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Abstract

:

Due to the increasing number of battery electric vehicles (BEV) on the roads and the number of BEV accidents with the occurrence of a fire, full-scale fire tests of BEVs were carried out. For initiation, the BEVs were mechanically damaged, forming a gap with a size of 15 cm × 15 cm. The external heat source was a 300 kW propane burner with a maximum power of 54.0 kW and a length of 54 cm. The flame of the propane–butane fuel mixed in air at a temperature of 1970 °C was inserted directly into the battery pack. The increase in the temperature was monitored as a function of time through thermocouples at selected locations of the BEV until the point of initiation. Thermocouples were placed 10, 30, and 50 cm from the place of BEV surface. Accordingly, to obtain the temperature–time curves from the experiment measurement, critical temperatures were subsequently evaluated. The fire tests on BEVs can be described according to the individual phases of the fire. The external heat source started the initiation process at the 25 min time mark. Consequently, the phase of a developed fire with a dynamic course started. A sharp rise in temperature occurred. Within two minutes, the temperature rose to 1056.9 °C. After the initiation source was removed, there was decline in temperature and re-ignition to the stage of a fully developed fire. Thermocouples recorded temperatures in the range of 900 °C. The resulting dynamic process of a BEV fire with a sharp increase in temperature is a problem for the implementation of firefighting works and the liquidation of traffic accidents. Furthermore, foam extinguishing was part of the experiments. In both cases after the foam application, the temperature on the thermocouple T1 (distance was 10 cm from the surface of the BEV) dropped from 486.1 °C to 76 °C after 10 s of application.
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1. Introduction


The use of LIBs is increasing due to the increase in the consequences of climate change, but also because of their secondary uses and the search for the ways for their effective disposal [1]. The issue of BEV safety against various factors comes into focus. One of the dominant risks is fire in BEVs in cases of undesirable and unpredictable events. The problem of BEV fire safety is also growing due to different classifications and views on the implementation of safety rules. American legislation (OSHA) favors the classification of EV traction batteries rather than mixtures, whereas European legislation considers lithium-ion EV traction batteries to be in accordance with the REACH regulation mainly as products [2]. Practice shows that many companies, even without legal obligation, prepare and provide Safety Data Sheets for lithium EV traction batteries [3]. SDS usually provide information on storage and manipulation. However, SDS also provide information on the chemical composition and possible hazards. Currently, mainly three types of LIBs are used [4]: Firstly, NCA–Nickel-Cobalt-Aluminum, which have a high energy density and a higher price, which is why they are used in electric cars of higher classes with a long range where every kilowatt hour of capacity matters. Secondly, NMC–Nickel-Manganese-Cobalt, which is also denoted by the abbreviation NMC. They have similar properties to NCA. And lastly, LiFePO4-Lithium-Iron-Phosphate, also known as LFP. They are safer and less expensive than NCA and NMC batteries, as they do not contain nickel or cobalt, but at the same time, they have a lower energy density.



There are several different energy storage systems (lithium ion batteries) in which lithium is used in its pure or bound form. In principle, there are distinguished primary (charging) and secondary (recharging) cells in EV traction batteries. In general, the secondary (recharging) cells are lithium-ion accumulators, which are the subject of scientific research [2,5]. It is a type of rechargeable battery composed of a fixed structure with four main parts: a cathode, an anode, a separator, and an electrolyte [6]. According to (Table 1):




	
A positive electrode made of an intercalation material that has the ability to bind lithium ions.



	
Negative electrode, made of a porous type of carbon.



	
A separator that separates the positive and negative electrodes.



	
The electrolyte, the role of which is to ensure the transfer of charge (ion) between the electrodes.








The NMC cathode is one of the most successful cathode combinations on the market [7,8]. From a chemical point of view, it is Li[NixCoyMnz] [O]2 (where 0 <x < 1, 0 < y < 1, 0 < z < 1, x + y + z = 1) including NCM333 (x:y:z = 3:3:3), NCM433 (4:3:3), NCM532 (5:3:2), NMC622 (6:2:2), and NCM811 (8:1:1), which were developed to improve the electrochemical properties [9,10]. The key to success lies in the right combination of nickel and manganese.





 





Table 2. Comparison of parameters for the LIB cathode according to [11], supplemented in [12].






Table 2. Comparison of parameters for the LIB cathode according to [11], supplemented in [12].





