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ABSTRACT 
 Thermal runaway of battery leads to a serious 
consequence, such as explosion, in which the variation of 
temperature is the key parameter needed to be 
controlled. Therefore, by using the validated 3D model, 
this paper discussed the impact of discharge rate and 
convection heat transfer coefficient on the behavior of 
thermal runaway, which is caused by the local 
overheating. Results showed that, a high discharge rate 
could increase the rate of temperature rise and decrease 
the triggering time of thermal runaway. It changed from 
895 s to 771 s when the discharge rate increased from 
0.5 C to 4 C. Increasing the convection heat transfer 
coefficient was an effective way to mitigate the thermal 
runaway. Compared to 15 W/(m2·K), the highest 
temperature of battery could decrease by 40 °C and the 
triggering time could be delayed by 280 s when the 
convection heat transfer coefficient was 75 W/(m2·K). 
The result obtained in this paper could provide guidance 
to understand the characteristic of thermal runaway. 

Keywords: lithium-ion battery, thermal runaway, local 
overheating, safety  
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Abbreviations 
SEI 
MSMD 
DOD 

Solid electrolyte layer 
Multi-scale multi-domain 
Depth of discharge 

1. INTRODUCTION
With the development of electric vehicles (EVs) and

hybrid electric vehicles (HEVs), the demand of battery 
with low cost and high performance becomes urgent. 
Lithium-ion battery is the optimal choice due to the high 
energy density and high operating voltage [1, 2]. 
However, the application is limited by the operating 
temperature of the battery [3-5]. If beyond the optimal 
range (25 - 40 °C), the performance would be decreased. 

Moreover, extreme condition, such as thermal runaway 
should be also considered, which is usually caused by 
mechanical abuse, electrical abuse, and thermal abuse 
[6, 7]. Overheating is a typical scenario in thermal abuse, 
leading to a lot of heat [10], resulting in the high 
temperature of battery and generation of gas smoke, 
fire, and explosion. 

There have some literatures focusing on the thermal 
runaway. Feng et al. [11] explored the characteristic of 
thermal runaway for large-size prismatic battery by the 
extended volume-accelerating rate calorimetry. By using 
three important temperatures, i.e., abnormal heat 
starting temperature, triggering temperature, and 
maximum temperature, the process of thermal runaway 
could be better described. Lopez et al. [12] tested the 
behavior of thermal runaway for 18650 lithium battery. 
Results showed maximum temperature rise increased 
with the increase of temperature in the ambient if the 
heat power was constant. Lei et al. [10] found the 
temperature rise increased with the increase of heating 
temperature. And the heating area showed slight impact 
on it. Zhang et al. [13] found though the heat produced 
by internal short circuit was a small part for the total 
heat, it was still a key factor inducing the thermal 
runaway. 

Therefore, due to the complex process of thermal 
runaway, this paper established a coupled model, 
including the thermal model, the electrochemical model, 
and thermal runaway model, to explore the 
characteristic of thermal runaway. By using the validated 
model, the effect of discharge rate and convection heat 
transfer coefficient on thermal runaway are carefully 
discussed, during which the triggering time, the rate of 
temperature rise, and the maximum temperature were 
employed as the performance indicators. The results 
obtained in this paper could provide guidance to 
understand the characteristics of thermal runaway. 
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2. MODEL DESCRIPTION AND VALIDATION

2.1 Model description 

Fig. 1 shows the battery model studied in this paper. 
It consists of battery and heater. The dimension of 
battery is 175 mm × 205 mm × 30 mm, with 86 Ah of 
capacity. The end of discharge and discharge voltages are 
2 V and 3.65 V, respectively. The thickness of heater is 30 
mm and its length and width are same with that of 
battery. During operation, 500 W of heating power is 
conducted on the heater to heat the battery and induce 
the thermal runaway. The thermal runaway can be 
divided into three stages: (1) the pre-thermal runaway 
development, which consists of the SEI film 
decomposition reaction; (2) the rapid thermal run-away 
development stage, which consists of the redox reaction 
between the cathode, anode and electrolyte; (3) the end 
of thermal runaway, where the internal reaction 
gradually stops and the temperature decreases slowly. 

Heater

LiFePO4 battery

Fig. 1 Battery and heater construction 
To establish the 3D model, the thermal model, the 

electrochemical model, and thermal runaway model are 
needed. For thermal model, the continuity equation, the 
momentum equation, and the energy equation can be 
found in the following: 
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where, ρ1 is the air density; U is the velocity vector. u, v, 
and w are the velocity components of the velocity vector 
in the x, y, and z directions, respectively. μ is the 
aerodynamic viscosity; Su, Sv, Sw are the generalized 
source terms of the momentum conservation equation. 
ρ2 is the density of the cell component, Cp is the specific 
the heat capacity, T is the cell temperature, k is the 
thermal conductivity of the cell, and S is the source term 
i.e., the heat generation rate per unit volume, which

consists of the chemical exothermic reaction of the 
component and the internal short circuit. 

For electrochemical model, multi-scale multi-domain 
(MSMD) is selected [14]. It can be described as: 
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where, Vol represents the single cell active area volume, V is 

the single cell volt-age, Qnominal represents total battery power 

and Qref represents the battery capacity, which is used in the 

experiments to obtain the model parameters Y and U, where Y 

and U are functions of the battery depth of discharge (DOD). 

C1 and C2 are specific constants. the Y and U parameters are 

extracted from the battery dis-charge at different multipliers 

tests. 

