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Abstract

This paper deals with the experimental characterization and electro-thermal modeling of
lithium-ion batteries. This aspect is of considerable importance to be able to have an
understanding of the phenomena of heat generation and thermal behavior of a lithium-ion
battery. Electrical parameters need to be characterized to properly estimate the electrical
losses inside the battery and, thus, of the total heat generation. The testing methodology
employed to do this is fully described. It highlights the dependency of each parameter on
state of charge, current and temperature. Thermal parameters are calculated knowing the
internal characteristics and composition of the cell and using available data from
literature. A first order equivalent circuit model is used to simulate the electric behavior
of the cell. Extrapolation models are used to accurately estimate capacity and resistive
parameters for points outside the considered test matrix. The thermal behavior of the cell
is modeled using a nodal network, assigning volume, heat capacity and heat generation
to the nodes. The whole methodology shown can be adapted to any other chemistry,
format, or capacity; furthermore, this methodology can be applied also in case of limited
test matrix points, due to the implementation of extrapolation models for electrical
parameters. Finally, a case study for the fast charging of a battery module is presented, to
highlight the great potential of the model, not only for on-line estimation, but also for off-
line studies, being the charging operation one of the most critical from the thermal
management point of view.

Keywords: lithium-ion; batteries; experimental characterization; electro-thermal
modelling; fast-charging; 0D/1D simulations.

1. Introduction

Nowadays, the automotive world is transitioning to cleaner technologies[1,2] in order to
greatly reduce fuel consumption[3,4] and contribute less to emissions of pollutants into
the atmosphere, favoring the spread of electrified vehicles. In electrified vehicles, lithium-
ion batteries can work properly in a limited range of temperatures and voltages and thus,
the battery management system (BMS) must ensure the battery pack’s safe operation
within the limits indicated by the manufacturer. Outside these limits, the performance of
the cell worsens leading to several issues and dangers[5,6], such as thermal runaway for
very high temperatures. When the battery temperature goes below the minimum
temperature, some metallic lithium starts to deposit on the negative electrode and this
causes a reduction of the batteries’ life [5,7]. Excessively low temperatures lead to the
breaking of the negative electrode [8,9,10].
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There is plenty of literature about lithium-ion battery electro-thermal modelling, but no
one proposes a generalized and complete methodology applicable to different cells and
including the cell characterization, and the electro-thermal modelling. Rizk et al. [11]
propose an electro-thermal nodal network for a prismatic cell: in this work the heat
generation comes from an averaged value of the internal resistance of the cell. There is
no characterization of the electrical parameters needed to evaluate the heat generation,
which is an input for the thermal model. In the work of Dongdong Li et al. [12], the
authors propose a multi-layer thermal model based on a nodal representation of a large
prismatic lithium-ion cell without focusing on the characterization and modelling of the
electric part. Forgez et al. [13] propose a nodal model for a cylindrical lithium-ion cell:
in this case, there is no description of the characterization and post-processing of the
electrical parameters. Akbarzadeh et al. [14] propose a thermal model for a high-energy
prismatic lithium-ion battery cell, without investigating the internal structure of the cell,
which is fundamental in order to calculate well its internal averaged thermal
characteristics. Pan et al. [15] propose an electro-thermal battery model for a prismatic
lithium-ion cell: to model the electrical part, an electrical second-order equivalent circuit
model is used. Damay et al. [16] propose in their work a coupled electro-thermal nodal
model: the electric model is based on the Randles circuits and a GITT methodology is
used to find the electrical parameters of a first-order circuit. However, they do not provide
any characterization analysis of the internal capacity of the cell, nor of the open circuit
voltage. Makinejad et al. [17] propose an electro-thermal model for electric vehicle
applications: the electrical parameters for the first-order equivalent circuit model are
determined experimentally with the HPPC test; therefore, only the dependence on state
of charge and temperature is detected. Xinfan et al. [18] propose a lumped-parameter
electro-thermal model for cylindrical batteries: they perform a complete analysis of the
electrical parameters’ dependency on state of charge, temperature and current direction
(i.e. charge / discharge). However, they do not consider the dependency on discharge rate.
Estevez et al. [19] propose an electro-thermal model estimating all the electrical
parameters and their dependencies on state of charge and temperature for the electrical
part, without considering the discharge/charge effect again. This bibliography review
shows that none of the previous works shows a complete li-ion characterization and
modelling methodology step by step, starting from the characterization phase to the
electro-thermal modelling and validation.

