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1. Introduction 

Increased awareness of sustainable development objectives is encouraging the uptake of different 
energy storage media. Technologies are also now rapidly developing to a point where they can be 
a practicable alternative to combustion engines for public and private modes of transport. Lithium-
ion (Li-ion) batteries are one technology widely used to meet those targets, for use in electric vehicles 
and energy storage installations. There is competition to improve battery and system performance 
by increasing energy capacity, improving the battery lifespan, and investing in battery management 
systems. This competition is driving the increase in Li-ion batteries (LIBs) production volumes, with 
current estimates in the range of a few million tonnes per year to the equivalent of 130-225 GWh/y 
with the aim to de-carbonise society and meet the sustainability targets described in the UN 
Sustainable Development Goals 7,8,12 and 13 (1,2). 

As outlined in the US Department of Energy’s national energy blueprint, Li-ion batteries accounted 
for 98% of the commissioned stationary storage facilities (battery energy storage systems) (3). This 
plan focuses on higher cell production in the US, enhancing and supporting supply chains, and 
funding additional research into new battery technology.  

As shown in Figure 1, there are various types of energy storage systems based on application. The 
use of Battery Energy Storage Systems (BESS) is gaining traction in the US market because they 
have high energy densities and can store large quantities of energy within a small footprint 90-190 
Wh/kg depending on the cell type (4,5).  

Figure 1: Positioning of energy storage technologies 

 

Source:  AL Shaqsi AZ, Sopian K, Al-Hinai A. Review of energy storage services, applications, limitations, and benefits. Energy Reports 

[Internet]. 2020;6:288–306. Available from: https://doi.org/10.1016/j.egyr.2020.07.028 



 

ISO 9001 Page 3 of 47 ISO# QMS_7.3_7.4.F08 Rev. 1 
 

BESS are also gaining wide use to support decarbonization, integrating a diverse group of energy 
resources to meet energy demand created by urban populations and economic growth (5). To meet 
both objectives, the energy supply needs to be balanced and reliable. With the variety of energy 
sources such as wind and solar, changes in weather conditions, energy supplies to local populations 
may not be reliable. BESS systems provide a mechanism in which energy can be stored and 
supplied during peak periods if the greener energy systems are unable to meet peak energy 
demands at different times (5–7).  

BESS systems are now increasingly utilized by regional grid operators, as shown in Figure 2 (8). 
With greater production and application of Li-ion BESS, the inherent hazards are more apparent 
with more frequent use. This white paper will explore the mechanics of deflagrations that can occur 
during a thermal runaway event in a BESS and how Process Safety Office® SuperChemsTM can be 
used to size deflagration vents to protect against such explosions in elongated geometries.  

Figure 2: Large-scale battery storage capacity by region (2010-2019) 

 

Source: U.S. Energy Information Administration, 2019 From AIE-860, Annual Electric Generator Report 
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2. BESS Building Blocks 

2.1   What is a Li-ion Battery and how are they integrated into a BESS? 

Lithium-ion batteries (LIBs) store and discharge energy via the principles of electrochemistry. A LIB 
cell contains electrodes, an electrolyte and a separator, which prevents the connection of the 
electrodes creating an internal short circuit. The positive electrode (cathode) is made from lithium 
metal oxide, and the negative electrode (anode) is made from graphite intercalation compound 
(LixC6). The redox reactions are described in Figure 3 below, where the state of charge (SOC) and 
discharge is directed via the movement of Lithium ions through the electrolyte and separator to be 
intercalated into the negative and positive electrode generating currents. 

Figure 3: Energy storage mechanism of a Li-ion Battery  

 

Source: ioMosaic Corporation 

Cells come in these main formats; cylindrical (18650 type 65mm in length and 18mm in diameter), 
prismatic, and fin/pouch, as shown in Figure 4 a) each with its chemistries, benefits, and 
disadvantages, such as capacity, size and ease of modularization. These cells are then arranged in 
a module configuration which makes up a larger battery pack and management system, as 
illustrated in Figure 4 b) (9).   
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Figure 4: Sketches of different cell types and Modularization 

a)  

 

 

 

 

b) 

 

 

 

Source: a) ioMosaic Corporation and b) A. Otto, S. Rzepka, T. Mager, B. Michel, Fraunhofer, C. Lanciotti, T. Günther OK. Advanced 

Microsystems for automotive applications 2012. Battery Management Network for Fully Electrical Vehicles Featuring Smart Systems at 

Cell and Pack Level. 1st ed. G Meyer, editor. Springer; 2012. 18–24 p. 

Battery energy storage systems have many designs, configurations, control, and safety control 
systems depending on the end-user and the manufacturer. Currently a Tesla powerpack consists 
of modules containing 900 18650 cells, with 16 modules in a power pack. The multiple power packs 
can be installed side-by-side and housed in an enclosure, as shown in Figure 4 (10).  

