c, at the end of the
discharge of the cells with 18 A, the temperature of Cell 4 with 20% initial DoD has increased by 1.5 ◦C



Sustainability 2015, 7 8389

or 6%, while at the end of the discharge with 90 A an increase equal to 7.3 ◦C or 29% is observed in the
temperature of this cell.

Figure 10. Temperature increase of the cells and temperature distribution in the module after
its discharge with 18 A (a,d), 54 A (b,e) and 90 A (c,f) currents.

Figure 11 illustrates the evolutions of the maximum temperature of the cells during their discharges
with 18 A, 54 A and 90 A. At low current rates, the evolutions of the maximum temperature of the cells
are limited, which reflects the small increases in the surface and the internal temperatures observed for
the cells. This can be explained by the fast equilibrium reached at low current rates between the heat
generated inside the cells and the heat removed out of the cells. With the increase in the current rate, the
curves show steeper slopes, which indicates that faster temperature rises occur during the discharge of
the cells. This is due to the larger amount of heat generated inside the cells at high current rates, which
prevents the cells from achieving, in a shorter time, a proper dissipation of the heat towards the air in
the module.

Compared to the other cells in the module, the maximum temperature of Cell 4 with 20% initial DoD
shows a more pronounced increase in the second half of the discharges. When the cells are discharged
with higher current rates (3It and 5It), the temperature rise for Cell 4 is less than 1.5 times the one
observed for the reference cells. At the end of the discharge of the cells with a low current rate (1It),
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the increase in the temperature of Cell 4 is four-times greater compared to that of the reference cells.
Figure 11 also demonstrates therefore the increase in the maximum temperature of the cells with their
initial DoD.

Figure 11. Evolution of the maximum temperature of the cells during (a) 18 A (b) 54 A and
(c) 90 A discharges.

4.2.3. Heat Generation

Figure 12 illustrates the evolution of the heat generation inside the cells during several discharge rates.
In reference to Equation (6), the total heat generation results from the sum of the reactive (or reversible)
heat and the active and ohmic (or irreversible) heats. In Figure 12a–c, the total heat becomes larger with
the current rate, because of the increase in the current flowing through the cells. In the beginning of
the discharges, the cells with 20% initial DoD show a lower total heat compared to the reference cells
due to a lower reactive heat. In the middle of the discharges, the total heat generated in the cells is
similar. At the end of the discharges, an increase in the total heat is observed with the initial DoD of
cells. In Figure 12, a peak coming from the reactive heat is present in the total heat of Cell 4. This peak
is followed by an increase at the very end of the discharges due to the active heat.
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Figure 12. Total heat generation during (a) 1 It (b) 3 It (c) 5 It discharge current rates.

Figure 13 illustrates the difference in the reactive heat of the cells with a non-zero initial DoD and the
reference cells during their discharges.

Figure 13. Reactive heat generation differences.
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The reactive heat originates from the heat generation due to the charge transfer involved in the
electrochemical reactions at the electrode-electrolyte interfaces. This reactive heat is reversible and is
proportional to the changes in the entropy coefficients of the electrodes occurring during the discharge of
the cells. If positive, because of the exothermic character of the electrochemical reactions, the reactive
heat behaves as a heat source. Similarly, when negative because of the endothermic character of the
electrochemical reactions, the reactive heat behaves as a heat sink. In Figure 13, according to the entropy
changes of the electrodes, the reactive heat evolves from the heat sink at the beginning to the heat source
at the end of the discharges.

At the beginning of the discharges, negative differences are observed for the reactive heat of the cells
with a non-zero initial DoD. These cells present a greater negative reactive heat compared to the reference
cells because of the greater entropy coefficient reached for their cathode. In the middle of the discharges,
no significant differences are observed, since the cells present the same constant reactive heat because of
the almost constant entropy coefficient of the cathode. At the end of the discharges, positive differences
are noticed in the reactive heat of the cells with a non-zero initial DoD. These cells show a higher reactive
heat because of the higher increase in the entropy coefficients of their anode and their cathode near the
end of the discharge. Due to the change in the entropy coefficient of the anode, a peak is observed in the
reactive heat of Cell 4 near the end of the discharge. This peak corresponds to the one found in the total
heat generation of this cell in Figure 12. In Figure 13, because of the proportionality of the reactive heat
to the exchange current density involved in the electrode reactions, the differences observed between the
reactive heat of the cells in the module are amplified with the increase in the current rate. In Figure 11,
the reasons for the lower increase of the temperature for the non-zero DoD cells at the beginning and
the higher increases at the end of the discharges are respectively due to the more negative and the more
positive characters of the reactive heat.

The active heat is due to the heat generated by the charge transfer at the electrode-electrolyte
interfaces, as for the reactive heat. The active heat is irreversible and is proportional in Equation (6)
to the electrodes’ surface overpotential η. During the discharge of the cells, the active heat is always
positive and behaves therefore as a heat source. In Figure 14, the difference between the active heat
generated by the cells with a non-zero initial DoD and the reference cells is illustrated during their
discharges. This difference is observed to be always positive, independent of the discharge current rates.
At the end of the discharges, high differences occur for the cells with a non-zero initial DoD due to the
sharp increase in the open circuit potential of their anode at the end of the discharge, which leads them
to higher overpotential η compared to those of the reference cells. Because of the proportionality of the
active heat to the exchange current density involved in the electrode reactions, greater differences in the
active heat of the cells are noticed near the end of the discharge with the increase in the current rate. In
reference to Figure 12, the active heat contributes to the last increase after the peak in the total heat of
the cells at the very end of their discharges.
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Figure 14. Active heat generation differences.