The novelty of this work with respect to the current literature is to propose a complete
methodology for the experimental characterization and modelling of lithium-ion cells.
Furthermore, this study aims to show a methodology applicable even with limited data
availability: extrapolation models for capacity and electrical resistive parameters are
introduced to accurately estimate value outside the tested conditions. The electrical
parameters, needed for the calculation of the heat generation in the cell (electrical losses)
are experimentally fully characterized. A new Hybrid Pulse Power Characterization
(HPPC) protocol is proposed to determine the dependency of the electrical parameters
not only on state of charge, temperature, and current direction, but also on the
discharge/charge current. Models for the extrapolation of these electrical parameters at
operation points other than the measured ones are developed: this allows the user to
overcome possible limits of the used test bench (climatic chamber, battery tester
capability). A lumped electro-thermal model has been developed within this work, where



the battery’s electrical behavior is modelled with a first-order equivalent circuit model,
and its thermal behavior with a nodal network. In the present work, the thermal capacity
and heat generation are not assigned to the central node only but distributed with more
physical meaning. The advantages of a nodal model are in its low complexity and in the
lower computational cost compared with a physical model. The model has been validated
in a very highly dynamic condition.

This article is divided into 7 sections. Section 2 is about the experimental tools and the
characteristics of the selected cell; section 3 is about the description of the electro-thermal
model; section 4 concerns the experimental characterization of the electrical parameters
and the determination of thermal parameters; section 5 concerns the validation of the
model; section 6 shows an off-line application of the model used to determine the thermal
behavior of a battery module during ultra-fast charging; last section is about conclusions.

2. Experimental tools & selected cell

Figure 1 shows a schematic view of the cell test bench which comprises the following
elements:

- Thermal chamber: it is a walk-in climatic chamber composed of a pre-chamber
and a main chamber; the temperature range at which this room can work is
between —30 °C and 10 °C; because this is a refrigeration chamber, it always works
at lower temperature than the ambient temperature[20].

- Battery Tester Emulator LBT21044-0~10V-100/10/1/0.1A-4CH-380V3P: this
battery tester from Arbin is composed of 4 channels (each channels provides up
to 100 A and 10 V) with the possibility to connect the channels in parallel to
increase the current when necessary; with a voltage resolution of ~1uV, a voltage
control accuracy of +2 mV, and a current control accuracy of £20 mA for a range
of currents of 10 A, it offers the right measurement accuracy for the battery
testing[21].

- Data acquisition system consisting on a Agilent 34972A: speeds of up to 600
readings per second on one channel and scan speed of up to 250 channels per
second; selection of multiplexing, matrix, general purpose Form C switching, RF
switching, digital 1/ O, totalization, and 16-bit analog output functions[22].

- Thermographic camera ThermaCAM™ P60, with a thermal sensitivity of 0.06
°C at 30 °C, an image frequency of 50/60 Hz non-interlaced, 640 x 480 pixels,
full color [56].

- Thermocouples: 1-mm type K thermocouples for the surface temperature
measurement and self-adhesive polyimide type K thermocouple for the terminals.

- Holder: in-house realized to hold steady the cell during the test activities.
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Figure 1: Test bench for the cell characterization
The main characteristics of the cell used for this analysis are listed in table 1 [23].

Table 1: Characteristics of the analyzed cell

Format 26650 cylindrical
Chemistry LFP
Nominal voltage [V] 3.2
Nominal capacity [Ah] 3.8
Discharge cut-off voltage [V] 2.5
Charge cut-off voltage [V] 3.65
Discharge temperature range [°C] [-20;60]
Charge temperature range [°C] [0;55]
Storage temperature range [°C] [-20;55]
Weight [g] 87.5
Diameter [mm] 26
Length [mm] 65

3. Model description

The global model of the cell considers both the electrical and the thermal parts. Both are
connected to each other: the electrical model needs the cell temperature to estimate the
electrical parameters, while the thermal model requires the value of the generated heat to
determine the temperature, as shown in the figure 2 [15].
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Figure 2: Structure of the electro-thermal model

