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Abstract: According to the green growth and carbon-neutral policy in Korea, the installation of large-
capacity ESSs is rapidly being increased, but a total number of 50 ESS fire cases have occurred since the
end of 2023. ESSs are typically composed of series-parallel connections with numerous Li-ion batteries,
and when the temperature of a deteriorated cell increases due to thermal, electrical, and mechanical
stress, thermal runaway can occur due to additional heat generated by an internal chemical reaction.
Here, an internal chemical reaction in a Li-ion battery results in the different characteristics on the
decomposition reaction and heat release depending on the operation conditions in the ESS, such as the
rising temperature rate, convective heat transfer coefficient, and C-rate of charging and discharging.
Therefore, this paper presents mathematical equations and modeling of thermal runaway, composed
of the heating device section, heat release section by chemical reaction, chemical reaction section at
the SEI layer, chemical reaction section between the negative and positive electrodes and solvents,
and chemical reaction section at the electrolyte by itself, based on MATLAB/SIMULINK (2022),
which were validated by a thermal runaway test device. From the simulation and test results based
on the proposed simulation modeling and test device according to the operation conditions in ESSs,
it was found that the proposed modeling is an effective and reliable tool to evaluate the processing
characteristics of thermal runaway because the occurrence time intervals and maximum temperatures
had almost the same values in both the test device and simulation modeling. Accordingly, it was
confirmed that the rising temperature rate and the convective heat transfer coefficient were more
critical in the thermal runaway than the C-rate of charging and discharging.

Keywords: Li-ion battery; thermal runaway; operation environment; mathematical equation; evaluation
modeling; MATLAB/SIMULINK

1. Introduction

Recently, the installation of large-capacity energy storage systems (ESSs) in South
Korea have been rapidly increased to carry out various functions such as power stabilization
of renewable energy sources, demand response, and frequency regulation, but the fire cases
in ESSs have continuously occurred since August 2017 [1-3]. From the analysis results of
40 fire accident cases occurring from the end of 2022 based on the operation environments
such as installation location, building type, and application, it is known that the fire
accident rate in ESSs for renewable energy sources is much higher than other applications
because they are installed and operate in relatively poor conditions [4,5]. On the other
hand, ESSs are composed of series-parallel connections with a number of Li-ion batteries,
and when the temperature of a deteriorated cell increases in a continuous way due to
thermal, electrical, and mechanical stresses, a thermal runaway phenomenon can occur
according to the additional heat generated by an internal chemical reaction [6-8]. Therefore,
this paper formulated mathematical equations of thermal runaway in Li-ion batteries and
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then performed its evaluation modeling using MATLAB/SIMULINK (2022) S/W, which
consists of a heating device section, a heat release section by chemical reaction, a chemical
reaction section at the solid electrolyte interphase (SEI) layer, a chemical reaction section
between negative and positive electrodes and solvents, and a chemical reaction section at
the electrolyte by itself. Also, this paper implemented a test device for thermal runaway,
which is composed of a heating chamber section, a heating device section, and a monitoring
and control section in order to validate the effectiveness of the proposed modeling. From
the simulation and test results based on the proposed simulation modeling and test device
according to the operation conditions in ESSs, it is confirmed that the proposed modeling is
an effective and reliable tool to evaluate the processing characteristics of thermal runaway
because the occurrence time intervals and maximum temperatures in the test device are
nearly identical to the results of simulation modeling. Also, it is found that as the convective
heat transfer coefficient becomes higher due to the humidity and ventilation condition
inside the battery module, the thermal runaway is occurs within a short time interval,
and then the thermal runaway from a single cell can easily propagate to adjacent cells
depending on the convective heat transfer coefficients. Based on the operation conditions in
ESSs, it is clear that the rising temperature rate and the convective heat transfer coefficient
are more critical in the thermal runaway than the C-rate of charging and discharging.

