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The current political vision to drastically reduce carbon emissions pushes the electrified powertrain into an
increasingly important role in the transport sector. However, concerns related to the battery’s effectiveness as an
energy source need to be overcome to make this technology widespread. One such concern is safety, catching
attention as development races towards greater battery energy density. In this way, cathodic chemistry is
important since exothermic reactions are unleashed from the components that originally formed the active
material. Furthermore, the aging process reduces the battery capacity, reducing the amount of active material
and thickening the solid electrolyte interface, which increases the joule effect. For these reasons, thermal
runaway under aging conditions must be investigated to assess potential safety issues. Using an accelerating rate
colorimeter, the heat-induced thermal runaway tests were performed with two-cathode chemistry (NMC and
LFP) under pristine and aged battery conditions. For aging the batteries, the ARC was coupled with a bidirec-
tional source. Two ambient temperatures, 20 °C and 50 °C, were used for the aging tests, being the batteries
cycled up to 250 cycles with a determined protocol for charge and discharge. A numerical model was fed with
experimental tests, targeting optimizing the battery output parameters and obtaining geometric aspects that are
difficult to measure. Unlike the single step model, a stepwise reactions model was created to assess the heat
release from different battery components for pristine and aged conditions. The higher endothermic behavior
from cathode decomposition and less oxygen released during this reaction make the LFP battery safer than the
NMC. For aged batteries, the SEI growth consumes lithium and electrolyte, decreasing the quantity of both
components in the anode. Thus, the anode and electrolyte reaction after SEI decomposition is lower, improving
battery safety.

1. Introduction system that can decrease cooling effectiveness [2]. For those reasons,

thermal issues due to increased demand on energy density and ineffec-

Electric vehicles (EVs) are the leading solution for achieving the
requirements of zero tailpipe CO5 emissions in 2050, as stipulated by the
European parliament. Based on that, governments and manufacturers
are pushing the electric vehicle development to turn this technology
reliable and widespread. However, the major bottleneck is the battery as
the energy storage system for EVs [1]. The main concerns arise from
recharge time, energy density, raw materials supply and durability. In
addition, the requirement of greater vehicle range autonomy makes the
battery packaging more complex, resulting in a complicated cooling

tive cooling can lead to thermal runaway, resulting in significant safety
concerns that need to be studied. Furthermore, the batteries suffer from
cycling, reducing capacity and performance [3]. These losses are related
to active material, electrolyte substance, and solid electrolyte interface
that directly impact the chain reaction of thermal runaway phenomena
[4,5].

This chain reaction occurs step by step, releasing heat in such a way
that it can be self-sustaining, becoming unstoppable. The first heat
released is attributed to the solid electrolyte interface (SEI)
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decomposition, which generally occurs at about 100 °C [6]. At this
moment, the SEI starts to decompose and regenerate, constantly
releasing heat and increasing the battery’s internal temperature. This
stage is known as stage I heat production. In sequence, the separator,
normally manufactured with polypropylene or polyethylene, is melted
when the battery temperature achieves 120-130 °C. A short circuit oc-
curs due to the inexistence of protection between the anode and cathode,
producing more heat according to Joule’s law. This phase is called stage
II heat spread. The solvent from the electrolyte starts to decompose in
hydrogen and hydroxide radicals, which can trigger the electrolyte’s
combustion process [7]. In addition, the cathode material decomposes,
releasing the oxygen that will supply the combustion process. During the
sequence of events, the temperature and internal pressure due to the gas
generated increase. When the internal pressure exceeds a determined
value, the venting cap bursts, releasing the gases, avoiding case rupture
and disasters [8].

The above events can change according to the battery chemistry [9].
For example, Li et al. [10] performed experimental tests of battery
thermal abuse using an accelerating rate calorimeter (ARC) with
different battery cathode chemistries. The results showed a similar onset
temperature of about 90 °C. However, the batteries’ maximum tem-
perature, maximum temperature rise rate and the heat of reaction were
different. The lithium nickel cobalt manganese oxide (NMC) has pre-
sented the highest values for the mentioned parameters, followed by the
lithium manganese oxide (LMO) and lithium iron phosphate battery
(LFP). Furthermore, other parameters, such as the state of charge and
thermal runaway trigger (short circuit, external heating, etc.) can also
influence and change the chain reaction and thermal runaway charac-
teristics [11].

Another crucial point that, however, is less addressed in thermal
runaway studies is that most of the work uses new batteries, because
even if fresh cells show acceptable safety behavior, this may change
upon aging. Waldmann and Mehrens [12] have investigated the aging
effect at 0 °C in order to increase the lithium plating phenomenon and
assess the safety issues using an ARC. The results showed that in addition
to increasing capacity loss, battery aging showed an earlier thermal
runaway event and more drastic decomposition, injecting the jelly roll
from the cell can. The aging effect on thermal runaway is not straight-
forward. For a while, some authors observed a decrease in certain safety
properties. In contrast, others have found improvements [13]. However,
it is well-known that aging mechanisms change the properties of the
materials inside Li-ion cells [14].