3.1 Electrical model

The equivalent circuit approach is used in this work to model the electrical behavior of
the cell. These models are based on electrical circuit analogies, that simulate the real
behavior of the voltage delivered at the terminals of a cell, when it is stimulated with an
input current [24]. Therefore, there is no need for deep knowledge of the electrochemical,
diffusion and mass transport phenomena happening inside the cell.
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Figure 3: First order equivalent circuit model

The main difference between a zero and a more-than-zero equivalent circuit model is that
the former can adequately explain the behavior of the cell only during a rest, or during
the instantaneous voltage drop (or rise) due to the application of current, whilst the latter
can also accurately simulate the voltage variation during the whole interval in which the
current is applied [24]. A first order equivalent circuit model has been chosen for this
analysis. In this kind of model, there are 4 elements:

- The open circuit voltage source OCV = f(SOC) : it considers the voltage that the
cell delivers when it is unloaded and in a balanced condition [24]. The open
circuit voltage has a one-to-one correspondence with the state of charge of the cell
[25]. Hence, to adequately estimate the open circuit voltage of a cell, it is
necessary to determine opportunely the SOC of the cell. In the literature there exist
several state of charge estimation algorithms, each with its own advantages [26],

[27]. In this work the coulomb counting method is chosen [27]:
1 t
SOC = S0Cy —=— | nldt (1)

Ah Jt,



where:

0 S0C, is the starting value of the state of charge at time t,;

0 Cypy is the current value of the capacity of the cell (it can differ from the
rated value);

0 7 is the coulombic efficiency that is equal to 1 in discharge, and is less
than 1 during charging operations [27]; in this case, the coulombic
efficiency has been fixed equal to 1 both in charging and in discharging
operations;

o [ is the intensity at which the cell is charged or discharged.

The accuracy of the state of charge estimation depends on the precision of the
above-mentioned parameters and on the precision of the current sensor. Once the
state of charge is estimated, the right open circuit voltage value is extrapolated
using the maps from the experimental characterization of the parameter.

The ohmic resistance R, = f(SOC,c — rate,T,sign(l)) : when the cell is
connected to a load, it undergoes an instantaneous voltage drop during discharging
(or voltage rise during charging). This phenomenon is considered with this
resistive parameter. Physically, it represents the ohmic losses happening inside
the terminals and liquid phase in the cell [28];

The polarization resistance R, = f(SOC,c —rate, T,sign(l)) and the
polarization capacitance (or double-layer capacitance) C; = f(SOC,c —
rate, T, sign(I)) : these two parameters take into account the polarization losses
happening inside the cell due to charge transfer and diffusion phenomena [24].
Look-up tables of resistive and capacitive parameters are provided by the
experimental campaign carried on for the analyzed cell.

The equations implemented in the model are the following [29]:

v(t) = 0CV(SOC(L)) — ve(t) — Rol(t) )

do(t) 1 ve(0)
A 3)

where:
0 v is the terminal voltage of the cell
0 v, isthe voltage at the terminals of the capacitor.

3.2 Heat generation model

According to the literature, it can be assumed that the heat generation in a cell is given
by the sum of three terms [30,31]:

i

: aocv avg — —avgy Of
Q=I-(V—OCV)+I-TT—ZAHL. ri—jZ(H]—H] )Edu (@)
J

where:
o] AHia"g is the entropy variation associated with the ith reaction considering
an average concentration in the volume [30]



O r; is the reaction rate
o H, is th molar entropy of the jth piece of the battery

f’ is the variation of the ion concentration in the jth piece of the battery

over time
o u is the volume.

Equation (4) is composed of 4 terms:

e The first term of the right-hand side indicates the heat generated from resistive
dissipation; it is always positive and is irreversible. In this work, maps of the
electrical parameters are used to estimate this term.

o The second one is a reversible entropic term that can be either positive or
negative. The value of the derivative of the voltage with respect to
temperature is available in the literature for a similar chemistry to the one
chose for this work.

e Thethird term represents the heat produced or consumed by any chemical reaction
that may occur in the cell, and it can be positive or negative. This term indicates
the ageing processes happening inside the cell, and they are neglected in this case.

e The last term represent the heat of mixing and it is due to concentration gradients
in the cell. This term is usually neglectable because in a system with good
transport properties, these gradients are very limited.

