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Abstract 

The battery fire accidents frequently occur during the storage and transportation of massive Lithium-ion 

batteries, posing a severe threat to the energy-storage system and public safety. This work experimentally 

investigated the self-heating ignition of open-circuit 18650 cylindrical battery piles with the state of charge 

(SOC) from 30% to 100% and the cell number up to 19. As the ambient temperature increases, the self-heating 

ignition occurs and leads to a violent fire. The characteristic temperatures for both electrolyte leaking and 

thermal runaway decrease with SOC. The critical ambient temperature for self-heating ignition ranges from 

135 ℃ to 192 ℃, and it decreases with the increasing battery SOC, cell number, and pile size, which satisfies 

the self-ignition theory. The applied Frank-Kamenetskii analysis predicts the self-ignition ambient temperature 

could be lower to 30 ℃ for large battery piles with multiple tightly packed layers, such as those in the shipping 

container and warehouse. Nevertheless, creating gaps and providing effective cooling between each battery 

layer could effectively lower the fire risk by increasing the self-ignition ambient temperature above 125 ℃. 

This work theoretically reveals the self-ignition characteristics of open-circuit battery piles, which could provide 

scientific guidelines to improve battery safety and reduce fire hazards during storage and transportation. 
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Nomenclature 

Symbols N number of battery cells (-) 

D battery pile diameter (m) R universal gas constant (J/mol-K) 

E activation energy (kJ/mol) SOC state of charge (%) 

f mass function (g/m3-s) T temperature (K) 

F-K Frank-Kamenetskii 𝑇𝑎
∗ critical self-ignition ambient temperature (K) 

H battery height (m)   

ΔH heat of reactions (kJ/kg) Greeks  

k thermal conductivity (W/m-K) δcr Frank-Kamenetskii number (-) 

L characteristic length (m)   

Li-ion Lithium-ion Subscripts 

m mass (g) a ambient 

Δm mass loss (g) b battery 

 

1. Introduction 

The Lithium ion (Li-ion) battery has been widely used in most of the portable electric devices, electric 

vehicles, and energy storage systems because of their extremely high-power density [1–3]. In practice, a large 

quantify of Li-ion batteries are tightly packed to save storage space and improve transportation efficiency. 

Although Li-ion batteries are categorized as class 9 dangerous goods by the United Nations and have to meet 

the mandatory test criteria for transport [4], numerous catastrophic battery fire accidents have still occurred 

during storage and transportation. For instance, in 2013, a Li-ion battery pack in a Boeing 787 caught fire when 

the plane landed for maintenance at Boston’s Logan International Airport (Fig. 1a). Recently, along with the 

increase in Li-ion battery production and international trade, battery fires in storage and transport become more 

frequent (Fig. 1b-d).  

 

Fig. 1. (a) A Li-ion battery pack in a Boeing 787 caught fire at Boston’s Logan International Airport in 2013 [26]; 

(b) an aviation container carrying Li-ion batteries caught fire at Hong Kong International Airport in 2019 [27]; (c) 

the battery fire occurred in a warehouse in 2019 [28]; and (d) Li-ion batteries caught fire in the containers of China 

Ocean Shipping Company in 2020 [29,30].  

These fire accidents led to many casualties and substantial economic losses, indicating the current battery 

fire prediction and prevention strategies need to be further improved, especially during storage and transport 

[5,6]. To mitigate fire hazards caused by Li-ion batteries, considerable research efforts have been devoted to 

this field at component-material level, cell level, and multi-battery level employing many experimental 

techniques. For example, the accelerating rate calorimetry (ARC) can provide an adiabatic condition to study 

the battery thermal runaway under controlled environmental temperature [7–15], and it can also reveal the 

influence of battery arrangements [12], connection modes [13], different processes [11], and environment [14,15] 

on thermal runaway propagation. Other techniques, such as C80 microcalorimeter [16], differential scanning 
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calorimetry (DSC) [17], vent sizing package 2 (VSP2) [17,18], external radiation [19,20], copper slug battery 

calorimeter (CSBC) [21,22] and hot oven [23–25], also have been widely adopted to test different batteries in 

the laboratory. Particularly, the hot oven, which has a larger internal volume and minimizes the influence of 

battery heat generation on the ambient temperature, is also a good choice for experimental investigation. 

