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Abstract: Thermal-runaway propagation in battery systems can escalate the battery fire hazard and 

pose a severe threat to global users. In this work, the thermal-runaway propagation over 18650 

cylindrical Lithium-ion battery was tested in the linear-arranged module with a 3-mm gap. State of 

charge (SOCs) from 30% to 100%, ambient temperatures from 20 ℃ to 70 ℃, and three tab-connection 

methods were investigated. Results indicate that the thermal-runaway propagation speed was about 

0.35 ± 0.15 #/min, which increased with SOC and ambient temperature. The critical surface temperature 

of thermal runaway ranged from 209 ℃ to 245 ℃, which increased with ambient temperature while 

decreased with SOC. Compared to the open-circuit module, the flat tab connection could cause an 

external short circuit to accelerate the thermal-runaway propagation, and the non-flat tab connection 

was more likely to trigger an explosion. A heat transfer analysis was proposed to qualitatively explain 

the speed and limiting conditions of thermal-runaway propagation, as well as the influence of SOC, 

ambient temperature, and tab connection. This work reveals the thermal-runaway propagation 

characteristics under well-controlled environments, which could provide scientific guidelines to 

improve the safety of the battery module and reduce battery fire hazards. 

Keywords: Lithium-ion battery; thermal runaway; critical temperature; propagation speed; 18650 

battery 

Nomenclature 

Symbols Abbreviations 

A heat transfer area (m2) ARC adiabatic rate calorimeter 

c specific heat (J/kg-K) EV electric vehicle 

E electric energy (J) LIB Lithium-ion battery 

h heat transfer coefficient (W/m2/K) SOC state of charge 

m mass (kg) TC thermocouple 

n number of cells (-) TR thermal runaway 

Q heat (J)  

𝑄̇ heat release rate (W) Subscripts 

r propagation rate (#/min) 0 initial 

Rt total heat resistance (m2/W) a ambient 

t time (min) b battery 

T temperature (℃) es external short circuit 
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1. Introduction 

Lithium-ion batteries (LIBs) are widely used in electronic facilities and electric vehicles (EVs) for 

the merits of high energy density and long cycle life. However, fire or explosion hazards of LIBs 

initiated by the thermal runaway, when exposed to extreme conditions such as heat abuse, overcharge, 

crush, etc., present significant threats over lives [1–5]. Consequently, there is a big fire-safety concern 

on LIBs. Despite lots of understandings of the mechanism of thermal runaway and the developments 

of more stable LIB material systems over the last decade [6–9], it is still not possible to eliminate the 

risk of thermal runaway of LIBs. The propagation of thermal runaway from one cell to adjacent ones 

in battery packs and modules can escalate fire accidents of EVs and battery power storage facilities. 

Therefore, it is significant to understand the propagation dynamics of LIB thermal runaway from one 

cell to the whole battery pack, and the transition to fire, as a crucial step in the evolution of fire accidents. 

So far, there has been a relatively limited number of studies on the thermal-runaway propagation 

of LIBs [10]. Some investigated the influence of battery arrangements and different dominating heat 

transfer processes. For modules with tightly packed prismatic LIBs, the heat conduction through the 

battery shell was considered as dominant because of the direct-contact and sandwich structure of the 

linearly arranged batteries [11–14]. Feng et al. [15] analyzed the thermal runaway induced by the 

mechanical penetration and the following propagation within a large battery module. They found that 

the heat transfer through the battery shell controlled the thermal-runaway propagation rate, while the 

heat conduction from the pole connector and heat radiation of fires had a much smaller influence. For 

battery modules with cylindrical LIBs, the dominant heat-transfer mechanism is more complex and 

unpredictable due to the matrix arrangement and cylindrical shape. Lopez et al. [16]estimated heat 

transfer rates between abused and adjacent cells at different spacings. They revealed the heat conduction 

of air to be dominant when battery space was 1 mm, while the heat conduction through nickel tabs 

became dominant when space was 2 mm until the meltdown of the welding between batteries and tabs.  