Modeling is key for understanding the different processes during the
thermal runaway phenomenon. A simplified way is called single step
thermal runaway model [15]. It assumes that the thermal runaway oc-
curs as a sudden and irreversible process once a certain temperature
threshold is reached [16]. This model is based on the observation that
once a battery begins to heat up due to an internal failure, the heat
generated can accelerate the reaction, leading to an exponential rise in
temperature [17]. While the single-step model is relatively simple and
computationally efficient [18], it may not capture the complex thermal
and electrochemical processes that occur in real batteries, and its ac-
curacy may depend on the specific criterion used [19]. To overcome this
problem, this paper proposes coupling a pseudo-two-dimensional (P2D)
model with stepwise reactions to qualitatively quantify and understand
where the heat source during the thermal runaway is, which experi-
mentally is measured as just a final global value of heat release [20-22].
The P2D is a popular choice for battery design because it offers several
advantages over other battery models [23]. Firstly, the P2D model is
more accurate than simpler models such as the equivalent circuit model.
This is because it considers the spatial distribution of active materials
within the electrodes, which can affect the battery’s performance [24].
Secondly, the P2D model is more computationally efficient than three-
dimensional models, making it a more practical choice for large-scale
simulations. Finally, the P2D model can provide insights into the in-
ternal dynamics of the battery, such as the formation and evolution of
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lithium dendrites, which are difficult to observe experimentally [25].
Overall, the P2D model balances accuracy and computational efficiency
well, making it a powerful tool for battery design and optimization.
Stepwise reactions can be coupled to the P2D model, getting the results
of battery design optimization and feeding the main reaction that takes
place inside the battery that leads to thermal runaway. Few works have
explored the potential of stepwise reactions, generally using standard
values to compare different design of batteries [26]. Most of the work
available on the topic is focused on developing the stepwise reactions,
comparing the results with measurements made mainly in differential
scanning calorimetry (DSC) [27-29].

This work investigates the aging effect on the battery thermal
runaway (TR) phenomenon for two different cathode chemistry, NMC
and LFP. To achieve this goal, an ARC was coupled with an Arbin
bidirectional source in order to cycle the batteries at two different
temperatures, 20 and 50 °C. First, performance tests were carried out
with pristine batteries at both ambient temperatures. The aging process
was carried out up to 250 cycles, using a charging protocol up to
maximum voltage, rest and discharge at 2C-rate. In sequence, the aged
batteries were tested in an ARC to evaluate the thermal runaway
behavior using the heat-wait-seek protocol. Pristine batteries were also
tested with the same protocol used for the aged batteries, targeting a
comparison. Performance and aging results were also used to create and
calibrate a P2D battery cell model using GT-Autolion software and
evaluate information about geometric aspects of the battery that are
difficult to measure. These results were used to feed a heat release
calculator with stepwise reactions, representing the most representative
reactions during the heat release process. Therefore, the stepwise re-
actions were used to give insight into the aging effect on TR and support
the experimental results.

2. Methods

To ensure the robustness of the methodology, as well as to observe
the differences between different battery chemistries, two different
cathode compositions were included in this evaluation with different
degradation conditions and the tested conditions were performed three
times each. For the NMC cathode, the Samsung INR18650-20R was
selected, while the NX 9073 was considered for the LFP chemistry. In
both cases, the anode is composed of graphite. A summary of their
properties is included in Table 1. From the properties reported, it can be
seen that the NMC (Nickel-Manganese-Cobalt, LiNiMnCoO2) provides
better performance in terms of total capacity and peak performance with
a specific energy density that reaches 169 Wh/kg, while the LFP
(Lithium Iron Phosphate, LiFePO4) remains at a maximum of 139 Wh/
kg with current levels and peak voltages much lower.

2.1. Experimental setup

For the experimental characterization and evaluation of the cells,

Table 1

Main Lithium-Ion cell properties for the NMC and LFP cathodes.
Parameter NMC LFP
Cell format 18,650 18,650
Cathode Chemistry LiNiMnCoO, LiFePO4
Dimensions [mm] 18.3 x 65.0 18.2 x 65.2
Weight [g] 42.4 415
Nominal Voltage [V] 3.6 3.2
Nominal Capacity [Ah] 2.0 1.8
Current Charge Continuous/Peak [A] 2.0/4.0 1.8/-
Current Discharge Continuous/Peak [A] 22.0/30.0A 5.4/10
Total Energy [Wh] 7.2 5.8
Vent Cap holes 3 3
Voltage at 100% SOC [V] 4.2 3.65
Cut-off voltage [V] 2.5 2.5
Temperature use Range [°C] —20 to 60 —20 to 50
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two different equipment have been employed in this work to control
both electrical and thermal working conditions of the cells during the
electrical characterization, the aging process and final thermal abuse
tests.

The electrical demand on the cells was controlled by a bidirectional
power source LBT-10 V-100A from Arbin Instruments [30]. This high-
accuracy battery cycler can provide voltages ranging from 0 to 10 V
with an accuracy of + 4 mV, and current from 500 mA up to 100A with a
control accuracy of + 0.04% of the range used. By programming the
charging/discharging profiles, different types of tests are applied to the
cell. The most relevant protocols for this study are constant current
discharge for performance characterization and battery cycling,
constant-current constant-voltage (CCCV protocol) for charging process
and state of charge (SOC) definition, and different transient profiles
defined for electric vehicle applications that were used to feed detailed
electrochemical models as explained in 2.4 Modelling framework.