Most past studies focused on the thermal stability of component materials, exothermic (or self-heating) 

process of a single cell, or thermal runaway propagation within the battery modules. However, the self-heating 

characteristics of a larger quantity of batteries, such as those in storage and transportation that are not in 

operation and with the circuit open, are still not well understood. If heat generation from exothermic reactions 

exceed the environmental cooling, the self-heating ignition can be initiated [31–33]. Thus, a large battery pile 

could self-ignite without any operation current and even at the ambient temperature. Recently, He et al. [33] 

tested the self-ignition of open-circuit prismatic battery piles up to 4 cells with 30% SOC in the oven. They 

found that the critical ambient temperature for self-heating ignition decreased as the number of cells increased, 

which satisfied the classical self-ignition theory [31] and also verified numerically [34]. Nevertheless, Liu et al. 

[32] found the critical boundary temperature for the self-ignition of open-circuit pouch battery pile was 

insensitive to the number of cells, against the expected hot-plate test results. Therefore, it is important to 

investigate further if the classical self-ignition theory used in combustion and fire of organic fuels can apply to 

more complex Li-ion battery cells. Moreover, the unknown influence of battery type, SOC, size, and packing 

configurations on the battery self-heating ignition risk should be quantified to guide the fire-protection strategies 

of storing and transporting batteries. Currently, air transport requires for the SOC that should be less than 30% 

[35], whereas such limit does not specify the battery type or pack size. The relevant limitation is not clearly 

enforced in some regional regulations for road, rail, and sea transportation [36], as well as the international 

regulations for warehousing. Therefore, more investigations are needed to lower the fire risk and improve the 

relevant provisions. 

In this work, the open-circuit cylindrical Li-ion battery with different pile sizes (or cell numbers) and SOCs 

were tested through the classical hot-oven method. The ignition phenomena, self-ignition temperature, effective 

kinetic parameters, and thermal properties will be discussed and analyzed in detail. Furthermore, experimental 

results will be upscaled to predict the self-ignition limit of larger-scale battery piles, which help assess the fire 

safety of Li-ion battery and mitigate the battery fire risk in storage and transport. 

2. Experimental setup 

2.1. Battery and apparatus 

This test used the commercial 18650 cylindrical Li-ion batteries (ICR18650-22P, Samsung SDI Co., Ltd) 

that have been most widely used in tablet computers, electronic cigarettes, power banks, and electric vehicles. 

The positive electrode material of this cylindrical cell is the Lithium Nickel Manganese Cobalt Oxide 

(LiNiMnCoO2 or NMC111), and the negative electrode is made of intercalation graphite. The cell has a height 

of 65 mm, a diameter of 18 mm, and a mass of 43.45 ± 0.05 g (Fig. 2a). Table 1 lists the physical parameters 

and charge-discharge characteristics of the cells.  

Table 1. Physical and charge-discharge parameters of the cylindrical Li-ion battery cell. 

Diameter 

(mm) 

Height 

(mm) 

Mass 

(g) 

Nominal 

capacity 

(Ah) 

Nominal 

voltage 

(V) 

Charging cut-

off voltage 

(V) 

Discharging cut-

off voltage 

(V) 

18 65 43.45 2.05 3.6 4.15 ± 0.05 3.05 ± 0.05 

 

The self-heating ignition experiments were conducted using a thermostatically controlled 408-L oven 

following the test procedures in the British Standards EN 15188:2007 [37] which is extensively adopted in 

bench-scale experiments to determine the self-ignition temperature (SIT) and the ignition delay time of 

conventional fuels. The oven used in this work can provide a constant ambient temperature up to 250 ℃ with 
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the thermal stability of ±1 ℃ at 1 atm. Inside this oven, the tested battery pile was placed in a mesh cage to 

minimize the environmental airflow and prevent the oven damage from the extensive burning and explosion of 

the battery pile (Fig. 2b). Several thin K-type thermocouples with the bead diameter of 0.2 mm and the accuracy 

of 0.1 ℃ were used to monitor the ambient temperature 𝑇𝑎 and the cell temperature 𝑇𝑏. The thermocouples 

were fixed on the center surface of each cell and within the gap between cells, so that they would not affect the 

contact between battery cells. A data logger was used to collect the temperature information of the oven and all 

battery cells. The mass for each battery cell was measured by a scale with an accuracy of 0.1 g before and after 

the experiment. The entire experimental process was recorded by a front-view video camera. 

 
Fig. 2. (a) Photos of the experimental sample, (b) schematic of hot-oven test, and (c) photographs of the cylindrical 

battery piles. 

2.2. Controlling parameters and procedures 

In addition to the oven ambient temperature, two key battery parameters are controlled: 

(1) Number of cells (N) or size of the pile. The battery piles of 1, 3, 4, 7, 9, and 19 cells were tested where the 

open-circuit cells were horizontally stacked and fixed by thin steel wires as the cylindrical shape. Then, the 

equivalent diameter (D) of this cylindrical pile ranged from 18 mm (1 cell) to 90 mm (19 cells), as illustrated 

in Fig. 2c. 