Hence, in this work, the heat generation is expressed as:

Q.: Ql'rr + Qr'ev (5)

3.3 Thermal model

EW
ST

Figure 4: Nodal thermal model

A lumped thermal model has been chosen to analyze the thermal evolution in the cell
used for this work. Like the equivalent circuit model, the nodal thermal model is based



on an electrical circuit analogy. In this case, the heat flowing through the nodes of the
model is associated to the current flowing in an electrical circuit. There is a similarity
between the electrical current created by a voltage gradient and the heat generated by a
temperature gradient [16]. The heat generation, estimated thanks to the knowledge of the
electrical parameters, is the only input to the model. A volume, a composition and a
thermal capacity are associated to each node. Inside the battery, the heat flux circulates
from node to node by conduction, while on the outer surfaces of the battery, it is a
convection process that occurs from a surface cell node to the surrounding air. The heat
transfer by radiation is neglected in this analysis since the surface temperature of the cell
is low.

The developed lumped thermal model for the cylindrical cell is shown in Fig. 4. It is
composed of four cell nodes and one external node:

- theinternal node: the active zone of the cell, i.e., the jellyroll composed of several
layer of anode, cathode, separators soaked into the electrolyte is represented by
this node.

- the two terminals nodes: for each one of the terminals (positive and negative) one
node is considered.

- the surface node: this node contains the whole external casing of the cell.

- the air node, representing the air surrounding the cell.

The heat generated as an output from the electrical and heat generation models (egs. 1 to
5) is partly assigned to the internal node (node 1) and partly to the terminals nodes (nodes
2 and 3) according to the distribution proposed in Nazari et al [31]; that is, for a cell whose
capacity is between 2 and 8 Ah, about 96-97% of the heat goes to the core and the
remaining to the terminals.

As previously stated, by estimating volumes, materials and internal composition of each
node, a thermal capacity term is assigned to each node.

For a solid generic node, the thermal balance can be written as follows:

t At T 1 i
myc;———— E Kij (T e = Thea) + E Qi-i + E hijAij (T = Teiae)  (6)
k j

- myc; represents the thermal capacity of the generic node, product of the node mass
and heat capacity.
- K;; the thermal conductance between the node i and the node j: for linear

2kl \vith k the thermal
In (r2/11)

conductivity, L the length of the cylinder, r;, r, the internal and external radii of
the geometry respectively.
- Qx; the generic source of heat generation inside the control volume of the node.
- hyj the heat transfer coefficient with the fluid j.

geometry, K = kL—A; for cylindrical geometry, K =

To solve this equation, an implicit formulation is used. Its advantage over the explicit
form is that the solution is unconditionally stable, which is particularly interesting when



simulating transient behavior, which is the case in this work. On the other hand, the
implicit form tends to be computationally more time consuming.

Rearranging for all the nodes of the analyzed system, a matrix expression is obtained [32]:
[T¢] = ([K] = [CD)7*([T"] = [CI[T*~*]) (7)
where:

[T*] is the vector of the node temperatures in the current instant

- [K] is the conductance matrix
[C] is the capacitance matrix

- [T?€] is the vector of the boundary conditions, including not only temperatures,
but also generated heat

- [Tt2¢] is the vector of the node temperatures in the last-but-one instant.

For a steady state kind of problem, the transient term is equal to 0 and the equation
simplifies to eq. (8) [32]:

[T°] = [K]*[T"] (8)

The identification of the thermal parameters included in the conductance and capacitance
matrices is discussed in the next section.

4. Parameters’ identification

In order to determine the electrical parameters of the above-mentioned first-order
equivalent circuit model an experimental campaign was carried out. The electrical
parameters that had to be characterized are the following:

- Cyp = f(T,c — rate): the cell capacity, which will affect SOC as Eq. (1) shows,
is expressed in Ah, and it varies in function of the temperature and of the electric
current. To have a precise mapping of this parameter, capacity tests were carried
out at different temperatures and discharge rates.

- 0CV = f(50C): the open circuit voltage, which will affect directly the terminal
voltage as Eq. (2) shows, has been determined by running OCV tests.

- Ry, R,,C, =f(SOC,T,c —rate,sign(l)): the ohmic resistance R,, the
polarization resistance R, and the polarization capacitance C,, are determined by
running HPPC tests [33].