For controlling the thermal state of the working ambient of the cell,
an accelerating rate calorimeter (ARC) from Thermal Hazards Tech-
nologies was used [31]. This device provided an enclosed environment
where a constant ambient temperature can be maintained while per-
forming the electrical tests with an accuracy over ambient temperature
of + 0.2%. This constant temperature mode was applied for both, bat-
tery performance characterization and cycling, which provided data on
the different impacts that this could have on battery capacity degrada-
tion for both chemistries. Apart from this application, the original pur-
pose of the ARC is to carry out destructive tests of thermal abuse on the
cells to evaluate battery thermal runaway. The control used for the wall
temperatures allows the heat-wait-seek method to achieve an almost
adiabatic process in which the battery is warmed up until the exothermic
process from the battery thermal runaway overcomes the external
heating [32]. According to manufacturing, the ARC is equipped with N-
type thermocouples with 0.001 °C resolution and an accuracy of 0.7%.
The exothermic mode was activated when the battery temperature rise
rate was higher than 0.02 °C/min during seek period. This high sensi-
tivity is obtained by performing a calibration procedure before the
experimental tests, where the calorimeter system calibrates the output
voltage of the thermocouples in the test temperature range with half
sensitivity used during the experimental tests. This ensures that there
are no battery temperature drift issues, being any temperature rise rate
greater than 0.02 °C/min a result of an exothermic reaction. This ther-
mal abuse test was applied on both pristine and aged cells. A summary of
the uncertainties related to measurements is shown in Table 2.

Additionally, throughout the electrical performance and aging tests,
type-K thermocouples were used to monitor the cell surface temperature
and registered using an Agilent 34901A datalogger at a frequency of 10
Hz synchronized with the data acquisition of the Arbin battery cycler to
match the data of current, voltage and temperature. A scheme of the
equipment and measurement systems is presented in Fig. 1b, and Fig. 1a
shows the CMT facilities used for this work.

2.2. Performance and aging tests

The electric performance tests consisted of constant-current
discharge profiles at different C-rates ranging from 0.1 up to 3. Before
each discharge, a CCCV charging process was applied to ensure
maximum capacity and 100% SOC before each test, with a resting period
of 1 h to ensure internal homogeneous lithium distribution. Transient

Table 2
Uncertainties related to measurements.

Parameter Uncertainty

Arbin bidirectional source + 4 mV (Voltage)
=+ 0.04% of the range used (Current)
N-type thermocouple 0.7%

Sensitive for exothermic reaction 0.02 °C/min

Applied Thermal Engineering 230 (2023) 120685

Temperature
Aquisition

ARC D 1 Safety Case
Ot
=2l
| ARBIN - Laboratory [ I_ I D N P
L _ e g =gl
| \'_\'] ﬁ}» ;Ir ﬁ#

(b)

Fig. 1. Experimental Set up with the ARC EV + and current source in CMT-UPV
battery lab (a) and the scheme of the batteries connection for the testing (b).

tests consisted of a programmed current demand profile representative
of different driving scenarios like the Worldwide Harmonised Light
Vehicles Test Procedure (WLTC) cycle. After the performance tests, the
degradation tests were performed. The charge process during the cycling
tests (aging tests) was different from that used in the performance and
thermal runaway tests due to the long time required for battery aging. A
constant current of 1C-rate was applied until reaching the maximum
voltage of the cell. The battery rested for 30 min in sequence, and a
discharge process occurred. For the cycling test, the discharge rate was
2C-rate to have more severe conditions and save testing time. The
ambient temperature remained constant due to the ARC controller with
a less than 0.2% variation. Charge and discharge cycles were carried out
with a rest period of 30 min between processes. A schematic of the aging
procedure is detailed in Fig. 2. The target was to achieve 250 cycles
(charge-rest-discharge-rest). This protocol implies 30 days of testing
without stopping. The temperature, voltage and current were recorded
with a frequency of 0.1 Hz (time step of 10 s).

2.3. Thermal runway tests

The cell was fixed on a metal base to prevent movement during the
test. The test was performed under constant pressure conditions. The
ARC releases the increase of pressure during TR. The thermal runaway
tests were performed using the heat-wait-seek mode, with a heating
ramp of 5 °C and a waiting period of 30 min. If the ARC controller did
not detect the exothermic reaction during seek period, the steps heat-
wait-seek are repeated. The exothermic reaction mode was triggered if
the battery temperature rise rate was higher than 0.02 °C/min
throughout the seek period. The first step was performed at 50 °C. A
scheme of the steps followed by the ARC EV + is shown in Fig. 3. Type N
thermocouples were used to measure the battery temperature. One was
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Fig. 2. Aging test protocol with charging, rest and discharge. The values are
representative of a LFP cell.
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Fig. 3. Thermal runaway ARC EV + test protocol with the heat-wait-seek steps.

located in the middle of the cell to track the exothermic reaction (master
thermocouple). The other thermocouple was near the venting cap to
detect the venting process before the thermal runaway. Both thermo-
couples were glued to the battery external surface.

2.4. Modeling framework

Stepwise reactions were used to calculate the heat release from
different reactions inside the battery during thermal runaway. This
approach considers only a few equations, not requiring chemical ki-
netics to calculate component amounts. This simplification avoids high
computational costs, frequently occurring when dealing with mecha-
nisms with many equations to solve. Furthermore, the heat release
calculated from the stepwise reactions not consider the binder decom-
position and other side reactions less critical.

To determine specific internal parameters and how they evolve
during aging, a digital twin of the cells is calibrated using the GT-
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AutoLion package from Gamma Technologies. In the following sec-
tions, the basics of the model as well as the calibration procedure are
described. For the aging process, only solid electrolyte interface (SEI)
growth was considered, because mechanisms such as lithium plating or
material cracking, as well as mechano-electrochemical interaction
through an active material swelling increase the number of degradation
models and can be overwhelming and difficult to calibrate and discern.