	
Parameters

	
LIB Cathode Material






	
Abbreviation/designation

	
LFP

	
LMO

	
LCO

	
NCM

	
NCA




	
Formula

	
LiFePO4

	
LiMn2O4

	
LiCoO2

	
Li(NixCoyMnz)O2

	
LiNi0.8Co0.15Al0.05O2




	
Average voltage (V)

	
3.2 (working range 2.5–3.65)

	
3.7

(range 3–4.2)

	
3.7

(range 3–4.2)

	
3.6

(range 3–4.2)

	
3.6




	
Specific capacity * (mAh.g−1)

	
130–140

	
100–120

	
135–150

	
160–220

	
180_200




	
Cyclical life *, (100% DoD)

	
2000–5000

1000–2000

	
300–700

500–2000

	
500–1000

	
800–2000

1000–2000

	
800–2000




	
Safety performance *

	
excellent

	
good

	
low

	
low

	
low




	
Specific energy (Wh.kg−1)

	
90–120

	
100–150

	
150–200

	
150–220

	
200–260




	
Charging current (C)

	
0.7–1

	
0.7–1

	
0.7–1

	
0.7–1

	
1




	
Discharge current (C)

	
1

	
1

	
1

	
1

	
1




	
Application

	
Loads requiring high current and endurance.

	
Medical devices, electric drives.

	
Mobile phones, tablets, laptops.

	
Electric bicycles, healthcare, industry.

	
Healthcare, electric drives.




	
Comment

	
Safety, increased self-discharge.

	
High performance, safer than LCO.

	
High specific energy, high price Co.

	
High capacity and performance.

	
Similar properties to LCO.








* [12].











Nickel is known for its high specific energy but poor stability. Manganese has the advantage of forming a spinel structure, thanks to which its low internal resistance and stability are achieved, but at the cost of a low specific energy. The combination of these two materials enhances each other’s strengths. The positive electrode combination is typically one-third nickel, one-third manganese, and one-third cobalt (NMC333). These three active materials can be easily mixed to suit a wide range of applications for automotive and energy storage systems (ESS) that need frequent cyclic charging [13]. They are also the target group of our research.



In addition to the degradation of the structure of the cathode materials, one of the main reasons for the failure of Ni-rich cathodes during cycling above 4.2 V is also the parasitic reaction arising from the interactions between the electrolytes and the highly reactive de-lithated cathodes. Even the listed materials—cathodes—are listed as products and have an SDS prepared like in references [14,15].



Electrolytes serve as a medium for the transfer of ionic charge. The electrolyte consists of an organic solvent and a conductive lithium salt (LiPF6). Although there are many possible solvents, lithium hexafluorophosphate (LiPF6) is almost exclusively used as the conductive salt. The exact chemical composition of the respective solvent mixture is usually a secret of the manufacturer. However, it is possible to find an overview of the components used by viewing the various data sheets. The flash point of the solvent components ranges from +160 °C to slightly below 0 °C. This explains the thermal instability of the lithium battery [2]. Conductive salt, e.g., also contains fluorine (F). The release of hydrofluoric acid (HF) in unconcentrated form can also lead to various dangerous situations with a damaged lithium battery.



In LIBs, the separator is a critical component with the function of preventing electronic contact and ensuring Li-ion transport between the two electrodes during battery operation. In addition to the requirement of wettability and porous properties, the required membrane should have high chemical/electrochemical stability, high thermal stability, and excellent mechanical properties to ensure a safe and reliable LIB (Table 3).



In general, common separators for LIBs (Table 3) are polyolefin membranes such as poly-ethylene (PE) and polypropylene (PP), but they would melt at temperatures of 130 and 170 °C [16]. During the melting process, the micropores of the separators are destroyed, isolating the path of Li-ions between the electrodes, and drastically increasing the internal resistance of the LIB [17]. If the separator is melted, an internal short will occur, which can lead to a lot of heat and trigger thermal leaks [16,18].





 





Table 3. Switch-off temperatures and melting temperatures of various polyethylene (PE), polypropylene (PP), and three-layer hybrid PP/PE/PP membranes [1,19].






Table 3. Switch-off temperatures and melting temperatures of various polyethylene (PE), polypropylene (PP), and three-layer hybrid PP/PE/PP membranes [1,19].