The battery packs are aligned with an installed battery management system that monitors conditions 
such as battery lifespan, temperature, current and voltage. Depending on the battery pack design 
used, there are cooling methods such as using coolant pumps, pumping ethylene glycol between 
modules, reservoirs, fans and radiators for temperature control (10). Outside the battery pack unit, 
this power conversion, auxiliary and control subsystems (11). The power conversion subsystem 
controls energy transfer to and from the electrical supply using an inverter /charger. The Auxiliary 
system includes equipment to perform auxiliary functions such as temperature control, ventilation, 
and fire suppression (11). Finally, the control subsystem monitors the battery management system 
and will include communication and protection subsystems (11). A more detailed layout of a battery 
energy storage system can be seen in Figure 5.  
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Figure 5: General layout of a BESS  

 

Source: ioMosaic Corporation 
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3. Inherent Hazards of BESS Systems 

LIBs are thermally unstable and can result in fires or explosions. These hazards result from releasing 
toxic and flammable gases and particulates. Progression of a runaway reaction is difficult to predict 
given the many possible interactions, typically requiring multiple tests and models for design and 
implementation. However, safety issues for LIBs can be generalized to the following (12):  

1. Thermally unstable cathode 
2. Flammable electrolyte 
3. Fragile separator 
4. Overcharge-sensitive cathode/anode 
5. High sensitivity to metallic elements 

LIBs are sensitive to high temperatures and contain highly flammable materials. Li-ion batteries tend 
to degrade, and when the material such as the cathode, electrolyte and even current collectors are 
exposed to oxygen at a higher temperature, they ignite and burst into flames due to autocatalytic 
reactions. These events are driven by a thermal runaway process, which will be explored in the 
following sections. Hazards during the thermal runaway process include but are not limited to (12–
15): 

1. Electrolyte reactions  
2. Separator melting  
3. Short circuits/generation of sparks  
4. Extreme heat generation 
5. Toxic gas and particulate release  
6. Fires 
7. Explosions 

3.1   Li-ion Battery Thermal Runaway  

Due to their high energy density, LIB cells contain a significant amount of energy. However, the 
solid-electrode interface (SEI) at the electrodes tends to begin to decompose at a temperature of 
between 90-120℃. Higher temperatures make the cell more unstable and result in the anode and 
cathode decomposing via oxidation in the presence of the electrolyte at around 130-200℃, 
depending on the internal chemistry (17,18–20).  Finally the electrolyte begins to decompose at 
around 200-300℃ (12). At this temperature range, the decomposition of the multiple components 
begins to progress, providing a pathway for thermal runaway, the steps of which are outlined 
graphically in Figure 6. The process of thermal runaway can occur via other abuses, thermal, 
mechanical, electrical and ageing/defects of the cell (11,13,16). 
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Figure 6: Steps of Li-ion cell thermal runaway  

 

Source: ioMosaic Corporation 

Thermal and electrical abuses such as hot weather conditions, fires, overcharging of a cell, and 
external and internal short circuits can generate enough heat, starting decomposition reactions of 
the SEI layer, the anode and then finally the cathode. Mechanical failure can result in the separator 
breaking causing a short circuit, and depending on capacity and the state of charge, the cell can 
release a large amount of energy (13,16,18,19). Certain mechanical failures involve nail penetration 
or simple crushing of the cell can.  

Over a battery’s life cycle the performance will decrease and will become less safe. Wear and tear 
may compromise safe operation, but also can be attributed to the formation of Lithium-ion dendrites 
and electrode surface changes. Lithium dendrites form at the negative electrode during the charging 
process (20). During Li-ion movement, the ions can accumulate on the anode surface (20). This 
accumulation can be characterized as metallic spines that can pierce the separator, resulting in an 
internal short circuit and causing thermal decomposing of its components, as shown in Figure 7. 
The age of the cell plays a vital role as this can affect capacity from a performance perspective but 
can potentially make cells unsafe, especially when Lithium dendrites form at the electrode.  
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Figure 7: Steps of Li-ion cell thermal runaway  

 

Source: ioMosaic Corporation 

Due to the unstable nature, high energy densities of the Li-ion cell and small production differences 
between cells, the different chemistries will have different inherent hazards. Positive electrode 
chemistry is very important to understand, as some compounds are more unstable than others. As 
shown in Figure 8 LFP cells (electrode: LiFePO4) have a lower energy density and therefore, a higher 
onset and lower peak temperatures compared with LCO and NMC electrodes (21).  Although LFP 
are safer, this is at the cost of capacity and footprint, which may be appropriate for energy storage 
systems but not used frequently in electric vehicles.  
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Figure 8: Runaway experiments of different Li-ion battery chemistries 

 

A single cell is hazardous; in a module or a rack of cells, the thermal runaways can propagate 
between cells resulting in venting hazardous substances, fire, and when confined, explosions of a 
larger magnitude, as shown in Figure 9.  

Source: Golubkov AW, Fuchs D, Wagner J, Wiltsche H, Stangl C, Fauler G, et al. Thermal-runaway experiments on consumer Li-ion 

batteries with metal-oxide and olivin-type cathodes. RSC Adv. 2014;4(7):3633–42. 

Figure 9: Thermal runaway propagation between cells including venting through the burst disc 

 

 

Source:  ioMosaic Corporation 
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3.2  Li-ion Battery Vent Gases 

When a LIB reaches a specific temperature, vaporization of the electrolyte begins to occur.  Some 
lithium-ion batteries, such as cylindrical cells of type 18650 or 21700, have a vent cap (similar to a 
ruptured disc on a reactor) which, once a maximum pressure is reached will burst, ejecting vent 
gases, vaporized electrolyte and solid ejecta (16,22–26). The vent cap of a 18650 cell is shown 
below in Figure 10 (23). 

Figure 10: Burst disc of an 18650 cell 

 

Source:  Austin Mier F, Hargather MJ, Ferreira SR. Experimental Quantification of Vent Mechanism Flow Parameters in 18650 Format 

Lithium Ion Batteries. J Fluids Eng Trans ASME. 2019;141(6). 

The extreme heat generated in the housing where the cells are cased is released, and the venting 
material can escape via that route. Standard electrolytes are LiPF6 salt and ethylene carbonate (EC) 
solution. Other organic co-solvents are components such as Propylene Carbonate (PC), Dimethyl 
Carbonate (DMC), Ethyl Methyl Carbonate (EMC) and Diethyl Carbonate (DEC) (27).  

