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Thermal runaway (TR) propagation is a critical challenge in the safety application of lithium-ion batteries (LIBs).
In this study, the battery modules with different connection modes are designed to reveal TR propagation
mechanisms, and a passive strategy based on thermal insulation is proposed to inhibit TR propagation. The
temperature, voltage, heat transfer of battery module, as well as the equivalent flux power during TR propa-
gation are captured and analyzed. The batteries in parallel experience fiercer combustion and propagation in
comparison with the batteries without connection, which is because the parallel connection mode intensifies the
exothermic reactions inside the battery. Particularly, the energy from the former battery contributes to the
dominant heat source for triggering TR of its adjacent battery, accounting for 52 %— 67 %. Compared to the
module without connection, the module in parallel releases much higher heat flux to adjacent batteries, leading
to shorter TR propagation time and severer TR propagation. Furthermore, the aerogel can completely prevent TR
propagations with different connection modes. The average flux power of the former battery to its neighboring
battery can be reduced from 400 W to 35 W by inserting aerogel. The results provide new insights into TR

propagation mechanism and its prevention, which are beneficial to the safety design of battery modules.

1. Introduction

Global warming continues to intensify due to the massive emission of
greenhouse gases in recent years (Ma et al., 2021; Rogelj et al., 2016),
which has attracted worldwide attention. To alleviate the issue,
numerous clean energy resources and low-carbon energy technologies
are proposed and adopted. Lithium-ion battery (LIB), which is consid-
ered as one of the most promising technologies to relieve carbon emis-
sions (Zhou et al., 2022a), are widely used in consumer electronics,
electric transport and energy storage systems (Niu et al., 2019; Xu et al.,
2019). Owing to its high energy density, non-memory effect and envi-
ronmental friendliness (Feng et al., 2019; Li et al., 2018; Mao et al.,
2020; Zhou et al., 2022b), LIB plays an increasingly important role in
our society. However, safety accidents involving thermal runaway (TR)
occurred occasionally (Feng et al., 2020; Wang et al., 2019), bringing a
great barrier to the widespread application of LIBs. As the core of the
safety issue for LIBs, TR have aroused greater concerns (Lisbona and
Snee, 2011). TR can be triggered when LIBs are exposed to extreme
conditions because of the application of active electrodes and organic
solvent (Chen et al., 2019; Liu et al., 2020; Ping et al., 2015). Once TR is
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induced, a large amount of heat and flammable gases will be released by
LIBs (Duh et al., 2020; Lyon and Walters, 2016), exhibiting a huge risk of
fire or explosion.

The TR, originating from a single LIB, will propagate to the neigh-
boring batteries due to the tight contact between battery shells (Kriston
et al., 2020), resulting in TR propagation within the battery module.
Under TR propagation, the heat released from the battery module is
enormous and may cause catastrophic disasters (Ping et al., 2018).
Additionally, the tremendous gases released by batteries during TR
propagation are flammable and toxic (Larsson et al., 2018; Yuan et al.,
2020), which are harmful to humankind and the environment. There-
fore, many efforts have been implemented to solve the challenge. For
example, Chen et al. (2020) quantitatively analyzed the fire hazards of
TR propagation through full-scale burning tests. Said et al. (2020),
(2019) revealed that the total heats generated normalized by the elec-
trical energy stored are 3.5, 2.9 and 2.5 for lithium cobalt oxide (LCO),
lithium nickel manganese cobalt oxide (NMC) and lithium iron phos-
phate (LFP) batteries through experimental approaches. Huang et al.
(2021a) found that LFP battery modules is much safer than NMC battery
modules in terms of combustion behavior and TR propagation time.

In order to meet the voltage and capacity demands, multiple
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Nomenclature

Tnax.i Maximum temperature of battery i, °C.

Tonset.i Onset temperature of TR for battery i, °C.

Ty Average temperature of battery, °C.

T Ambient temperature, °C.

Qiotal Internal heat increasing in battery, kJ.

Q The heat absorbed by battery, kJ.

Qsef Self-generated heat of battery, kJ.

Qi Heat absorbed by battery i, kJ.

Qv Contribution of the heat generated from battery j to induce
TR of battery i, kJ.

Qreateri  Contribution of the heat transferred from the heater to
induce TR of battery i, kJ.

Paye Average heat flux, W.

my Mass of battery, g.

ch Specific heat of battery, kJekg 'eK !
A% Terminal voltage of battery module, V.
E Electric potential of battery, V.

I Current transferred, A.

Q. Transfer capacity of electricity, Ah.
H Energy of transferred electricity, kJ.
N Number of normal batteries.

Ry Resistance of normal battery, mQ.
Rir Resistance of TR battery, mQ.
Acronyms

LIB Lithium-ion battery.

SOC State of charge.

