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Abstract

:

Lithium batteries are being utilized more widely, increasing the focus on their thermal safety, which is primarily brought on by their thermal runaway. This paper’s focus is the energy storage power station’s 50 Ah lithium iron phosphate battery. An in situ eruption study was conducted in an inert environment, while a thermal runaway experiment was conducted utilizing sealed pressure containers and an external heating triggering mechanism. Both the amount of gas release and the battery’s maximum temperature were discovered. Using gas chromatography, the gas emission from the battery was examined. Its principal constituents included CO, H2, CO2, CH4, C2H4, and so on. Moreover, the experiment discovered a second eruption of lithium iron phosphate, and the stage of its eruption was separated by the pressure signal of the sealed experimental chamber, giving a theoretical foundation and technological backing for the thermal catastrophe safety of lithium batteries.
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1. Introduction


In the context of the third energy revolution and carbon neutrality, clean energy technology is rapidly evolving; in particular, energy storage technology, which is typified by the lithium battery, is one of the most rapidly expanding technologies in terms of market capacity in the new energy sector and has been widely adopted [1,2,3,4,5].



As is well recognized, the safe working temperature of lithium batteries should not exceed 80 °C [6]. If the temperature surpasses this, thermal runaway will occur, which is a key issue that affects the safety of the batteries [7]. A lithium battery consists of a positive electrode, a negative electrode, an SEI (solid electrolyte interphase), an electrolyte, etc. [8]. Once thermal runaway of a lithium battery occurs, the surface temperature of the battery will increase quickly, followed by the release of a huge quantity of flammable gas into the atmosphere, which often results in fire, explosion, etc. [9], as well as the accompanying thermal physical phenomena. Studying the flammable gas from a lithium battery eruption [10] may expose the primary cause of lithium electricity fires and offer a foundation for their prevention and control [11].



In recent years, there has been considerable interest in research on high-temperature combustible gas generated by lithium batteries during thermal runaway. Battery gas consists mostly of anode material, electrolyte composition, and a kind of abuse [12,13]. Based on a review of the literature, it can be established that CO2, CO, CH4, and C2H4 are the primary exhaust gas components of lithium-ion batteries, independent of heating abuse or charge and discharge abuse in the experiment [14,15,16,17,18]. In 2005, Doughty [19] found H2 in an ARC (accelerating rate calorimetry) experiment, despite the fact that it was hazardous and could not be detected using conventional detection techniques such as FTIR (Fourier transform infrared spectroscopy). Ohsaki et al. [20] also reported their detection findings in 2005, in which the presence of H2 was discovered via GC (gas chromatography) in an experiment involving overcharging. Somandepalli [21], Golubkov [15], Lammer [22], and Zheng [23] also discovered H2. The electrolyte of the battery is composed of DMC (Dimethyl Carbonate), EMC (Ethyl Carbonate), EC (Ethyl Carbonate), or PC (Propylene Carbonate). Studies by Kong, Doughty [19], Abraham [16], Roth, Ribiere, Gachot [14], Sun [18], and others indicate the existence of F-ions in battery gas generation. In a few investigations, C2H5F, C3H7F, etc., as well as HF and other gases, were identified.



The current study includes effective experimental techniques, outcomes of the primary components of battery gas production, effective gas inspection methods, and some conclusions. Several types of flammable gas emission are summarized. Although there have been significant advances in the current research, there are still some issues. First, there have been few studies on the topic of gas production from lithium batteries with high capacities. Golubkov [24] investigated the gas generation characteristics and dangers of the 18650 lithium battery (1.1 Ah). Second, the experimental methods used to investigate the thermal eruption properties of lithium batteries are not uniform. Wang [25] employed a huge experimental fire platform to explore the eruption and igniting properties, using GC to analyze the gases. Thirdly, the present research focuses on the effects of an eruption’s gas output, but the features of gas production have been seldom examined. Weifeng [26] classified the gas generation steps of lithium batteries using conventional internal combustion engine methodology. In addition, flammable gas created by lithium runaway electric heating is the primary cause of fire, but few studies have been conducted on the phase characteristics of lithium battery eruptions. Weifeng [27] recommended studying the mitigation of lithium battery flammable gas using idling technology.