When oxygen is released from the decomposition reaction of the electrodes, electrolyte combustion 
reactions occur, resulting in flammable and toxic gases such as Oxygen (O2), Hydrogen (H2), Carbon 
Monoxide (CO), Carbon dioxide (CO2), Methane (CH4), Ethyne (C2H2), Ethylene (C2H4), Ethane (C2H6), 
and other hydrocarbons (18,21,25,27–32). In other experiments, electrolyte vapours, Hydrogen 
Chloride and Hydrogen Fluoride were also detected in the apparatus (27).  

It has been shown in gas chromatography experiments that the lower the state of charge, the lower 
the proportion of gases such as ethylene or C4-C5 hydrocarbons (31). The level of more significant 
hydrocarbons has also been proven to vary depending on different chemistries, formats, and states 
of charge. Please see Appendix A for an overview of different components that can be released.   
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Some reactions that occur during the combustion and venting process can be seen below. Equation 
1 to 2 describes the SEI decomposition with the electrolytes (33,34). When the SEI decomposition 
occurs, this elevates the temperature past the electrode decomposition onset temperature and 
creates a chain of reactions. When the metal oxide electrodes such as LCO decomposes to 
intermediate compounds releasing Oxygen and potentially providing more mechanisms for further 
reactions with the electrolyte; this is shown in equations 3 – 9 (34–40).  

2Li + C3H4O3 (EC) → Li2CO3 +C2H4 (1) 

2Li + C4H6O3 (PC) → Li2CO3 +C3H6 (2) 

4LiCoO2 + 2O2 → (1-x) LiCoO2 + x/3Co3O4 + x/3O2 (3) 

Co3O4 →  3CoO + 1/2O2 (4) 

Co3O4  + 1/2C →  3CoO+ 1/2CO2 (5) 

CoO → Co +1/2O2 (6) 

2LiCoO2 + CO2 → Li2CO3 + 2Co + 3/2O2 (7) 

5/2O2 + C3H4O3 (EC) → 3CO2 + 2H2O  + Heat  (8) 

4O2 + C4H6O3 (PC)  → 4CO2 + 3H2O  + Heat (9) 

Hydrogen fluoride gas being emitted depends on the electrode binder and electrolyte slat being 
used, for electrolytes such as DEC containing Lithium Hexafluorophosphate salt can breakdown as 
shown in equations 10-17 (13,33,34,41). 

LiPF6  ↔ LiF + PF5 (10) 

LiPF6 + H2O ↔ LiF + HF + POF3 (11) 

C2H5OCOOC2H5 + PF5 → C2H5OCOOPF4HF +C2H4 (12) 

C2H5OCOOC2H5 + PF5 → C2H5OCOOPF4 +C2H5F (13) 

C2H5OCOOPF4  → CO2 + C2H4 +POF5 + HF (14) 

C2H5OCOOPF4  → C2H5F + CO2 +POF5  (15) 

C2H5OCOOPF4 + HF → PF4OH + CO2 + C2H5F (16) 

C2H5OH + C2H4 → C2H5OC2H5 (17) 
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We note that cell venting is a dynamic process, the majority of current literature provides snapshots 
or gas collection experiments but does not provide a clear description of the dynamics generation 
of the combustion process and vent gas generation. This is a knowledge gap which should be 
investigated with further research. 

3.3  Fire Hazards  

During thermal runaway, the release of flammable gases and the decomposition reactions occurring 
release high amounts of energy and can be up to 79% of the cell's total energy (42). The release of 
this much energy and the cell reaching temperatures of 400 to 900 ℃, depending on the battery 
type and state of charge, could result in the individual cells, modules and then packs beginning to 
catch fire. The vent gases discussed in section 3.2 collectively have a lower flammability limit (LFL) 
and an upper flammability limit (UFL), which is the concentration of the vent gases in an ignited air 
mixture.   

Experiments have shown that the flammability and high temperatures combustion depend on the 
kind of electrolytes used. Table 1 shows the flammability limits for batteries with different cathode 
chemistries (29). LFP cell changes greatly depending on the state of charge, again proving the 
necessity of battery testing as two battery chemistries and thermal runaway events are not the 
same. 

Table 1: LFL and UFL for ignition of different cell types 

Battery 
type 

LFL at SOC<100% LFL at SOC=100% LFL at SOC >100% 

LCO 4.4 6.2 5.4 

LFP 11.7–36.6 7.7 8.2–8.7 

NMC 3.9 6.4–7.7 --- 

Battery 
type 

UFL at SOC<100% UFL at SOC=100% UFL at SOC >100% 

LCO 85.1 87.1 87.3 

LFP 90.6-91.1 89.8 90.4-91.1 

NMC 84.9 88.5-90 --- 

3.4 Explosion Hazards  

When LIBs go into thermal runaway, gases are released and are either burned, creating a flame jet 
or fire. Alternatively, the gases and solid ejecta can accumulate, resulting in gas or combustible dust 
explosion.  
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There are two types of explosions for LIBs: internal and external. Internal is where an explosion 
occurs within the cell casing. The resulting pressure rises can result in the cell rupturing and bursting. 
This could be due to a safety vent malfunction on cylindrical and prismatic cells (43).  

A gas and combustible dust explosion are where there is delayed ignition of the accumulated gases 
and solid ejecta. An external explosion can be more severe than cell case explosions (43). External 
explosions will result in multiple cells going into runaways, such as in a battery pack or rack. The 
gases and solid particulates can then disperse and accumulate in higher concentrations, and due 
to more cells going into a thermal runaway in the pack, it is not long before highly concentrated 
gases find an ignition source. 