LFP Lithium iron phosphate.

batteries are assembled into a battery system with different electrical
connections. The abovementioned efforts all focused on TR propagation
of the battery modules without connection. Similarly, TR propagation
characteristics of the battery module in series have also been investi-
gated by numerous scholars (Feng et al., 2015b; Huang et al., 2016;
Zhong et al., 2018), which are similar to that of the module without
connection (Huang et al., 2020). Compared with the battery module
without electrical connection or in series, a fiercer TR behavior and
severer TR propagation can be observed in the battery module in parallel
(Lamb et al., 2015; Wilke et al., 2017), and the TR propagation is always
accompanied with the electricity transfer due to the parallel connection
mode. Gao et al. (2019) estimated the transferred electricity and pre-
dicted the Joule heat generation by using an equivalent circuit model.
Xu et al. (2021a) investigated the hazards of electricity transfer in
modules with hybrid electrical connections, and reveal the transferred
electricity has a slight influence on TR propagation. For the battery
module without electrical connection or in series, the dominant heat
transfer during TR propagation is the thermal conduction between
battery shells (Feng et al., 2015b; Huang et al., 2021b). However, the
knowledge about heat transfer mechanism of the module in parallel is
limited due to the presence of electricity transfer, and the cause of the
fiercer TR behavior and severer TR propagation in the battery module in
parallel is still unclear.

In addition to the studies on the characteristics and mechanisms of
TR propagation, a lot of researchers concerned on developing effective
strategies to prevent or alleviate TR propagation, including the passive
protection strategies (Qin et al., 2021; Wu et al., 2020; Xu et al., 2021b)
and the active protection strategies (Feng et al., 2015a; Lee et al., 2020;
Yuan et al., 2019). Liu and Said et al. revealed that water mist has
excellent performance in suppressing TR propagation of 18650
lithium-ion cells through experiments (Liu et al., 2020; Said et al.,
2021). Zhao et al. compared the inhibiting effects of different fire
extinguishing agents (ABC ultrafine dry powder, BC ultrafine dry pow-
der and Novec 1230) on TR propagation of 18650 cells, and found that
Novec 1230 has the best performance in inhibiting fire (Zhao et al.,
2021). However, the strategies by adopting water mist or fire extin-
guishing agent is only suitable for the battery with small energy ca-
pacity. Once TR propagation occurs in the large-format battery module,
enormous heat will release, causing the agent is insufficient to suppress
the propagation. And the consumption of the fire extinguishing agent is
huge for inhibiting the TR propagation of the battery with large energy
capacity. Actually, heat transfer is considered to be the reason of
resulting in TR of the adjacent batteries (Zhao et al., 2021), and thermal
insulation is currently regarded as the countermeasure to TR propaga-
tion (Li et al., 2021). Consequently, a few studies have adopted thermal
insulation materials to inhibit TR propagation. Lee et al. (2020)
compared the effectiveness of several passive mitigation strategies for
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18650 battery modules, which include implementing 5 mm gaps and
inserting physical barriers. Niu et al. (2022) used the ultra-light plates
based on hollow glass microspheres as firewalls to inhibit TR propaga-
tion of the batteries without connection, and found the 3-mm plate can
completely prevent TR propagation. However, previous studies only
focused on the passive suppression strategies of the battery module
without connection or in series, little attention has been paid to the
prevention of TR propagation for the battery module in parallel, espe-
cially for the large-format battery module. The battery module in par-
allel suffers from more severe TR behavior and propagation in
comparison with other electrical connections, exhibiting higher risk of
fire or explosion. Therefore, an investigation on suppressing TR propa-
gation of the battery module in parallel is urgently needed to meet the
increasing demands of thermally safer battery modules.

In this work, a series of experiments are carried out to investigate TR
propagation and its prevention of prismatic battery modules with
different electrical connections. The TR propagation characteristics are
analyzed in detail from the perspective of temperature, voltage, mass
loss, heat transfer, as well as heat flux. An effective prevent strategy with
the thermal insulation is proposed to inhibit TR propagation of the
battery module in parallel. The aim of this work is to address knowledge
gaps in the literature with regard to the TR propagation behavior and its
prevention of LFP battery modules with different connection modes. The
objectives of this work are as follows: (1) to implement a comprehensive
analysis of prismatic LFP battery to enhance the understanding of TR
propagation characteristics under varying connection modes; (2) to
identify the heat transfer and the equivalent flux power between adja-
cent batteries during TR propagation, providing essential information
for the prevention of TR propagation; (3) reveal the primary cause of the
severer TR propagation behaviors in the battery module in parallel; (4)
quantify the inhibited effects of the thermal insulation on TR propaga-
tion of battery modules with different connection modes, providing
sufficient reference for the safety design of prismatic battery module.

