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Abstract: This paper investigates the thermal behaviour of a large lithium iron phosphate
(LFP) battery cell based on its electrochemical-thermal modelling for the predictions of
its temperature evolution and distribution during both charge and discharge processes.
The electrochemical-thermal modelling of the cell is performed for two cell geometry
approaches: homogeneous (the internal region is considered as a single region) and
discrete (the internal region is split into smaller regions for each layer inside the cell).
The experimental measurements and the predictions of the cell surface temperature achieved
with the simulations for both approaches are in good agreement with 1.5 °C maximum
root mean square error. From the results, the maximum cell surface temperature and
temperature gradient between the internal and the surface regions are around 31.3 °C and
1.6 °C. The temperature gradient in the radial direction is observed to be greater about 1.1 °C
compared to the longitudinal direction, which is caused by the lower thermal conductivity
of the cell in the radial compared to the longitudinal direction. During its discharge, the
reversible, the ohmic and the reaction heat generations inside the cell reach up to 2 W,
7 W and 17 W respectively. From the comparison of the two modelling approaches, this
paper establishes that the homogeneous modelling of the cell internal region is suitable for
the study of a single cylindrical cell and is appropriate for the two-dimensional thermal
behaviour investigation of a battery module made of multiple cells.
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1. Introduction

Today and tomorrow, “green” cars prove to be and will be of high relevance, since they allow
the solution of major environmental issues such as among others, pollution problems and noise
reduction [1,2]. In the research work of Tie and Tan [3], besides the already studied ultracapacitors
in [4-6], the flywheel energy storage (FES) and the hydrogen energy, batteries are reviewed as energy
sources for electric vehicles (EVs). Indeed, with their sustainable character and reliable performances as
energy storage systems, batteries represent more than ever a relevant solution for a use in the current and
future electromobility [5,7-10].

To guarantee the safety and improve the lifetime of the current and future new electric and hybrid
vehicles, a particular attention has to be brought to the use and the conditions of large size and high
power lithium-ion batteries [11]. In automotive applications the EVs, hybrid electric vehicles (HEVs)
and plug-in hybrid electric vehicles (PHEVs) are directly dependent on the embedded batteries and
their performances [12]. It is therefore important to be aware of the degradation mechanisms that
can affect the batteries performances and especially those caused by an excessive heat generation and
an excessive temperature rise.

For lithium-ion batteries, the heat generation is especially significant [13] and can be responsible for
the solid electrolyte interface (SEI) layer [14], the electrolyte and the anode decompositions [15] or the
reaction of the cathode and the electrolyte [14].

Temperature also affects the batteries performances and the overall performance of an EV [16,17]
and is reported to be one of the greatest factors influencing among others the lifetime, the power and
energy capabilities, and the reliability of the batteries [16,18]. To avoid the occurrence of an excessive
local temperature rise leading to a decrease in the lifetime of batteries or leading in the worst case to
the thermal runaway phenomenon, local temperature of batteries should be carefully monitored [19].
For lithium-ion batteries, in order to guarantee both battery life and performances, the best operating
temperatures are defined between 25 °C [20] and 40 °C [16], while long term exposure above 32 °C
are preferably avoided to guarantee a minimum of a 10-year lifetime [21]. For these batteries, even
small temperature fluctuations are undesirable [13]. Therefore the optimisation of the battery packs or
modules should be combined with the development of a battery thermal management system (BTMS),
to guarantee small temperature variations within the cells and within the packs or modules [22-25].
Furthermore at the level of the packs, the non-uniformity of the temperature can cause the non-uniformity
of the performances of the individual cells [18]. Hence, thermal control should be foreseen to prevent
the cells during the charge and the discharge from excessive overall or localised temperature rises [13].

In the literature, thermal modelling is widely used for the study of the thermal behaviour of lithium-ion
batteries. Two electro-thermal and electrochemical-thermal modelling approaches can be distinguished.
The “electro-thermal” modelling approach is based on a coupling between both electrical and thermal
battery models [26-29]. The “electrochemical-thermal” modelling approach consists in the coupling

between the electrochemical and the thermal battery models [30-34]. For cylindrical batteries, thermal
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models can be defined in one, two and three dimensions. The internal region of the cells (or active
material region) can be considered either as homogeneous (the active material is considered as a single
region and is associated with a weighting of the thermo-physical properties of each layer inside the
cell) or discrete (the active material is made from smaller regions defined by each layer inside the cell
and their respective thermo-physical properties). Electro-thermal models are found in [26] for a one
dimensional thermal analysis of a lithium iron phosphate (LFP) LiFePO, 26650 cylindrical cell and
in [27] and [28,29] for the study of a LiFePO, (2.3 Ah) 26650 and a LiCoO, (1.5 Ah) 18650 cells in
two and three dimensions. Electrochemical-thermal models based on the pseudo two-dimensional (P2D)
model developed by Doyle et al. [35] and Fuller et al. [36] are used in [30,31] for the study of LiMn,O4
(3 Ah) and LiFePO, (2.3 Ah) 26650 cells and in [33,34] for the thermal analyses in two and three
dimensions of LiMn;O, and LiFePO, 18650 cells.