4.1 Capacity identification

The capacity test consists in a complete discharging of the cell starting from the maximum
voltage until the cut-off discharge voltage. In this case, the whole test, shown in fig. 5,
consists of three stages:

- charge of the cell using the CCCV protocol (charging the cell at 1C up to the
maximum voltage and, once achieved this condition, holding the voltage fixed
and letting the current go down until a cut-off condition is satisfied)

- rest of half an hour
- discharge at the chosen rate of discharge.
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Figure 5: Example of capacity test at 0°C

Considering the limits of the climatic chamber used to carry out the experimental
characterization campaign and the limiting characteristics of the cell, this test was
repeated at 5 discharge rates (C/5, C/3, C/2, 1C, 2C) and two temperatures (0, 10°C).

The results of the capacity tests are summarized in figure 6.
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Figure 6: Capacity test results



Regarding the dependency of the capacity on temperature, as is widely discussed in the
literature [34,35] , the lower the temperature, the lower is the available capacity extracted
from the cell. The main reason is that when a lithium-ion cell is discharged at low
temperatures, all the diffusion phenomena inside the battery are held back. This effect
contributes to increasing the charge transfer resistance between the liquid and the solid
phases [35]. Instead, as seen in several studies [36,37], , the charge transfer resistance is
a function of the constant charge transfer rate and this parameter is inversely proportional
to the temperature.

Regarding the dependency of the cell capacity on the C-rate, it is generally observed that
the capacity tends to decrease as the discharge rate increases. This phenomenon is
analyzed by Peukert's law [38], [39]:

IP¢ - At = constant = C, 9)

where:

- At is the time expressed in hours.

- PC is the Peukert Coefficient, which for lithium-ion cells is greater than 1. It
considers the losses ocurring inside the cell when it is discharging. These losses
are higher when the cell is discharged at higher C-rates because the higher the C-
rate is, the lower the number of active sites in the electrode is and, consequently,
the greater is the charge transfer resistance.

- C, is the nominal capacity, i.e., the capacity given by the manufacturer.

Finally, to extrapolate the cell capacity values at other temperatures than the measured
ones, the Galerkin et al. model is used [38]:

T—-T
e
ref — (10)

T T,

C = CrefK -
(K =D+ (="




where:

Capacity extrapolation model
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Figure 7: Results of the capacity extrapolation model

T,es Is the reference temperature for the cell.

Crer is the nominal capacity extracted at T,...

T, is the temperature at which no capacity can be extracted from the cell, i.e.,
C = 0: this parameter is found to be about 240 K in the literature.

K is a parameter that consider the increase in capacity in function of the
temperature increase within the thermal operating range of the cell.

B is an empirical constant.

4.2 OCV identification

To get the OCV — SOC curves in charge and discharge, an OCV test is performed. In the
literature, there are several examples of procedures to perform this test ([40], [25]) but,
basically it consists in the following stages:

a full charge of the cell at 1C according to the CCCV protocol, followed by a 3-
hours rest;

then, a series of 10% discharge phases of the cell, alternating with 3-hours rests
are carried out until the battery is completely discharged.

In the same way, the battery is recharged by alternating 10% of cell recharging with 3-
hours rests until the cell is fully charged. The points selected for the open circuit voltage
curve are those at the end of each 3-hours’ rest periods, as it is considered that the battery
has then reached a state of equilibrium.
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Figure 8 presents the results obtained for the OCV-SOC curves in charge and in
discharge: in Figure 8a the previously described test protocol is shown; in Figure 8b the
SOC variation due to discharge and charge pulses is shown; in Figure 8c, the OCV points
extraction procedure is shown (the voltage at the end of the rest period is selected as
balanced voltage, that is an OCV curve point); in Figure 8d the discharge and charge
OCV-SOC curves are shown.

4.3 Electrical parameters identification: Ry, Ry, C;

The electrical parameters of the first-order equivalent circuit model were determined by
performing an HPPC test [41], a test defined in the Idaho National Laboratory manual.
However, for this work, a new protocol has been elaborated: in fact, the original HPPC
test [41] foresees pulses only at 1C, thus allowing to have information only at a discharge
rate; in the new protocol, on the other hand, the cell undergoes charge and discharge
pulses at various charge and discharge rates within the limits of the operating window of
the cell.