Nevertheless, the propagation of thermal runaway within tightly packed LIB modules was not 

guaranteed, as observed for series-connected modules in [17–20]. The large heat dissipation to the 

environment contributes to the failed propagation, which could prevent LIB cells from reaching the 

critical thermal-runaway temperature [3]. Huang et al. [17] investigated the limiting conditions of LIB 

thermal runaway via a non-dimensional analysis and the combination of Semenov and Thomas models. 

They also demonstrated that both cell distance and ambient temperature affect the propagation of 

thermal runaway. Moreover, methods of connecting LIBs or the circuit arrangement also influence the 

thermal-runaway propagation process, because of the possible short circuit. Gao et al. [18] showed that 

for a close-circuit pouch-cell module, the cell temperature was 10 ℃ higher than the reference open-

circuit module. Joshua et al. [19] showed that an intense thermal-runaway propagation occurred in the 

cylindrical-cell module with the parallel connection, while the propagation did not occur with the series 

connection. Therefore, further research is needed to further quantify the limiting conditions for the 

thermal-runaway propagation and determine the influence of the arrangement, state of charge (SOC), 

ambient temperature, and connection modes.  

In this work, a series of experiments on the thermal-runaway propagation of LIB battery modules 

with 18650 cylindrical cells were conducted. The battery modules with six linearly arranged cells were 

tested, and the thermal-runaway propagation was initiated in one direction. Effects of ambient 

temperature, SOC, and the electric connection on thermal-runaway propagation were discussed in detail 

with a heat-transfer analysis. Experimental results aim to provide scientific guidelines for the safe 

design of cylindrical LIB modules. 
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2. Experimental Methods 

2.1. Materials and setup 

In this work, commercial 18650 Lithium-ion batteries (ICR18650-22P, Samsung SDI Co., Ltd) 

with the nominal capacity of 2150 mAh and nominal voltage 3.62 V were tested. The cathode and anode 

materials were Li(Ni1/3Co1/3Mn1/3)O2 and graphite, respectively. The same batch of LIB cells from the 

same manufacturer was used in this study to minimize the influence of non-uniformity of cells.  

The battery module was manually assembled into a linear array of 6 cells, as shown in Fig. 1. The 

customized ceramic-fiberboard frame was used to hold battery cells and fix their position, which had a 

thickness of 10 mm and provided good electric and thermal insulation. The distance between adjacent 

batteries was 3 mm. Except for the ceramic frames on the top and bottom, nothing was filled in between 

cells. Two Al2O3 ceramic planes of 3-mm thick with 4 small screws and bolts were used to fix the battery 

module. 

 

Fig. 1. Illustration of battery modules with six 18650 cells: (a) setup, dimension, and thermocouple 

locations, where the red points indicate the locations of thermocouples, and (b) two types of tabs to 

connect the top of the battery, (I) straight nickel tab, and (II) non-flat nickel tab. 

2.2. Test procedure and parameters 

The surface temperatures of all batteries were monitored with thermocouples attached on two sides 

of batteries at their half-height, as illustrated in Fig. 1a. The tiny K-type thermocouples with the 100-

μm bead diameter were used. An electric resistance wire (Cr20Ni80) was convolved around battery No.1 

(LIB-1) as the heat source to trigger the thermal runaway of LIB-1. The power of the electric resistance 

wire was controlled by a power regulator, which was set to 30 W for all tests. Once the thermal runaway 
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was initiated, the heating coil was turned off.  

Ambient temperature (𝑻𝒂). During tests, battery modules were placed in a thermostat (BTH-

408C), which provides an isothermal environment of the designed temperature throughout the entire 

experiment. The mechanical ventilation within the thermostat was turned off to limited environmental 

airflow. Five different ambient temperatures, 20 ℃ (room temperature), 40 ℃, 50 ℃, 60 ℃, and 70 ℃ 

were examined. 