In these works above, the study and the characterisation of the thermal behaviour of small size
cylindrical batteries with different dimensions and different chemistries were achieved, and the need
for a good thermal management of these cells was also stressed. However, these works aimed at small
size batteries did not consider a comparison of the results obtained with both homogeneous and discrete
modellings of the internal region of the cell.

No comparable studies were addressed so far, for large size cylindrical batteries and there is a need
therefore to improve the understanding of their thermal behaviour and to compare different modelling
approaches of the internal region of the cell.

The purpose of this paper is to study the thermal behaviour of a large size LFP (18 Ah) cylindrical
cell. In this work, the electrochemical-thermal modelling of the cell is achieved to predict the evolution
of the surface temperature which was validated by experimental measurements for several charge and
discharge currents rates. Two homogeneous and discrete modelling approaches of the internal region
were considered and a comparison of the results was achieved for the core and the surface temperatures
as well as for the temperature distribution inside the cell. Section 2 presents the methodology for this
study. The electrochemical-thermal modelling of the cell and its assumptions are described in Section 3.
The experimental conditions are detailed in Section 4. The validations of the electrochemical-thermal
modelling of the cell voltage and the surface temperature are presented in Section 5. The evaluation
of the cell thermal behaviour is addressed in Section 6 and the conclusions of this work are provided

in Section 7.

2. Methodology

Figure 1 illustrates the methodology used in this paper for the study of a large size and high power
LFP cylindrical cell (GAIA HP 601300 LFP) of 18 Ah nominal capacity. The methodology is based on
the electrochemical-thermal modelling of the cell for which the electrical, the thermal and the chemical
parameters of the cell are required. The calibration and validation are based on the experimental
measurements of the battery surface temperature for different constant charge and discharge currents.
For the study of the temperature distribution inside the cell, two different modellings of the internal
region were investigated. The first modelling approach considers the internal region of the cell (or active

material region) as homogeneous. With this approach, the properties of the internal region were
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defined by the mean values of the thermo-physical properties associated with each layer inside the cell.
The second approach consists in the discretisation of the internal region with the representation of the
different layers forming the internal layered (or jelly roll) structure of the cell. For study purposes,
a comparison of the results obtained with these two approaches is achieved.
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Figure 1. Methodology.

3. Electrochemical-thermal Modelling of the Cell

In this study, the electrochemical modelling of the cell is based on the P2D model of Doyle et al. [35]
and Fuller et al. [36]. The governing non-linear partial differential equations (PDEs) and their
constitutive equations are summarised in Table 1 and describe the behaviour of the cell by means of
transport phenomena and electrochemical relationships.

Table 1. Electrochemical-thermal equations.

Physics Governing equations Mathematical expressions
Butler-Volmer equation 75 = agio{exp(%2E) — exp(—%15)}
Chemical kinetics Electrode overpotential n=(bs— ) - U

Exchange current density 1o = k.(Ce)®.(Cs max — Cs,e) . (Cs,0)™

Charge conservation Solid phase V(oY) — 7 =0

Electrolyte phase V.(kEVde) + V(kdVin(c.)) + 74 =0
Mass transfer Species conservation in solid phase %Cts = % 88T(r2 (?;S)

Species conservation in electrolyte 8(6556) = V.(DfVe,) + L ;ﬁ g

Heat transfer Energy conservation pcp.%—:tp =V.(kVT)+Q

The heat equation which describes the heat transfer phenomenon occurring between the cell and its
environment is given by Equation (1):
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oT
Pty = V(EVT) +Q (1)

where p represents the density, ¢, the heat capacity, T’ the temperature, k the thermal conductivity, and )
represents the heat generation. The heat generation () inside the cell is derived from Equation (2):
ou

Q=j"(ps—p—U)+ j“T(a—T) + [0V b Vs + oSV P V) + KV in(e) V] (2)

where j? is the transfer current due to the intercalation or deintercalation of lithium ions, ¢y is the

potential of the solid phase, ¢, is the potential of the electrolyte phase, U is the open circuit voltage,
T is the temperature, 0 is the effective value of the electrical conductivity of the solid phase, o™ is the
effective value of the electrical conductivity of the electrolyte phase and ¢, represents the concentration

eff

of the electrolyte [34]. By definition k§’ is given by Equation (3):

or _ 2RTo}™(1 —ty)

3)

where R represents the universal gas constant equal to 8.3145 J/mol-K, T is the temperature, ot is the

effective electrical conductivity of the electrolyte, ¢, is the transference number of lithium ions and F
represents the Faraday constant equal to 96,485 C/mol [34].