(2) State of Charge (SOC). Three SOCs of 30%, 80%, and 100% were selected. Most of the commercial Li-ion 

batteries are operated between 30% and 80% to increase the lifespan [38]. The fully charged battery (100% 

SOC) was also tested to consider the extreme case.  

Note that the fire and explosion of 19-cell battery pile was so intense that the internal wall and door locker of 

the oven were severely damaged. Thus, for the self-ignition of 19 cells, only the batteries with 100% SOC were 

tested before the damaged oven was sent for maintenance. 

Before the test, the state of charge (SOC) for each battery was calibrated. Each battery cell was fully charged 

by Constant Current-Constant Voltage mode, and then discharged with a constant current to the targeted SOC. 

Afterward, all batteries were left for at least three hours to avoid the influence of internal heating during the 

charging and discharging process. The oven was first preheated to the desired temperature and then stabilized 

for at least 10 min. Then the battery pile was carefully placed in the mesh cage, ensuring minimal contact area 

between the bottom surface of the battery pile and mesh cage to minimize the effect of heat conduction from 

the mesh cage. The expected exposure time (or induction time) in the oven is less than 2 hours. During the tests, 

the air inlet and outlet openings of the oven were left open to make sure that the fresh air can enter whereas the 

gas released from the self-heating reactions can go out. 

The supercritical temperature was defined as the minimum oven ambient temperature that enabled the self-

heating ignition, and the subcritical temperature was defined as the maximum ambient temperature that 

prevented the self-heating ignition. Experiments were conducted under different ambient temperatures until the 
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temperature difference between the supercritical and subcritical temperatures was within 8 ℃. Then, the critical 

ambient temperature for the self-heating ignition 𝑇𝑎
∗ could be regarded as the average value of supercritical 

and subcritical temperatures. At least two repeating tests were conducted to ensure the experimental repeatability, 

and especially more tests were repeated near the critical conditions. 

3. Results and discussion 

3.1. Self-heating ignition phenomena and mass loss 

Figure 3 shows a typical self-heating ignition processes of a three-cell battery pile at 80% SOC, when the 

oven ambient temperature (𝑇𝑎) was at 165 ℃. Initially, the battery is preheated by the oven to reach the ambient 

temperature within 20 min (Fig. 3a). During this stage, no obvious swelling phenomenon was observed, different 

from prismatic cells [33] and pouch cells [32], because the cylindrical metal case had better mechanical stability.  

 
Fig. 3. Self-heating ignition phenomena of a 3-cell battery pile with 80% SOC under the oven ambient 

temperature of 165 ℃, (a) preheating to ambient temperature, (b) electrolyte leakage, (c) gas jet, (d) safety 

valve fully open with an intense gas jet, (e) flame jet, and (f) intense fire. 

Afterward, the battery temperature continued to increase due to internal exothermic reactions, and a small 

amount of electrolyte started to leak from the cathode at around 22 min (Fig. 3b). Such leakage phenomenon 

indicated the cracking of the battery safety vent, which could be perceived as the beginning of venting. The 

accumulated gases inside the battery increased the internal pressure, which further damaged the safety vent. 

After another 3 min, a large amount of gas and smoke started to release, shown as a gas jet (Fig. 3c). The gas 

jet lasted for about 15 s along, and then a loud sound was heard, which indicated that the safety valve was fully 

open (Fig. 3d). A flame jet was quickly piloted in a few seconds, and the strong propulsion of gas jet moved and 

tipped battery pile (Fig. 3e). The burning process was intense and accompanied by intense smokes and sparks, 

which could be the burning of Lithium metal [39] (Fig. 3f). 

For the self-ignition of cell number 𝑁 ≤ 4 , any battery within the pile could first go through thermal 

runaway, as expected. For cell number 𝑁 > 4, thermal runaway always first occurred to the central cell inside 

the pile, because it had the weakest cooling condition. Once self-ignition occurred, all cells would catch the fire 

almost at the same time. Figure 4a compares the residue of battery piles before and after the self-ignition. After 

the self-heating ignition and the associated battery fire, the safety valves were broken, and the molten aluminum 

was re-solidified into several balls around the broken safety vent. The cells were also covered by the black char 

materials from the flame. Figure 4b illustrates the mass loss of the battery cell after self-ignition with different 

SOC levels. As expected, the mass loss of each cell increases as the SOC increases, consistent with the 
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observation that more smoke was released at a higher SOC. Particularly, the mass loss increases from 6.2 g 

(~14 %) to 15 g (~35%) as the SOC increases from 30 % to 100 %. Moreover, the mass loss seems insensitive 

to the pile size, which has a good agreement with previous study [32]. On the other hand, below the critical 

ambient temperature, no ignition occurred, and both the battery appearance and mass had the negligible change. 