The HPPC protocol developed for testing the cell is presented in Fig. 9 and it consists of:

an initial charge at 1C according to the CCCV protocol

1-hour rest

a discharge of 10% of the cell capacity at 1C

1-hour rest

pulse train at the corresponding SOC level (Fig. 10): discharge pulses at C/5, C/3,
C/2, 1C and 2C are considered; charge pulses at C/5, C/3, C/2 and 1C are

aronNE



considered. The charge and discharge rates are chosen according to the
charge/discharge rate limits indicated by the manufacturer of the cell.
The steps 3 to 5 are repeated until the cell is completely discharged.

The test has been run at 0 and 10°C, so that information at different C-rates, SOC stages
and temperatures is available to calibrate the electrical parameters of the model.
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Figure 9: HPPC test protocol
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Figure 10: Pulse train

To get the electrical parameters from the HPPC data, a step-method is considered. A
resistive parameter can be estimated considering a variation of the battery voltage versus
the current applied, as indicated in the Idaho Laboratory Manual [33,41]. For a first-order
equivalent circuit model, the ohmic resistance R, is modeled considering the immediate
variation in the voltage response; the charge transfer resistance R, is modeled considering
the remaining part of the pulse voltage variation. In this case, an algorithm of optimization
was used considering fixed the ohmic resistance R, and the open circuit voltage OCV and
tuning the polarization resistance and capacitance R; and C;, as shown in Fig. 11.
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Figure 11: Step method for electrical parameter extraction
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In figure 12 to 14, the electric parameters obtained from the post-processing of the data
are shown. For both resistances (R, and R;), the values at the two chosen temperatures (0
and 10°C) during charge and discharge, are plotted. Both the ohmic resistance, R, , and
the charge transfer resistance, R;, decrease in function of the SOC; furthermore, the
higher the discharge/charge rate is, the lower the resistances are. Of course, when
increasing the temperature, the resistances decrease with an Arrhenius shape. An
extrapolation model is needed to obtain the values of the cell capacity, and of the electrical
parameters at other temperatures. In particular, as shown in the literature [42], the
behavior of the resistive parameters in function of the temperature follows the Arrhenius’
law:

Eq
Ri = Afe RT (11)

where,

- Ay is the pre-exponential factor
- E, is the activation energy of the reaction.

Once these two parameters are calibrated for every SOC and C-rate analyzed, it is possible
to deduce the values of the resistive parameters at temperatures other than those that could
be tested.

4.4 Thermal parameters identification

The thermal parameters that must be determined for the lumped thermal model are:

- thermal capacity of the cell



- internal conductive resistances between nodes
- external convective resistances from node to air

These parameters were determined using internal geometric characteristics and thermal
characteristics found in the literature.

Once hypotheses have been made about the internal structure of the cell and having
assigned to each of the model nodes its corresponding volume and composition, it is
possible to calculate the thermal capacity of each node. Considering the jelly-roll
composition of the active zone of the cell (Fig. 15), the thermal capacity of the model
internal node is calculated as a weighted average of the characteristics of each of the
materials inside it, listed in table 2 [43].

Table 2: Thermal characteristics of the jelly-roll materials

Material Specific heat Density Volume
[J/kg*K] [kg/m3] (mm3)
Positive current |  Aluminum 903 2700 1460.7
collector
Cathode LFP 1260.2 1500 12415.95
Electrode
Separator PP/PE/PP 1978 492 2337.12
Anode electrode |  Graphite 1437.4 2660 14607
Negative Copper 385 8900 730.35
current
collector

Aluminum (Positive current collector)

LFP (Cathode electrode)

Copper (Negative current collector)

LFP (Cathode electrode)

Figure 15: Schematic of the internal structure of the jellyroll of the cell

Finally, the thermal capacity is calculated for each node knowing the materials of the
terminals and of the casing.



For the calculation of the internal conductive resistances, the thermal conductivity of the
material composing the cell must be known, as well as some internal characteristics of
the cell, such as porosity of the layers and thermal conductivity of the electrolyte. In fact,
according to the work of Cheng et al. [44], the thermal conductivity of the generic material
I composing the jellyroll depends on the porosity of the layer € and on the thermal
conductivity of the electrolyte K,;. As shown in various studies [44,45], the porous
material can be modeled as a material with no pores put in parallel with a volume of air.
Considering the global thermal resistance of this parallel configuration, equation (12) is
found:

ki=kn-(1—¢)+ky-e¢ (12)
where:

- k; is the thermal conductivity of the layer in the active zone taking into account
the effect of the porosity and of the electrolyte
-k, is the thermal conductivity of the layer without correction.