The first term in Equation (2) defines the reaction heat or the irreversible heat generation, the second
term defines the reversible heat generation or active heat generation, while the third one (in brackets)
defines the ohmic heat generation [31,33]. By definition, the reaction and the reversible heat generations
are caused by the negative and the positive electrodes, while the ohmic heat generation comes from the
electrolyte and both negative and positive electrodes. To convert the volumetric heat generation given by
Equation (2) into a heat generation expression in W, Equations (4) and (5) [37] are introduced:

L=ny 0 @
Vi = 2w;hL ()

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), V; is the volume of

a layer, w; is the width of a layer inside the cell, / is the height of the cell and i identifies each layer.
Assumptions for Modelling and Numerical Implementations

The active materials particles of the electrodes are considered to be spherical and uniform in size for
the electrochemical modelling of the cell. The migration and the diffusion for the transport of lithium
ion in the electrolyte and the diffusion of these ions in the solid active material of the electrodes are
considered. The side reactions were not involved in the modelling of the cell. The electrochemical
reactions rates of lithium ion insertion and extraction processed are taken into account with the
Butler-Volmer equation used to describe the reactions occurring at the electrodes of the cell. At the
electrodes/electrolyte interfaces, electrical and chemical equilibrium is assumed. Tables 2 and 3
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summarize the electrochemcical-thermal parameters of the cell. Since the electrochemical parameters
are intrinsic to the battery chemistry type, no effects due to the difference in scale between this large size
cylindrical cell and the cylindrical cells in [33,38] were expected nor observed. As in Inui ef al. [39],
the centre of the cell was considered to be filled with air. In addition, the existence of the two external

terminals of the battery cell were also taken into account.

Table 2. Electrochemical parameters.

Parameters Anode Separator Cathode
Thickness (m) [38] 34x107° 25%x10° 8x107°
Active material volume fraction [38] 0.58 0.55 0.374
Filler volume fraction [38] 0.0326 - 0.0535
Volume fraction electrolyte 0.3874 0.45 0.5725
Reaction rate coefficient [33] 2 x 10711 - 2 x 10711
Particule radius (m) [38] 5% 107 - 5x 1078
Solid phase LiT diffusion (m?/s) [38] 3x 10715 - 59 x 10720
Electrolyte phase Lit diffusion (m?/s) [38] 2 x 10710
Initial electrolyte concentration (mol/m?) [33] 2000
Maximum solid phase concentration (mol/m?) [38] 30,555 - 22,806

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

Regions c, J/kg'K) p (kg/m?3)  kr (W/m-K)
. . 0.33434 (k1)
Cell internal region 1034.2 3345.5 ’
57.515 (ktang)
Negative electrode [33] 1437.4 1347.33 1.04
Positive electrode [33] 750 3600 0.20
Separator electrode [33] 1978.16 1008.98 0.344
Negative current collector [33] 385 8933 398
Positive current collector [33] 875 2770 170

In this paper, a two dimensional axisymmetric representation of the battery cell is achieved, which
considers the properties of the internal region as homogeneous. Figure 2 illustrates the schematic of
the cell and emphasises the different regions and their respective time invariant boundary conditions.
The regions of the cell and their dimensions are as indicated in Figure 2. Initially the temperature
was set to 25 °C and 26 °C for all the domains at the beginning of the charges and the discharges
respectively. On the outer boundaries in red, an heat flux condition was set for the natural convection
(—kVT = h(T — Tymbien)) between the cell and the ambient air. On the boundaries in blue, the heat flux
continuity is considered while assuming a perfect thermal contact between the layers. On the left-hand
side of the mandrel and the terminals regions, a symmetry condition for the temperature field inside the
battery is applied. In Figure 2a uniform heat generation is considered in the homogeneous active material

region which is computed from the 1D electrochemical heat generation expression in Equation (2).
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Figure 2. Two-dimensional axisymmetric schematic of the battery.