Some experimental work has been conducted to determine some of the explosion severity and the 
vent gases' upper and lower limits (LEL and UEL) from cell runaway.  

Experiments show that for the 18650 cell that the methane and hydrogen volume fractions exceed 
the lower explosion limits for their respective species. However, depending on the state of charge, 
it was found that the ratio of flammable gases, in particular, Hydrogen to CO2 will directly affect the 
explosion limit (44). The higher the SOC, the thermal runaway becomes more intensive and as 
shown in previous sections, there is a more significant release of unsaturated hydrocarbons; 
therefore, cells at higher SOC will always be at greater risk of lower safety and a greater risk of 
external combustion of vented materials (31).  

Combustible solids/ejected contents of Li-ion batteries also are a hazard. Solid material from the 
electrode winding can be discharged from the melted casing, and the vent cap (42) is also 
discharged along with vaporized electrolyte and vented gases as the electrodes begin to break 
down. The combustible dust could be swept away with the vent gases and ignite, creating a dust 
cloud explosion. Experiments have shown that approximately 68 wt% of the powder ejected from 
the battery during thermal runaway is carbon. The remaining composition is carbonates, metals and 
metal oxide (34). Ejected metals and metal oxides pose a safety risk as they require lower energy 
amounts to ignite and have severe consequences during thermal runaway propagation between 
cells. 

3.5  BESS Code and Standards Overview 

When manufacturing and installing a battery pack, regulations such as UL 1741, UL 1973 and IEC 
62109 must be adhered to. Additionally, the pack must be designed to comply with UL 9540 and 
IEC 62619 (10). UL1741 outlines a new safety test standard that certifies products that need to 
meet the requirements of safe operation in support of grid modernization efforts (45). UL1973 covers 
battery use in light electric rail and stationary applications such as energy storage applications. 
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UL1973 provides safety design parameters and the requirements for safety performance tests such 
as overcharge tests, short circuit tests, temperature and operating limit tests (10,18,46). For 
batteries used for energy storage systems, UL1973 also requires two fire tests: the first is an external 
fire test, and the second is an internal fire test (46). IEC 62619 specifies requirements and tests for 
the safe operation of secondary lithium cells and batteries used in industrial applications including 
stationary applications (47). 

UL9540 has had a major revision which is listed under UL9540A and is the most applicable standard 
for energy storage systems. It covers the following (48,49).  

 Safety of the battery system 

 Functional safety 

 Fire detection & suppression 

 Containment 

 Etc.. 

UL9540A separates the testing requirements into 4 stages (which is outlined in Figure 11).  The 
revised standard (UL9540A) emphasizes the importance of understanding the composition of gases 
ejected from cells during runaway, ignition, and deflagration hazards (49). The placement and sizing 
of blast vents is explored in this paper in later sections.  

Figure 11: Testing hierarchy in UL 9540A 

 

Source: Graphic from ioMosaic Corporation and information from UL9540A energy storage testing method 
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4. Li-ion Cell Thermal Runaway Incidents 

Many thermal runaway experiments and models have been used to characterize thermal hazards in 
LIBs. However, real-life examples will always provide case studies and safety lessons to improve 
cell design and mitigation strategies. Table 2 below provides a list of some runaway incidents 
caused in the transportation and mobile phone sector (50).  

Table 2: Thermal Runaway Incidents  

Classification Date Location Description 

Mobile telephones 

2016.8.24 Korea The first explosion of a Samsung Note 7 in the world 

2016.10.14 China A Huawei P9 exploded during charging 

2016.10.17 Australia An iPhone 7 caught fire which then, burned a car  

2018.1.9 Switzerland An iPhone exploded when replacing the battery, which caused an injury and 

seven poisonings 

2018.12.30 America An iPhone XS Max self-ignited and burned the user 

Electric vehicle 

2017.1.15 China An EV bus self-ignited during driving 

2017.2.19 China A Tesla Model X caught fire after crashing 

2018.3.24 America A Tesla Model S caught fire whilst stationary 

2018.5.21 China An EV bus self-ignited during driving 

Airplane 

2010.9.3 The UAE A Boeing 787 crashed due to the battery catching fire, which caused two deaths 

2013.1.7 America The battery pack caught fire and filled the cabin of a Boeing 787 with smoke 

2013.1.16 Japan The battery pack caught fire during a Boeing 787 flight from Yamaguchi-Ube to 

Tokyo 

2014.4 Australia A Boeing 737 caught fire due to the short-circuit of the battery inside a trunk 

These failures could be due to any failure mechanisms outlined in previous sections. For example, 
the Samsung Note 7 failed and went into runaway due to a fault in the separator. The separator 
manufactured in the LIB was too thin to increase the energy density but resulted in a greater safety 
risk of short internal short circuits (50). 

Although the failure rate for an electric vehicle (1/10,000 vehicles per year) is lower than a traditional 
vehicle (7.6/10,000 vehicles per year), the thermal hazards of LIBs continue to hinder the 
commercial appeal of electric vehicles (50).  

The consequence of thermal runaway could vary depending on the cell format and the chemistry. 
Cylindrical cells and prismatic provide some venting during runaway due to bursting vents allowing 
the pressure reduction during runaway. However, pouch formats do not have vents and are 
designed to expand when pressurization occurs during thermal runaway or other phenomena. It 
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has been recorded that although pouch cells inflate, they can rupture, allowing the vented gases 
the decomposition, such as the incident documented below. 

4.1   BESS Explosion, Arizona 

On 19th April 2019, an unexpected explosion of batteries already on fire in a Arizona Public Service’s 
(APS) McMicken BESS site injured eight firefighters. Fluence energy (Fluence) worked with APS to 
install, configure, and establish operations for APS.  