This paper focuses primarily on lithium electric security features, the element of study for the energy storage system in the standard requirement as the anode material of lithium iron phosphate batteries (50 Ah), using constant-volume sealed pressure vessels as experimental tools, and employing inert gas protection technology for the explosion of lithium-ion batteries for in situ gas collection and analysis. This study will explore (1) the temperature-related properties of lithium-ion batteries; (2) the properties of lithium battery gas production; (3) the composition of lithium battery gas generation; and (4) the division of the gas production step for lithium batteries.




2. The Experiment


2.1. Battery Introduction


This study focuses on the 50 Ah lithium iron phosphate battery, which is often used in energy storage systems. It has a rated capacity of 50 Ah, a standard voltage of 3.2 V, a maximum charging voltage of 3.65 V, a discharge termination voltage of 2.5 V, and a mass of 1125 g. Table 1 displays the basic battery specifications.



The National Energy Administration suggested in the 25 Key Requirements for Preventing Power Production Accidents (2022 Draft) that NCA (LiNiAlO2) lithium batteries and sodium–sulfur batteries should not be used in medium–large electrochemical energy storage power plants in 2022. Therefore, lithium iron LiFePO4 (LFP) is the optimal material for energy storage power plants.



Lithium iron phosphate batteries include olivine LiFePO4 as the positive electrode, graphite as the negative electrode, and a polymeric substance as the separator. Typically, they are rolled into a sealed metal shell. Li-ions in the positive electrode, pushed by electric field force or concentration difference, traverse the diaphragm and embed themselves into the graphite lattice during charging to create lithium embedment. Li-ions are evacuated from the graphite crystal during discharge, traverse the diaphragm, and return to the surface of the lithium iron phosphate crystal at the positive electrode [28].




2.2. Experiment


In this work, LiFePO4 lithium iron in situ eruption experiments were conducted, primarily in three capacities, namely 100%, 50%, and 0% SOC (state of charge). Thermal runaway does not occur at 0% SOC, according to [29], but the eruption is induced by the side reaction of the electrolyte and other components when the temperature increases. The literature [30] reveals that lithium batteries have a crucial SOCCRI, and batteries below this SOCCRI will not experience thermal runaway. In this experiment, two regularly used capacities, 50% and 100%, were chosen for comparison.



2.2.1. Experimental Setup


In the literature, different researchers who used sealed experimental containers have come to various approaches and results, which are shown in Table 2. Compared to the aforementioned experts, this study is based on their previous research. This experiment was constructed using UL9540, a typical experiment apparatus with a volume of 82 L; a lab made of metal with a seal set; a battery put in the lab, utilizing the cabin environment of heating transfer experiments in the battery; and a test chamber with data on temperature and pressure for analyzing the battery eruption facts.



The experimental principle is depicted in Figure 1. The battery is placed within the experimental apparatus and a sealing device is utilized; the entire experiment is conducted under nitrogen protection. Utilizing specialized technology to arrange cables, all sensors in the experiment are gathered, and the device’s pressure sensor is configured for pressure monitoring using pressure and temperature signals for synchronous detection of the eruption’s cell facts. A heating device (800wX2) is installed within the experimental apparatus to ensure uniform temperature heating and efficient heat transfer. The actual data collected after the experiment will eventually take precedence, even if the heater can manage the temperature rise but is unable to precisely predict the pace of heating.




2.2.2. Experimental Methods and Steps


First, the experimental preparation of an eruption and experimental procedure is described:




	
The battery capacities for this experiment are 0%, 50%, and 100%.



	
The battery is inserted into the experimental apparatus, and the battery storage bracket is attached to the apparatus (to prevent the battery from dumping). On both sides of the battery, clamps are installed, and the expected force is set to 1–2 N•m.



	
The battery must be positioned vertically so that the safety valve is at the top and it is not dislodged during the eruption.



	
The temperature sensor is put in place, with battery surface temperature Ts, battery safety valve position T50, and battery cabin temperature detection Ta.