Figure 3 illustrates the cross sectional views of both the homogeneous and the discrete representations
of the cell internal structure that are studied in this paper. Figure 3b depicts the implementation of the
different layers that compose the discrete internal structure of the cell. For this purpose, the discrete
geometry of the internal region was made of 75 concentric spirals from 0.0045 m up to 0.0048 m inner
radius and 0.0276 m up to 0.0279 m outer radius. These spirals, aimed for the representation of the jelly
roll structure of the cell, were hence coerced to a solid and split afterwards into the different subdomains
defined by the electrodes, the separator and the electrolyte regions. For the simulations, all the domains
in Figure 3b were assigned to 25 °C and 26 °C initial temperature at the beginning of the charges and
the discharges respectively. As in Figure 2, an heat flux condition was prescribed on the outer boundary
of the cell for the natural convection phenomenon between the cell and the ambient air. Similarly the
heat flux continuity was applied to the whole cell internal region, in which each of the electrodes, current
collectors, electrolyte and separator layers were associated to their respective heat generations computed
from Equation (2).
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Figure 3. Internal representations of the cell: (a) homogeneous and (b) discrete.
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The commercial finite-element solver, COMSOL Multiphysics ® (Version 4.3, COMSOL AB,
Stockholm, Sweden) was chosen to develop the two internal representations of the cell (shown in
Figures 2 and 3) and to perform the simulations of the cell thermal behaviour. The simulations implement
a MUMPS (or MUItifrontal Massively Parallel Solver) time dependent solver with an absolute tolerance
of 1 x 1073 for all the variables to obtain the solutions for which the mesh independency was verified.
The mesh of the 2D homogeneous axisymmetric and 2D discrete representations of the cell are composed
of 4495 and 314,342 elements respectively of 0.7906 and 1.049 x 10~* minimum sizes. The longest
simulation time to obtain the numerical solutions of a 1/; charge or discharge process are equal to 120 s
and 1080 s for the 2D axi-symmetric and discrete representations of the cell respectively.

4. Experimental Conditions

The experimental tests were defined by the recordings of the temperature at the surface of
a commercially available GAIA LFP HP 601300 battery cell (diameter: 60 mm, height: 159 mm, GAIA
Akkumulatorenwerke GmbH, Nordhausen, Germany) . The tests were performed at room temperature
(25 °C) with a 4.1 W/m?-K- convection coefficient (typical for a natural convection phenomenon) that
was calculated using the methodology described in Samba et al. [40]. The measurements were done
using a type K thermocouple associated to maximum 2.2 °C or 0.75% standard limit of error and placed
at mid-height on the battery surface. From the datasheet of the cell, the voltage is recommended to stay
between 2.1 V (cut-off voltage, i.e., lower limit for the voltage during discharge) and 3.8 V (maximum
charging voltage). The nominal voltage and the nominal capacity specified for this cell are 3.2 V and
18 A-h (at 0.2 C) respectively. To test the cell with different current profiles and to monitor the voltage
evolutions, a PEC battery tester [41] was used. The profiles were defined by 11;, 31, and 51, (i.e., 18 A,
54 A, and 90 A) discharge rates and 1/;, 3/, and 4/, (i.e., 18 A, 54 A, and 72 A) charge rates. From the
Standard IEC 61434 [42], the I, rate is defined by:

C

L= 13 (6)

where [, represents the discharge current in amperes during 1 h discharge and C' is the capacity of the cell.
In between the three constant current discharges (18, 54, 90 A), the battery was charged according to a
CC-CV (constant current-constant voltage) mode defined with a 18 A charge step up to 3.8 V, followed by
a constant voltage step keeping the battery at 3.8 V until its current drops below 0.18 A. The three charges
(18, 54, 72 A) of the battery were also achieved according to the same CC-CV charge mode and were
each of them followed by one 18 A constant current discharge until the battery reaches its cut-off voltage.
Micro pulses have also been tested and were defined by the following steps: 2 s rest (0 A), 5 s charge at
51; (90 A), 2 srest (0 A) and 5 s discharge at 57; (90 A). To define the micro pulse profile this sequence
was repeated 142 times over a total of 2000 s.
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5. Validation of the Electrochemical-Thermal Modelling of the Cell

5.1. Cell Voltage

From Figure 4, a good agreement between the experimental and the theoretical voltage curves is
found for both homogeneous and discrete modelling approaches of the cell internal region. During the
charge, an increase in the voltage occurs over time. This voltage increase up to 3.8 V is significantly
faster for high (37, and 41;) compared to low (1/) current rates. Indeed, during the charge of the cell, the
lithium ions move from the positive towards the negative electrode. From an electrochemical point of
view, the rate of increase in the voltage curves depends on the solid phase lithium ions concentration c
and its maximum ¢ max 10 the negative electrode. Therefore, the higher the charge current rate, the faster
this maximum solid phase lithium ions concentration will be reached at the negative electrode and the
faster the cell will be charged. During the discharge, as illustrated in Figure 4 the voltage decreases over
time until the cell reaches its cut-off voltage. This decrease is significantly faster for high (3/; and 51;)
compared to low (11;) current rates. Indeed, because of the faster depletion of lithium ions at the negative

electrode, high current rates imply a faster drop in the voltage of the cell and a more rapid discharge.