 
Fig. 4. (a) Photos of a 3-cell battery pile with 80% SOC before and after the experiment, and (b) mass loss and the 

mass-loss ratio of cells after self-heating ignition. 

3.2. Temperature evolution 

Figure 5a shows the typical temperature evolution during the self-ignition process of battery pile with 3 

cells at the supercritical temperature of Ta = 165 ℃  (the same test in Fig. 3). Based on the temperature 

evolution, there are three stages for self-heating ignition: (I) pre-heating, Tb < Ta, (II) self-heating, Tb > Ta, 

and (III) thermal runaway, Tb ≫ Ta. During the first 20-min pre-heating period, the average heating rate of the 

battery was 0.1 ℃/s. Afterward, the battery entered the self-heating stage, where all cell temperatures exceed 

the oven temperature, so that the environment started to cool down the battery pile. During this stage, the 

exothermic reactions inside the battery dominated the temperature increase, and the initial self-heating rate was 

small (about 0.2 °C/s). The battery temperature decreased slightly at approximately 22 min, which was caused 

by the failure of safety vent with gas and electrolyte leakage (see Fig. 3b). Nevertheless, the gas jet only 

temporarily slowed down the self-heating, which is not enough to impede the further temperature increasing. 

And after a short period, the battery temperature quickly raised at a heating rate of about 20 °C/s, and exceeded 

350 °C when flame occurred (Fig. 3e, f). The intense battery fire only lasted for 2 min. After extinction, all 

battery cells quickly cooled down and eventually approached to the ambient temperature.  

For comparison, Fig. 5b shows the failed self-ignition case at the subcritical temperature of Ta=156 ℃. 

There are also three noticeable stages: (I) pre-heating, Tb < Ta, (II) self-heating, Tb > Ta, and (III) thermal 

equilibrium, Tb → Ta. The pre-heating stage was essentially like the case of self-ignition in Fig. 5a, playing an 

induction role for the self-heating behavior. During the self-heating stage, the battery temperature exceeded the 

ambient for more than 35 ℃. Similarly, a minor temperature fluctuation occurred at approximately 30 min due 

to the electrolyte leakage through the safety vent, which could be also regarded as a signal for venting. However, 

its self-heating rate was lower than 0.5 ℃/s and then gradually decreased to 0 ℃/s. In the cooling stage, the 

temperature of all battery cells continuously decreased, and finally reached the thermal equilibrium with the 

ambient temperature (𝑇𝑎 = 𝑇𝑏). The temperature evolution curves for different SOCs and cell numbers have a 

similar trend (see Appendix). 
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Fig. 5. The curves of temperature evolution and temperature-increasing rate for the 3-cell battery piles with 80% 

SOC (a, c) self-ignited at an ambient temperature of 165 ℃, and (b) thermal equilibrium at 156 ℃. 

To explore the characteristics temperature of self-heating ignition, Fig. 5c further shows the heating rate of 

battery #2 in Fig. 5a as a function of surface temperature. When the surface temperature of the cell reached 

around 230 ℃, the self-heating rate started to rise dramatically, indicating the onset of thermal runaway. There 

was a distinct decrease in the self-heating rate when the battery temperature exceeded 265 ℃, which was the 

result of a fully opening of the safety valve (Fig. 3d). Afterward, when the temperature reached 310 ℃, a second 

increase of the self-heating rate took place. It may be caused by the decomposition and oxidation of electrolyte 

or binder when the ambient oxygen entered [40].  

3.3. Characteristic temperatures for venting and thermal runaway 

Figure 6a shows the temperature when the electrolyte leakage occurred, which is a sign of battery failure. 

Such a leakage temperature decreases as the SOC increases, and as expected, is insensitive to the size of the 

battery pile. Specifically, the failure temperature for 30%, 80%, and 100% SOC are 203±3 ℃, 190±3 ℃, and 

163±3 ℃, respectively. It is because the critical decomposition temperature is lower for cells with higher SOC.  

Figure 6b summarized the characteristic battery surface temperature for the onset of thermal runaway. 