	
Parameters

	
Membrane Composition of the Separator




	
PE

	
PP

	
PP/PE/PP

	
PVDF

	
PE/PVDF






	
Temperature of thermal degradation (°C)

	
130–133

	
156–163

	
134–135

	

	




	
Melting point (°C)

	
139

	
162

	
165

	

	




	
Thickness (μm)

	
20

	

	

	

	
25–26









Depending on the required capacity and performance, the battery consists of several cells [1].



In the normal range of voltages and temperatures, only “shuttle transport of Li+” occurs in the electrolyte during insertion/extraction cycles at the cathode and anode. Under high temperature and high voltage conditions, the electrochemical reactions become more complex, namely, the decomposition of the solid electrolyte interface film at the anode, oxygen release at the cathode side, and other parasitic electrolyte/electrode side reactions. Decomposition of the SEI film and interfacial reactions initially accelerate the temperature rise, increasing the risk of oxygen release from active cathode materials [13]. These reactions eventually lead to LIB thermal runaway, which causes the battery to rupture and explode due to the reaction of the hot combustible gases from the battery with the ambient oxygen [20].



An illustrative explanation of thermal runway BEV was provided by Shahid and Chaab [21]. They refer to the thermal runway as “the phenomenon of exothermic chain reactions within the battery”. These reactions usually cause a sharp increase in the internal battery temperature, causing the inner structures of the battery to destabilize and degrade, which can lead to the total failure of the battery [21]. They also interpret the mechanism of the thermal runway with the subsequent promotion and method of extinguishing them, with an overview of already published studies. The Electrochemical Safety Research Institute [22] lists thermal runaway as one of the main risks associated with lithium-ion batteries. It is a phenomenon in which the lithium-ion cell enters an uncontrollable self-heating state [22].



Thermal runaway is the worst safety issues of BEVs [23,24]. Figure 1 shows the origin of thermal runaway in EV traction batteries, including electrolyte side reactions, the cathode, anode, and interfacial reactions at the electrode surface and Li plating. These side reactions are triggered by mechanical, thermal, and electrical damage (the term misuse is also often used). Breakdown of the separator and evolution of oxygen from the cathode side are the main causes of thermal runaway in batteries (as shown by the solid line in Figure 1—d). There are five types of causes of this phenomenon called “thermal runaway”, which are shown in Figure 1.



They are as follows:




	
The first type is the uncontrolled generation of internal heat, which causes the re-lease of oxygen from the cathode material, leading to numerous side reactions [13,25].



	
In the second type, separator defects (due to heat-induced shrinkage or mechanical damage) create short circuits in the battery and rapid discharge of the energy stored in it [26], accompanied by unwanted chemical chain reactions and the release of enormous amounts of heat.



	
The third type is electrical abuse [27]. Electrolyte decomposition occurs at the cathode interface, especially at a high state of charge (SOC). This leads to the accumulation of heat and the subsequent release of oxygen from the cathode and damage to the separator.



	
The fourth type consists of electrochemical side reactions caused by local thermal abuse. If the heat generated during normal LIB operations cannot be dissipated quickly enough, the separator at that specific location will shrink or crack [28,29].



	
The fifth type occurs when the battery is mechanically damaged, resulting in a short circuit and/or air infiltration into the battery [30].








The main causes of battery safety accidents among these five categories are short circuits due to separator damage, and electrical and mechanical misuse [31].



Several studies have been devoted to the research of thermal runaway from the point of view of its causes [32,33,34,35,36,37,38].



Furthermore, MacNeil et al. [39] did a series of fire tests on BEV cars and batteries that were equipped with multiple thermocouples, voltage sensors, heat flow meters, smoke detectors, and gas sampling lines to UL 2580 [40] (minimum 590 °C, in 5 min, burning for 20 min, no explosions).



BEV car fire tests are in the spotlight [41] due to the current increase in the number of mentioned vehicles on the road. Sturm et al. [42] conducted experimental investigations during the safety project: fire tests with battery cells; fire tests with battery modules; and fire tests with BEVs, including a survey of firefighting procedures. Heat release and production of (toxic) substances were evaluated in a series of fire tests. Cui et al. [43] studied and addressed vehicle fires caused by lithium-ion batteries with thermal runaway. Their maximum external flame temperature achieved was 843.6 °C, and the maximum compartment flame temperature was 696.8 °C. Hodges et al. [44] summarized the published results of car fire tests, including BEVs, with peak HRR, THR, H, and loss mass results obtained. Moreover, fire tests on BEVs were carried out by Lecocq et al. [45], Watanabe et al. [46], Willstrand et al. [47], and Hynynen et al. [48].