2.4.1. Heat release calculator based on stepwise reactions

Sandia has developed a heat release calculator based on stepwise
reactions to predict heat release from thermal runaway for most lithium-
ion cathode chemistries available [26]. For the NMC chemistry, the
cathode decomposition recommended to use are based on the deli-
thiated form of the layered lithium transition metal oxide, MO3, where
M stands for Ni, Co and Mn composition. The delithiated form is rela-
tively unstable compared to the lithiated form in the cathode. According
to [33], the decomposition of MO, can lead to two main reaction
pathways. The first can occur with oxygen release and the formation of
an intermediate non-lithiated spinel M304. The other path occurs
without oxygen release, forming the lithiated spinel LiM204. Combining
both path reactions aforementioned, the reaction for the first part of the
NMC cathode decomposition can be written as Eqn. 1

3x LIMO, + 2(1 — x)MO, - 3x LiM,04 + (1 — 2x)M304 + (1 — 2x)0O,
(@)

The products resulting from Reaction (1) may be converted to a
thermodynamically stable molecule. The non-lithiated spinel M;0, may
produce rocked salt and release oxygen. Furthermore, the lithiated
spinel LiM,0,4 may also produce rocked salt, layered lithium transition
metal oxide and release oxygen. Combining both reactions, the reaction
can be written as Eqn. 2

6x LiM, 0, + 2(1 — 2x)M;0; — 6x LIMO, + 6(1 — x)MO + (1 + x)O,
2

The Reaction (1) is likely to occur as the Gibbs free energy is more
negative than the global reaction for cathode decomposition [29], which
is given by Eqn. 3

2MO,— 2MO + 0, 3

In addition, the presence of rocked salt is not observed during the
cathode decomposition in the tests carried out with X-ray diffraction
analysis (XRD) [34]. However, the presence of electrolyte can boost the
reaction rate in rocked salt production via Reaction (2) and Reaction (3).
Nevertheless, compared with calorimeter data, the two-step reactions
(Reaction (1) and Reaction (2)) should be more adequate to model
cathode decomposition for thermal runaway with a vented event, once
there is evidence that the electrolyte quantity present drives the reaction
rate to the Reaction (1) [33].

For electrolyte oxidation, the pressure increase favors the complete
oxidation process (case before venting cap bust), while partial oxidation
is preferred as the temperature increase (in the case after venting cap
bust) [29]. As most of the gases vented from the battery during the
thermal runaway are COj, a product from a complete combustion pro-
cess, the full oxidation reaction is considered in the current work as Eqn.
4 to predict the heat release [35]

Electrolyte + O, — CO, +H,0 4)

The recommended reaction for the anode and electrolyte is given by
Eqn. 5 [27,28]

LiC¢ + electrolyte - C¢ + C,H, + Li,CO3 (5)

This reaction is similar to the SEI global reaction formation [26]. The
reactions described are suitable for NMC cathode chemistry. For the LFP
cathode chemistry, the thermal runaway chain reaction is different,
since the transition metal is more thermal stable [36]. The strong
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covalent bond between (PO4)3' present in FePO4, which is the deli-
thiated form of LiFEPO4, makes it to be difficult the oxygen release at
high temperatures [37]. For this reason, the oxygen released during
cathode heating is less than layered metal oxide cathodes, accounting
for half the amount of oxygen released when both are compared [38].
The cathode decomposition suggested by Roder et al. [39] was used in
the current work and it is given as Eqn. 6

FePO, — %F62P205 + % 0, (6)

Despite some works that have reported higher temperatures than
350 °C for the LFP cathode decomposition [40], the presence of elec-
trolyte in contact with the cathode can act as a catalysator, decreasing
the cathode temperature decomposition. This behavior was observed
after ARC and Differential Scanning Calorimetry (DSC) tests [41,42].

In addition to the reactions above, the mean reaction involving the
solid electrolyte interface (SEI) decomposition was also considered. The
SEl is a thin layer that forms on the surface of the electrodes in a lithium-
ion battery. This layer plays a crucial role in the battery’s performance
by controlling the flow of ions between the electrolyte and the elec-
trodes. However, over time, the SEI layer can grow and thicken,
decreasing the battery’s capacity and increasing its internal resistance.
This process is a major contributor to lithium-ion battery aging and is
essential in heat release during thermal runaway. For this reason, the SEI
decomposition is important to understand the thermal runaway process,
and the main reaction is given by Eqn. 7 [43]

(CH20C022Li)2_)Li2CO3 + C2H4 + C02 + 02 (7)

The heat of reactions of the aforementioned reactions is depicted in
Fig. 4, and they are in accordance with the works [26,29,44].

2.4.2. Lithium-Ion battery model

The GT-AutoLion package provides a pseudo-two-dimensional (P2D)
electrochemical model for battery modelling. This P2D model was
initially developed by Newman et al. [45] and it is also referred to as the
Doyle-Fuller-Newman (DFN) model.