Despite a large variation, the onset temperature decreases with increasing SOC. Specifically, the thermal 

runaway occurs at about 260 ℃ for 30% SOC and about 230 ℃ for 80% and 100% SOCs, which agrees well 

with the literature value of the thermal analysis [16] and single-battery tests [9,22]. Also, the onset temperature 

of thermal runaway is irrelevant to the number of cells, as expected. Figure 6c shows the trend of measured 

peak surface temperature during the thermal runaway as a function of battery SOC and pile size. As the SOC 

increases, the battery fire becomes more intensive, so that the peak temperature increases. Moreover, for a pile 

of multiple cells, the thermal runaway starts to propagate between cells [14,15], so that the jet flame and 

explosion of battery also become more destructive. Then, the heating from the flame to the battery can further 

raise the cell temperature from below 300 ℃ for a single cell to 600~900 ℃ for a pile, posing critical fire hazard.     
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Fig. 6. (a) The cell surface temperature when the electrolyte leakage occurred, (b) the surface temperature for the 

onset of thermal runaway, and (c) the maximum surface temperature during the thermal runaway. 

Figure 6b summarized the characteristic battery surface temperature for the onset of thermal runaway. 

Despite a large variation, the onset temperature decreases with increasing SOC. Specifically, the thermal 

runaway occurs at about 260 ℃ for 30% SOC and about 230 ℃ for 80% and 100% SOCs, which agrees well 

with the literature value of the thermal analysis [16] and single-battery tests [9,22]. Also, the onset temperature 

of thermal runaway is irrelevant to the number of cells, as expected. Figure 6c shows the trend of measured 

peak surface temperature during the thermal runaway as a function of battery SOC and pile size. As the SOC 

increases, the battery fire becomes more intensive, so that the peak temperature increases. Moreover, for a pile 

of multiple cells, the thermal runaway starts to propagate between cells [14,15], so that the jet flame and 

explosion of battery also become more destructive. Then, the heating from the flame to the battery can further 

raise the cell temperature from below 300 ℃ for a single cell to 600~900 ℃ for a pile, posing critical fire hazard.     

3.4. Critical ambient temperature for self-ignition 

The critical ambient temperatures (𝑇𝑎
∗) to allow the self-heating ignition with different battery SOCs and 

pile sizes from 1 cell to 19 cells are summarized in Fig. 7a. The value of 𝑇𝑎
∗ decreases as the number of cells 

(N) increases, agreeing with the classical self-ignition theory [31]. Specifically, for 30 % SOC, which is the 

maximum value for air transport [35], the critical ambient temperature for self-ignition decreases from 192 °C 

to 165 °C, as the pile size increases from 1 cell to 9 cells. For the fully charged battery piles (100% SOC), the 

critical ambient increases from 135 °C (19 cells) to 162 °C (1 cell). Therefore, both the larger pile size and the 

higher SOC can lead to the higher risk of self-ignition at the lower critical ambient temperature during the 

storage and transport. 

The Frank-Kamenetskii (F-K) theory has been applied extensively in lab-scale experiments to investigate 

self-heating ignition limits of hydrocarbon fuels, such as coal [41], wheat biomass [42] and wood pellets [43]. 
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It assumes a one-dimensional (1-D) heat transfer model for self-heating and the heat generation from a one-step 

exothermic reaction, which has also been applicable for battery cells [9]. For the subcritical cases (Fig. 5b), the 

surface temperatures of cells gradually cooled down to the ambient temperature and finally reached the steady-

state, which also satisfied the boundary condition of F-K theory. Therefore, F-K theory could be employed in 

this work to analyze the characteristics of self-ignition and determine the effective kinetics and thermal 

properties of battery piles. 

 
Fig. 7. (a) The critical ambient temperatures (𝑇𝑎

∗) varying with the battery SOC and pile size, and (b) F-K plot for cells 

with NCM cathode material, where a linear fit is used to extract effective battery parameters. 

According to the F-K theory, a critical dimensionless number 𝛿𝑐𝑟 could be used to quantify the possibility 

of self-heating ignition, which is only related to the sample geometry for the same fuel and expressed as 

𝛿𝑐𝑟 =
𝐸𝐿2𝑓∆𝐻

𝑘𝑅𝑇𝑎
∗2

exp (−
𝐸

𝑅𝑇𝑎
∗) =

𝐸𝐷2𝑓∆𝐻

4𝑘𝑅𝑇𝑎
∗2
exp (−

𝐸

𝑅𝑇𝑎
∗)                              (1) 

where the 𝐸 is the activation energy; 𝐿 = 𝐷/2 stands for the characteristic length; 𝑓 is the mass function 

that depends on the concentration of fuel and oxygen at any time; ∆𝐻 is the heat of reactions; 𝑘 is the thermal 

conductivity; 𝑅 is the universal gas constant; and 𝑇𝑎
∗ in Kelvin is the critical ambient temperature for self-

ignition. When the  𝛿 is higher than the critical value 𝛿𝑐𝑟, the heating is always larger than the cooling, and 

the self-heating ignition will occur. For the same battery cell under the same ambient temperature, 𝐸, 𝑓, ∆𝐻, 

and 𝑘  can be regarded as constant, indicating that the critical ambient temperature decreases as the 

characteristic length increases, which agrees with the experimental data in Fig. 7a. 
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As a function of the geometrical shape of fuel, the critical value 𝛿𝑐𝑟 for a general cylinder is [31] 