Jaguemont and Bardé [49] discuss the issue of BEV test standardization in detail. They offer a list of the main security standards for LIBs. They also present tests labeled as “Thermal tests” that are focused on thermal heating and local heating. Jaguemont and Bardé [49] report the standard UL-9540A:2019 Test Method for the Evaluation of Thermal Leakage Propagation in Battery Energy Storage Systems [50].



This paper designs a full-scale fire experiment to explore the fire evolution process and characteristics of growth temperature. The aim of the article is to present the behavior of a mechanically damaged NMC battery that was subsequently exposed to an external initiation source. Monitoring the increase in temperature by the thermocouples at selected points near to the damage of the BEV served to monitor the origin and development of a BEV fire test.




2. Materials and Methods


2.1. Description of Samples–BEV with Lithium-Ion Cells


Two variants of full-scale tests were done on the same NMC EV traction battery model (Table 4).




2.2. Preparation and Course of the Experiment


The experiment was not conducted in accordance with any standard. The experiment was carried out at the selected fire station by Fire Corps Slovak Republic. During the preparation and performance of the experiment, the necessary safety instructions and occupational health and safety instructions were observed.



Kang et al. [41] experimentally verified the quantification of BEV fires using approximately 30 MJ/kg average effective heat of combustion. Kang et al. [41], in this context, emphasized the durability of LIB packaging, where it is a high property (approx. 45.9 MJ/kg), which is comparable to the properties of flammable fuels (e.g., n-pentane with 45.69 MJ/kg). Therefore, the method of mechanical damage to the cover of the LIB package was chosen to conduct the experiments.



Initially, a non-flammable surface was prepared. Thereafter, an experimental container was prepared (bath). Lastly, the LIB pack housing of the batteries were inserted into the container and mechanically damaged (Figure 2). Two gaps (size 15 cm × 15 cm) were created in the BEV. They are marked with number 1 and number 2 in Figure 2. The experimental data were collected at 1 s intervals. The specific locations of these sensors are shown in Figure 2. Three thermocouples were placed in each gap.



Thermocouples (type K thermocouples) were used to monitor temperatures. The placement of the thermocouples was based on expert discussion and knowledge gained from other experiments [51,52,53].



The first gap in the BEV had 2 thermocouples to measure temperatures inside and 1 thermocouple next to the gap:




	
Thermocouple T1 measured the temperature at a height of 10 cm above the BEV, and thermocouple T2 measured the temperature at a height of 30 cm above the BEV (both marked in red) at (Figure 2a and scheme in Figure 2c).



	
Thermocouple T3 (marked in blue) measured the temperature at a height of 30 cm above the BEV and at 50 cm from the red thermocouples (Figure 2a).








The same procedure was followed for the second gap. The position of thermocouples T1 and T2 in the hole is shown in green (Figure 2b).



The conditions of the experiment are shown in Table 5.




2.3. The Course of the Experiment


Kvasha et al. [54] did not observe a propagation effect, even with an internal or external explosion. He stated that heat leakage in one cell will not cause heat leakage in neighboring cells.



The explosion-proof design and performance of the BEV power supply should meet the IEC 60,079 standard, and the explosion-proof cavity in which the batteries were placed should withstand a static pressure of at least 1.5 MPa. Said barrier should prevent thermal runaway [55].



Some authors [54,55] indicate the limit pressure necessary to incite a thermal runway to be 0.8 MPa. Mechanical damage was carried out by manually removing the outer metal cover of the BEV, which had a size of 15 cm × 15 cm, and then applying a 300 kW propane burner with a maximum power of 54.0 kW and length of 54 cm to the encapsulated lithium-ion battery (LIB). The internal environment of the encapsulated package was not specified (atmosphere: air plus flammable gases). The flame of the propane–butane fuel mixed with air at a temperature of 1970 °C [56,57]. The application of thermal source was defined as the experiment start time. The pressure relief valve of the battery pack broke at 25 min in Test 1, and the battery pack began to release white smoke. Subsequently, the initiator was removed.





3. Results


3.1. Results of BEV Large-Scale Fire Test 1


The experiments were carried out under atmospheric conditions (Table 5), with intention to repeat the full-scale fire test on the BEV.