The energy storage system used was LG chem NMC pouch cells stacked together to form each 
module (51,52). A module contained 28 of these pouch cells packed together. Multiple factors led 
to the explosion at the site (51,52). The events that led to the incident are outlined below and in 
Figure 11.  

 16:54:30 the battery voltage dropped off in the 7th battery, module 2 rack 15. (4.06V to 
3.82V)  

 16:58:38 the total voltage in rack 15 dropped from 799.9 to 796.1V. BMS loses module 
level data 

 16:54:40 Temperature readings in the back of rack 15 begin to increase  

 16:55:20 Smoke alarms 1 and 2 in the BESS are detected and the fire protection system is 
triggered and causes several circuit breakers to open 

 16:55:45 A ground fault was detected  

 16:55:50 The fire suppression system discharges Novec 1230 suppression agent and shuts 
down the ventilation system 

 16:57 APS contacted Fluence to verify the fire suppression system discharged  

 17:07 Fluence advises APS that its field service engineer in going to provide visual 
confirmation of the fire  

 17:12 APS dispatches Troubleman to the site to investigate the issue 

 17:40 Fluence field service engineer calls 911  

 17:48 Fire department arrives  

 20:02 Front door opened by emergency responders  

 20:04 Explosion occurs 

Sequential factors led to the explosion event outlined in the sequence above. A single cell module 
initially caught on fire due to an abnormal lithium metal deposition and dendritic growth. This resulted 
in an internal short circuit leading to a thermal runaway (51). The thermal runaway then propagated 
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and spread to other modules, as shown in Figure 9. The absence of thermal barriers acted to speed 
up runaway propagation, and Novec 1230 did not stop the thermal runaway.  

Gases accumulated as the thermal runaway progressed between the 911 call and when the 
responders opened the door. The fire suppression agent played a massive role in the gas 
accumulation and prevented any ignition of the flammable gases being generated as more and more 
cells went into a runaway. However, the agent-air mixture dissipated over time, reducing the fire 
suppression ability.   

The incident report outlined that the flammable mixture had to have become agitated when the door 
was opened and encountered an ignition source (53). It is not uncommon for a battery pack to 
remain hot for several hours after a thermal runaway. Therefore, it could still be possible that the 
gases could have come into contact with Rack 15 (Ignition source), still hot from thermal runaway 
as the fuel-rich gas was pushed towards the door resulting in an explosion. 

Figure 12 was created assuming that number rack number 15 was approximately in the middle of 
the LIB distribution, The dimensions of the container were assumed to be like that of a shipping 
container (51). 

Figure 12: Novec 1230 displacement and cause for explosion 

 

Source:  ioMosaic Corporation 
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Source:  ioMosaic Corporation 

 

Source:  ioMosaic Corporation 

 

Source:  ioMosaic Corporation 



 

ISO 9001 Page 20 of 47 ISO# QMS_7.3_7.4.F08 Rev. 1 
 

 

Source: ioMosaic Corporation 
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5. Modelling 1D Explosion Dynamics in Process Safety Office® 

SuperChems™  

As shown by the explosion of the BESS at the APS site in Arizona, it is essential to adequately size 
explosion vents of elongated geometries, illustrated in Figure 12. If enough vent gas (off-gas) 
accumulates, dissipates, and encounters an ignition source, there must be adequate pressure relief 
to prevent shrapnel from flying from an energy storage container. The confinement caused by the 
battery racks and other equipment will ultimately result in flame acceleration due to greater surface 
area being created and compression of the medium, resulting in faster flame speeds.  

In the upcoming sections, the BESS case study will be used to explore how Process Safety Office® 
SuperChems™ can be used to model explosions in elongated geometries. Process Safety Office 
SuperChems™ can be used to establish flame speed and reduce analytical and acceleration 
models for the vented gas produced during thermal runaway. We can then define a one-dimensional 
(1D) geometry like that shown in Figure 12. Using the 1-D explosion dynamics model provides the 
user with pressure, temperature, and flame speed profiles and the impulse loading on the geometry 
as shown in Figure 13.  

In this model, we can also consider the increase in confinement created by the BESS's racks' 
blockages. Finally, we can use the 1-D explosion dynamic models to test different vent sizes and 
locations resulting in optimized sizing. 1-D explosion dynamics is simple and quick in 
SuperChems™ Expert and provides the same overall answers one might obtain through 2-D 
modelling but at a far lower financial and computational time cost.  

Figure 13: 1-D explosion dynamic model in SuperChems™  

 

Source: Process Safety Office® SuperChemsTM V 11.0 
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6. Case Study- Example of 1D Explosion Models 

6.1   Battery Vent Gas Reduced Analytical model in SuperChems™  

The modelling of explosion dynamics for elongated geometries such as energy storage systems 
requires a detailed calculation for chemical equilibrium to resolve the transient PVT relationship 
during the explosion. Chemical equilibrium calculations can be time intensive; however, a simplified 
model can be used with reasonable accuracy. 

SuperChemsTM can create a reduced analytical model, also known as a constant gamma “𝛾𝛾” model, 
that can provide an excellent approximation of real fluid results obtained by detailed chemical 
equilibrium calculations. The reduced analytical model regresses parameters to match the Rankine-
Hugoniot solutions produced by more detailed chemical equilibrium calculations (54). Further 
background and detail on developing reduced analytical models for deflagration can be found in the 
white paper ‘Development of Reduced Analytical Models for Explosion Dynamics’.  