2. Mathematical Equations of Thermal Runaway in Li-Ion Batteries for ESSs

In order to evaluate the processing characteristics of thermal runaway in Li-ion batter-
ies, this paper assumes that the temperature of a battery is raised by a heating chamber
based on UL9450A, being one of the test methods shown in reference [9]. Here, the heat
flux through the air in heating chamber is calculated by the convective heat transfer coeffi-
cient and the temperature difference between the heating device and battery, as shown in
Equation (1) according to Newton’s law of cooling. Also, the temperature variation in the
battery due to the heating can be formulated as shown in Equation (2) by considering the
heat flux and cross area, volume, density, and specific heat capacity of the current collectors
in positive and negative electrodes [10,11].

q” (t) = kCon‘U'(Cheat - Cbatt(t)) (1)

t 2D (1)

Acbatt,heat(t) :/0 -0 i+ Shont
a eq

where g” is the heat flux to the battery, kcono is the convective heat transfer coefficient, Ce,;
is the temperature of the heating device, Cy,y is the temperature of the battery, ACp,y; jeqs is
the temperature variation in the battery due to heating, D is the cross area of the current
collector in the battery, v is the volume of the current collector in the battery, py,; is the
density of the current collector in the battery, and Sj,,; is the specific heat capacity of the
current collector in the battery.

Furthermore, the total heat release by internal chemical reactions occurring in a Li-ion
battery can be expressed as shown in Equation (3), and the temperature variation in a
battery due to chemical reactions is calculated as shown in Equation (4) [12-14].

dt )

Qtotal (t) = Qseit Qnegn +onsi+ Qetect ©)

f Qtotul(t) dt
0 pbatt'sheat

ACpatt,chem (t) = 4)
where Qo141 is the total heat release by internal chemical reactions, Qs,; is the heat release
by the decomposition of the SEI layer, Q¢ is the heat release between the negative
electrode and the solvent, Q,s; is the heat release between the positive electrode and the
solvent, Q,j,; is the heat release by the decomposition of the electrolyte, ACpyu cpery is the
temperature variation in the battery due to the chemical reaction.
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The heat release by the decomposition of the SEI layer can be formulated as shown in
Equation (3), and the reaction velocity of the decomposition of the SEI layer is calculated as
shown in Equations (4) and (5) according to the thermal decomposition reaction equation
of a solid component based on the Arrhenius equation [15-17].

Qsei(t) = HeeipoVaei (1) 5)

Veei(t) = Asei'Msei(t)'exp(7R‘ézztt) ©)
dMsei(t) _ ]

- Vel @)

where H,,; is the reaction heat by decomposition of the SEI layer, p. is the volume-specific
carbon content in the SEI layer, V,,; is the reaction velocity of the decomposition of the SEI
layer, Ag,; is the frequency factor of the decomposition of the SEI layer, e,; is the activation
energy of the decomposition of the SEI layer, R is the universal gas constant, and M;,; is
the dimensionless amount of lithium-containing meta-stable species in the SEI layer.

In addition, the heat release between the negative electrode and solvent, which is a
one-dimensional diffusion type, can be expressed as shown in Equation (8), and the reaction
velocity between the negative electrode and solvent is calculated as shown in Equation (9).
As the chemical reaction is continuously processed, the concentration of lithium in the
negative electrode is decreased according to Equation (10), and the thickness of the SEI
layer is increased based on Equation (11) due to the formation of the SEI layer.

Qnegu(t) = Hnega'Pc'Vnegll<t) (8)
B (-l (g
Vnega(t) — _Anega'MnEgu(t)'exp sei exp batt (9)
AW, (t
%() = Viyega(t) (10)
aM t
Phoessl®) — _ygult )

where Hy,g, is the reaction heat between the negative electrode and solvent, Vg, is the
reaction velocity between the negative electrode and solvent, Angga is the frequency factor
between the negative electrode and solvent, W;,; is the thickness of the SEI layer, ey, is
the activation energy between the negative electrode and the solvent, and Mg, is the
dimensionless amount of lithium within the carbon.