The experiment started at 09:50:30 with the real-experimental time = 0 s. At the beginning of the experiment, the external source of a 300 kW propane burner was inserted into the damaged LIB (Figure 3a). The process of heating took 25 min, and its subsequent initiation was accomplished at 10:15:00 (Figure 3b).



The temperature–time curves (Figure 4) quantify the events taking place during the experiment.



The most interesting temperature development is on thermocouple T1, located 10 cm above the edge of the damaged cover. After 25 min, the temperature on thermocouple T1 increased by 80 °C within 10 s. Then, for the next 10 s, it increased by 250 °C. Furthermore, within next 10 s, temperature raised again by 250°, and within 1 min, reached a temperature of 900 °C (Figure 5). Within next 30 s, the temperature reached a value of 1009 °C, and after another 10 s, it reached the maximum temperature of the experimental fire, 1056.9 °C (Figure 5). Thermocouple T2 copied the values of thermocouple T1 with a time delay of 1 m 50 s, because its position is 20 cm further from the place of initiation of the EV traction battery. Based on the values of the thermocouple T3, we can conclude that the released heat does not spread at 50 cm during the observed time interval.



The 3 min interval of the developed fire (Figure 6) was ended by removing the external 300 kW propane burner from the damaged part of the electric battery. This fact was automatically reflected in the temperature values measured using thermocouples T1 and T2 (Figure 5).



Interestingly, the temperature course on thermocouple T3 was placed at a distance of 50 cm from gap 1. A slight temperature jump (92 °C) on thermocouple T3 occurred in the 38th minute. At the indicated time, the secondary development of the fire occurred, which passed into the phase of a fully developed fire (Figure 7). Thermocouples T1 maintained a temperature of more than 900 °C, and T2 maintained a temperature of more than 750 °C.



After 59 min real experimental time, a sharp drop in temperature (76.5 °C) occurred in thermocouple T1. Again, a time delay (60 s) appeared on thermocouple T2. It is possible to assume that the combustible components (electrolyte, cathode) present in the electric battery burned, and from that time point, the temperature dropped to the ambient temperature. The exception was with thermocouple T1, where the temperature dropped to 43.3 °C.




3.2. Results of BEV Large-Scale Fire Test 2


The second experiment started at 11:38:04. The initiation phase—ignition—lasted until 11:42:00. Afterwards, the initiation temperature rose to 1028 °C within 10 s. The temperature was maintained for almost 30 s. Then, there followed a drop in temperature at an average of 100 °C a minute. The process lasted until 11:47:04, or a total of 5 min.



Why did such a change occur during the experiment? We assume that:




	
The experiment was initiated on the second opening of the same EV traction battery, and a larger amount of released heat could already have been accumulated in the internal volume.



	
In total, 300 kW propane burner was used, which accelerated the increase in temperature in the observed thermocouples and significantly shortened the initiation of the BEV in the second group (Figure 8 and Figure 9).








Also, in this experiment, thermocouple 2 recorded an increase in temperature (T2) with a 2 min delay, as in the case of Test 1.



Photo documentation (Figure 9) with a high-speed camera captured a 2 min moment of a sharp increase in temperature in the fire with accompanying effects. The color scale of the flame shows the burning process of Li-ions; after they burn out, the flame stabilizes to a luminous one.



Jaguemont and Bardé [49] wrote about the test of fire propagation by UL 2580 [40]. The conditions defined for the test were: the fully charged assembly is placed in the middle of the fire source; within 5 min of ignition, a minimum temperature of 590 °C should be reached and maintained for 20 min. The fire test BEV 2 fulfills the stated conditions.





4. Discussion


Comparisons of the results of these two experiments can be extensively discussed. In the beginning, it seemed that it made no sense. But, after studying the results, we came to an interesting conclusion. The course of the BEV fire was the same in both tests, regardless of the initial conditions. They differed primarily over time.



The common result of the obtained experiments is a sharp increase in temperature above 1000 °C within 2 min. In the first experiment, it was 1056.9 °C, and in the second experiment, it was 1028 °C, regardless of their initiation time.



In Figure 10a, we see a mutual comparison of temperatures (T1) in thermocouple 1 in real time. The above comparison shows a significant difference in the heating of the EV traction battery and the initiation time. The point is to point out the same sharp increase in temperature in a short time following the initiation. That is why, in Figure 10b, the curves are shown without real-time acceptance. The initiation point and temperature rise are shown.