𝛿𝑐𝑟 = 2.0 + 0.84 (
𝐷

𝐻
)
2

                                                                                  (2) 

where 𝐷 is the equivalent diameter of the battery pile, and 𝐻 =  65 mm is the height of the 18650 battery 

cell. Thus, there are two limiting values of 𝛿𝑐𝑟/𝐷
2 for a single cell and an infinite number of cells as 

𝛿𝑐𝑟
𝐷2

=
2.0

𝐷2
+
0.84

𝐻2
= {

6389               (𝑁 = 1, 𝐷 = 18 mm)
 

200                (𝑁 = ∞,𝐷 = ∞)       
                     (3) 

Table 2. The value of 𝛿𝑐𝑟 for battery piles in this work, where H = 65 mm for the 18650 cell. 

Cell No. D (mm) 𝐷/𝐻 𝛿𝑐𝑟 𝛿𝑐𝑟/𝐷
2 

1 18.0 0.28 2.07 6389 

3 38.8 0.60 2.30 1528 

4 43.5 0.67 2.38 1258 

7 54.0 0.83 2.58 885 

9 68.9 1.06 2.94 619 

19 90.0 1.38 3.60 444 

36 145.3 2.24 6.21 294 

100 247.1 3.80 14.13 231 

∞ ∞ ∞ ∞ 200 

 

Table 2 listed the calculated values of 𝛿𝑐𝑟 and 𝛿𝑐𝑟/𝐷
2 for battery piles of different pile size. Rearranging 

Eq. (1) gives 

ln (
4𝛿𝑐𝑟𝑇𝑎

∗2

𝐷2
) = −

𝐸

𝑅
(
1

𝑇𝑎
∗) + ln (

𝐸

𝑅
∙
𝑓∆𝐻

𝑘
)                                            (4) 

where the left-hand side depends on the ambient condition and the size of the battery pile; and the second term 

on the right only relies on the kinetics and thermophysical parameters of the battery pile. Therefore, these 

parameters can be determined by plotting this linear relationship between ln(4𝛿𝑐𝑟𝑇𝑎
∗2/𝐷2) and 1/𝑇𝑎

∗, where 

the slope is −𝐸/𝑅, and the intercept corresponds to ln (𝐸𝑓∆𝐻/𝑅𝑘).  

The F-K plot for the self-heating ignition of the battery pile is depicted in Fig. 7b, which neglects the data 

of 1 cell data, since it is a special case. Error bars in x-direction represent the standard deviation of critical 

ambient temperatures extracted from experimental results, while the error bars in the y-axis are negligibly small. 

The values of R2 value and thermophysical parameters of battery piles are listed in Table 3, where good 

agreements show the rationality and validity of F-K analysis application for this work. The global activation 

energies of battery piles are 101±24 kJ/mol (100% SOC), 136±14 kJ/mol (80% SOC), and 135±12 kJ/mol (30% 

SOC), respectively. 

Table 3. Linear fit and thermo-physical parameters base on F-K theory 

SOC 
Slope 

(−𝐸/𝑅) 

Intercept 

[ln (𝐸𝑓∆𝐻/𝑅𝑘)] 
𝑅2 

k [9] 

(W/m-k) 

E 

(kJ/mol) 

𝑓∆𝐻 

(W/m3) 

100% -12.1 ± 2.9 49.1 ± 6.8 0.86 5 101 ± 24 8.7 × 1017 

80% -16.4 ± 1.7 58.7 ± 3.9 0.98 5 136 ± 14 9.5 × 1021 

30% -16.3 ± 1.5 57.1 ± 3.3 0.98 5 135 ± 12 1.9 × 1021 

Note that the cathode material of the battery used in this work is LiNiMnCoO2 (NMC111) while this critical 

temperature for other 18650 NMC cells shall be different. According to the different molar ratios of nickel-

manganese-cobalt, the types of common NMC cathode materials are NMC111, NMC 532, NMC622, and 
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NMC811. And the higher nickel content NMC cells have, the more thermal unstable they will be. For example, 

Wang et al. [44] found that the internal temperatures of NMC cells during the thermal runaway have an order 

of NMC622 ≥ NMC532 ≥ NMC111.  