NMC
R7 kJ.(mols SEI)" 351.7
-508.9 —— kJ.(molsLE)" R5
-1497.2 —  kJ.(mols LE)" R4
R2 kJ.(mols 0,)" +—mmmm 450.1
R1  kJ.(mols O,)" ————— 476
-2000 -1500 -1000 -500 0 500 1000
Heat of Reaction
(@)
LFP
R7  kJ.(mols SEI)! <«— 351.7
— kJ.(mols LE)* RS
-1497.2 — kJ.(mols LE)" R4

R6 kJ.(mols FePO,)"! 206.89

-2000 -1500 -1000 -500 0 500 1000
Heat of Reaction

(b)

Fig. 4. Heat of reaction used in the stepwise reactions.
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The model is conceptualized around the porous electrode theory, in
which it is assumed that the electrode material behaves as a solid porous
media formed by particles. Lithium-ion intercalation process occurs
through these particles surfaces and are transmitted from one electrode
to another through the electrolyte solution. A first longitudinal direction
is defined from anode to cathode considering the separator in between,
accounting for the macroscopic transport of species. The difference in
concentration of ions will produce the potential difference in the cell. A
second dimension is added through a pseudo-dimension that accounts
for the radial direction inside the particles of both electrodes, in which
lithium-ion radial diffusion controls the lithium intercalation process. A
schematic of the model can be found in Fig. 5.

To numerically define the model, a system of ordinary differential
equations is defined, accounting for mass balance, species conservation
and charge conservation. Mass balance and species conservation, in
particular, are governed by two equations, one in the radial direction of
the particles and the other for through-plane macroscopic transport. In
the macro scale, charge conservation adds two more ordinary differen-
tial equations (ODEs) for solid phase and electrolyte, respectively. This
ODE system is then closed using the Butler-Volmer equation, which
defines lithium intercalation reaction rates. The temperature evolution
requires an additional governing equation for thermal balance, in which
the thermal behavior of the cell assumes a lumped mass with different
heat sources (electrochemical reactions, internal resistance, and
entropic heat generation) and heat transfer boundaries (convective heat
transfer to the ambient or conductive heat transfer to a cooling system
for example). The general ODE system is described by Eq. (8) to Eq. (12),
and more details about the specifics can be found in [1].

0 0 ac, -2
Electrolyte species conservation a lec.] = % <D§ff a—i) + TWLI 8)
o, 1 0 dc,
Solid phase particles species conservation . Dsrzi 9
0, 1o or

0 0 . o, —
SolidphasechargeconservationQ) = En (6“’7 i) —jH —ayC M

.\ ° ox ox
(10)
i Li
Electrolyte charge conservationQ :2 k< 9. + 9 K dinc, +J
0, ox 0, ox 11
oh. —
r =)
ox
.
Electrolyte

] Charge >
45 >
2 s 2
S ® . — -
£ °1- Ly (3
1] . \ a
: Juv ==k
g " ]
<] — i o
< / a
© o e Mo
U -

Discharge y 7
Xg 4 /

Separator

Lt

Fig. 5. Conceptual sketch of the electro-

chemical model.

pseudo-two-dimensional
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pcpg = Gren + Grev + Gomm + 4 + Geony Thermal balance (12)

In addition to the described electrochemical model, the software also
includes a series of degradation mechanisms such as solid electrolyte
interface growth, lithium plating or material cracking, as well as
mechano-electrochemical interaction through an active material
swelling model. Since the number of additional models for degradation
of the cell can be overwhelming and difficult to calibrate and discern,
the initial battery characterization was performed without aging and
degradation mechanisms. For the aging process, since only high tem-
perature conditions (20 °C and 50 °C) are considered, the dominant
mechanisms were simplified to only SEI growth. Other mechanisms like
lithium plating are more relevant in conditions with problems for
lithium allocation, like low temperature operation or very high current
demands. To model this effect, two additional equations are considered.
These equations will add a lithium loss term affecting the total capacity,
as well as an increase in the internal resistance. First, the side reaction
current density is obtained with a Tafel-like expression (Eq. (13)) to
determine how much lithium is being consumed in this reaction. With
this lithium consumption then a SEI growth rate is defined by Eq. (14)
through the SEI layer thickness evolution. Lastly, the total resistance of
the SEI is recalculated considering it thickness and its effective con-
ductivity with Eq. Eqn 15 [46,47].

s F

SEI growth side reaction currentigy; = — io,mexp( - a};_,;{ ((/)y — ¢, — Usgy

Li

—J—RSEI) )

aS

13)
06, iser M.
SEI thickness growth —— = _ lsen s 14
o 2F pg
. . 5SEI

SElassociatedresistanceRgg; = o (15)

SEI

2.4.3. Model calibration procedure

To characterize the batteries used in this study in order to obtain
information about internal parameters of the cell, a calibration process
was carried out using the Genetic Algorithm Optimizer included in the
GT software. In a first step, the normal operation of the cell was cali-
brated using the voltage and temperature data from the constant-current
tests of the cells in pristine conditions. For this optimization both,
constructive parameters and electrochemical properties were optimized

s LFP 3C Disch Tamb 50°C
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to match the performance of the cell. The data from transient evalua-
tions was used as validation of the good performance of the model. Some
results can be observed in Fig. 6 and more information about the cali-
bration methodology can be found in the work from Garcia et al.[48,49].
In this first stage, these 14 parameters were optimized:

Particle size at the anode and the cathode (pm)

Layer thickness of anode, cathode and separator (um)

Anode and cathode total capacity (Ah)

First charge and first discharge capacity of anode and cathode (mAh/
g)

e Contact resistance of the cell (®/m?)

Specific heat capacity of the whole cell (J/kg K)

e Convective heat transfer coefficient (W/m? K)

A second calibration step was applied to consider aging through the
capacity loss, as depited in Fig. 7. The paramters from the SEI growth
model are calibrated to fit the temperature evolution as well as the ca-
pacity fade curve over the tested cycles. During this second calibration
step, the previous set of parameters was freezed and only the SEI density
and porosity, as well as the activation energy of the SEI formation re-
action, from the SEI growth model were optimized.