Another common result is a 2 min delay in the temperature rise of T2, while the time–temperature curves of thermocouple 2 copy the course of the temperature rise of T1 in both cases. It could be concluded that, in both cases, the same heat release occurs in the same time regime. Voigt et al. [51] conducted fire tests on BEVs with two different batteries. The maximum temperatures in the tests reached values above 1000 °C for both types of batteries. Voigt et al. [51] used a pool fire (size: 0.5 m2, 60 L Ethanol) as an initiator. Nevertheless, the Battery Pack Type A test with the same parameters listed in Table 2 had the same temperature flow pattern as in the case of our first test. Two-stage thermal course was due to re-ignition.



Lastly, a common phenomenon is the method of extinguishing using a selected foam. The last monitored phase in the experiments was the extinguishing process (Figure 11). Test 1 was completed by applying the selected foam. A sharp drop in temperature from 486.1 °C to 76.5 °C was observed after 10 s of application on thermocouple T1, as seen in Figure 11. The second thermocouple registered a smooth decrease in T2 from 450 °C to 77 °C within 1 min 40 s. This is another delay in the event due to the remote location of the thermocouple from the source of the fire. Thermocouple 3 recorded the temperature changes of T3. At 50 cm from the source of the fire, there was no increase or decrease in temperature. The average value ranged from 70 °C to the ambient temperature.



The extinguishing in Test 2 used the same foam as Test 1, and has a comparable extinguishing process. On thermocouple 1, a drop in temperature (T1) from 720 °C to 97 °C was recorded within 40 s. The drop in temperature 2 was much smoother and took longer (Figure 11a,b).



It is difficult to compare the results of this research with the research of other authors. For example, Kang et al. [41] conducted a series of full-scale fire experiments about the thermal behaviors of battery electric vehicle (BEV) fires. The placement of the thermocouples for the abovementioned experiments was in the cabin for passengers, in the engine compartment, in the trunk, and in the tires. Additional thermocouples were additionally installed inside the LIB packs to observe the heat progress among internal LIB modules. Voltmeters were used to monitor the voltage drop of the modules to confirm thermal leakage.




5. Conclusions


Experiments on the full-scale fire tests of BEVs were one of the pilot tests carried out by firefighters in the Slovak Republic. The original experimental data obtained are difficult to verify and repeat.



On the experimental research, the following results were obtained:




	
A mechanically damaged BEV (with intentionally made holes in the steel casing) could be initiated by an external initiator to the stage of a developed fire.



	
An external 300 kW propane burner with a maximum power of 54 kW and a length of 54 cm, inserted directly into the battery pack, was initiated in fire test BEV 1 after 25 min. Fire test BEV 2 had a faster course of initiation due to the accumulation of flammable gases in the BEV.



	
In both tests, a temperature above 1000 °C was reached. In the first test, the temperature reached 1056.9 °C just 2 min after the initiation. In the second test, the abovementioned process was repeated, and the maximum temperature reached was 1028 °C.



	
When extinguishing the fire test BEV with foam, the temperature on thermocouple T1 (distance was 10 cm from the BEV surface) dropped from 486.1 °C to 76 °C after 10 s of application.








In the fully developed fire of Test 2, the temperature values obtained in the first test (above 1000 °C) were not reached. We are aware of the limits of our research, the deliberate method of initiation, and the limitations of the thermocouples used.