Once the thermal conductivity of any layer is obtained, the thermal conductivity in any
of the three axes is calculated considering the anisotropy of the system [43]:

N
In (7”0 13)
kraa = l ( 7
n
N Ti—1)
i=1 ki
N 2 2
i —T1i_
kox = Z k; 12—121 (14)
‘ w—"

where K,,4 , and kg, refer to the thermal conductivity calculated in the radial direction
of the cell, respectively axial, and r; refers to the i-th layer of the cell’s jelly-roll. With
the known internal structure and thermal conductivity of the cell, the internal conductive
resistances can be determined.

The heat transfer coefficient to the surrounding air is needed to calculate the external
convective heat transfer. A value h = 12 W /m?K has been determined by adjusting the
model output to fit the experimental measurement of the cell temperatures.

5. Model validation

Once the lithium-ion cell has been characterized and all the electrical and thermal
parameters of the electro-thermal model have been determined, it is possible to validate
the model. In order to validate the model, an highly dynamic real driving emissions (RDE)
cycle has been chosen. The RDE used in this work has been generated in-house according
to current normative and legislations. The RDE cycle and the results of the electrical and
thermal validation are shown in Figures 16. The initial conditions at which the validation
test is carried on are the following one:

- Ambient temperature is set equal to 20,5°C;
- Initial state of charge of the cell set equal to 0.5.
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Figure 16: Validation cycle and electrical and thermal models’ validation

The errors of the electrical model and of the thermal model are shown in Figure 17. The
model captures accurately the temporal variation of the cell surface temperature recorded
during the measurement, as well as the electrical behavior of the cell in terms of terminal
voltage.
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Figure 17: Electrical and thermal models’ errors

The model shows a good agreement with the measurement in this highly dynamic
condition both in the electrical part, and in the thermal part.

6. Module thermal analysis during fast charging



One of the hot topics in research about lithium-ion batteries is that of fast or ultra-fast
charging. For the performance of a lithium-ion battery, several operational and
environmental factors must be considered: rate of discharge / charge, temperature, state
of charge, maximum voltage, minimum voltage, etc. The operating window of a battery
is defined by the combination of the range of temperature, current, and voltage within
which a battery can work safely. As the ambient temperature decreases, the charge rate
must be kept low. For this reason, the temperature can be considered already a limit for
the fast charging [37].

Among the most critical problems that lithium-ion batteries face during operations at low
temperature is the lithium plating, as this phenomenon leads to a rapid capacity loss. The
lithium metal becomes isolated from the anode surface, and this can cause a short circuit
situation. During charging operations, this problem increases significantly when the
temperature decreases. In general lithium plating is reported to be very significant at low
temperatures, but in the case the battery has been charged at very high C-rate, lithium
plating can occur also at higher temperatures than 25 ° C [37] .

The validated lumped thermal model gives the possibility to simulate a whole range of
operating conditions, including those that may present a risk if implemented physically.
It has therefore been used here to study the thermal evolution of the standalone cell and
of the cell in a battery module for normal and ultra-fast charging conditions.

A configuration of sixteen cylindrical cells packed in a battery module has been
considered. Due to the symmetry of the problem and assuming that the behavior of all
cells is the same, the study can be simplified to a sub-module composed of 4 cells, as
shown in Fig. 18.

External air

Adiabatic

Extemalair % } * { —  condition
Adiabatic
condition

Figure 18: Module configuration

Each of the four cells exchanges heat by convection with the air inside the module (yellow
area in Fig. 18); along the two non-adiabatic faces, there is no heat transfer at all. The
module is assumed not to be cooled by a refrigerant and in contact with air only. This
study is aimed at observing the temperature evolution inside the module configuration,
not only for the cells, but also for the air inside the module, to highlight the impact of the
module configuration on the thermal evolution, as compared to the stand-alone cell.

The initial temperature is 0°C and the heat transfer coefficient is estimated at h = 12 mMZ/K.