From the calibrated model different data will be collected and uti-
lized for the subsequent analysis included in this study. Parameters such
as active material concentrations evolution over the aging process or
constructive data like electrodes layer thicknesses will be necessary and
obtained from the model. Table 3 and Table 4 show the main parameters
obtained from the GT-Autolion model used to feed the stepwise reaction
model for the NMC and LFP pristine batteries.

3. Results and discussion

This section presents the result and discussion of the thermal abuse
experimental tests carried out in an ARC, with pristine and aged batte-
ries. The main parameters are discussed in terms of the temperature,
temperature rise rate and heat release behaviors. In addition, the mass
before and after the destructive test is measured and used to support the
results obtained. Stepwise reactions are approached to characterize the
main heat release routes inside the battery. The results are used to
discuss and support the aged effect on the battery thermal runaway
process.
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Fig. 6. Partial results of the model calibration including a calibrated curve at 3C for the LFP cell (a) and validation transient profile of the NMC cell (b).
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Fig. 7. Results of the aging model calibration for NMC cell (a) and LFP cell (b).
Table 3
Parameters from the P2D model used in the stepwise reactions for the NMC pristine battery.
Anode Cathode Separator Electrolyte
Thickness micro m 89.118 92.140 34.310 -
Active Material Mass g 6.822 12.798 - -
Binder Mass g 0.218 0.409 - -
Conductive Agen Mass g 0.218 0.409 - -
Active Material Volume mL 3.046 2.666 - -
Binder Volume mL 0.123 0.231 - -
Conductive Agen Volume mL 0.112 0.210 - -
Total Mass g 7.257 13.615 1.089 8.721
Total Volume mL 3.280 3.107 1.513 7.268
Coated Volume mL 4.908 4.803 1.513
Density g/cm3 2.212 4.383 1.200 1.2
Porosity Fraction 0.332 0.353 0.400 -
Electrolyte volume mL 3.004 3.106 1.157
Electrolyte Coated moles mol 0.036 0.037 0.014
SEI Lithium mol 1.45E-04
Electrode Capacity mAh/g 371.933 275.509 - -
Stoichiometry at 100% SoC - 0.884 0.322 - -
Stoichiometry at 0% SoC - 0.006 0.921 - -
Active Material moles mol 0.094671 0.131560444 0.087211
Lithium moles (@100% SoC) mol 0.088844 0.044972316 - -
Table 4
Parameters from the P2D model used in the stepwise reactions for the LFP pristine battery.
Anode Cathode Separator Electrolyte
Thickness micro m 65.805 99.477 43.144 -
Active Material Mass g 5.452 11.914 - -
Binder Mass g 0.174 0.380 - -
Conductive Agen Mass g 0.174 0.380 - -
Active Material Volume mL 2.434 3.310 - -
Binder Volume mL 0.098 0.215 - -
Conductive Agen Volume mL 0.089 0.195 - -
Total Mass g 5.800 12.675 1.757 8.111
Total Volume mL 2.621 3.719 2.440 6.759
Coated Volume mL 3.616 5.173 2.440
Density g/cm3 2.213 3.408 1.200 1.2
Porosity Fraction 0.275 0.281 0.400 -
Electrolyte volume mL 2.134 3.226 1.399
Electrolyte Coated moles mol 0.026 0.039 0.017
SEI Lithium mol 0.001
Electrode Capacity mAh/g 371.933 169.897 - -
Stoichiometry at 100% SoC - 0.898 0.033 - -
Stoichiometry at 0% SoC - 0.004 0.881 - -
Active Material moles mol 0.075652 0.075525353 0.081106
Lithium moles (@100% SoC) mol 0.072121 0.002645839 -
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Fig. 8. Temperature rise rate and heat release as a function of temperature for pristine and aged batteries: (a) Temperature rise rate - NMC, (b) Temperature rise rate

— LFP, (c) Heat released — NMC and (d) Heat released - LFP.
3.1. Thermal runaway test at constant pressure

Fig. 8 shows the temperature rise rate and accumulated heat release
as a function of the battery temperature for pristine and aged batteries
(NMC and LFP). The thermal runaway was induced through heating,
using the heat-wait-seek protocol in an ARC. Fig. 8 (a) and Fig. 8 (c)
present the results obtained for the NMC batteries. The NMC aged bat-
teries at 50 °C of ambient temperature showed a higher temperature rise
rate at the beginning of the process. In sequence, all batteries presented a
similar maximum temperature rise rate and remained during a time.
However, the chemical reactions slowed down, decreasing the temper-
ature rise rate first for the NMC aged batteries at 50 °C of ambient
temperature, then for the batteries aged at 20 °C ambient temperature,
and lastly for the pristine batteries. Therefore, the aged battery at a
higher ambient temperature would be more aggressive in the first stage
of the thermal runaway process. Nevertheless, as depicted in Fig. 8 (c),
the accumulated heat release showed higher values for the pristine
batteries as its temperature rise rate remained higher during more time.