	
After securing the experimental apparatus, the experiment is prepared.



	
A vacuum pump is used for vacuum operation (① in Figure 1), and the degree of vacuum is typically −0.8. Nitrogen is then added to the atmospheric pressure ② more than twice.



	
Heating begins and characteristic data are collected using data acquisition. As the ambient temperature rises, so does the temperature of the battery. The pressure of the experimental apparatus is monitored throughout the entire procedure. The increase in pressure indicates that the battery has undergone two processes of eruption and re-eruption. When the battery temperature reaches the thermal runaway temperature and the battery voltage completely fails, the environment heating is turned off until the battery has cooled.



	
The gas collection valve (③ in the experimental principle depicted in Figure 1) is opened.



	
After collecting gas and data, the exhaust valve (④ in the experimental principle depicted in Figure 1) is opened to release exhaust gas, then the sealed container is opened and the battery is removed.









2.2.3. Collection of Temperature Facts


The thermocouple of type K is used for temperature measurement. It is often used due to its stability, affordability, and ease of data collection. The surface temperature of the battery may be measured to determine its temperature at the moment of the initial explosion (safety valve opening). When the battery’s temperature rises greatly, the battery undergoes a violent explosion (the second eruption process).




2.2.4. Calculation of Gas Production


The pressure sensor is installed in the sealing test equipment to monitor the pressure in real time, and the gas generation after thermal runaway in the sealed container can be computed using the pressure and ambient temperature. We computed gas production using the equation for the ideal gas state. The expression is PV = nRT [19].



P (unit Pa) is the internal pressure of the sealing device, V (unit m3) is its volume, n (unit mol) is the gas output (in mol), R (unit J/(mol·K)) is the ideal gas constant (8.314) [31], and T (unit K) is the ambient temperature of the testing chamber.




2.2.5. Analysis of Gas Composition


A frequently used gas chromatograph, the GC (gas chromatograph), is often used to analyze the composition of gases [25]. In addition, nitrogen was utilized as the background gas in this experiment; therefore, the normalized formula was employed in the calculation of gas components to emphasize the fraction of gas generated by the battery. Cv = (Cm × 100)/(100 − CN2) is the particular normalization formula [27] (CV represents the volume percentage of a gas, CM represents the initial proportion of a gas, and CN2 represents the nitrogen proportion).




2.2.6. Analyzing Battery Quality Loss


The battery was weighed before and after the experiment using a standard balancing scale. The mass loss of the battery was then computed using the results of the weighing, and the index of mass loss rate was used to determine the intensity of the battery eruption.






3. Experimental Results and Discussion


This experiment employs a brand-new lithium iron LiFePO4 battery used in an energy storage power station. The experiment consists of three SOC capabilities of 100%, 50%, and 0%, and documents the battery temperature, eruption temperature, pressure change, and temperature change in the experimental sealed chamber, battery voltage, and additional data indications for each capacity.



3.1. Recording and Analyzing the Experimental Process


The entire experiment was conducted by heating the heater within the experimental apparatus. The battery transmitted the external temperature to its own heat generation, resulting in thermal runaway. After the battery exploded, the temperature progressively decreased until the conclusion of the experiment. Using the progression of the timeline and the primary data indicators gathered throughout the experiment, a graph depicts the experiment’s defining characteristics, as illustrated in the experimental principle depicted in Figure 2. The 100% SOC experimental data are used to show the entire experimental procedure:



0–1500 s: The experimental temperature begins at 25 °C, and the battery voltage is steady at this level. The rate of battery surface temperature rise is around 0.6 °C/min, while the voltage in the testing chamber stays steady.



1500–5000 s: The voltage begins to vary somewhat, but the voltage functioning is still steady at this time. At this point, the increase in cabin temperature is linear. The temperature increases at a rate of around 1.8 °C/min, and the battery surface temperature also rises at a rate of around 1.8 °C/min.