3.8

3.6
Discrete model

e== Homogeneous model ‘

34

«« Experimental

Cell voltage [V]

0 500 1000 1500 2000 2500 3000 3500
Time [s]

Figure 4. Voltage evolution during constant current discharges.

5.2. Cell Surface Temperature

Figure 5 illustrates the evolution of the cell surface temperature during constant current charges and
discharges with an homogeneous modelling of the internal region. The curves are valid for a point
located at mid-height on the surface of the cell. During the charges of the cell (Figure 5a), the surface
temperature is expected to increase up to 27.3 °C, 30.08 °C and 30.8 °C (11, 31, 41;). The maximum
temperature differences observed between the theoretical and the experimental curves are between 1 °C
and 1.1 °C which highlights the good performance of the simulations. In the end of the discharges
of the cell (Figure 5b), 26.4 °C, 28.8 °C and 31.4 °C (11, 31;, 51;) are predicted at the surface of the
cell. A maximum of 1.5 °C difference is observed between the experimental measurements and these
theoretical results.
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Figure 5. Surface temperature evolution of the cell with an homogeneous internal region
during: (a) charge and (b) discharge.

The root mean square error (RMSE) or root mean square deviation (RMSD), which is obtained with
Equation (7), evaluates the accuracy of the simulations results:

n

Z(Tmeasured - ,-Tmodel)2
RMSE ="\ = %

n

where n represents the number of measurements and the number of simulation samples. Figure 6
indicates that for the charge and the discharge, the root mean square error made by predicting the surface
temperature with the homogeneous modelling approach of the cell is less than 1 °C.

In Figure 5, the faster the temperature increases, resulting from a rapid increase in the heat generated
inside the cell, the less time the cell will have to properly evacuate this heat by conduction from the
internal to the surface region. Because of this greater heat generation resulting in higher cell surface
temperatures at high current rates, Figure 5a stresses the importance and the need for the development
of a good heat and thermal management of the cell.
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In contrast to the constant charge and discharge currents applied to the cell, Figure 7 illustrates the
evolution of the cell surface temperature during a micro pulse load cycle. After 616 s the surface
temperature of the cell is still lower than 30 °C, whereas at the same time a value about 31 °C was
observed with a 5/; constant discharge rate. This can be explained by the fact that the micro pulse profile
is defined by the repetition of very brief 5I; charge and discharge current rates separated with small
rest periods. This profile allows for a less demanding and a more appropriate power demand to the cell
and has therefore a positive impact on its thermal behaviour. With a maximum of 1 °C temperature
difference between the theoretical and the experimental results, Figure 7 also highlights the accurate
predictions achieved by the simulations.
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Figure 7. Surface temperature evolution for an homogeneous internal region of the cell
during a 5/; micro pulse profile.

Figure 8 illustrates the evolution of the surface temperature of the cell computed with a discrete
modelling of the internal region of the cell, during both constant charge and discharge respectively.
In the end of the charges, the temperature is expected to be equal to 28.22 °C, 32.04 °C and 33.03 °C

(11, 31; and 41;). The maximum temperature difference between the theoretical and the experimental
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curves is less than 7% (or 1.8 °C). In the end of the discharges, temperature at the surface of the cell
is predicted to rise up to 27.13 °C, 30.97 °C and 33.55 °C (11, 3I; and 5I;). During the discharges,
the maximum temperature differences between the theoretical and the experimental curves are below
1 °C. With the discrete modelling approach of the cell, Figure 6 indicates that for the charges and the
discharges the root mean square error made by predicting the surface temperature is less than 1.5 °C.
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Figure 8. Surface temperature evolution of the cell with a discrete internal region for
constant: (a) charge and (b) discharge.