Fig. 8 (b) shows the temperature rise rate as a function of battery
temperature for the pristine and aged LFP batteries. Using the same
methodology applied to the NMC batteries, pristine LFP batteries were
heated using the heat-wait-seek protocols until exothermic reactions
began. In addition, the aged LFP batteries at 20 and 50 °C of ambient
temperatures were also heated up to thermal runaway using the same
protocols. Unlike the NMC batteries, the exothermic reactions that
started to occur in the LFP batteries were not enough to self-sustain for
all the batteries tested. Therefore, the aging effect on LFP batteries was
insufficient to induce the thermal runaway. The blue area representing

Table 5

Average maximum temperature, crucial temperature, onset temperature,
maximum accumulated heat released and maximum temperature rise rate for
pristine NMC and LFP batteries.

SAMSUNG NMC Average NX LFP Average
20R NMC relative 9073 relative
Difference LFP Difference
(%) [%]
Maximum 753 0.9 280 9.3
temperature [°C]
Onset temperature 216 2.7 - -
[°C]
(at 10 °C/min)
Crucial temperature 247.3 7.6 - -
[°Cl]

(at 100 °C/min)

Maximum 28 1.0 5.5 25.3
accumulated heat
release [kJ]

Maximum 3100 7.3 1.1 109.8
temperature rise
rate [°C/min]

Initial mass (g) 42.8 0.3 40.0 1.5
End mass (g) 32.0 1.0 36.1 1.8
Mass difference (g) 10.8 2.5 3.9 9.0

the values obtained from the pristine batteries coincides with the curves
from the aged batteries. The same happened with the accumulated heat
release depicted in Fig. 8 (d), which presents low values due to the
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abovementioned behavior.

Table 5 shows parameters related to the thermal runaway process for
the NMC and LFP pristine batteries, respectively. LFP batteries did not
exhibit a sufficient self-sustaining chemical reaction to induce thermal
runaway during the heating tests. For this reason, the onset temperature
and crucial temperature have no values. The maximum temperature was
lower than 315 °C, presenting lower values of temperature rise rate and
accumulated heat release. The temperature of 315 °C is the maximum
temperature that the calorimeter can heat up. Thus, despite the small
exothermic reactions during the external heating approach to trigger
thermal runaway, it was not self-sustaining to induce the uncontrolled
process. Unlike LFP pristine batteries, NMC pristine batteries showed
enough self-sustaining exothermic reactions leading to thermal
runaway. The maximum temperature achieved on average was about
753 °C, being the minimum onset and crucial temperatures about 216
and 247 °C, respectively. In addition, the onset temperature presented a
lower average relative difference (2.7 %) than crucial temperature
(7.6%) among the NMC pristine batteries, representing a parameter
more constant for thermal runaway prediction. Moreover, the maximum
accumulated heat released and temperature rise rate on average were
28 kJ and 3100 °C/min, respectively. These values are significantly
higher than those obtained for LFP batteries, exemplifying the potential
for thermal runaway. Furthermore, the mass loss for the NMC battery
was greater than for the LFP battery, being the difference of about 10.8 g
and 3.9 g, respectively. The LFP chemistry showed more significant
variability in mass loss, which is reflected in the parameters shown in
Fig. 8.

Table 6 and Table 7 depicts the thermal runaway parameters related
to the aged batteries at 20 and 50 °C ambient temperatures for both
NMC and LFP batteries, respectively. Aged LFP batteries showed no
different effect when induced to thermal runaway. Thus, the results are
similar to those described for pristine LFP batteries. Nevertheless, NMC
aged batteries showed different results, especially for NMC aged battery
at 50 °C. The average maximum temperature and temperature rise rate
achieved were lower than the pristine NMC batteries. In addition, the
thermal runaway process was triggered before, as illustrated by the
lower onset temperature and crucial temperature. Comparing the mass
losses, the results for the LFP batteries are similar to those from pristine
conditions. NMC chemistry has shown higher losses for the aged con-
dition with 50 °C ambient temperature, while the aged at 20 °C pre-
sented a value comparable with the pristine condition.

Table 6
Average thermodynamic properties for the NMC batteries aged at different
ambient temperatures.

SAMSUNG 20R NMC

Aged at NMC Average Aged at NMC Average
20°C relative 50 °C relative
Difference Difference
(%) (%)
Maximum 740 1.5 660.2 2
temperature [°C]
Onset temperature 230.2 3 195.5 3.5
[°C]
(at 10 °C/min)
Crucial temperature 263.2 8 226.1 7.5

[°Cl

(at 100 °C/min)

Maximum 25.5 1.1 24.2 1.0
accumulated heat
release [kJ]

Maximum 2806.5 7.2 2806.5 7.4
temperature rise
rate [°C/min]
Initial mass (g) 42,5 0.5 42.4 0.3
End mass (g) 32.6 1.1 30.2 1.0
Mass difference (g) 9.9 3.0 12.2 2.5
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Table 7
Average thermodynamic properties for the LFP batteries aged at different
ambient temperatures.

NX 9073 LFP
Aged at LFP Average Aged at LFP Average
20°C relative 50 °C relative
Difference Difference
[%] [%]
Maximum temperature 314.7 2.0 315.0 1.0

[°C]

Onset temperature - - - _
[°C]
(at 10 °C/min)

Crucial temperature - - - _
[°C]

(at 100 °C/min)

Maximum 9.2 15.2 8.2 30.4
accumulated heat
release [kJ]

Maximum temperature 4.6 50.3 0.2 80.1
rise rate [°C/min]
Initial mass (g) 40.8 1.2 40.9 1.3
End mass (g) 36.6 2.0 36.7 1.2
Mass difference (g) 4.2 9.0 4.2 9.2
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Fig. 9. Total heat release and as a function of each stepwise reaction for
pristine NMC (a) and LFP (b) batteries.