Also, the heat release between the positive electrode and solvent, which is an autocat-
alytic reaction, can be formulated as shown in Equation (12), and the reaction velocity be-
tween the positive electrode and solvent is calculated as shown in Equations (13) and (14).

onsi(t) - Hposi'Pposi'Vposi(t) (12)

Vyusi (1) = Aposia(t)-(1 = a(t))-exp! " (13)
da(t

D;(t ) = Vposi(t) (14)

where H)s; is the reaction heat between the positive electrode and the solvent, ps; is the
volume-specific positive active content, Vs is the reaction velocity between the positive
electrode and the solvent, A, is the frequency factor between the positive electrode and
the solvent, e,,; is the activation energy between the positive electrode and the solvent,
and « is the conversion rate.
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On the other hand, the heat release by decomposition of the electrolyte, which is
a one-dimensional diffusion type, can be expressed as shown in Equation (15), and
the reaction velocity of the decomposition of the electrolyte is calculated as shown in
Equations (16) and (17).

Qelect(t) = Helect'Pelect'Velect(t) (15)
_ Celect
Velect(t> = Aelect'Melect(t)'exP( R'Cbm) (16)
dM t
etliietct() = 7Velect(t) (17)

where H,j.; is the reaction heat by the decomposition of the electrolyte, p,j..; is the volume-
specific electrolyte active content, V. is the reaction velocity of the decomposition of the
electrolyte, A, is the frequency factor of the decomposition of the electrolyte, e, is the
activation energy of the decomposition of the electrolyte, and M, is the dimensionless
concentration of the electrolyte.

Finally, this paper adapted the concept of a new single particle (SP) model found
in reference [18] that includes electrolyte physics and a stress—diffusion coupling effect
to describe the charging and discharging operation. Here, the analytical equations for
electrolyte potential are derived based on the electrolyte charge conservation equation,
and the stress-enhanced diffusion is coupled with electrochemical physics inside the entire
battery [19,20]. Based on this concept, this paper presents the modeling of heat gener-
ation due to ohmic heat according to C-rate of charging and discharging by using the
electrochemical-thermal coupled model as shown in reference [21].

3. Evaluation Modeling of Thermal Runaway Using MATLAB/SIMULINK S/W

Based on the proposed mathematical equations, the modeling of the heating device
section can be expressed using MATLAB/SIMULINK, as shown in Figure 1. Here, Figure 1a
shows the heat flux to the battery, which is created by Equation (1), and Figure 1b shows the
temperature variation in the battery due to the heating, which is created by Equation (2).

[T_batt]

(a) (b)

Figure 1. Modeling of the heating device section for the battery: (a) heat flux to the battery;
(b) temperature variation in the battery due to heating.

Also, the modeling of the heat release section by chemical reaction in a Li-ion battery
can be illustrated as shown in Figure 2. Here, Figure 2a shows the total heat release by
an internal chemical reaction, which is designed by Equation (3), and Figure 2b is the
temperature variation of a battery due to internal chemical reactions, which is designed by
Equation (4).

Furthermore, the modeling of the chemical reaction section at the SEI layer can
be demonstrated as shown in Figure 3. Here, Figure 3a shows the modeling of heat
release by the decomposition of the SEI layer, which is created by Equation (5), and
Figure 3b is the reaction velocity of the decomposition of the SEI layer, which is created by
Equations (6) and (7).
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(@) (b)

Figure 2. Modeling of the heat release section by chemical reaction in a battery: (a) total heat release
by internal chemical reactions; (b) temperature variation in the battery due to chemical reaction.

(a) (b)

Figure 3. Modeling of the chemical reaction section at the SEI layer: (a) heat release by the decompo-
sition of the SEI layer; (b) reaction velocity of the decomposition of the SEI layer.

In addition, the chemical reaction section between the negative electrode and solvent
can be expressed as shown in Figure 4. Here, Figure 4a shows the heat release between the
negative electrode and the solvent, which is designed by Equation (8), and Figure 4b is
the reaction velocity between the negative electrode and the solvent, which is designed by
Equations (9)—(11). Also, the chemical reaction section between the positive electrode and
solvent can be illustrated according to Equations (12)—(14) in the same way.