Despite this fact, we offer interesting results and a demonstration of the temperature increase in the event of a BEV fire. In the future, it is necessary to include radiometers in the measurements so that we can show the amount of HRR, THR, calorimetric value, and loos mass released. In this case, we only assume that, in both cases, the same heat release occurs in the case of the initiation of the BEV.
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Figure 1. Overview of LIB security issues by [1]. Legend: a—unwanted event; b—damages; c—abuses; d—cell structure; e—unwanted reaction. 
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Figure 2. Scheme: The top view of the BEV placement with the location of the indicated thermocouples. (a) First gap and the location of the red and blue thermocouples; (b) second gap and the location of the blue and green thermocouples; and (c) showing the position of the thermocouples and (d) the mechanical damage of the BEV. 
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Figure 3. Experiment preview: (a) Time 0 s, inserting the external initiator into the damaged cover of the EV traction battery; (b) real experimental time 1500 s (25 min), action of the external flame. 
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Figure 4. Temperature changes during the fire of the EV traction battery. The green rectangle represents the section shown in detail in Figure 5, and the orange rectangle represents the section shown in detail in Figure 11a. 
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Figure 5. Section (purple in Figure 1) of the temperature–time curves of the experiment Test 1 within time frame from 10:15:03 to 10:18:53. 
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Figure 6. Photo documentation of Test 1 within a time frame from 25 min to 28 min, real experimental time 3 min. Legend: The first row of images represents the course of the BEV fire in the first minute after 20 s (20, 40, and 60 s), the second row is the second minute after 20 s, and the third row of images is the progress in 3 slightly after 20 s. 
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Figure 7. Photo documentation of large-scale Test 1 in real experimental time: (a) 38 min; (b) 39 min; and (c) 40 min. 
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Figure 8. Time–temperature curves in fire test BEV 2. The orange rectangle represents the section shown in detail in Figure 11b. 
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Figure 9. Photo documentation of the EV traction battery fire in Test 2 in the two-minute interval within a time frame from 180 s to 300 s. The first nine images are a cross-section of the first minute, and the remaining four images represent 25 s of the sequence in the second minute. 
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Figure 10. Comparison of T1 from thermocouples 1 in both tests. (a) Real-time experiments considered; (b) regardless of the real time of the experiment. 
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Figure 11. A three-minute slice of the time–temperature curve of (a) fire test BEV 1 (real experimental time 3490–3700 s) and (b) fire test BEV 2 (real-experimental time 420–590 s). 
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Table 1. Composition of used LIBs.






Table 1. Composition of used LIBs.





	
LIB Construction

	
Chemical Composition




	
Element

	
Formula

	
CAS **






	
Steel label

	
Steel

	

	

	
65997-19-5




	
Modul/cell

	
Cathode

	
Lithium Iron Phosphate (LFP)

	
LiFePO4 (LFP)

	
15365-14-7




	
NMC *

	
Li [M *]m[O]n

	
346417-97-8




	
The base of the cathode

	
Aluminum

	
Al

	
7429-90-5




	
Anode

	
Carbon as graphite

	
C

	
7440-44-0




	
Carbon (black)

	
C

	
1333-86-4




	
Copper

	
Cu

	
7440-50-8




	
Electrolyte

	
Organic

solvents

data

	
Ethylene Carbonate EC

	
C3H4O3

	
96-49-1




	
Diethyl Carbonate DEC

	

	
105-58-8




	
Dimethyl Carbonate DMC

	
C3H6O3

	
616-38-6




	
Ethyl Methyl Carbonate EMC

	
C4H8O3

	
623-53-0




	
Ethylene Acetate EA

	

	
96-49-1




	
Propylene Carbonate PC

	

	
108-32-7




	
Lithium salt

	
Lithium Hexafluorophosphate

	
LiPF6

	
21324-40-3




	
Carboxymethyl Cellulose Sodium Salt

	

	
9004-32-4




	
Separator

	

	
Poly(vinylidene fluoride-co-hexafluoropropylene)

	
PVDF

	
9011-17-0




	
Polyvinylidene difluoride

	
PVDF

	
24937-79-9




	
Styrene-Butadiene rubber

	
SBR

	
96-49-1




	
Poly(vinylidene fluoride-co-hexafluoropropylene)

	
PVDF

	
9011-17-0








* Table 2 provides a more detailed description of NMC LIB. ** Is a unique numeric identifier chemical substance. Designates only one substance.













 





Table 4. Characteristics of the investigated BEV with a lithium-ion battery module.
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	Parameter
	Ti Battery Pack





	Number of modules in pack
	18



	Cell type
	Prismatic, 3.7 V; 62 Ah; weight 0.95 kg



	Cells per Module
	12



	Anode material
	Graphite



	Cathode material
	LiNiMnCoO2; NMC (811 or 523)



	Separator
	Ceramic coated microporous polyolefin



	Electrolyte
	Organic carbonates



	Conducting salt
	LiPF6



	Nominal voltage
	400 V (3.68 V per cell)



	Energy capacity pack
	51 kWh



	Specific energy
	143 Wh/kg (pack); 228 Wh.kg−1 (Module)



	SOC
	Usable 94.3%










 





Table 5. Conditions of the experiment.






Table 5. Conditions of the experiment.





	Monitored Parameters
	Values





	Ambient temperature (°C)
	23.5



	Pressure (kPa)
	101.3



	Humidity (%)
	56



	Wind velocity (km.h−1)
	0.35
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