SOC. Three battery SOCs of 30%, 70%, and 100% were varied. Before the test, all battery cells 

were charged to 100% SOC by the Constant Current-Constant Voltage method. Specifically, batteries 

were first charged in the constant current of 1075 mA until the cut-off voltage 4.2 V, and then charged 

in the constant voltage of 4.2 V until the current decreased to 107.5 mA. To obtain the required SOC, 

the cells were discharged in a constant current of 1075 mA.  

Tab connection. Besides the open-circuit battery module, two parallel circuit-connection methods 

were also tested (Fig. 1b). Type-I connection used a flat nickel tab. This kind of connection is most 

used in EV battery modules, which has the merit of easy production but a high risk of the external short 

circuit. Type-II connection used a non-flat (step-shape) nickel tab, which occupies more space but 

lowers the risk of the external short circuit. Some EV battery modules also use the non-flat nickel tabs 

to connect batteries.   

The real-time temperatures and voltages of each cell were monitored by a data logger (HIOKI 

LR8400) throughout the test. For each case, at least two repeating tests were conducted to reduce the 

random error, and the overall experimental repeatability was reasonable. 

3. Results  

3.1. Effect of ambient temperature 

Figure 2 compares the battery surface temperature and voltage, tested under (a) room temperature 

at 20 ℃, and (b) above room temperature at 40 ℃ and 60 ℃. All battery cells were fully charged (SOC 

= 100%) without tab connections (i.e., open circuit). The photos of the battery module after thermal-

runaway tests were also compared. At 20 ℃ (Fig. 2a), the voltage of the first cell (LIB-1) dropped down 

to 0.39 V after heating for 380 s, which indicated the failure of the battery cell. After another 126 s, the 

thermal runaway occurred, and then, the surface temperature rapidly raised to 603 ℃. At the same time, 

large quantities of gases ejected from the broken safety valve at high speed, which led to sparks and jet 

flame.  

Note that the jet flame had no direct contact with nearby batteries, so the heat transfer to the 

adjacent battery (LIB-2) was mainly from the hot LIB-1. The surface temperature of LIB-2 near the 

first cell (T2L) rapidly increased to 196 ℃ from 92 ℃. About 344 s after the failure of LIB-2, the 

voltage of LIB-2 also had a sudden drop, but the cell did not lead to the thermal runaway. The abnormal 

temperature increment to 430 ℃ was caused by the detachment of T2L and the contact with the hot 

LIB-1, evidenced by the slight increase of T2R on the other side. The peak temperature of the LIB-3 

(T3L) reached 164 ℃, about 500 s after the thermal runaway of LIB-1. Except for LIB-2 (failed but no 

thermal runaway), the other 4 cells were nearly not affected, which was proved by the post-test photo 

in Fig. 2a. Therefore, the thermal runway did not propagate to any cells at 20 ℃ with 100% SOC. 
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Fig. 2. The temperature and voltage evolution for the 100% SOC open-circuit battery module: (a) no 

thermal runaway propagation at the ambient temperature of 20 ℃, and (b) thermal runaway 

propagated at the ambient temperatures of 40 ℃ and 60 ℃. 

At ambient temperatures of 40 ℃ and 60 ℃ with 100% SOC (Fig. 2b), the thermal runaway of 6 

cells occurred in sequence. As influenced by the heating coil, T1R, which was attached near the 

electrical resistance wire (see Fig. 1a), fluctuated during the initial heating. Eventually, the highest 

temperature of the LIB-1 was 588 ℃ and 645 ℃ at the ambient temperature of 40 ℃ and 60 ℃, 

respectively. In order to minimize the influence of ignition, LIB-1 was excluded from the analysis of 

the thermal-runaway propagation rate. Then, the total thermal-runaway propagation time from LIB-2 

to LIB-6 was 767 s and 599 s at 40 ℃ and 60 ℃, respectively, with a reduced percentage of 21.9%. 