For this case study the starting at ambient conditions on the day of the incident in Surprise, Arizona 
on 19th April, 2019. were approximately 25 ℃ and 1 bar (55).The LIB vent gas is characterized by 
the contents and chemistry of the cell. To create a reduced analytical model for the vent gas we first 
need to make approximations to its molar composition. For this case study the gas composition 
was assumed to be made up primarily of Hydrogen (H2), Carbon Monoxide (CO), Carbon dioxide 
(CO2), Methane (CH4), and Ethylene (C2H4).  

Below in Table 3 is the composition used in the incident report (52) and another is from a gas 
analysis study of a NMC cell of similar chemistry (23) and was used to calculate the volume fractions 
in the storage system container. Most of the remaining gas was assumed to be Novec1230 and air. 
Assuming a majority of the Novec1230 was displaced from the room when the door was opened, 
the model assumes the Novec1230 was in low concentration and the vapor can be adequately 
modeled with air and the cell off-gas. 

The incident report assumed the dimensions of the container to be 50’ long, 13’ wide and 12’ high 
leading to a total empty volume of 7800 ft3 (56). Accounting for the equipment inside the room, the 
interior air volume was determined to be 7062 ft3 (56). Novec 1230 would occupy 882.9 ft3 of the 
available volume. In SuperChemsTM we can also determine the LFL of the fuel gas mixture to be 
3.605% and UFL is 66.410%.  

A constant gamma was regressed and is shown in Figure 14 using the gas in Table 3 with Novec 
1230 omitted. Table 4 provides key information from the constant gamma models which are vital to 
create an explosion model of the incident.  
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Table 3: Typical Composition from a NMC cell  

Component Golubkov et.al Mol % Incident report Vol % 

Hydrogen (H2) 30.8 7.4 

Carbon Monoxide (CO) 13.0 3.1 

Carbon dioxide (CO2) 41.2 9.9 

Methane (CH4) 6.8 1.6 

Ethylene (C2H4) 8.2 2.0 

Air N/A 67.5 

Novec 1230 (C6F12O) N/A 8.5 

 

Figure 14: Reduced Analytical models for the cell off gas mixture in air 

  

Source: Process Safety Office® SuperChemsTM V 11.0  
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Table 4: Key parameters used for the 1D explosion model 

Mixture 
Heat of 
Combustion 
(MJ/kg) Mixture 

Constant pressure 
expansion ratio 

𝜸𝜸 
Maximum pressure for a 
constant volume system 
(psig) 

Incident report 
mixture -no Novec 
1230 

1.097 3.817 1.289 53.8 

6.2  Establishing the 1D Geometry in Process Safety Office® SuperChems™  

In SuperChemsTM 1D geometries can be created that represent pipelines, vessels and even energy 
storage system containers such as the one used in the incident in Arizona. The geometry 
established will be the top-down view of the container and is shown below in Figure 15. The doors 
were modelled as two boundary conditions, the doors were modelled as ruptured discs relieving 
when they buckled.  

Based on the incident report it was noticed that when the emergency responders opened the front 
door Novec was displaced. The cell off gas must have been swept over rack 15, for this 1D 
explosion model and for vent sizing it is assumed that only air and the off gas was in the BESS 
container.  

As described in the incident report both the rear and front doors blew off and based on the geometry 
and middle position of rack 15 it could be believed that two flame fronts were generated and can 
be defined as shown in the SuperChemsTM.  

Rack 15 can be represented as a hot spot within the 1D geometry and is assumed to be at the 25ft 
mark. The cell chemistry used in the incident report were NMC cells and as shown in Figure 8 single 
peak temperature can reach up to 600 to 700℃ at which the aluminum casing will begin to yield. 
Based on tests outlined in the incident report cells which are packed and are allowed to touch can 
cascade into thermal runaway and trap heat in between cells and range from 300-600 ℃ (56). As 
shown in Figure 17 when cells cascade and propagate into thermal runaway a high temperature will 
be maintained between an inside cell. It is assumed that closer to the outer perimeter the 
temperature is close to atmospheric 25 ℃. For this example, it was assumed that a ramp up in 
temperature to 600 ℃ at rack 15 occurs. The peak temperature will be changed as part of the 
sensitivity analysis. 
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Figure 15: Energy storage system container geometry created in SuperChemsTM  

 

Source: Process Safety Office® SuperChemsTM V 11.0  

Boundaries such as closed or open boundaries, rupture discs, blast vents, PRVs mass in and 
outflow and many more can be defined with specific conditions and allocated anywhere along the 
1D geometry in SuperChemsTM.  

For this example, the elongated geometry will have closed boundaries to understand the impulse, 
reaction force and dynamic temperature, velocity, and pressure rise.  

It is assumed no fire suppressant is present in the BESS. The delay of two minutes between the 
responders entering the BESS chamber and the explosion is most likely when the Novec escaped 
to the atmosphere therefore, we will be modelling the sudden explosion.   
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Figure 16: Specifying Initial Conditions Along the 1D Geometry 

 

Source: Process Safety Office® SuperChemsTM V 11.0  

6.3  Explosion dynamics in Process Safety Office® SuperChemsTM 

The explosion dynamics uses fundamental conservation equations in one dimension over time. The 
momentum, energy and mass conservation equations are shown by 18-21. The last term allows 
SuperChemsTM to evaluate the partial differential equations with multiple flow boundaries across the 
elongated geometry making SuperChemsTM a useful tool not only for modelling relief load adequacy 
but position and opening times of blast vents which is equally as important. These boundaries are 
all scaled requiring less dissipation than previous dynamics models.  

We can model the flame front and shock wave throughout the elongated geometry. As the gas gets 
burnt along the flame front the temperature, pressure, and velocity increases and this will need to 
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be implemented in the explosion dynamics to accurately represent the impulse loadings and 
overpressure. 