2. Materials and methods
2.1. The samples

A commercial prismatic battery manufactured by EVE Energy Co. Ltd
is investigated in this work, whose electrodes are LiFePO4 and graphite.
The battery is used in electric vehicles and energy storage systems, with
a capacity of 50 Ah and a nominal voltage of 3.2 V. The physical di-
mensions of this battery are 29 mm in thickness, 135 mm in length, and
180 mm in height. The mass of the battery without plastic packaging is
1395 + 5.0 g. Prior to TR propagation tests, the capacity of the battery is
characterized by using a cycler (NEWARE CT-4004-10V100A-NFA)
under constant current (50 A) discharging and constant current (50 A)-
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constant voltage (3.65V, 0.5 A cut-off current) charging. The batteries
in all TR propagation tests are charged to 100 % SOC.

As an appropriate thermal insulation material for preventing TR
propagation (Yang et al., 2020), the aerogel felt with 3 mm thickness is
employed in this work. The aerogel felt has a grid structure of
nano-multi-space with a porosity of more than 90 %, bringing a low
density (200kgm™>) and a low thermal conductivity coefficient
(0.018 Wm™ K™).

2.2. Experimental setup

The experimental platform for TR propagation tests is illustrated in
Fig. 1(a). Four prismatic batteries and a heater are tightly clamped by a
steel fixture. The clamped battery module with a total capacity of 200
Ah is placed in a large combustion chamber. An electrical balance
(MSE142°25-°CE) is employed to measure the mass loss during TR
propagation tests. A thermal insulating layer is placed under the battery
module to minimize heat leaks and protect the electrical balance. The
gases and smoke released by TR batteries during the test are extracted
through the smoke hood and the exhaust duct. In addition, a video
camera (SONY FDR-AX40) is used to monitor the jet (combustion)
behavior and TR propagation.

Battery i is used to describe the batteries within the module, and
battery 1 is near the heater. Two K-type thermocouples with a diameter
of 1 mm (recorded at a frequency of 1 Hz) are attached to the front and
back surfaces of each battery within the battery module to measure its
temperature variations, as illustrated in Fig. 1(b). The front and back
surfaces of battery i are reflected by T; s and T;_;. The Kapton tape is
used to fix the thermocouples on the surfaces of each battery, which can
keep the close contact between thermocouples and the battery surface.
The temperatures and voltage of each battery are recorded by the
equipment of ICPCON I1-7018 and 1-7017 with a frequency of 1 Hz.

2.3. Experimental design

Two types of battery modules are designed to investigate the effects
of different connections on TR propagation, as shown in Fig. 1(c) - (d).
The four batteries within the module are surrounded by thermal insu-
lating layers (ceramic fiberboard) to minimize the heat leak from the
module to the environment. A heater made of copper with 500 W
heating power is used to trigger battery 1 to experience TR initially. The
heater will be immediately turned off once TR of battery 1 is captured.
For module 1, there is no connection mode for batteries. For the module
2, the four batteries are connected in parallel using copper connectors

() (b)
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with a thickness of 1 mm. In addition, two kinds of battery modules are
proposed to study the preventing performances of aerogel on TR prop-
agation of module 1 and 2. As shown in Fig. 1(e) - (f), aerogel felts with
the same size as the surface of the battery are inserted between adjacent
batteries to enhance the thermal resistance in the direction of battery
thickness for module 3 and 4. In this work, four groups of TR propaga-
tion tests under different settings are implemented to reveal the TR
propagation characteristics and its preventing mechanism of different
connections, as listed in Table 1.

3. Results
3.1. TR propagation characteristics with different connections

3.1.1. TR propagation phenomena

The TR behaviors of batteries within module 1 and 2 are presented in
Fig. 2. During TR propagation, only decomposed electrolytes and irritant
gases with milk-white are ejected from the safety vent of batteries in the
module without connection, whereas violent flame jets can be observed
for the module in parallel. As shown in Fig. 2(a), the TR processes of
each battery within the module without connection consist of four
stages: safety venting, transition, jet flow and abatement. The gases and
electrolyte vapors generated by thermochemical reactions accumulate
inside a battery when the battery is heated, leading to an increase in the
internal pressure of the battery. Once the internal pressure exceeds the
threshold, the safety vent is opened to eject the gases and electrolyte
vapors with high speeds, which corresponds to safety venting. During
the transition, a few gases and vapors are released with slow speed
(Zhou et al., 2021). When TR occurs in the battery, a violent and strong
jet flow can be observed. After TR, the flow starts to abate and the jet
behavior of the subsequent battery will be induced.

In contrast to TR processes of the module without connection, the
module in parallel experiences jet phenomenon and combustion during
TR propagation. As shown in Fig. 2(b), the behavior of safety venting of

Table 1
Experimental settings for TR propagation tests.