Therefore, thermal runaway propagates faster in this module at a higher ambient temperature. 

Additionally, the average peak temperature of batteries except the thermal runaway triggered one 

increased from 750 ℃ to 780 ℃ as the ambient temperature increased from 40 ℃ to 60 ℃. In short, 
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the probability and process of thermal-runaway propagation are closely related to the ambient 

temperature. 

3.2. Effect of SOC 

Figure 3 compares the battery surface temperature characteristics during the thermal-runaway 

propagation with different SOCs (30%, 70%, and 100%), where the ambient temperature was 60 ℃, 

and the circuit of the battery module was open. At SOC = 30% (Fig. 3a), the thermal runaway 

propagation was not initiated in the module. The peak surface temperature of the LIB-1 was only 406 ℃, 

and T2R only reached 154 ℃, which was much lower than the typical thermal- runaway temperature 

[3]. At SOC = 70% SOC (Fig. 3b), the total thermal-runaway propagation time from LIB-2 to LIB-6 

was 764 s, which was 165 s (27.5%) longer than that with 100% SOC (Fig. 3c). Also, the average peak 

temperatures of batteries were 750 ℃ and 758 ℃ with 70% SOC and 100% SOC, respectively. Clearly, 

a higher SOC could lead to a severer thermal-runaway and a faster propagation. 

 

Fig. 3. Temperature curves at ambient temperature (Ta) of 60 ℃ for open-circuit battery module with 

(a) 30% SOC, (b) 70% SOC, and (c) 100% SOC. 

3.3. Effects of tab connections 

Figure 4(a) shows the battery surface temperatures with the SOC of 30% and the ambient 

temperature of 60 ℃, where the Type-I connection with flat tabs was used for the module. Compared 

to the open-circuit case in Fig. 3(a), the flat-tab connection also did not initiate thermal-runaway 

propagation. Nevertheless, the external short circuit was observed after the thermal-runaway of LIB-1, 

which caused the temperature raising of the other 5 cells from 62 ℃ to 154 ℃ in 30 s. The external 

short circuit resulted from Type-I parallel connection could be a result of the direct contact between 

positive nickel tab and steel shell, after the melting of heat-shrinkable films, as shown in Fig. 1b.  
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Fig. 4. Temperature curves, voltage evolution and post-test photos for the battery module with (a) 

30% SOC in Type-I parallel connection at 60 ℃, (b) 100% SOC in Type-I parallel connection at 

20 ℃, and (c) 100% SOC in Type-II parallel connection at 20 ℃. 
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Considering the battery heat capacity (cp) of 1243 J/(kg·K) from the adiabatic rate calorimeter 

(ARC) test and the battery mass (𝑚) of 44.5 g, the heat released (𝑄𝑒𝑠) and the average self-heating 

power (𝑄̇𝑒𝑠) due to the external short circuit could be estimated as 

𝑄𝑒𝑠 = ∆SOC𝑒𝑠𝐸 = 𝑐𝑏𝑚𝑏(𝑇𝑒𝑠 − 𝑇𝑎),        𝑄̇𝑒𝑠 =
𝑄𝑒𝑠

∆𝑡
                                    (1) 

where ∆SOC𝑒𝑠 is the change of SOC during the external short circuit, 𝐸 = 28 kJ is the total electrical 

energy of the fully charged battery, 𝑐𝑏 is the specific heat of battery, 𝑚𝑏 is the mass of battery, 𝑇𝑒𝑠 

is the temperature after the external short circuit, and ∆𝑡 is the time duration.  

The calculated heat released was 5.1 kJ per cell, which was about 18% of the total electrical energy. 