For thermal runaway model, it can be found in the 
following: 
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where, A, E and m are reaction kinetic parameters, denoting the 

exponential prefactors, activation energy, and reaction order, 

respectively; the subscripts sei, ne, pe, and e denote the 

parameters associated with the SEI layer decomposition 

reaction, negative electrode reaction with electrolyte, positive 

electrode reaction with electrolyte, and electrolyte 

decomposition reaction, respectively; Csei, Cne, Ce, and α are 

dimensionless variables; tsei is a dimensionless measure of the 

SEI layer thickness; tsei,ref is the reference SEI layer thickness; 

T is the ambient temperature; R is the gas constant. 

2.2 Key performance indicator 

In order to better understand the characteristic of 
thermal runaway, triggering time, the rate of 
temperature rise, and maximum temperature are 
employed as the performance indicator. For triggering 
time, it can be obtained through the following: 

2tr Tt t= (8) 

where, tT2 is the time to reach the T2, and T2 is the critical 
point between gradual and sharp increase in 
temperature, i.e., the trigger temperature for thermal 
runaway. 

For maximum temperature, it can be described as: 
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where, T3 is the maximum temperature during thermal 
runaway. 

For the rate of temperature rise, it can be found in 
the following: 
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where, tTmax is the time to reach the maximum 
temperature. 

2.3  Grid independence test and Model Validation 

Table 1 shows the grid independence test. It can be 
found when the grid number was larger than 164138, 
triggering time and maximum temperature did not vary. 
Therefore, 164138 was selected to do the following 
work. 

Table. 1 Grid independence test 
Grid 

number 
Triggering 

time/s 
Maximum 

temperature/°C 
81740 884 352 

164138 883 353 
277200 883 353 

To validate the proposed model, reference [13] was 
employed. In this work, the heater is located on the side 
of the battery and acts as a heat source to trigger the 
thermal runaway of the battery. Insulating cotton covers 
both sides of the battery and heater to reduce heat 
dissipation to the environment and fixture tools. Based 
on this, Fig. 2 shows the result of model validation. It was 
clear that the simulation result was agreement with 
experimental data for both heating process and thermal 
runaway process. The maximum temperature difference 
was 14 °C occurred at 817 s, which was mainly caused by 
the valve opening causing the battery to drop in 
temperature over a short period of time. Therefore, the 
model was considered as validated and can be used to 
predict the characteristic of thermal runaway.  
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Fig. 2 Model validation 

3. RESULTS AND ANALYSIS 

3.1  Effect of discharge rate on thermal runaway 

Fig. 3 shows the impact of discharge rate on the 
characteristic of thermal runaway. In the heating 
process, the temperature linearly increased with the 
time. High discharge rate would also increase the 
temperature at the same time, as shown in Fig. 3(a). 
Therefore, triggering time of thermal runaway would be 
advanced, as shown in Fig. 3(b). Compared to 0.5 C of 
discharge rate, it would be increased by 12 s, 36 s, 76 s 
and 124 s for 1 C, 2 C, 3 C, and 4 C, respectively. In the 
meantime, the rate of temperature rise was also 
different under different discharge rate. Since the start 
of heating to battery failure, high discharge rate would 
also increase the rate of temperature rise, as shown in 
Fig. 3(c). It should be note that, the maximum 
temperature of battery was not changed with the 
variation of discharge rate. This was mainly due to the 
fact that the maximum temperature of thermal runaway 
is influenced by the thermal properties of the battery 
material, independent of the discharge rate, as shown in 
Fig. 3 (d). 
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(c) Effect of discharge rate on the rate of 
temperature rise 

(d) Effect of discharge rate on the maximum 
temperature 

Fig. 3 Effect of discharge rate on thermal runaway

3.2 Effect of convective heat transfer coefficient on 
thermal runaway 

Fig. 4 shows the impact of convection heat transfer 
coefficient on the characteristic of thermal runaway. 
Large convection heat transfer coefficient was benefit to 
the heat dissipation of battery. Similarly with the impact 
of discharge rate, the temperature linearly increased 
during the heating process. And high convection heat 
transfer coefficient could delay the happen of thermal 
runaway, as shown in Fig. 4(a) and Fig. 4(b). For example, 

the triggering time were 883 s, 1003 s, 1075 s, and 1163 
s for 15 W/(m2·K), 30 W/(m2·K), 45 W/(m2·K), 60 
W/(m2·K), and 75 W/(m2·K), respectively. In addition, 
since more heat can be dissipated at large convection 
heat transfer coefficient, the rate of temperature rise 
and maximum temperature would also decrease. For 
example, the rate of temperature rise and maximum 
temperature were 0.19 °C/s and 353 °C at 15 W/(m2·K); 
while these values were 0.17 °C/s and 313 °C at 75 
W/(m2·K). 
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Fig. 4 Effect of convective heat transfer coefficient on thermal runaway
4. CONCLUSIONS 

The coupled model, including thermal model, the 
electrochemical model, and thermal runaway model, 
was established and validated in this paper to explore 
the characteristic of thermal runaway of battery. The 
impact of discharge rate and convection heat transfer 
coefficient on thermal runaway was carefully discussed. 
Through the result, it can be concluded that:  

(1) High discharge rate would deteriorate the 
thermal runaway, including the triggering time and the 
rate of temperature rise. However, the maximum 
temperature was slightly affected by the dis-charge rate.  

(2) Since large convection heat transfer coefficient 
could dissipate more heat timely, it could alleviate the 
thermal runaway, including the triggering time, rate of 
temperature rise, and the maximum temperature of 
battery. 
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