Test No. Battery module Electrical connection Passive prevention
#1 Module 1 Without connection No
#2 Module 2 In parallel No
#3 Module 3 Without connection Yes
#4 Module 4 In parallel Yes
(O] ——
=)

Steel Plate

A\

Module 1

[

“eramic fiberboard

Module 2

(e)

Module 3 Module 4

Fig. 1. Schematic diagram for experimental set up: (a) the experimental platform of TR propagation tests; (b) the thermocouple layout of each battery within the
battery module; (c) the battery module without connection and prevention; (d) the battery module in parallel but without prevention; (e) the battery module without

connection but with prevention; (f) the battery in parallel and with prevention.
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Abatement

Stable combustion

Battery 2-4

Fig. 2. Images of the TR propagation processes with different connections: (a

battery 1 is similar to that of batteries within the module without
connection, whereas a red dot can be observed in the pole of battery 1
connected to the copper connector during the stage of transition. The red
dot may be attributed to the increase in temperature of the pole caused
by the passage of the high current. At the late stage of TR, the ejected
flammable gases and electrolyte vapors are ignited immediately by the
red dot with high temperature, accompanied by a deflagration. After
that, a stable combustion lasts for dozens of seconds and then begins to
abate. In terms of battery 2-4, a large amount of gases and vapors are
ignited immediately by the feeble flame of the former battery at the
moment of safety venting, resulting in a deflagration. After safety
venting, a jet flame can be observed, which lasts for several seconds,
then transitions into stable combustion. Once TR is triggered, the battery
emits a violent jet flame (higher than 60 cm in height), which is stronger
and severer than the first one. It is interesting that the root of the second
jet flame does not combust and phenomena of blow out can be observed
due to the large jet velocity at the safety vent. After the second jet flame,
the fire begins to slow and abate.

3.1.2. TR propagation features of batteries with different connections

The temperature and voltage responses of each battery within
module 1 and 2 are illustrated in Fig. 3. As can be seen from Fig. 3(a)-(b),
the steep temperature rise that corresponds to the incident of TR occurs
on the front and back surfaces of each battery in modules sequentially.
And a time interval between the onsets of TR for the battery front and
back surfaces can be observed, which is attributed to the heat transfer in
the direction of the battery thickness. In views of module 1, it can be
seen that the voltage of each battery experiences a slight drop before
safety venting due to the lithium-ion deintercalated from anode at high
temperature. At the moment of safety venting, and the voltage suffers
from a steeper decrease, which is corresponding to the micro internal

(b)
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) images for the module without connection; (b) images for the module in parallel.

short circuit. Once TR occurs inside the battery, the voltage drops
sharply to 0 V because of the separator shrinks and the occurrence of the
fierce internal short circuit. In contrast to the voltage response of the
module 1, the voltage variations of each battery in module 2 are
consistent due to parallel. The voltage drops firstly and then rises during
TR of each battery, and it drops steeply to 0 V when the last battery in
module 2 experiences TR, which is shown in Fig. 3(b). Furthermore, the
time of overall TR propagation in module 1 and 2 are 2216 s and 1131 s,
which demonstrates that the connection of parallel promotes the speed
of TR propagation in the battery module. In order to capture more
specific information about TR propagation time, each TR propagation
time between two adjacent batteries for module 1 and 2 are summarized
in Fig. 3(c). It can be seen that the TR propagation times of module 1 are
all higher than that of module 2. Particularly, the TR propagation time
between battery 3 and 4 is lower than others, which is because the heat
accumulation in the module accelerates TR propagation.

For the battery module 1 and 2, the temperatures of battery 1-3 all
experience two peaks. For example, the heat release during TR of battery
1 brings the temperature to the first peak. Once TR of battery 2 is
induced, the partial heat will transfer from battery 2 to battery 1,
causing the temperature of battery 1 to reach the second peak. The
maximum temperature of the battery during TR propagation can be
expressed through Eq. (1), and the results are summarized in Fig. 3(d). In
module 1, the maximum temperatures of batteries 1-4 are 341.6 °C,
335.5 °C, 363.6 °C and 408.7 °C, respectively, showing an increasing
trend in maximum temperature as TR propagates in the battery module,
which is attributed to the pre-heating effect. During TR propagation, the
heat released from the TR battery transfers to other normal batteries,
causing the subsequent batteries to suffer from higher initial tempera-
tures in comparison with the previous batteries. The pre-heating effect
results in an increase in maximum temperature as the propagation
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Fig. 3. The temperature and voltage responses during TR propagation without prevention: (a) variations of temperature and voltage for the module without
connection (module 1); (b) variations of temperature and voltage for the module in parallel (module 2); (c) the TR propagation times between adjacent batteries
within the module;(d) the maximum temperature of battery i during TR propagation.

proceeds due to the same heat release of each TR battery. However, the
maximum temperatures in module 2 are 406.5 °C, 396.7 °C, 390.7 °C
and 389 °C for battery 1-4, which exhibits a decreasing tendency. The
root cause of the decrease tendency in maximum temperature for
module 2 can be attributed to the transfer of electric current (Gao et al.,
2019; Xu et al., 2021a), which is illustrated in Fig. 4. Once TR occurs in
battery 1, the electric current will be transferred from the other three
normal batteries to the battery 1 due to a voltage difference between the

Dnonnal battery, SOC=1

TR battery . damaged battery

nom\al battery, SOC<1

parallel-connected batteries and the TR battery, resulting in battery 1
releasing more energy than 100 % SOC state during TR. Since the
electric energy of other batteries are transferred to battery 1, the SOCs of
these battery are lower than 100 %. Similar situations occurs in other
batteries as the TR propagation continues, causing the subsequent bat-
tery to release lower energy during TR compared to the former battery.
Besides, all data for the TR propagation time and maximum temperature
and of module 1 and 2 are listed in Supplementary Information.