5000–6300 s: The voltage begins to fluctuate significantly, and the vent temperature decreases slightly. Under the pressure of internal electrolyte evaporation, the safety valve opens at this point, allowing a combination of electrolytes and gas to be expelled from the battery at a lower temperature. At this point, the battery’s surface temperature remains mostly unchanged, but the experimental chamber’s interior pressure undergoes its first abrupt increase, rising to 110 kPa/s.



6300–8000 s: The voltage suddenly drops to 0. An enormous amount of combustible gas explodes at this point; the battery temperature rises quickly, the battery begins thermal runaway, the vent temperature rises quickly, and the pressure inside the experiment chamber abruptly increases once more. This stage is the second stage of battery eruption, and it can be seen from the image that the eruption time is about 500 s.



Conclusion: According to the data in Figure 3, the nozzle temperature increases with the heating temperature after the beginning of the experiment. Following 1000 s of the experiment, the vent temperature displays a linear rise. The electrolytes are the first thing to be vented when the voltage fluctuates, and when the battery opens the valve, there is a brief drop in vent temperature. When the ambient temperature continues to climb, the voltage suddenly drops to 0, and the battery undergoes thermal runaway. The battery temperature suddenly rises, and the nozzle temperature rises rapidly. There is a violent eruption inside the battery, with an eruption time of about 500 s. The heater of the experimental equipment is stopped, and the temperature in the experimental chamber steadily lowers. After the battery gas is fully mixed with the experimental chamber, gas extraction and analysis operations are conducted.




3.2. Analysis of Temperature Characteristics of Batteries


The thermal hazard of lithium batteries is primarily a result of their chemical energy-driven self-sustaining reaction, which is accompanied by obvious chemical fire characteristics such as high temperature, high heat, smoke, and fire; therefore, temperature-specific analysis is especially vital. The temperature of the battery surface is measured for this experiment, as shown in Figure 4.



According to the experimental data, the battery’s temperature increase rate at the beginning of the experiment is 0.6 °C/min, and after 1500 s, its surface temperature rise rate is 2.3 °C/min. When the surface temperature of the battery reaches between 190–210 °C, the thermal regulation of the battery is activated, the temperature increase rate accelerates to 37 °C/min, and the voltage decreases to zero instantly. Eventually, the battery temperature reaches a maximum of around 320 °C. After, while external heating is still present, the battery temperature will progressively decline, albeit at a sluggish rate, since the battery experienced an explosion after the positive and negative chemical reactions.



The rates of temperature increase and rise are plotted (Figure 4). Although the temperature increase rate is rapid, the temperature rise rate of the battery does not vary much, demonstrating that lithium iron phosphate batteries are reasonably safe. A tangent with multiple stages of temperature rise rate can be found in the vicinity of 160 °C at the junctures, as shown in Figure 5; the valve of the battery temperature and the temperature point opens, and the battery is in the open after going through the process of temperature rise in the valve, reaching the eruption process. It can be seen from this angle that the lithium iron phosphate battery valve opens before thermal runaway.




3.3. Analysis of Gas Production Characteristics


The increase in the temperature of the battery’s surface will result in heat propagation and the occurrence of a thermal disaster [32], while the explosion caused by overpressure inside the battery [33] is also one of the reasons that contribute to the more severe propagation of thermal disaster. Using the inert gas protection technology given in this experiment, the properties of the battery safety valve after an explosion may be seen more clearly. As the battery’s safety valve, a weak shrapnel is often positioned immediately above the battery and between the positive and negative poles for aluminum-shell batteries. Typically, shrapnel can resist pressures between 0.5 and 0.8 bar [34]. When the pressure produced by the reaction within the battery exceeds the pressure carried by the shrapnel, the safety valve will open and release flammable gas and a portion of the electrolyte, as well as the positive and negative compounds created inside the battery. There is no combustion in the battery test chamber due to the nitrogen protection. The flammable gas combines with nitrogen in the experimental chamber and grows as the experiment progresses, causing the chamber’s pressure to rise proportionally.