In other words, the SOC of batteries decreases to about 12% after the external short circuit caused by 

the thermal-runaway of LIB-1. Note that the battery’s internal temperature could be higher than the 

surface temperature, so the actual heat release and the decrease in SOC could be underestimated. In 

addition, the calculated average self-heating power of the external circuit was at least 170 W. Because 

internal electric resistance of the positive temperature coefficient (PTC) component increased rapidly 

to a tremendous value, and then the external short circuit current gradually decreased, the SOCs of other 

5 cells did not decrease to zero immediately. 

Figure 4(b) shows the thermal-runaway propagation with 100% SOC and the Type-I flat-tab 

parallel connection at the ambient temperature of 20 ℃. Compared to the failed thermal-runaway 

propagation for the open-circuit case with the same SOC and ambient temperature in Fig. 2(a), the 

thermal-runaway propagation occurred with the close circuit. The average thermal-runaway 

propagation rate was 0.42 #/min for the first 3 batteries (see more discussion in Section 4.2).  

Moreover, right after the thermal-runaway of LIB-3, the external short circuit occurred, where the 

surface temperatures of LIB-4, 5, and 6 increased rapidly from 28 ℃ to 148 ℃. This process released 

at least 27% of the total electrical energy, that is, the SOC of these three batteries decreased to about 

73%. After the external short circuit, the propagation rate increased by 20% to 0.50 #/min. Therefore, 

it is deduced that whether the circuit is open or closed for the battery module has a significant effect on 

the thermal-runaway propagation. In addition to the external short circuit and the consequent self-

heating, the heat transfer through the nickel tab, as well as the internal short circuit, also contributes to 

the acceleration of thermal-runaway propagation.  

Figure 4c shows the thermal-runaway propagation with 100% SOC and the non-flat-tab parallel 

connection at the same ambient temperature of 20 ℃. The Type-II connection prevents the direct 

contact of anode and cathode, thus, avoiding the external short circuit. Moreover, the voltage drop of 

one cell would not result in a voltage drop of other cells, so that only a temporary voltage drop can be 

observed. This could be caused by the short-time internal short circuit because its occurrence was 

accompanied with a temperature increase of a cell. As followed by the thermal-runaway propagation, 

nickel tabs broke down (see the photo in Fig. 4c) to break the battery from the module.  

The internal short circuit of the thermal-runaway battery increased the overall current of the system. 

Thus, when the failure of the next cell occurred, the temporary voltage drop of the module during the 

internal short circuit continuously increased from 0.76 V (LIB-1) to 1.88 V (LIB-4). As every internal 

short circuit event gave a temperature rise to the remaining cells, the thermal-runaway process 

accelerated. The average thermal-runaway propagation rate was 0.36 #/min, which was slower than that 

with Type-I connection in Fig. 4b while faster than the open-circuit case in Fig. 2b with the ambient 

temperature of 40 ℃.  

The thermal runaway of the battery could lead to an explosion, such as the LIB-4, which 
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characterized by the formation of a gap and dramatic venting (see the residue photo in Fig. 4c). After 

the explosion, the thermal-runaway propagation stopped. The peak temperature of LIB-4 was 625 ℃, 

which was lower than those of LIB-2 and LIB-3. The explosion was caused by a large quantity of 

ejected hot gases and particles that exceeded the design limit of safety vent. The explosion of LIB-4 

was always observed in repeating tests. Therefore, Type-II non-flat tabs limit the external short circuit, 

but it may increase the risk of explosion, which needs further research. 

4. Discussions 

4.1. Critical thermal-runaway temperature  

To characterize the thermal-runaway propagation, a critical thermal-runaway temperature (𝑇𝑐𝑟𝑡) 

can be used, which can be quantified through different standard tests. The most widely used method is 

ARC that gives a value of 𝑇𝑐𝑟𝑡  under the near adiabatic environment. However, the critical 

temperature from ARC cannot well characterize the thermal runaway in a real battery fire, because 

batteries are not heated uniformly and have a large temperature gradient. For example, in this 

experiment, the heating of the battery was one side, and the surface temperature difference between 

two sides of the cell could be up to 100 ℃. Therefore, we chose the surface temperature at the cold side 

as the critical thermal-runaway temperature (𝑇𝑐𝑟𝑡), which defined the lower limit for battery thermal 

runaway.  