3.2. Stepwise reactions analysis

Fig. 9 shows the total heat release and, separately, for each stepwise
reaction related to cathode decomposition, electrolyte oxidation, SEI
decomposition and anode-electrolyte reaction for the pristine NMC,
Fig. 9 (a), and pristine LFP, Fig. 9 (b). The value obtained for the NMC
pristine battery was similar to that obtained experimentally, considering
both calculation forms. Reaction (4) and Reaction (5) seem to have the
higher impact on the total heat release for the NMC battery. The last one
is related to the SEI decomposition, which puts in direct contact the
lithium and electrolyte. Compared with the LFP battery, the value
resulting from Reaction (5) is of the same order as the NMC value. Both
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reactions are expected to occur in both battery chemistries since the
anode and electrolyte components are virtually the same. The more
significant difference between the chemistry is related to the cathode
decomposition reaction. For the LFP, the higher energy required to
decompose the delithiated form in the cathode decreases the total en-
ergy released. The difference is about 10 kJ higher for the LFP battery. In
addition, the oxygen released during this reaction is lower than the NMC
battery. It resulted in a lower heat released in Reaction (4), a difference
of about 11.5 kJ higher for the NMC chemistry.

Fig. 10 depicts the results of heat released for the aged NMC and LFP
batteries at 50 °C. Due to the test characteristics carried out, the model
created in the GT-Autolion considers only the SEI growth as the mech-
anism of capacity fading during battery cycling. The main outcome of
this process is the reduction of the cycled lithium and the electrolyte
present in the anode. The SEI growth increases the thickness using both
elements, reducing the battery’s capacity. Considering this process, the
only influence that can occur in the heat release calculator is in Reaction
(5) and Reaction (7). Both elements are directly in contact during Re-
action (5), and less quantity results in less heat release. Compared with
the Pristine case, Fig. 9, the heat released is lower, 12.3% for the NMC
and 68.9% for the LFP. The higher heat release reduction for the LFP
case is linked to the lower value already presented for this cathode
chemistry.

Fig. 11 presents the heat released for the batteries LFP and NMC aged
at 20 °C. For this temperature, the main mechanism for battery aging is
also the SEI growth. However, the capacity fading was lower for both
battery chemistries when compared to the result obtained at 50 °C. The
SEI growth is reduced, resulting in more mols of lithium and electrolyte
in the anode. For this reason, Reaction (5) has shown a higher value for
the LFP and NMC batteries compared to results in Fig. 10, where the
batteries were cycled at 50 °C. However, the values obtained were
similar to the pristine batteries, Fig. 9. Compared with the experimental
tests performed in Fig. 8 and Table 7, the results are in accordance as the
values of heat release for the batteries aged at 20 °C were higher than
those at 50 °C and similar to those presented for the pristine batteries.
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Fig. 10. Total heat release and as a function of each stepwise reaction for aged
NMC (a) and LFP (b) batteries at 50 °C.
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Fig. 11. Total heat release and as a function of each stepwise reaction for aged
NMC (a) and LFP (b) batteries at 20 °C.

4. Conclusions

The present work showed an experimental investigation of the aging
effect on the thermal runaway for two different cathode chemistry, NMC
and LFP. An ARC was coupled with an Arbin bidirectional source and
used to cycle the batteries up to 250 cycles in two different ambient
temperatures, 20 °C and 50 °C. The aged batteries were subjected to
external heating abuse using the ARC to evaluate the thermal runaway
thermodynamic parameters. The heat-wait-seek protocol was used for
the external heating test to trigger the thermal runaway. Pristine bat-
teries with the same cathode chemistry were also induced thermal
runaway to compare with the aged batteries. A computational model
was created in the GT-Autolion software and calibrated with the data
obtained from the experimental test. Parameters difficult to measure in
the batteries were obtained from the GT-Autolion model and used in the
heat release calculator. This table is based on stepwise reactions, and the
results were used for given insights into the thermal runaway process for
the pristine and aged batteries. Based on that, the following conclusion
could be drawn:

e Experimental tests of thermal runaway abuse have shown that the
pristine NMC battery release about 28 kJ against a maximum of 5.5
kJ from the LFP battery.

Aged batteries at high temperatures showed lower heat released
during thermal abuse with external heating as a thermal runaway
trigger.

The LFP batteries presented a great variability among the experi-
mental test results. Nevertheless, higher thermal safety is evident
when compared with the NMC battery.

e The thermal safety of the LFP battery can be attributed to the
endothermic reaction of the cathode decomposition and the less
oxygen released during this process, resulting in less heat released
when the oxygen reacts with the electrolyte.

For both cathode chemistry, the reaction between the lithium and
electrolyte in the anode resulted in comparable values, since similar
components form both anode and electrolyte.
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e The aged batteries have SEI growth as the main mechanism for ca-
pacity fading. For this reason, the lithium and electrolyte present in
the anode are reduced, resulting in less heat released during the
thermal runaway process.

Therefore, the present work has demonstrated the potential of
coupling the pseudo-two-dimensional model, to predict the effect of
aging, with step-wise reactions to predict heat release due to thermal
runaway. Both fresh and aged obtained similar values when comparing
experiments and modeling. Future works would be helpful in extending
the current work with more experimental tests, including different aging
processes and different lithium-ion batteries, increasing the robustness
of the current modeling and covering aspects such as repeatability.
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