Fig. 4. Electrical processes of the module in parallel during TR propagation.
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T (1) + Tip(1)
f} (@)

Taxi = Max{ =

where Tinqy; is the maximum temperature of battery i, T; ¢(t) and T; (t)
are the temperatures of front and back surfaces at time t, respectively.

In addition to the temperature responses, Table 2 lists the mass losses
of the two modules. For the LFP battery, the electrolyte and LiFePOg4
almost account for 14 % and 25 % for the total battery mass (Ping et al.,
2015). And the mass losses of the electrolyte and LiFePO4 are the pri-
mary mass loss of the TR battery. As listed in Table 2, the total mass
losses of module 1 and 2 are almost the same. Each battery within the
two modules owns an average mass loss in a value of 310 g, and a mass
loss fraction of 22.3 %. It indicates that the losses of electrolyte and
LiFePO4 for the batteries experience TR is not influenced by the
connection modes.

3.2. The effects on preventing TR propagation using aerogel

In view of prismatic batteries, the heat transferred through the bat-
tery shell dominates the heat sources for triggering TR of the adjacent
battery during TR propagation (Feng et al., 2015b). Consequently, aer-
ogel felts are selected to alleviate TR propagation in the battery modules
with different connections. Fig. 5 presents the temperature and voltage
responses of the modules without/with connectors under the passive
prevention. It is worth noting that TR propagations of the two modules
are both completely prevented by increasing the thermal resistance
between adjacent batteries, and no incidents of safety venting (SV) and
TR occur in battery 2-4, as shown in Fig. 5(a)-(b). Interestingly, the
temperature variations of module 4 are similar to that of module 3,
demonstrating that aerogel felts have significant effects on preventing
TR propagation of battery modules with and without connectors. The
peak temperatures for front and back surfaces of battery 2 in module 3
are 168.2 °C and 138.8 °C, and in module 4 are 169.7 °C and 141 °C,
which are lower than the temperature of safety venting. Furthermore, as
shown in Fig. 5(a), the voltage of battery 2 in module 3 drops from
3.43 V to 3.35 V slowly because of the lithium-ion deintercalated from
anode at high temperature, and the voltages of subsequent batteries
remain constant. As shown in Fig. 5(b), a voltage wave for module 4 can
be observed after TR of battery 1 is triggered, and the voltage decrease
from the initial 3.43 V to the final 3.33 V due to the transfer of electric
current.

The maximum temperatures of each battery in the two modules are
captured based on Eq. (1), as presented in Fig. 5(c). Since TR propaga-
tion within the modules is successfully prevented, the maximum tem-
peratures of subsequent batteries are all lower than 200 °C. For module
4, the maximum temperatures of battery 2-4 are 162.8 °C, 101 °C and
82.1 °C, which are higher than that of module 3. This can be attributed
to the fact that part of the heat released by battery 1 is transferred to
other batteries through the copper connectors. In addition, the first peak
temperatures of battery 1 during its TR in different battery modules are
compared, as shown in Table 3. For comparison, the first peak temper-
atures of battery 1 before battery 2 experiencing TR in module 1 and 2
are captured. It can be seen that the temperature of battery 1 with
prevention is higher than that of battery 1 without prevention, which is
attributed to the excellent thermal insulation performance of aerogel.
During TR of battery 1 in the modules with prevention, the heat transfer
from battery 1 to subsequent batteries is reduced by the aerogel, causing

Table 2
The mass loss data.
Connection Total mass loss Average mass loss of per ~ Mass loss
type (€3] battery (g) fraction (%)
No 1243.15+25.65 310.79+6.41 22.28+0.46
connection
In parallel 1247.15+£12.95 311.79+3.24 22.35+0.23
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more heat is used to raise the temperature of battery 1.

Furthermore, an equivalent circuit model (Gao et al., 2019) is
established to quantitatively describe the transferred electricity for the
module in parallel under passive prevention (module 4), as shown in
Fig. 6. During the TR stage of battery 1, the transfer capacity of elec-
tricity from other batteries and the energy of transferred electricity can
be determined by Eqs. (2)-(5). As listed in Table 3, battery 1 has 103.65
% SOC during TR, and 1.83 Ah capacity of electricity is transferred from
other batteries to battery 1, leading to 22.43 kJ electric energy trans-
ferred during the transfer of electric current. Based on Eq. (6), the
contribution of the electric energy transferred to the increase in the
battery temperature can be obtained. The increase in temperature due to
the electrical transfer is calculated to be 14.6 °C. This demonstrates that
the transferred electricity for the module in parallel has no significant
influence on the energy release of the TR battery. Besides, Table 4
compares the transferred electricity and electric energy from this study
and other investigations. For the batteries in parallel, the electricity
transfer from subsequent batteries to the battery 1 accounts for
approximately 3 % of the total battery capacity during TR propagation,
which demonstrates that the capacity of transferred electricity is small in
comparison with the capacity of 100 % SOC battery.