(@) (b)

Figure 4. Modeling of the chemical reaction section between the negative electrode and the solvent:
(a) heat release between the negative electrode and the solvent; (b) reaction velocity between the

negative electrode and the solvent.
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Finally, the modeling of the chemical reaction section at the electrolyte by itself can be
demonstrated as shown in Figure 5. Here, Figure 5a shows the heat release by the decom-
position of the electrolyte, which is created by Equation (15), and Figure 5b is the reaction
velocity of the decomposition of the electrolyte, which is created by Equations (16) and (17).

(@) (b)

Figure 5. Modeling of the chemical reaction section at the electrolyte: (a) heat release by the decom-
position of the electrolyte; (b) reaction velocity of the decomposition of the electrolyte.

4. Implementation of a Test Device for Thermal Runaway in a Li-Ion Battery

In order to validate the proposed modeling, this paper designed and implemented the
test device for thermal runaway in a Li-ion battery, which consists of a heating chamber
section, a heating device section, and a monitoring and control section, and we evaluated
the processing characteristics of thermal runaway due to external heating [22]. Here, the
heating chamber section was assembled with reinforced steel frames to withstand thermal
runaway, and a transparent polycarbonate window was installed on the front door to check
the test processing. Also, the heating device and control sections were composed of a
copper pipe, heat wire, and temperature controller, as shown in Figure 6. Here, a cylindrical
Li-ion battery was inserted into the copper pipe, which was wrapped with heat wire, and
then it was heated through the temperature controller to uniformly raise the temperature of
the battery surface. In addition, the temperature of the battery was increased constantly by
the RAMP function of the temperature controller, which was regulated accurately through
temperature feedback from a thermocouple installed between the battery and copper pipe.

18650 Li-ion cell

copper pipe
thermocouple
r—_———— - — DAQ

\s‘““““,'é‘,g_\\ «
g’
—
—
—

&=

Figure 6. Configuration of the heating device.
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Based on the components mentioned earlier, the outline of the implemented test
device for thermal runaway in a Li-ion battery is shown in Figure 7. Here, Figure 7a
shows the heating chamber section, and Figure 7b is the heating device and control section.
Also, the thermal runaway test was performed in the laboratory with forced ventilation,
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explosion protection, and fire extinguishing systems to prevent an explosion caused by the

flammable gases.

(a) (b)

Figure 7. Implementation of the test device for thermal runaway: (a) outline of the heating chamber

section; (b) outline of the heating device and control section.

5. Case Studies
5.1. Simulation Conditions

In order to evaluate the processing characteristics of thermal runaway in a Li-ion bat-
tery according to operation environments, simulation conditions were assumed as shown
in Table 1. Here, the rising temperature rates at the battery surface through the external
heating were set as 3, 5, and 7 [°C/min], and the C-rates of charging and discharging were
adopted as 0.5 and 5[C]. Also, the internal parameters in the 18650 cylindrical Li-ion battery

were assumed as shown in Table 2 [23,24].

Table 1. Simulation conditions.

Items Contents
Rising temperature rate [°C/min] 3,5,7
C-rate of charging and discharging [C] 05,5
Convective heat transfer coefficient [W/(m?-°C)] 6,15
Table 2. Parameters of the internal Li-ion battery.
Symbols Items Values
R universal gas constant 8.31
F Faraday constant 96.485
Hg,i reaction heat by decomposition of the SEI layer 2.6 x 10°
Hyega reaction heat between the negative electrode and solvent 1.7 x 100
Hposi reaction heat between the positive electrode and solvent 7.9 x 10°
Hejoct reaction heat by the decomposition of the electrolyte 1.6 x 10°
Ve volume-specific carbon content in the SEI layer 1.7 x 10
Viposi volume-specific positive active content 1.3 x 10%
Velect volume-specific electrolyte active content 5 x 102
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Table 2. Cont.