For elongated geometries such as long vessels and energy storage systems (L/D=3.85), flame 
acceleration can occur due to the presence of obstructions such as cell racks and other equipment 
(57). Obstructions result in turbulence which accelerates the flame front. In addition to the 
acceleration effect of a flame front due to turbulence are the acceleration processes of a 
compressible fluid flowing down a pipe. Generally, compressible fluids will increase their velocity as 
they move from one end of the pipe to the other. An increase in flame velocity is effectively an 
increase in reaction rate which impacts the temperature and pressure in the equipment of interest. 
The Blockage ratio represents how much the flow area is restricted. A maximum blockage ratio of 
0.6 is appropriate for the flame acceleration description (57). The white papers ‘Quantify Explosion 
Venting Dynamics in Vessels, Enclosures, and Energy Storage Systems’ and ‘Laminar Flame 
Speeds Data Collection. Ensuring reliable data for explosion characterization’ provide more detail 
on how flame speed models are developed and how to define flame acceleration.  

It is assumed that the for the following fuel gases the following initial flame speeds can be used. An 
initial flame speed of 0.35 m/s was used based on the UL laboratories reports (57). Although the 
case study uses a different composition to the referenced data, this value will be used as a starting 
point for a sensitivity analysis.  

The volume taken up by the equipment was estimated to be 738 ft3 and can be approximated to a 
void fraction 0.1 (56). However, what is clear in the photos of the incident, the blockage ratio in 
terms of the flow area along the BESS is assumed to a be a maximum 0.6. The initial calculations 
will use a blockage ratio of 0.5.  
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Equation of state 
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Ideal gas law P� = ρ�R�gT�

Mw
  (21 B) 

Nomenclature 

A: cross sectional area, c: speed of sound in mixture, Cv: flow coefficient, D:diameter, f: frictional losses, g: 
gravitational constant, 𝐊𝐊: pipe losses, 𝐌𝐌𝐌𝐌: molecular weight, 𝐦̇𝐦: mass flow of fluid, P: fluid pressure, Q: heat 
input to the system/heat generated in the system, 𝐑𝐑𝐠𝐠: universal gas constant, 𝐒𝐒𝐮𝐮: flame speed, T: fluid 

temperature, Ts: surface temperature for heat transfer, U: universal heat transfer coefficient, u: velocity 
of the fluid, x: axial position along the geometry, 𝜶𝜶: heat transfer factor, 𝝐𝝐: emissivity of a material, 𝛉𝛉: 
angle of geometry relative to the horizontal and 𝛒𝛒: fluid density, 𝛎𝛎: thermal diffusivity 
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6.4  Explosion Dynamics Results-Closed System 

The results show the shock wave propagating along the 1D geometry in both directions; however, 
the system is assumed to be closed and no mass will enter or leave the system. The pressure 
waves, temperature and velocity propagate symmetrically due to the initiation of the flame beginning 
in the middle of the geometry as seen in Figure 17 to Figure 20. The pressure, velocity and impulse 
can be seen reaching the container wall (closed boundary) within 40ms and reaches a peak 
overpressure of 1.54 psig and an impulse of 272110 lbf on each side of the front and back walls. 
At 100ms we reach even higher overpressures at 3.50 psig.  

Typically, 1-3 psi in overpressure is enough to result in damage to the container. It was seen from 
the incident photos the container walls and racks buckled, the rear and side door were forced open, 
based on photos in the incident report. Although this is a model of a closed system it would stand 
to believe a quick explosion reaching anywhere from 1-2 psi is appropriate for the scenario due to 
the extent of the damage. Higher pressures were most likely not reached due to the doors acting 
as pseudo blast panels providing flow areas for relief. 

Figure 17: 1D Pressure Profile 

 

For animated results please click the link: Animation 1: Pressure profile 

Source: Process Safety Office® SuperChemsTM V 11.0  

  

https://cdn.jwplayer.com/videos/ehqcnbrH-fGWgrLPS.mp4
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Figure 18: 1D Temperature Profile 

 

Source: Process Safety Office® SuperChemsTM V 11.0  

Figure 19: 1D Velocity Profile 

 

Source: Process Safety Office® SuperChemsTM V 11.0  
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Figure 20: 1D Impulse Profile 

 

Source: Process Safety Office® SuperChemsTM V 11.0  

For a quick analysis the constant gamma model can be used for a prediction of the maximum 
pressure reached in a closed volume. As shown in Table 4 the maximum pressure reached is 54.5 
psig and allowing the 1D dynamics to reaches a maximum pressure in Figure 21 shows good 
alignment with the maximum pressure predicted by the constant gamma model.  

Figure 21: Maximum pressure reached 

 

Source: Process Safety Office® SuperChemsTM V 11.0  
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6.5   Explosion Dynamics Sensitivity Analysis 

6.5.1 Position 
One factor that will impact the impulse load and pressure on the container walls is the position of 
the deflagration initiation. If we choose rack 25 and 33 as our new positions and focus around 30ms 
and 60ms we can see the left and right boundary reach peak overpressures at different times as 
shown in Figure 22.  