V=E-IR, 2
Rig = —
™=y 3)
n
Q.= | INdt 4)
to
H, = Q, x V x 3600 (5)
H, = myc, AT 6)

where V is the terminal voltage of the battery module, E is the electric
potential of normal cell, I is the current transferred from normal battery
to the battery in TR, R, is the resistance of normal battery (the resistance
of the battery is 0.7 mQ), Ryg is the resistance of TR battery, N is the
number of normal batteries, Q, is the transfer capacity of electricity from
other batteries, t; and t; are the start and end times of charging battery
1, H, is the energy of transferred electricity, my is the battery mass, c; is
the specific heat capacity of the tested battery (the value of c; is about
1.1 J/geK).

3.3. Heat transfer analysis for different battery modules

The transferred heat flow in the battery thickness direction is the root
cause of TR propagation within the module made of prismatic batteries.
Identifying the total heat absorbed by the battery before its TR is of great
significance to reveal TR propagation mechanisms with different con-
nections. Under thermal abuse conditions, the battery not only absorbs
the external heat but also generates heat at elevated temperature owing
to exothermic reactions. The heat generation of the battery is assumed to
be comprised of the heat from solid electrolyte interface (SEI) decom-
position, the heat from the reaction between anode and electrolyte, the
heat from the reaction between cathode and electrolyte, the heat from
the electrolyte decomposition, and the joule heat of internal short circuit
(Zhang et al., 2021). Due to the complexity of heat sources during TR,
the self-generated heat of the battery (Qs.) is used to represents the all
heat generated inside the battery. In order to determine the heat
absorbed by the battery before TR (Qp), it is necessary to obtain the
self-generated heat of the battery. Consequently, the experiments about
the normal and failure batteries are conducted to identify the
self-generated heat of the battery before TR, and the experimental
schematic diagram is displayed in Fig. 7(a). The normal battery is heated
by the heater with 500 W heating power to determine the internal heat
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Fig. 5. The temperature and voltage responses during TR propagation with passive prevention: (a) variations of temperature and voltage for the module without

connection (module 3); (b) variations of temperature
propagation.

Table 3
Comparison of the peak temperature of battery 1 before battery 2 experiencing
TR for different modules.

Connection Passive prevention First peak temperature (°C)
No connection No 341.6+0.68

Yes 384.6+3.15
In parallel No 360.7+0.88

Yes 382.5+1.33

increasing in the battery before TR. As expressed in Eq. (7), the heat
sources that raise the temperature of the battery before TR are composed
of the heat absorbed by the battery and the self-generated heat of the
battery. The failure battery with zero energy storage is heated under the
same experimental condition to identify the heat absorbed by the
normal battery. Hence, the self-generated heat of the normal battery can
be determined by Egs. (7)-(8), which is reasonably assumed to be the
same as the heat generated by the batteries within modules due to the
same experimental conditions. Fig. 7(b) depicts the variations of internal
heat increasing in the battery and the heat absorbed by the battery.

comy(Ty — Too) = Qp + Qserr @)

0y = c,my (T, — Ts,) ®

where Q and Q. are the heat absorbed by the battery and the self-
generated heat of the battery before TR, respectively, c, is the specific
heat capacity of the failure battery (which is assumed be the same as c}),
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and voltage for the module in parallel (module 4); (¢) the maximum temperature of battery i during TR

Rb

—

B3

g =

NxI

Fig. 6. The equivalent circuit model for the module 4 in parallel.

m;, is the mass of the failure battery, T, and T, are the average tem-
perature of the normal battery and the ambient temperature, respec-
tively, and Tj, is the average temperature of the failure battery.
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Table 4

Comparison of electricity and electric energy transfer to battery 1 of LIB module

from this study and other studies.
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= Cbmb( Tonset.i - Too) - Q:elf( Tonscr,i) (9)