Symbols Items Values
Asei frequency factor of the decomposition of the SEI layer 1.7 x 10
Anega frequency factor between the negative electrode and solvent 5.0 x 10'2
Aposi frequency factor between the positive electrode and solvent 2.3 x 1013
Aclect frequency factor of the decomposition of the electrolyte 5.1 x 10%
Copi activation energy of the decomposition of the SEI layer 1.4 x 10°
activation energy between the negative electrode 5

€nega 1.4 x 10

and solvent
Cposi activation energy between the positive electrode and solvent 1.5 x 10°
Colect activation energy of the decomposition of the electrolyte 2.7 x 10°
dimensionless amount of lithium-containing meta-stable
M, 0.15

species in the SEI layer

dimensionless amount of lithium within the carbon in a
Miyega . 0.75
negative electrode

Meiect dimensionless concentration of the electrolyte 1
o conversion rate 0.04
Wei (0) initial value of W,; 0.033

5.2. Validation of the Proposed Modeling with Rising Temperature Rate

In order to validate the proposed modeling, the processing characteristics of thermal
runaway in a Li-ion battery according to the test device and simulation modeling can be
compared as shown in Figure 8. Here, the graphs ® and @ in Figure 8 show the thermal
runaway results by using the test device and simulation modeling, in the case of the rising
temperature rate of 5 [°C] per minute in the battery. Namely, the occurrence time intervals
of thermal runaway by the test device and simulation modeling were obtained as 28 min
43 s and 29 min 19 s, respectively, and the maximum temperatures were 798 [°C] and
749.8 [°C]. Therefore, it is confirmed that the proposed modeling is an effective and reliable
tool to evaluate the processing characteristics of thermal runaway because the occurrence
time intervals and maximum temperatures had almost the same values in both the test
device and the simulation modeling.

temperature[C]
900
800 ‘r
700 \
. 0
L
500 OEO) \
| :
400 7
i
300 |
|
200 7
[— :-:-——':::'/‘
100 ol
v i
0 IS e
0 500 1000 1500 2000 2500
=& test device -8~ simulation modeling time[s]

Figure 8. Profile of thermal runaway of the test device and simulation.
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5.3. Thermal Runaway Characteristics with Rising Temperature Rate

Based on the simulation conditions mentioned above, the processing characteristics
of thermal runaway according to the rising temperature rate were obtained as shown in
Figure 9. As shown in the graph @ in Figure 9, when the rising temperature rate in the
battery was by 3 [°C] per minute, thermal runaway occurred in about 46 min. Also, if the
rising temperature rates were by 5 [°C] and 7 [°C] per minute, the occurrence time intervals
of thermal runaway were calculated as 28 min and 20 min, respectively, as shown in the
graphs @ and ® in Figure 9. Comparing the graph ® with graph @, the time interval of
thermal runaway was shortened by up to 26 min according to the rising temperature rate.
Therefore, it was found that as the rising temperature rate became higher, the chemical
reaction inside the battery was accelerated and then the occurrence time interval of thermal
runaway was shortened.

temperature[C]
800

700
600
500
400

300

200

100

0
0 500 1000 1500 2000 2500 3000 3500 4000 4500 5000

=& 3[C/min] - 5[C/min] 7[C/min] time[s]

Figure 9. Profile of thermal runaway with the rising temperature rate.

5.4. Thermal Runaway Characteristics with the C-Rate of Charging and Discharging

The processing characteristics of thermal runaway in a Li-ion battery according to the
C-rate of charging and discharging were obtained for the rising temperature rate of 5 [°C]
per minute, as shown in Figure 10. The graph @ in Figure 10 shows the thermal runaway
characteristics in the case of the 0.5 C-rate in charging and discharging, which applies
for the test conditions in IEC 62619, and it was found that thermal runaway occurred in
29 min 20 s [25]. On the other hand, the graph @ in Figure 10 shows that the occurrence
time interval of thermal runaway was calculated as about 28 min in the case of the 5 C-rate.
Comparing the graph @ with graph @, the time interval of thermal runaway was shortened
by up to 80 s depending on the C-rate of charging and discharging. Consequently, it is
clear that as the C-rate of charging and discharging became higher, the occurrence time
interval of thermal runaway was slightly shortened due to the heat release from the internal
resistance in the battery.