The ideal gas equation of state is used to compute the mol of the gas mixture, which represents the molar mass of the erupting mixture. To analyze the characteristics of gas generation, refer to Figure 6, which represents the change in mol quantity during battery eruption. Even if the starting amount of gas in the experimental equipment does not change much and the nitrogen expands little as the temperature climbs, the expansion result may be ignored. After a rapid decrease in voltage, the molar mass in the experimental chamber rises quickly, and after a rapid decrease in voltage to zero, the molar mass rises abruptly and reaches its maximum. Before and after the experiment, the change in molar mass in the chamber was used to calculate the amount of combustible gas mixture that the battery discharged.




3.4. Composition Analysis of Gas Production


The emission of lithium batteries caused by thermal runaway is also one of the causes of a thermal catastrophe. Thermal runaway in lithium batteries is followed by the release of electrolytes and both positive and negative reactions. Electrolytes (EC, EMC, etc.) and other gases (CO2, CH4, H2, O2, CO) generated by other processes are included in the emission. In this experiment, the experimental apparatus was utilized to collect and examine the products. Figure 7 depicts the product composition and analytical findings.



As indicated in Figure 7, the experimental findings were normalized and produced via analysis since all of the trials were conducted against a nitrogen background and there were around 25 low-composition nonmethane hydrocarbons. The primary components are CO2, CH4, H2, and CO, with H2 being one of the most flammable gases, thus affecting the safety of lithium iron batteries, as shown in Figure 8.



Before each experiment, the weight of the battery was measured. This experiment was conducted with 0% SOC, 50% SOC, and 100% SOC capacity. The initial mass of the sample battery was 1125 g. The weight of the battery was measured using the formula R = (Mo − MEND)/MO (R is the mass loss rate, MO is the original weight, and MEND is the residual weight), and the mass loss rate may be calculated using Table 3. This loss is mostly evident in the creation of gas, the loss of electrolytes, and the loss of positive and negative electrode materials.




3.5. Division of Lithium Battery Gas Production


According to experimental research, lithium electric heat damage results primarily from its own production releases of heat and thermal runaway of combustible gas, and because the lithium battery inside the open valve reacts to the pressure and the external battery has no apparent gases, the battery’s internal pressure opens the valve, the relief valve opens, and electrolytes and gas are released.



When thermal runaway develops, the battery will aggressively emit flammable smoke before reaching a stable state of failure. As seen in Figure 9, the gas generation stage of the battery may be clearly differentiated by the pressure index of the sealed experimental apparatus.



No gas release stage: stable voltage, stable pressure.



First valve opening: voltage fluctuation, pressure surge.



Second eruption: voltage surge, pressure surge again.



Gas flow: voltage disappears, pressure drops slowly.



The three-phase gas–liquid–solid substances produced by the battery are responsible for the pressure increase in the testing chamber. The ideal gas equation may be used to determine the mol quantity of substances:


    n   s u m   =   p V   R T   −   n   0    








where nsum is the total mass produced, p is the experimental device’s pressure, V is its volume, R is the gas constant, T is the surrounding temperature, and n0 is the mass of the starting material. As demonstrated in Figure 10, the link between the battery product state and the battery temperature stage may be observed by comparing the gas state with the battery surface temperature.



Closed valve area: The battery’s temperature ranges from 25 to 160 °C. At this point, the battery has had a response, but the gas volume is low and the safety valve’s opening pressure has not been exceeded. The gas production efficiency is steady, and there is no noticeable temperature increase.



First eruption area: The battery’s temperature ranges from 160 to 200 °C. At this point, a small amount of gas leaks out because the pressure needed to open the safety valve is greater than the gas production pressure inside the battery. The temperature of the nozzle (Figure 4) exhibits a sharp decline at this point because the temperature of the material being ejected is lower than the surrounding air temperature.



Second eruption zone: The temperature of the battery ranges from 200 to 300 °C. At this point, a considerable quantity of gas is expelled from the battery as a result of a strong reaction. At this point, the battery temperature reaches its maximum, and the quantity of gas also reaches its maximum and becomes steady.



Gas-producing flow area: At this point, the battery temperature decreases and the reaction within the battery is complete. The temperature does not increase, and power decreases. There is no gas overflow inside the battery, and it fails entirely.