In Figures 5 and 8 slightly higher temperatures with a maximum ratio equal to 1.09 are observed
during the charge compared to the discharge of the cell. This is explained in Figure 9 by the mean
experimental charge to discharge resistance ratio equal to 1.12, which indicates a slightly higher resistive
behaviour of the cell during its charge compared to its discharge (as also reported in [43]). This refers in
the simulations to the ohmic heat charge to discharge ratios that emphasise slightly greater ohmic heat
generations occurring during the charge of the cell, which lead therefore to higher temperatures when
charging the cell compared to its discharge.
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Figure 9. Internal resistance during charge and discharge processes.

Discrepancies in Figures 5 and 8 (less than than 7% as indicated in Figure 6) are due to simulation
and experimental errors. The simulation errors are linked to possible deviations in the values of the
electrochemical and the thermal model input parameters (Tables 2 and 3) of the cell. Similarly, the
assumptions (introduced in Section 3) for the modelling of the cell, as well as intrinsic errors related
to the solver for the numerical resolution of the electrochemical-thermal governing equations also
contribute to the simulation errors. Regarding the measurements, a 0.75% maximum experimental error
intrinsic to the thermocouple (type K to be used with the PEC SBT 0550 battery tester, PEC Products
N.V,, Leuven, Belgium) is supposed.

6. Results and Discussion

6.1. Evaluation of the Cell Internal Temperature Distribution

Figures 10—12 illustrate the evolutions of the temperature distribution inside the cell at different state
of charge (SoC) and depth of discharge (DoD). In Figures 10 and 11, the internal region of the cell
shows greater temperatures at 85% SoC and 85% DoD (0.86 °C and 0.47 °C respectively) compared to
the surface region which emphasises the development of a positive temperature gradient.

Because of the lower thermal conductivity of the cell in the radial direction, a much greater
temperature gradient is observed in the radial compared to the longitudinal direction.

The difference in the thermal conductivity values is explained with Equation (8) (for the cell thermal
conductivity in the radial direction kr,) and Equation (9) (for the cell thermal conductivity in the

longitudinal direction A ne):

Y.L
hp, = —— b 8
T YL [kt ®)
Framg = —t (9)

L,
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where i represents the number of layers inside the cell, L; and kr; represent the thickness and thermal
conductivity of each layer. Because of the inversely proportionality of kr, and the proportionality of
E.ang to the sum of the products of each layer thickness and thermal conductivity, the cell conductivities
were found to be equal to 0.34 W/m-K and 57.51 W/m-K, respectively.
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Figure 10. Temperature distributions during a 3/, constant charge—Homogeneous
internal region.

These values are different from more than 2 orders of magnitude, which explains therefore the
development in time of a greater temperature gradient and a lower temperature uniformity in the radial
compared to the longitudinal direction of the cell.
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Figure 11. Temperature distributions during a 3/, constant discharge—Homogeneous
internal region.
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In the case of a micro pulse profile, Figure 12 indicates that the temperature gradient between the
internal and the surface regions of the cell reaches a value of 0.9 °C after 2000 s. At the end of the
simulation time, the cell shows therefore an improved temperature distribution with a lower temperature
gradient in the radial direction. Hence, it is found in Figure 12 that the micro pulse profile allows for a
better temperature uniformity and is therefore more appropriate to prevent from the occurrence of a large
thermal imbalance inside the cell.
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Figure 12. Temperature distribution at the end of a 5/; pulse profile—homogeneous

internal region.

Figure 13 investigates the thermal behaviour of the cell in the radial direction for which a low thermal
conductivity value was found in Figures 10 and 11.

Figure 13a,c considers an homogeneous internal region obtained with a 2D axisymmetric modelling
of the cell, which allows for a first estimation of the internal temperature distributions in the end of a
17, and a 51; discharge current rates. With a discrete representation of the internal region of the cell,
Figure 13b,d shows an improved repartition of the temperature inside the cell and greater temperatures
up to 28.4 °C and 38.6 °C in the core region compared to 27.4 °C and 33.2 °C in Figure 13a,c.

The explanation for this stems from the fact that each layer in Figure 13a,c is associated in the
simulations with its thermo-physical properties and its respective heat generation determined from the
electrochemical-thermal model of the cell.

With these results, Figure 13 highlights the influence of the modelling of the internal region on the
temperature distribution inside the cell. From the comparison of the results, Figure 13 suggests that
the identification of the areas that may be subjected to hot spots formation can differ according to the

approach followed for the representation of the cell internal region.
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Figure 13. Internal temperature distributions during a 1/, and 5/, constant discharge with

(a, ¢) an homogeneous and (b, d) a discrete internal region.