5.5. Thermal Runaway Characteristics with the Convective Heat Transfer Coefficient

The processing characteristics of thermal runaway in a Li-ion battery according to the
convective heat transfer coefficient were obtained for the 270 [°C] of constant temperature
in the heating chamber, as shown in Figure 11. The graph @ in Figure 11 shows the ther-
mal runaway characteristics in the case of 6 [W/(m?-°C)] of the convective heat transfer
coefficient, which is the minimum value in air condition, and it is known that the tempera-
ture of the battery was increased by 5 [°C] per minute and thermal runaway occurred in
about 29 min. On the other hand, the graph @ in Figure 11 shows the thermal runaway
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characteristics in the case of 15 [W/(m?2-°C)], which was made by forced ventilation of
the battery module fan, and it was found that the temperature of the battery increased by
14.5 [°C] per minute and thermal runaway occurred in about 11 min. Namely, depending
on the convective heat transfer coefficient, the temperature rise per minute was increased
by about 9.5 [°C], and the time interval of thermal runaway was shortened by up to 18 min.
Consequently, it is confirmed that as the convective heat transfer coefficient became higher
due to the humidity and ventilation condition inside the battery module, the temperature
of the battery rapidly rose and also thermal runaway occurred within a short time interval,
and then thermal runaway from a single cell was easily able to propagate to adjacent cells
depending on the convective heat transfer coefficients.

temperature[C]

800
700
600
500

400

300
200
100

0
0 500 1000 1500 2000 2500 3000

- 0.5[C] - 5[C] time([s]

Figure 10. Profile of thermal runaway with the C-rate of charging and discharging.
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Figure 11. Profile of thermal runaway with the convective heat transfer coefficient.
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5.6. Comprehensive Analysis

Based on the simulation results mentioned above, the processing characteristics of
thermal runaway according to the operation conditions in ESSs such as the rising tempera-
ture rate, convective heat transfer coefficient, and C-rate of charging and discharging can
be compared and summarized, as shown in Table 3. Based on the operation conditions, it
is found that the rising temperature rate and the convective heat transfer coefficient were
more critical in thermal runaway than the C-rate of charging and discharging. Therefore,
in order to prevent thermal runaway in a Li-ion battery, it is necessary to install sensors
monitoring the battery temperature and also cooling and ventilation systems that can cause
suppression during the rapidly rising temperature. Also, an HVAC system should be
applied to keep the optimal operation environment for ESSs.

Table 3. Occurrence time intervals of thermal runaway with the operation conditions in ESSs.

Occurrence Time Interval

Operation Conditions of Thermal Runaway [min]

3 46
Rising temperature rate

[°C/min] 5 28
7 20
Convective heat transfer coefficient 6 29
[W/(m?-°C)] 15 11

C-rate of charging and discharging 0.5 29.33
[C] 5 28

6. Conclusions

This paper has dealt with an evaluation modeling of thermal runaway using MAT-
LAB/SIMULINK S/W based on the mathematical equations and it implemented the test
device in order to evaluate the processing characteristics of thermal runaway according to
operation conditions in ESSs. The main results of this paper are summarized as follows:

(1) Itis confirmed that the proposed modeling is an effective and reliable tool to evaluate
the processing characteristics of thermal runaway because the occurrence time inter-
vals and maximum temperatures had almost the same values in both the test device
and simulation modeling.

(2) It was found that as the rising temperature rate became higher, the chemical reaction
inside the battery was accelerated and then the occurrence time interval of thermal
runaway was shortened, and also, as the C-rate of charging and discharging became
higher, the occurrence time interval of thermal runaway was slightly shortened due
to the heat release from the internal resistance in the battery.

(3) Itis confirmed that as the convective heat transfer coefficient became higher due
to the humidity and ventilation condition inside the battery module, thermal run-
away occurred within a short time interval, and then thermal runaway from a sin-
gle cell can easily propagate to adjacent cells depending on the convective heat
transfer coefficients.

(4) Based on the operation conditions in ESSs, it was found that the rising temperature
rate and the convective heat transfer coefficient were more critical in thermal runaway
than the C-rate of charging and discharging.
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