Figure 5 summarizes the critical thermal-runaway temperature varying with the ambient 

temperature and SOC, where the error bar shows the variation among 4 central cells from LIB-2 to 

LIB-5. LIB-1 was affected by the heating coil, and LIB-6 was exposed to the environment, so that they 

were not considered. It is apparent that the value of 𝑇𝑐𝑟𝑡  slightly increases with the ambient 

temperature. Specifically, for 100% SOC, 𝑇𝑐𝑟𝑡 increases from 209 ℃ to 225 ℃, as the 𝑇𝑎 increases 

from 40 ℃ to 70 ℃. Moreover, 𝑇𝑐𝑟𝑡  of 100% SOC is lower than that of 70% SOC, and the temperature 

difference increases from 12 ℃ at 𝑇𝑎 = 40 ℃ to 30 ℃ at 𝑇𝑎 = 70 ℃. As expect, results indicate that 

batteries with a larger SOC have a higher risk of thermal runaway and fire.  

 

Fig. 5. The critical thermal-runaway temperature varying with the ambient temperature (𝑇𝑎) and SOC.   
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4.2. Thermal-runaway propagation rate 

For EVs and battery power storage units, there are thousands of battery cells to achieve the desired 

high voltage and energy capacity. In addition, to prevent the thermal runaway of each individual battery, 

it is more important to prevent the propagation of thermal runaway in the whole battery pack, which 

could cause disastrous fire accidents and severe threat to lives. In order to characterize the thermal-

runaway propagation in the battery module, the average thermal-runaway propagation rate (or speed) 

from cell to cell, 𝑟 [#/min], can be defined and measured from experiments as 

𝑟 =
𝑛

∆𝑡
                                                                                      (2) 

where ∆𝑡 [min] is the time of thermal-runaway propagation, and 𝑛 [#] is the number of cells that 

were triggered to thermal-runaway. 

Figure 6 summarizes the mean thermal-runaway speed (𝑟) varying with the ambient temperatures 

(Ta) and SOC. Clearly, the thermal-runaway speed increases with SOC. Specifically, the increment of 

𝑟 is about 15%, as SOC increases from 70% to 100%. Moreover, as the ambient temperature increases 

from 40 ℃ to 70 ℃, the average thermal-runaway speed is accelerated by 54% from 0.31 to 0.48 #/min 

with 100% SOC. In the meantime, the thermal-runaway propagation rate is increased by 80% from 0.25 

to 0.45 #/min with 70% SOC. In other words, the thermal runaway of cells propagates faster at higher 

ambient temperature, and the influence of ambient temperature can exceed that of SOC. 

Figure 7 illustrates the propagation of thermal runaway in the linear battery module. Except for 

LIB-1, the thermal runaway of all other cells could be triggered by the cell on the left. Thermal-runaway 

propagation of LIBs relies on heat transfer from cell to cell. The propagation from LIB-1 to LIB-2 is 

controlled by the heating coil. The heating coil can heat LIB-1 above 800 ℃, which is higher than the 

maximum temperature caused by self-heating. Thus, if the thermal runaway of LIB-2 cannot be initiated 

with given SOC and ambient temperature, it is also impossible for a thermal runaway to propagate 

between the remaining cells.  

 

Fig. 6. Thermal-runaway propagation rate of battery modules (𝑟) varying with the ambient 

temperature (𝑇𝑎) and SOC. 
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Fig. 7. The illustration of the thermal-runaway propagation in a linear array of the LIB module. 