3.6. Discussion


We summarize the above experimental findings as follows, after conducting an extensive study and comparison of the characteristics received from the entire experiment:



1. The severity of the thermal runaway increased with increasing SOC, as shown by the graphic in Figure 4, 100% TMAX > 50% TMAX > 0% TMAX.



2. According to research in relevant literature [15], charged NCA cells showed a drastic thermal runaway behavior. NCA cells can reach maximum temperatures of 1075 °C. In this study, LFP cells exhibited a less pronounced thermal runaway with maximum cell temperatures as high as 305 °C.



3. LFP clearly exhibits two-stage eruption phenomena, which is essentially compatible with the description in other pertinent articles [22]. From the perspective of gas production, H2 accounts for a relatively high proportion of the gas generated by lithium iron phosphate batteries, approaching about 50%.





4. Summary and Outlook


4.1. Conclusions


A thermal runaway experiment was conducted using a 50 Ah lithium iron phosphate battery with an aluminum lid. The whole eruption procedure was carried out in enclosed laboratory equipment. Following the experiment, the thermal characteristics of the collected gas were examined. Using GC gas analysis, the components of the gas were measured. This may be summarized as follows:




	(1)

	
The secondary eruption of a lithium iron phosphate battery will occur around 20 min after the opening of the valve. The initial valve opening is accompanied by a modest quantity of electrolyte and gas.




	(2)

	
During thermal runaway, the surface temperature of the batteries is around 190 °C, and the peak temperature does not exceed 350 °C, which is substantially lower than that of ternary batteries.




	(3)

	
The battery will emit around 4.5 mol of gaseous pollutants. CO2, CH4, H2, and CO are the gases with the highest volume %, as determined by the GC-MS apparatus, with CH4, H2, and CO being combustible and CO containing a specific level of toxicity.




	(4)

	
The mass loss rate of the batteries is between 18 to 20%, with the majority of lost products being electrolytes. Comparatively, ternary products are mostly solid powders.




	(5)

	
Lithium batteries provide a thermal risk that spreads via transmission and dissemination, particularly with the propagation of flammable flue gas. The thermal danger of the battery is separated according to the stage of gas generation, and the parameters of each step are provided.










4.2. Outlook


Through ongoing tests and analyses, the thermal degradation of lithium batteries must be studied. The use of lithium batteries has changed from electric cars to energy storage goods, and batteries with a medium load state will be replaced by batteries with a higher capacity. Consequently, it is crucial to develop a set of research methodologies for lithium batteries.



	(1)

	
In research on high-capacity lithium batteries, particular attention must be paid to the experiment’s safety, particularly with regards to the battery at the module level.




	(2)

	
Based on the examination of the study findings, H2 and other common gases are one of the future research foci, with flammable and hazardous gases being of particular importance.




	(3)

	
Because the thermal runaway temperature of a lithium iron phosphate battery is not high and the process of two eruptions is protracted, the next research path is to determine if there is a mechanism to halt abuse or avoid the onset of thermal runaway and its boundaries.




	(4)

	
One of the primary reasons of lithium fire, which has intricate fire components, continuous self-generated battery heat, and significant flue gas mobility, is the flammable smoke that results from the eruption of lithium batteries. The attention then shifts to fire warning and fire rescue procedures.
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Figure 1. The main component of the experimental apparatus and its principal elements. It consists of the experimental equipment, monitor, vacuum pump, and nitrogen gas cylinder. 






Figure 1. The main component of the experimental apparatus and its principal elements. It consists of the experimental equipment, monitor, vacuum pump, and nitrogen gas cylinder.



[image: Energies 16 03485 g001]







[image: Energies 16 03485 g002 550] 





Figure 2. Temperature versus time plot of all temperature and pressure sensors in the pressure vessel. The entire duration of the experiment is shown. A fresh cell at 100% SOC shows the temperatures measured on the cell surface (red) and eruption (green). The cell voltage is plotted in blue. The pressure measured is shown with black line. 
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Figure 3. Photos of the experiment show how the temperature sensor was arranged and the residue that was left within the experimental equipment after the experiment. (a) Schematic diagram of temperature sensor. (b) Schematic diagram of data parameter monitoring. (c) Schematic diagram of the interior of the chamber after the experiment. 