3.5. Scale-up for one-layer battery pile 

The thermo-physical parameters of battery piles extracted from lab-scale tests could be used to predict the 

self-ignition limit of larger-scale battery piles. Here, we first predict the 18650 battery piles that are horizontally 

stacked into the cylindrical layer, which has a constant height of 65 mm (1 layer) and is the same as the lab-

scale test. Then, the critical F-K number 𝛿𝑐𝑟 could be calculated from Eq. (2) [31] with the equivalent diameter 

(D) of the pile cylinder. Based on the effective kinetic and thermal properties of the cells in Table 3, the 

correlation between critical ambient temperature and battery pile size in Eq. (4) could be further expressed as 

ln (
4𝛿𝑐𝑟𝑇𝑎

∗2

𝐷2
) = ln(4𝑇𝑎

∗2 (200 +
2

𝐷2
)) =

{
  
 

  
 −

1.21 × 104

𝑇𝑎
∗ + 49.1            (100% SOC)

−
1.64 × 104

𝑇𝑎
∗ + 58.7            (80% SOC)

−
1.63 × 104

𝑇𝑎
∗ + 57.1            (30% SOC)

            (5) 

where the single layer of battery pile is considered (H = 65 mm).  

The extrapolated critical ambient temperature for a larger battery pile is presented in Fig. 8a. As predicted 

by Eq. (3), the critical ambient temperature decreases with the increasing size. As the battery pile size exceeds 

0.3 m, it essentially approaches a critical value and is only a function of SOC. Specifically, such critical value 

decreases from 151 ℃ (30% SOC) to 136℃ (80% SOC), and 125 ℃ (100% SOC).  

In other words, for the battery pack of electric vehicles, thousands of cylindrical cells are encapsulated as a 

single-layer battery stack with a critical size of about 2 m. If all battery cells are in the open-circuit state during 

assembling, transportation, and storage, the critical self-ignition temperature for this battery pack could 

approach to the asymptotic ambient temperature of 125-150 ℃. Similarly, for the battery-based energy storage 

system or a shipping container, if all batteries are arranged in multiple layers, while having a gap and good 

cooling condition in between each layer, the required ambient temperature for self-ignition will also approach 

125~150 ℃. Because the normal ambient temperature rarely exceeds 60 ℃, the self-ignition fire risk in a single-

layer open-circuit battery pile is relatively small.   

3.6. Scale-up for densely packed multi-layer battery pile 

Then, let us consider a large battery pile with densely packed multiple layers of cells that are vertically 

stacked without any clear gap between each layer (a purely theoretical case). For simplicity, the cubic shape of 

battery pile with the critical F-K number 𝛿𝑐𝑟 = 2.52 [31] are applied in the calculation. With the same battery 

kinetic and thermophysical parameters in Table 3, the length of cubic battery pile (L) as a function of critical 

self-ignition ambient temperature can be expressed as  

ln (
36𝛿𝑐𝑟𝑇𝑎

∗2

𝐿2
) = ln(

90𝑇𝑎
∗2

𝐿2
) =

{
  
 

  
 −

1.21 × 104

𝑇𝑎
∗ + 49.1            (100% SOC)

−
1.64 × 104

𝑇𝑎
∗ + 58.7            (80% SOC)

−
1.63 × 104

𝑇𝑎
∗ + 57.1            (30% SOC)

            (6) 

Figure 8b shows the prediction of critical self-ignition ambient temperature for the cubic battery pile. Compared 

with the single-layer battery pile in Fig. 8a, the required ambient temperature for multi-layer battery pile is much 

lower, indicating a higher self-ignition fire risk. 
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Fig. 8. Extrapolation for the critical self-ignition ambient temperature for 18650 battery piles in storage and 

transportation, (a) a single layer or multiple layers with gaps, and (b) densely packed with multiple layers.   

In practical air-transportation scenarios, batteries could be packaged in an aircraft cargo with a dimension 

up to 3.2 m (length) × 1.6 m (width) × 2.3 m (height). More than 700 thousand cylindrical cells would be tightly 

fitted into this standard air cargo and roughly had a cubic shape. Then, the self-heating ignition could occur at 

an ambient temperature of 80-110 ℃, depending on SOC. For the standard 40-foot shipping container with a 

dimension of 12 m (length) × 2.3 m (width) × 2.7 m (height), it can contain about 4 million cylindrical cells. As 

extrapolated in Fig. 8b, the critical ambient temperature for self-ignition could be lowered to 50-100 ℃. In some 

extreme scenarios, such as a fire occurred near a battery warehouse where massive Li-ion batteries are stored, 

a shipping container exposing to direct sunshine for a few days in the tropical region, and battery storage unit 

next to a hot engine room, then the ambient temperature could exceed 60 ℃.. For the big warehouse, it could 

pile up even more battery cells (> 10 million). Thus, the critical ambient temperature for self-ignition could 

reach 30 ℃, if the length of the pile is larger than 20 m. 