The propagation of thermal runaway can be analogized to the fire spread. Thus, the propagation 

rate is controlled by the ratio between the heat transfer between cells (driven force) and the thermal inertia 

of cell (resistance) [21, 22]. As a first approximation, the temperature gradient inside the battery cell is 

ignored, so the propagation rate may be expressed as 

𝑟 ≈
𝑞̇ − 𝑞̇𝑐

𝑚𝑏𝑐𝑏(𝑇𝑐𝑟𝑡 − 𝑇0)
≈

ℎ𝑇𝑅𝐴(𝑇𝑝 − 𝑇𝑐𝑟𝑡) − ℎ𝑐𝐴(𝑇𝑐𝑟𝑡 − 𝑇𝑎)

𝑚𝑏𝑐𝑏(𝑇𝑐𝑟𝑡 − 𝑇0)
              (3) 

Considering the thermal runaway propagating from LIB-2 to LIB-3 in Fig. 7, 𝑞̇ = ℎ𝑇𝑅𝐴(𝑇𝑝 − 𝑇𝑐𝑟𝑡) is 

the effective heat transfer between thermal-runaway cell (LIB-2) and the next cell (LIB-2), which includes 

convection and radiation, as well as, the conduction through tabs; ℎ𝑇𝑅 is the overall coefficient of heating; 

𝐴 = 𝐴𝑏 2⁄  is the half of cell surface area; 𝑞̇𝑐 = ℎ𝑐𝐴(𝑇𝑐𝑟𝑡 − 𝑇𝑎) represents the cooling by the environment 

and LIB-4; and ℎ𝑐 is the overall cooling coefficient. The peak temperature after the thermal runaway (𝑇𝑝) 

depends on the original SOC and should satisfy  

SOC∙𝐸 = 𝑐𝑏𝑚𝑏(𝑇𝑝 − 𝑇𝑎)                                                                      (4) 

which neglects the cooling effect because of the rapid thermal-runaway process. The original battery 

temperature (𝑇0) depends on the ambient temperature and external short circuit, as shown in Eq. (1).  

Thus, the thermal-runaway propagation rate becomes 

𝑟 ≈
SOC (

𝐸
𝑚𝑏𝑐𝑏

) ℎ𝑇𝑅𝐴 − (ℎ𝑇𝑅𝐴 + ℎ𝑐𝐴)(𝑇𝑐𝑟𝑡 − 𝑇𝑎)

𝑚𝑏𝑐𝑏(𝑇𝑐𝑟𝑡 − 𝑇𝑎) − 𝑄𝑒𝑠
                          (5) 

which gives a qualitative description of all influence factors in this work. Specifically, the thermal-runaway 

propagation rate increases as the SOC or ambient temperature (𝑇𝑎) increases whereas it decreases with the 

reducing heat transfer coefficient between battery cells (ℎ𝑏), as demonstrated in Fig. 6. The increase of the 

ambient temperature (𝑇𝑎) both decrease the denominator and increase the numerator, so that its acceleration 
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effect on thermal runway seems to exceed the increase of SOC.  

Additionally, the existence of an external short circuit (𝑄𝑒𝑠) preheats all batteries that are still connected 

to the module, thus, increasing the propagation rate. For example, the thermal-runaway speed in a battery 

module with 100% SOC and Type-I connection at 𝑇𝑎 = 20 ℃ (Fig. 4b) is 0.6 #/min after the external 

short circuit, which is 1.5 times as fast as that of the open-circuit case in Fig. 2b even when the ambient 

temperature increased to 40 ℃. Moreover, the heat transfer coefficient between battery cells (i.e., both 

ℎ𝑇𝑅 and ℎ𝑐) decreases with the distance between adjacent cells, but increases if tabs are used to connect 

the battery module. This could be the reason why the parallel-connected battery modules usually present a 

higher thermal-runaway propagation risk. 