Figure 3. Photos of the experiment show how the temperature sensor was arranged and the residue that was left within the experimental equipment after the experiment. (a) Schematic diagram of temperature sensor. (b) Schematic diagram of data parameter monitoring. (c) Schematic diagram of the interior of the chamber after the experiment.



[image: Energies 16 03485 g003]







[image: Energies 16 03485 g004 550] 





Figure 4. Temperature rate of the cell versus cell temperature. Overview of the entire experiment duration. A fresh cell at 100%, 50%, and 0% SOC shows the temperatures measured on the cell surface. The rate of temperature rise is divided into three stages, 0.6 °C/min, 2.3 °C/min, 37 °C/min. 
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Figure 5. Temperature rate of the cell versus cell temperature. The stages of thermal runaway are divided. The thermal runaway behavior of the battery is divided into several phases depending on the variation in temperature rise rate. The thermal runaway reaction begins at the point where the two lines intersect, which is roughly 160 °C. 
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Figure 6. Amount of produced gas versus time plot under 0%, 50%, and 100% SOC. When the quantity of gas produced by the battery is calculated using the equation of state for ideal gases law it is obvious that the eruption occurs in two phases. 
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Figure 7. Detected components of the produced gases (%). The principal constituents included CO, H2, CO2, CH4, and C2H4. Other ingredients included small amounts of water, EMC, and so on [16,17,18,19]. 
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Figure 8. Normalized percentage of lithium iron gas production constituents. From the perspective of gas production, H2 accounts for a relatively high proportion of the gas generated by lithium iron phosphate batteries, approaching about 50%. 
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Figure 9. Pressure change curve of experimental chamber, showing two stages of eruption. At 0% SOC, the battery valve was opened and there was no major secondary eruption. A second eruption occurred at 50% and 100% SOC, and the manifested traits are largely constant. 
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Figure 10. Gas production of the cell versus cell temperature. Stages of battery gas generation are divided. Following the initial valve opening, the temperature-dependent gas production steadily rises. 
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Table 1. Basic battery information table.
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	Parameter
	Value





	Nominal capacity
	50 Ah



	Cathode material
	LiFePO4 (LFP)



	Anode material
	graphite



	Standard voltage
	3.2 V



	Maximum charging voltage
	3.65 V



	Initial mass
	1125 g



	Aging state
	fresh, unused



	SOC
	0%, 50%, 100%
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Table 2. Research status of thermal runaway eruption of lithium-ion batteries.
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	Related Research
	Research

Object
	Research Contents and Conclusions





	Golubkov et al. [25],

2014
	18650 battery (LFP and LCO)
	Thermal characteristics, maximum temperature, gas production, gas production rate, and composition analysis of lithium battery during thermal runaway.



	Somandepalli [18], etc., 2014
	2.1 Ah battery (LiCoO2)
	Analysis of thermal characteristics, gas production characteristics, gas production components, and explosive characteristics of lithium battery.



	S. Koch [28], 2018
	20–80 Ah lithium batteries
	Analysis of the gas composition, the relationship between the output and the capacity, and the relationship between the temperature and the capacity of lithium battery.



	Larsson [29], 2018
	6.8 Ah battery LiCoO2
	The temperature characteristics of lithium battery eruption, the characteristics of dead battery eruption, the characteristics of eruption products, and the toxicity of eruption products.



	Y. Fernandes et al. [12], 2018
	2.4 Ah

26650 LFP
	Analysis of temperature characteristics of lithium battery eruption and composition of eruption products.



	Golubkov et al. [30], 2021
	41 Ah lithium battery (Li(NixCoyMnz)O2)
	The thermal characteristics, gas production

characteristics, and gas production components of lithium battery in different stages.
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Table 3. Mass loss rate of lithium iron phosphate battery in eruption experiment.
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	0%
	50%
	100%





	Original weight (g)
	1125
	1125
	1125



	Residual weight (g)
	949
	936
	918



	Rate of mass loss
	16%
	17%
	18%
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