The ohmic heat is caused by the ohmic heating taking place in both solid and electrolyte phases of
the porous electrodes and in the electrolyte. This heat is always positive and, therefore, always behaves
as a heat source. The difference between the ohmic heat of the cells with a non-zero initial DoD and
the reference cells is illustrated in Figure 15. Because this ohmic heat is linked to the variations in the
current and the potential during the electrochemical reactions at the electrodes, the differences are lower
in magnitude compared to those observed for the reactive and the active heats. During the discharges
with a low current rate, almost no differences are observed between the ohmic heat generated by the cells.
For higher current rates, positive and negative differences are clearly identified in the first and second
half of the discharges, respectively. This is due to the proportionality of the ohmic heat to the square
of the discharge current density involved in the electrochemical reactions. At the early beginning of the
discharges, the increase in the difference between the ohmic heats is due to the increase in the voltage
loss at the cathode of the cells with a non-zero DoD, as well as to the increase in the concentration of
lithium ion in the electrolyte released from the anode towards the cathode. In the second half of the
discharge, the decrease in the ohmic heat differences is due to an increased drop in the concentration
of lithium ion in the electrolyte reaching the cathode. Compared to the other cells, the decrease in the
ohmic heat profile of Cell 4 is more pronounced due to the strong decrease and increase, respectively, in
the cathode and in the anode potentials occurring at the end of the complete discharge of the cell.
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Figure 15. Ohmic heat generation differences.

5. Conclusions

In this paper, the thermal behaviour of an unbalanced battery module made of large-size and
high-power lithium iron phosphate cylindrical cells is investigated based on its two-dimensional
modelling. In the module, several cells are assigned to 5% up to 20% initial DoD. Initially, the module
is at 25 ◦C and is cooled by a 0.059 kg/m2·s air flux. The investigation of the thermal behaviour of the
module is achieved during the discharge of the cells with 18 A, 54 A and 90 A constant currents. From the
results, an increase in the internal temperatures of the cells due to the higher total heat generation inside
the cells occurs with the increase in the initial DoD and the discharge rate. At the end of the discharges,
the highest temperatures are reached for the cells with the highest initial DoD. The major contributors to
the total heat inside the cells were found to be the reactive and the active heats. This study demonstrates
the effects of the initial DoD of the cells on the temperature distribution, the temperature increase and
the heat generation occurring inside an unbalanced battery module made of cylindrical cells.
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List of Symbols (Variables and Parameters)

Symbols
as Active surface area (1/m)
c lithium ions concentration (mol/m3)
cp Heat capacity (J/kg·K)
d Diameter at the start of the spiral or internal diameter of the cell (m)
D Diffusion coefficient (m2/s)
D Diameter taken at the end of the spiral or cell diameter (m)
Ea Activation energy (J/mol)
F Faraday constant, 96,485 C/mol
h Convection heat transfer coefficient W/m2·K
i0 Exchange current density of an electrode reaction (A/m2)
jLi Transfer current due to the intercalation or deintercalation of lithium ions (A/m3)
k Electrochemical reaction rate constant (m/s)
k Thermal conductivity (W/m·K)
L Total length of the spiral constituting the internal structure of the cell (m)
L Length of the cells in the vertical direction (i.e., height) (m)
N Total number of layers in the jelly roll structure of the cell (/)
N Total number of cells in the battery module (NT ·NL) (/)
NL Number of cells in the longitudinal direction of the battery module (/)
NT Number of cells in the transverse direction of the battery module (/)
Q Heat generation (W/m3)
r Radius of the spherical particle (m)
R Universal gas constant, 8314 J/mol·K
ST Transverse distance between two consecutive cells on the same row (m)
t Time (s)
t+ Transference number of lithium ions (/)
T Temperature (◦C)
U Open circuit voltage (V)
v Fluid velocity at the entrance of the module (m/s)
V Volume of layer (m3)
w Width of the different layers constituting the jelly roll (m)
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Greek letters
α Charge transfer coefficient (/)
ϵ Volume fraction (/)
η Overpotential (V)
κ Ionic conductivity (S/m)
ϕ Potential (V)
ρ Density (kg/m3)
σ Electrical conductivity (S/m)

Subscripts
a Anode
c Cathode
e or l Electrolyte phase
eff Effective
f Fluid
i Inlet
max Maximum
measured Measured by experiment
model Modeled by simulation
o Outlet
s Solid phase
w Wall

Abbreviations
DoD Depth of discharge
EV Electric vehicle
HEV Hybrid electric vehicle
LFP Lithium iron phosphate
MUMPS Multifrontal Massively Parallel Solver
SoC State of charge
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