Qi »

where Q;}, is the heat absorbed by battery i before its TR,  Tonser; is the

onset temperature of TR for battery i, Qe (Tonser,i) is the self-generated

Ref. Capacity SOC (%) Transfer Transfer electric
(Ah) electricity (Ah)  energy (kJ) heat of battery i at Tonget ;-
This study 50 103.65+0.44  1.83+0.22 22.43+2.7 As for the battery modules without passive prevention, the heat
(Gaoetal, 24 103.42 0.82 12.31 absorbed by each battery before TR can be identified by Eq. (9). In
2019 addition, the contributions of the heat transferred from previous batte-
(Xu et al., 31.6 103.4 1.07 16.06 . . . i
2021a) ries to induce TR of subsequent batteries can be clarified based on Eq.
(10), and the contributions of the heat transferred from the heater to
trigger TR of the battery within the module is determined by Eq. (11). It
should be noted that the heat absorbed by battery 1 comes from the
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Fig. 7. Calculation of absorbed heats during TR propagation for different modules: (a) Schematic diagram of the overheating experiments for determining the self-
generated heat of the battery before TR; (b) the absorbed heat varieties with temperature for the fresh battery and the failure battery; (c) the heat absorbed by battery
i during TR propagation for module 1; (c) the heat absorbed by battery i during TR propagation for module 2; (d) the heat absorbed by battery i during TR
propagation for module 3; (f) the heat absorbed by battery i during TR propagation for module 4.
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heater, and the heat absorbed by other batteries comes from previous
batteries experienced TR and the heater.

Qh*j.i = Cbmb( Tbi(tonxet.frl) - Tb-i(ton.yet.j)) - QJ“UJou.sez./*fmzmz,’<1 ) (l
>J)

(10)

Oy (i=1)

_ i—1
th’amr.i - Qi‘b _ Z Qi,b—j (1 > 1, &&i >J&&&&) (11)
=)

where Qy_j; is the contribution of the heat generated from battery j to
induce the TR of battery i, tonserj and tonser j+1 represent the onset times of
TR for battery j and battery j + 1, Tp;(tonser;j) represents the average
temperature of battery i at the moment of tonserj and Ty (tonserj+1) rep-
resents the average temperature of battery i at the moment of tonserji1,
Qself tunerj—tomserjs TEPTESENLS the self-generated heat of battery i between
the time interval of tonserj and tonsetj+1, Qheater,i is the contributions of the
heat transferred from the heater to trigger TR of battery i.

Owing to the excellent performance of aerogel on preventing TR
propagation, no TR occurs in subsequent batteries after TR of battery 1 is
induced for the modules with prevention. Hence, the time nodes cor-
responding to the maximum temperatures of battery 2-4 are selected to
determine the total heat absorbed by each battery (Q;;) in the modules
and clarify contributions of the heat from previous batteries (Q;5;) to
subsequent batteries, as expressed in Eqgs. (12)-(13). Additionally, the
contributions of the heat from the heater to each battery within the
modules can be determined by Eq. (11).
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prevention, the heat absorbed by subsequent batteries within module 3
and 4 is much lower, which demonstrates that TR propagation can be
prevented once the heat absorbed by the battery is reduced. It can be
seen that the heat of battery 1 generated at TR stage is responsible for the
temperature increase of other batteries, and the heat from the batteries
without experiencing TR has little impact on TR propagation. Interest-
ingly, the transferred heat during TR propagation of module 3 is similar
to that of module 4 due to the application of aerogel, showing that the
aerogel has same effects on reducing the transfer heat and preventing TR
propagation for the modules with different connections.

For the module in parallel, the heat generated in TR spreads to the
adjacent battery mainly through the shell, connectors and flame radia-
tion, as shown in Fig. 8(a). Owing to no connectors and flame for the
module without connection, the shell is the main path of the heat
transfer. As shown in Fig. 7(e)-(f), the heat absorbed by battery 2 is
about 160 kJ for module 3 and 4, demonstrating that the heat that the
battery shell is the main path of the heat transfer during TR propagation
for the modules with different connections. The result also reveals that
the flame and the connectors have little influence on TR propagation.
Enhancing thermal resistances between adjacent batteries is the most
effective method to prevent TR propagation in terms of prismatic battery
modules.

Furthermore, the average heat fluxes of the former battery to its
adjacent battery for the modules without prevention are calculated by
Eq. (14), and the average heat flux for the modules with prevention are
calculated by Eq. (15). As shown in Fig. 8(b), the heat flux of the former
battery to the neighboring battery are about 400 W for the module in
parallel, which are much higher than those of the module without
connection, especially in the early stage of TR propagation. Conse-

. o _ ) ) . quently, the TR propagation speed within the parallel module is much
_ meb( Tun.\-er,x T Q.re{f T‘rm.\'er‘l) (l = 1) 12 L . . . . .
Qi = vy T — T) = Qup( Toans) (0> 1) 12 faster in comparison with the module without connection. Fig. 8(c)
- ’ ’ presents the average heat flux of the modules with prevention. It can be
seen that heat flux of module 3 and 4 are almost consistent, and the
0 . = ey Toiltmair1) —  Toiltowsers)) — Oselftomen—tmanyes (> &, J = 1) 13)
o ey ( Toi(tmarjr1) = Toiltmars)) — Osetftmanj—tmansor (i>jj>1)

where T represents the maximum temperature of battery i, tmq.; and
tmaxj+1 represent the moments of reaching maximum temperature for
battery j and battery j + 1, Tp;(tmaxj) represents the temperature of
battery i at the moment of tpqeyj, and Tp;(tmaxj+1) T€presents the tem-
perature of battery i at the moment of tmaxj+1,  Qself.omerj—tmaejs TEPTE
sents the self-generated heat of battery i between the time interval of
tonserj and tmaxji1, Qself tarj—tmaejs  TEPTESENLS the self-generated heat of
battery i between the time interval of tiqj and tmaxjr1-