In Figure 14, the evolutions of the temperature distribution in the radial direction of the cell are

represented during both 1/, and 5/, discharge rates.
After 50% of its 11, discharge with both homogeneous and discrete approaches, almost no temperature

increase is observed along the radius of the cell. In the end of the discharge, the surface and the core

temperatures predicted with both approaches differ from 0.52 °C and 0.94 °C respectively.
In contrast to this after 50% of the discharge of the cell with a 5/, current rate, already 3 °C and

5.2 °C increases are expected for the core temperature with each approach respectively. At that time,

the difference between the surface and the core temperatures predicted from each approach is equal to
0.88 °C and 2.2 °C. In the end of the 51, discharge, 2.2 °C up to 5.5 °C differences are observed between
the predictions of the surface and the core temperatures achieved by both the homogeneous and the

discrete modelling approaches.
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Figure 14. Temperature distribution along the radius of the cell during: (a) 1/, and
(b) 51; discharge.

However, with the discrete modelling of the cell internal region and the introduction of each layer and
their respective thermo-physical properties, a more realistic temperature distribution in Figure 13b,d is
potentially expected. Therefore to verify the validity of this assumption, the evolution in time of the core
temperature of the cell obtained with the simulations has been compared to the one obtained based on
analytical expressions.

For this purpose, the analytical expression for the evolution of the core temperature 7 () is derived
in Equation (11) from the evolution of the surface temperature 7}(¢) in Equation (10):
dTy(t)  Ti(t) —Ty(t)  Tu(t) — Te(t)

dt R, - R. (10)

- (- (0210) (58

with C§ being the cell surface thermal capacitance equal to 25.90 J/K, T} the ambient air temperature and

R, and R, the convection and conduction resistances expressed by Equation (12) and equal respectively
to 8.62 °C/W and 0.92 °C/W:

Cs

1 L

RUZMaRC:M

(12)
where h represents the convection heat transfer coefficient between the cell and the ambient air, L the
length of the battery, k the thermal conductivity of the cell and A the area of the cell associated to the
conduction and the convection heat transfers.

Under steady state conditions, considering the small variations of the surface temperature measured
in time (less than 0.05 °C/s), Equation (11) can be rewritten in Equation (13) to give the steady state
expression of the core temperature:
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() (8

The evolution of the core temperature obtained based on the analytical computations and the
numerical simulations during both 1/; and 51 discharges of the cell are illustrated in Figure 15.
Figure 15a highlights the small temperature deviations (maximum 1.07 °C) observed for the core
temperature predicted with both discrete and homogeneous modelling of the cell. In Figure 15b,
a good overall agreement (maximum 0.9 °C temperature deviation) is found between the evolution of

the core temperature determined analytically and the one predicted with the simulation that considers
an homogeneous internal region of the cell.
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Figure 15. Evolution of the core temperature during: (a) 1/; and (b) 5/; discharges.

With its fast computational time and the good accuracy of the results obtained for both surface and
core temperatures, the homogeneous modelling of the internal region is considered appropriate for the
study of the cell and further suitable for a two dimensional thermal investigation of multiple cylindrical
cells inside a module as achieved in [44].

6.2. Evaluation of the Cell Temperature Rises

From Figure 16, it is found that the evolutions of the temperature with respect to the initial temperature
(defined by AT,,) are more significant during the charge (Figure 16a) compared to the discharge
(Figure 16b) of the cell. This is due to the higher internal resistance (12% in mean value) of the cell
during its charge compared to its discharge.

In the end of the 5/, discharge, the maximum temperature rises for the surface and the core
temperatures are equal to 5.49 °C and 7.40 °C in comparison to 1.13 °C and 1.15 °C increases in the
end of the 1/, discharge. During the discharge of the cell with 1/; and 3/, current rates, the maximum
value for the ratio between the respective increases in the internal and the surface temperatures reaches

up to 1.32. This is due to the fact that with the current rate the internal region will reach quickly greater
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temperatures compared to the surface region, because of the greater heat generation and the limited
opportunity to exchange the heat with the ambient.
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Figure 16. Temperature increases of the surface and the homogeneous internal regions for
constant: (a) charge and (b) discharge of the cell. SoC: state of charge; and DoD: depth
of discharge.

6.3. Evaluation of the Cell Temperature Gradients

The evolutions of the temperature difference between the internal and the surface regions of the cell
(defined by AT;.q4:a1), during the charge and discharge are shown in Figure 17. These evolutions were
obtained with the homogeneous modelling approach of the internal region.