Moreover, for any given configuration of the linear battery module, Eq. (5) further defines the minimum 

values of ambient temperature (𝑇𝑎,𝑚𝑖𝑛) and SOCmin for the thermal-runaway propagation (𝑟 = 0), as 

SOC𝑚𝑖𝑛 ≈ (1 +
ℎ𝑐

ℎ𝑇𝑅

)
𝑚𝑏𝑐𝑏(𝑇𝑐𝑟𝑡 − 𝑇𝑎)

𝐸
                                             (6𝑎) 

𝑇𝑎,𝑚𝑖𝑛 ≈ 𝑇𝑐𝑟𝑡 −
SOC ∙ 𝐸

𝑚𝑏𝑐𝑏

(
ℎ𝑇𝑅

ℎ𝑇𝑅 + ℎ𝑐

)                                                   (7𝑎) 

which also qualitatively explains why the thermal-runaway propagation cannot take place when the SOC 

and ambient temperature are low.  

When the gap between battery cells are small or well contacted with each other, the value of ℎ𝑇𝑅 

reaches the maximum and comparable to ℎ𝑐 , that is, ℎ𝑇𝑅 ≈ ℎ𝑐 . Then, we can get the lower limit of 

minimum thermal-runaway conditions    

SOC𝑚𝑖𝑛 ≥
2𝑚𝑏𝑐𝑏(𝑇𝑐𝑟𝑡 − 𝑇𝑎)

𝐸
             (ℎ𝑇𝑅 ≈ ℎ𝑐)                             (6𝑏) 

𝑇𝑎,𝑚𝑖𝑛 ≥ 𝑇𝑐𝑟𝑡 −
SOC ∙ 𝐸

2𝑚𝑏𝑐𝑏

                (ℎ𝑇𝑅 ≈ ℎ𝑐)                                   (7𝑏) 

This suggests that when all electrical energy of one cell is released as heat, it should, at least, heat two cells 

from the ambient temperature up to the critical thermal-runaway temperature, as expected.  

On the other hand, when the gap between battery cells are too large (ℎ𝑇𝑅 ≪ ℎ𝑐), we have 

SOC𝑚𝑖𝑛 > 100%             (ℎ𝑇𝑅 ≪ ℎ𝑐)                                                 (6𝑐) 

𝑇𝑎,𝑚𝑖𝑛 → 𝑇𝑐𝑟𝑡                    (ℎ𝑇𝑅 ≪ ℎ𝑐)                                                (7𝑑) 

where the minimum ambient temperature needs to approach the critical thermal-runaway temperature of the 

battery, and the value of SOC becomes less relevant to the probability of the thermal-runaway propagation.    

5. Conclusions 

In this work, the characteristics of thermal-runaway propagation in linear-arranged 18650 

cylindrical lithium-ion battery modules with 3-mm gap, three states of charge (30%, 70%, and 100% 

SOCs), three connection methods (open-circuit, flat-tab, and non-flat-tab parallel connection), and 

ambient temperatures from 20 ℃ to 70 ℃. Results indicate that the thermal-runaway propagation speed 

was about 0.35 ± 0.15 #/min, which increased with SOC and ambient temperature. Specifically, the 

increment of the thermal-runaway propagation rate is about 15%, as the SOC increases from 70% to 100%, 

and about 50%, as the ambient temperature increases from 40 ℃ to 70 ℃. 
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The critical surface temperature of thermal runaway ranged from 209 ℃ to 245 ℃, which 

increased with ambient temperature while decreased with SOC. Compared to the open-circuit module, 

the flat tab connection could cause an external short circuit to accelerate the thermal-runaway 

propagation, and the non-flat tab connection was more likely to trigger an explosion. A heat transfer 

analysis was proposed to qualitatively explain the speed and limiting conditions of thermal-runaway 

propagation, as well as, the influence of SOC, ambient temperature, and tab connection. This work 

reveals the thermal-runaway propagation characteristics under well-controlled environments, which 

could provide scientific guidelines to improve the safety of the battery module and reduce battery fire 

hazards. 
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