Based on the above analysis, Fig. 7(c)-(f) illustrate the transferred
heat flows during TR propagation for different modules. As shown in
Fig. 7(c)-(d), the heat from the battery suffered from TR is the dominant
heat source for triggering TR of the adjacent battery, which contributes
to 52 %—67 % of the total heat absorbed. And the contributions of other
batteries experienced TR to trigger the TR of the subsequent battery
cannot be ignored. It should be noted that 184 kJ is sufficient to trigger
TR of the battery and lead to TR propagation within the battery module.
In addition, the total heat absorbed by the subsequent battery before TR
increases as TR propagation continues, which may be attributed to the
heat accumulation within the modules. Compared with the module
without connection, the batteries of the module in parallel absorb more
heat before TR.

Fig. 7(e)-(f) depicts the transferred heat flows during TR propagation
for the modules with prevention. Compared with the modules without
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average heat flux from battery 1 that experienced TR to battery 2 is
about 35 W, indicating the aerogel with low thermal conductivity has
excellent performances in reducing heat flux for the modules. By
comparing the module 1-4, the module 3 and 4 have similar thermal
responses owing to the reduction of the heat flux. Particularly, the
parallel connection aggravates exothermic reactions inside the battery
during TR, resulting in high heat flux of the battery to its adjacent
battery, which is the main cause of the battery module in parallel with
fiercer TR propagation. It should be noted that increasing thermal re-
sistances between adjacent batteries is an effective method to reduce the
risk of module in parallel and prevent TR propagation.

b—ii+1
[p—EE a4)
Tonset,i+1 — Lonser,i
IQ'%? (i=1)
max,i+1 — lonset,i
Pae = 0 (15)
b—i,i+1 (l > 1)
tmux,i+l - tmux,i

where Pg,, is the average heat flux of the battery to the adjacent battery
during TR propagation, Q,_;;;1 is the heat transfer from battery i to
battery i + 1, tonserit1 is the onset time of TR for battery i, tmax; is the
moment of reaching the maximum temperature for battery i.
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battery during TR; (b) the average heat flux of battery i to battery i + 1 for the modules without prevention; (c) the average heat flux of the battery i to battery i + 1

for the modules with passive prevention.
4. Conclusions

In this study, the TR propagation characteristics of the battery
modules with different connections and the performances of aerogel on
preventing TR propagation for these battery modules are experimentally
investigated. The TR propagation mechanisms of the modules are also
revealed in term of the transfer heat in the direction of the battery
thickness. The contributions of the heat transferred from previous bat-
teries to induce TR of subsequent batteries are clarified for the first time,
and the dominated heat transfer path during TR propagation is identi-
fied. The main conclusions of this study are summarized as follows:

(1) During TR propagation, violent jet flames can be observed in the
battery module in parallel, whereas no any combustion occurs in the
battery module without connection. Owing to the transferred electricity,
the maximum temperature in the parallel batteries decreases with the
continuation of TR propagation, which is contrary to the result of the
battery module without connection.

(2) The heat from the battery suffered from TR is the primary heat
source for triggering TR of the adjacent battery (contributes to 52 %—67
%), whereas the heat from other batteries for triggering the TR cannot be
ignored. The average heat flux energy during TR propagation is about
400 W for the battery module in parallel, which is much higher than that
of the battery module without connection.

(3) The transferred electricity can only increase the temperature of
TR battery by 16 °C, which has no significant impact on the energy
released during TR propagation. While the parallel connection mode
intensifies the thermochemical reactions inside the battery accompanied
with high heat flux energy releasing, leading to more violent combustion
and shorter TR propagation time in comparison with other electrical
connection modes.

(4) TR propagation in the battery modules with different connections
can be completely prevented by adopting aerogel. The average heat flux
of the former battery to its adjacent battery can be reduced from 400 W
to 35 W by using aerogel. During TR propagation of the battery module
in parallel, the thermal conduction between battery shells is the domi-
nant heat transfer path during TR propagation, and the heat transfer
through connectors or flame radiation has little influence on TR prop-
agation. Enhancing thermal resistances between adjacent batteries is an
effective method to prevent TR propagation for the battery module in
parallel.

In brief, the findings provide new insights into the cause of fiercer TR
propagation within the battery module in parallel and enhance the un-
derstanding of TR propagation behaviors. Besides, the excellent
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performances of the thermal insulation in preventing TR propagation of
the battery module in parallel are experimentally verified, holding
enormous promise for the safer battery modules.
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