A maximum of 1.64 °C temperature gradient is observed for the cell in the end of its discharge with
a 51 current rate. In contrast to this, the temperature gradient reaches less than 0.2 °C during its discharge
with 1/;. In the end of the 1/, and 3/, charges, the temperature gradients are 0.09 °C and 0.27 ° C higher
in comparison to those in end of the discharges. Because of the greater increase in the thermal gradients
during the charge compared to the discharge of the cell, Figure 17 emphasises the importance for the
development of an appropriate BTMS that guarantees a safe operating condition for the cell during the
discharge and even more during the charge.



Energies 2015, 8 10036

1.8
=C=1It discharge ;
1.6 ‘ 3It discharge =
o
—/~5It discharge ¥
o —o—1It charge // "
1.2 ; 3t charge v

-&-4lt charge

Temperature variations between internal
and external regions [°C]
o
(=]

0 20 40 60 80 100
DoD / SoC [%]

Figure 17. Temperature gradients in the radial direction of the cell during its charge

and discharge.
6.4. Evaluation of the Heat Generation

Figure 18 illustrates the evolutions of the heat generation inside the cell during its discharges.
With an increase in the discharge rate, the reaction heat shows greater values up to 17.4 W compared to
7 W and 2 W for the ohmic and the reversible heats. Because of the dependency to the current rate,
at low discharge rates (1/;) the three contributions to the heat generation have the same order
of magnitude (below 3 W), whereas with the increase in the discharge rate, an increase in the magnitude
of each contribution occurs (below 18 W) and a more significant difference in their respective values
is observed.

7. Conclusions

In this paper, the thermal behaviour study of a large size and high power LFP cylindrical cell is
achieved based on its electrochemical-thermal modelling. Two homogeneous and discrete approaches
were considered for the modelling of the internal region of the cell. Both approaches were validated
for different constant charge and discharge currents. A good agreement with maximum 1.5 °C root
mean square error was found between the simulations results of the cell surface temperature and the
experimental measurements. From the results, an increase up to 5.50 °C and 7.40 °C in the surface
and the core temperatures was observed. The temperature gradients in the radial and in the longitudinal
directions were equal to 0.6 °C and 1.7 °C due to a lower thermal conductivity in the radial compared
to the longitudinal direction. From the comparison of the core temperature results with its analytical
expression, a maximum 1.07 °C temperature deviation was found for the results obtained with the
homogeneous modelling of the cell. With its accurate results and its fast computational time, this paper
emphasises therefore that the homogeneous modelling of the cell internal region is suitable for the study
of a single cylindrical cell as well as for the two-dimensional thermal behaviour investigation of a battery
module made of multiple cells. Inside the cell up to 2 W, 7 W and 17 W are predicted for the reversible,
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the ohmic and the reaction heat generations. With this paper, the need for accurate predictions of the
thermal behaviour of large size cylindrical cells is highlighted, to avoid excessive temperature rises or

gradients and to guarantee a safe operation especially at high current rates.
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Figure 18. Ohmic, reversible and reaction heat generations during the discharges of the cell.
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Symbols

Qs Active surface area (1/m)

c lithium ions concentration (mol/m?)

Cp Heat capacity (J/kg-K)

d Diameter at the start of the spiral or internal diameter of the cell (m)

D Diffusion coefficient (m?/s)

D Diameter taken at the end of the spiral or cell diameter (m)

F Faraday constant, 96,485 (C/mol)

h Height of the battery (m)

N Exchange current density of an electrode reaction (A/m?)

g Transfer current due to the intercalation or deintercalation of lithium ions (A/m?)

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)

N Total number of layers in the jelly roll structure of the cell (/)

Q Heat generation (W/m?)

r Radius of the spherical particle (m)

R Universal gas constant 8.3145 (J/mol-K)

t Time (s)

tr Transference number of lithium ions (/)

T Temperature (°C)

U Open circuit voltage (V)

1% Volume of layer (m?)

w Width of the different layers constituting the jelly roll (m)
Greek Letters

(04 Charge transfer coefficient (/)

€ Volume fraction (/)

1 Overpotential (V)

K Ionic conductivity (S/m)

[0) Potential (V)

0 Density (kg/m?)

o Electrical conductivity (S/m)
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Subscripts
a Anode
c Cathode
eorl Electrolyte phase
eff Effective
max Maximum

measured ~ Measured by experiment

model Modeled by simulation
S Solid phase
Abbreviations
DoD Depth of discharge
EV Electric vehicle
FEM Finite elements methods
FES Flywheel energy storage
HEV Hybrid electric vehicle
LFP Lithium iron phosphate
MUMPS  Multifrontal massively parallel solver
PHEV Plug-in hybrid vehicle
RMSE Root mean square error
RMSD Root mean square deviation
SoC State of charge
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