The 2D nodal network used for this analysis is shown in figure 19: for each of the four




cells the surface node transfers heat by convection to the air inside the module. A volume
and a thermal capacity have been assigned to each internal air node. The model is
therefore composed of 18 nodes: 8 cell nodes, 9 internal air nodes and 1 external air node:

e EA stands for external air node
e A-nn stands for internal air node
e -Sindicates a surface node

e -Cindicates a core node

EA EA _
External air node
Internal air node
A2 o Cell node

-S: surface node
2S 2C -C: core node

A24

EA A3 A4

3S A34 4s

3C 4C

Figure 19: 2D Nodal network for the module

The temperature evolution of the stand-alone cell is compared to that of the module
configuration for a 1C charging process in Fig. 20, and for the most critical situation, a
complete ultra-fast charging of the cells at 6C in Fig. 21.



Comparison at 1C
25

T T T - . :
20 | |
-
—
—
-
—
—
— e
—~ -
s L
B P e i
~ o L-- -
T ~
o Pt -
= Pt _
< ~ -
o .
2 A
[ g J
g 0L G |
5 Z
7o
# // o I Stand-alone
e
° R R R S Rttt Cell 1
B ‘,/ —
< Cell2
,/
< _ _ _ .Cel3
2
/ Cell 4
0 1 1 1 L | |
0 500 1000 1500 2000 2500 3000 3500
Time [s]
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Figure 21: Thermal evolution during 6C ultra-fast charging

All the cells in the module have higher temperatures than the stand-alone cell during most
of the charging process, with a difference of almost 10°C at the end of the 1C charging
process between the stand-alone cell and the hottest cell in the module configuration, cell
4 as shown in Fig. 20. Within the module itself, the cells reach different temperatures: the
innermost cell 4 shows the highest temperature, while the outermost cell 1 has the lowest.
This clearly demonstrates that the module inner cells are the most hazard prone. The



average temperature they may attain during charging will limit the C-rate at which the
module may be charged, and also reduce their life-span [51].

The upper limit temperature guaranteed by the manufacturer for a lithium-ion cell is
usually around 55-60°C. Hence, the results in Fig. 21 confirm that it is impossible to fully
recharge a cell with fast and ultra-fast charging without any adequate thermal
management system. Indeed, according to the results of the model simulations, the cell
and module can only be partially charged in 6C ultra-fast charging conditions during a
maximum of about 5 minutes, otherwise there is a risk of lithium plating.
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Figure 22: Air temperatures during 1C-charging
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Figure 23: Air temperatures during 6C-ultra-fast-charging

Fig. 22-23 display the results of the temperature evolution of the air inside the module
configuration for both studied charging rates. It is noteworthy that the air temperature
increases much faster for the 6C case, showing dangerous high temperature gradients
within a very short time. Also, the temperature within the module is non-uniform, as there
is a difference of about 55°C between the coldest and hottest air nodes. Even for the 1C
normal charge rate, this difference is about 15°C. This is negative for the battery
operation, as it is important that the temperature distribution within the module is uniform
to achieve optimum performance[53].

This explains why air-cooling systems are giving way to batteries’ thermal management
systems based on other types of fluids, such as liquid or immersion cooling. These use
dielectric liquids, characterized by thermal properties that are much more efficient than
those for indirect liquid cooling or air

7. Conclusions

In this work, a lumped thermal model for the characterization of lithium-ion batteries has
been developed, validated with some experimental measurements and applied to a module
at normal and ultra-fast charging operation conditions. The development of lumped
thermal models is fundamental not only to have a comprehension of the thermal behavior
of the battery under different constraints and input conditions, but also to reduce
calculations time with respect to the use of physically based models. In addition, lumped
models do not require any deep knowledge of all the phenomena happening inside the
battery (electrochemistry, mass transport, diffusion), while still allowing for a good
description of the cell and module behavior. The kind of model developed within this
work can be easily integrated in the strategies of control and management of temperature
in a battery management system [54]. It would help estimate in real-time the thermal
behavior of a vehicle battery pack to avoid reaching dangerous levels of temperature, that
may compromise both the safety of the operations and the optimal performance of the
battery pack.

The model presented in this work has been used to conduct an analysis of a stand-alone
cell and a battery module configuration in ultra-fast charging conditions. The potential to
easily model module and pack configurations allows the user to have an initial
understanding of the thermal behavior of a solution for electrified vehicles. The
methodology proposed, comprising an experimental measurement campaign, the
characterization of the electrical and thermal parameters and validation of the model can
be easily replicated for any other cylindrical cell, giving the model almost limitless
possibilities to be used.
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