The upscaled results in this work could still be instructive for engineers to create a safer environment for 

open-circuit Li-ion batteries during storage and transportation. Note that in the current experiment configuration, 

there is no insulation between cells, so the environmental cooling is much larger during the self-heating stage, 

compared to battery piles with insulation between cells. In other words, the actual self-ignition ambient 

temperature of commercially packed batteries could be even lower, showing a higher fire risk. Furthermore, the 

predicted critical ambient temperature could be lower in real scenarios. It is because (1) some battery cells have 

internal flaws that are more prone to thermal runaway, and (2) the low-pressure air cabin environment could 

reduce the natural convective cooling.  
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Existing international guidelines and regulations, such as UN model Regulation [4] and UN Manual of 

Tests and Criteria [45] are helpful to minimize this fire risk. In air transportation, except for the SOC limitation, 

the maximum number of batteries per package is also required based on the battery capacity [46]. For example, 

if the battery capacity ranges from 2.7 Wh to 100 Wh, the number of it in a package should be less than eight, 

which decreases the self-heating ignition risk. However, there are no international regulations for warehousing, 

and the enforcement gap constricts the efficiency of existing provisions [36]. Therefore, more viable 

investigations are needed to lower the self-heating ignition risk for real scenarios. Future experiments will study 

the influence of the battery type, insulation between cells (or packing method), and atmospheric pressure on the 

self-ignition limit. The selection of the safety factor for industrial applications and guidelines for fire protection 

will also be investigated as well. 

4. Conclusions  

In this work, the characteristics of self-heating ignition for 18650 lithium-ion battery piles in an oven are 

investigated with three SOC (30%, 80%, and 100%) and six sizes up to 19 cells. The ignited battery piles 

undergo three stages: pre-heating, self-heating, and thermal runaway, which leads to violent fire and explosion. 

As the SOC decreases, both the battery electrolyte leaking temperature (160~200 ℃) and thermal-runaway 

temperature (230~280 ℃) increase. The maximum battery temperature increases from 300 ℃ to 900 ℃ with 

increasing battery SOC and pile size. 

The critical ambient temperature that allows the self-heating ignition of battery piles ranges from 135 ℃ to 

192 ℃, which decreases with SOC or battery pile size increases. The good linear fit in the Frank-Kamenetskii 

analysis indicates the rationality and validity of the classical self-ignition theory for battery piles. For large 

battery piles of multiple tightly packed layers, such as those in the shipping container and warehouse, the critical 

self-ignition temperature could be lower to ambient temperature (30 ℃). Nevertheless, creating gaps and 

providing effective cooling between each battery layer could effectively lower the first risk by increasing the 

self-ignition ambient temperature to 125 ℃ for 100% SOC and 151 ℃ for 30% SOC. Although the current 

work is just a preliminary study where a purely theoretical case is presented for extrapolation, it reveals the self-

ignition characteristics of open-circuit battery piles, which could provide scientific guidelines to improve battery 

safety and reduce fire hazards during storage and transportation. 
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Appendix 

Figure A1 compares the temperature evolution curves of the 3-cell battery pile with 100% SOC (a) self-

ignited at an ambient temperature of 155 ℃, and (b) thermal equilibrium at 150 ℃. Figure A2 compares the 

temperature evolution curves of the 3-cell battery pile with 30% SOC. Figure A3 compares the temperature 

evolution curves of the 19-cell battery pile with 100% SOC. Figure A4 is the photos of the hot oven. 

 
Fig. A1. The temperature evolution curves of the 3-cell battery piles with 100% SOC (a) self-ignited at an ambient 

temperature of 155 ℃, and (b) thermal equilibrium at 150 ℃. 
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Fig. A2. The temperature evolution curves of the 3-cell battery piles with 30% SOC (a) self-ignited at an ambient 

temperature of 181 ℃, and (b) thermal equilibrium at 173 ℃. 

 

 
Fig A3. The temperature evolution curves of the 19-cell battery piles with 100% SOC (a) self-ignited at an ambient 

temperature of 140 ℃, and (b) thermal equilibrium at 130 ℃. 

 

 
Fig A4. The photographs of the (a) external of the oven, and (b) internal of oven. 
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