Figure 22: Pressure Profiles at Different rack Positions at 30ms (Left) and 60ms (Right) 

 

For animated results please click the link: Animation 2: Pressure profile-Rack 25 

For animated results please click the link: Animation 3: Pressure profile-Rack 33 

Source: Process Safety Office® SuperChemsTM V 11.0  

6.5.2 Initial Flame Speed 
The initial flame speed is a very important parameter and will need to be estimated correctly to 
provide more accurate values of overpressure and reaction forces on an elongated geometry.  The 
initial flame speed was assumed to be 0.35 m/s based on previous UL laboratory experiments. 
However, this flame speed was evaluated at a different composition, the UL laboratories off-gas 
was more equally distributed amongst H2, CO and CO2. The higher H2 concentration could have 
pushed the flame speed higher, the flame speed provided by UL laboratories was does not appear 
to be diluted by air which will also have an effect. As shown on Figure 23 the initial flame speed has 
a large impact.   

https://cdn.jwplayer.com/videos/rpNG9RX6-fGWgrLPS.mp4
https://cdn.jwplayer.com/videos/0LQePvOv-fGWgrLPS.mp4
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Figure 23: Pressure Profiles at different flame speeds (Left=30ms) and (Right=60ms) 

 

For animated results please click the link: Animation 4: Pressure profile-Uref=0.5m/s 

For animated results please click the link: Animation 5: Pressure profile-Uref=2m/s 

Source: Process Safety Office® SuperChemsTM V 11.0  

6.5.3 Rack 15 Temperature 
Changing the hot spot temperature results in different peak pressures at the left and right boundary. 
The lower end of the temperature range of rack 15 outlined in the incident report provided a higher 
pressure is due to the higher speed of sound calculated in the PDEs 18-21.  

Figure 24: Temperature  and Pressure Profiles at different Rack temepatures at 30ms 
(Left=temeprature ) and (Right=Pressure) 

 

Source: Process Safety Office® SuperChemsTM V 11.0  

https://cdn.jwplayer.com/videos/q5ewOvE5-fGWgrLPS.mp4
https://cdn.jwplayer.com/videos/qdjA4exw-fGWgrLPS.mp4


 

ISO 9001 Page 34 of 47 ISO# QMS_7.3_7.4.F08 Rev. 1 
 

Figure 25: Denisty and Velocity Profiles at different Rack temepatures at 30ms 

 

Source: Process Safety Office® SuperChemsTM V 11.0  

6.6   Explosion Dynamics with Blast Vents 

One method of protecting equipment against deflagration is the use of blast or explosion panels. 
These panels are designed to burst once a specified pressure has been reach and vent the contents 
of the equipment undergoing the deflagration. Detonations are harder to protect against as the 
flame speeds move faster than the speed of sound. This has the implication that safety systems 
that are activated by a pressure value are ineffective when the overpressure event happens at a 
speed faster than pressure can travel.  

It is likely that the doors to the room opened and acted as effective blast panels. Therefore, the 
pressure computed in the closed system evaluation in Section 6.5. It would be difficult to estimate 
an exact pressure at which the doors opened however, demonstrating that we can model blast 
vents it was assumed the doors could be modelled as a blast vent with a set pressure of 1.25 psig 
which is enough overpressure for the doors to fail. The vent area for one door vent is assumed to 
be approximately 5000 in2 which is 25% of the BESS container cross section. In Figure 26 applying 
blast vents to a 1D geometry is fast and simple.   
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Figure 26: Blast vent (RD) allocation along the 1D geometry a) Blast vents at both ends  b) Blast 
vent at the left boundary and the second closer to the rack. 

 

Source: Process Safety Office® SuperChemsTM V 11.0  

When the blast vents open on either end the pressure reduces and reaches a steady state. And 
mass flows out at either side of the geometry. We can also see that changing the blast vent location 
will change how the pressure waves interact due to the timing of each opening. It can also be seen 
in Figure 28 that undersized vents results in higher overpressures.  

12 boundary 
conditions can be 
applied to the 
geometry and can 
easily be relocated 
along the geometry 

a) 

b) 
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Figure 27: Pressure profiles for configeration (a), when both blast vents (doors) are applied   

  

For animated results please click the link: Animation 6: Pressure profile-2 vents 

For animated results please click the link: Animation 7: Mass flow profile-2 vents 

Source: Process Safety Office® SuperChemsTM V 11.0  

Figure 28: Pressure profiles for configeration (a), when both blast vents (doors) are applied  with 
lower vent area of 1400 in2 per vent 

   

For animated results please click the link: Animation 8: Pressure profile-undersized vents 

For animated results please click the link: Animation 9: Mass flow profile-undersized vents 

Source: Process Safety Office® SuperChemsTM V 11.0  

https://cdn.jwplayer.com/videos/zqJCeijh-fGWgrLPS.mp4
https://cdn.jwplayer.com/videos/3EM69LuT-fGWgrLPS.mp4
https://cdn.jwplayer.com/videos/84Pc0c9C-fGWgrLPS.mp4
https://cdn.jwplayer.com/videos/ZX8u2miw-fGWgrLPS.mp4


 

ISO 9001 Page 37 of 47 ISO# QMS_7.3_7.4.F08 Rev. 1 
 

Figure 29: Pressure profiles for configeration (b), when both blast vents (doors) are applied but 
vent 2 is applied closer to rack 15 

   

Source: Process Safety Office® SuperChemsTM V 11.0  
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7. Conclusions 

In this paper it has been shown how 1D dynamics can model deflagration in BESS when a battery 
thermal runaway occurs. SuperChemsTM can adequately size blast panels to reduce the impact of 
deflagration on the storage system structure by incorporating venting dynamics, burning rate 
models, defining hot spots, and representing blockages in the geometry. 1D dynamics provides 
more economically viable and faster computation time than 2D and 3D models for evaluating 
deflagration, whilst still obtaining the most important, accurate and valuable information when 
evaluating deflagration scenarios.  

SuperChemsTM was able to confirm theoretically aspects of the BESS explosion event in Arizona 
such as Novec 1230 not suppressing the fire in cell rack 15 – possibly due to rapid deflagration 
meaning that the flammable mixture must have had low concentrations of Novec 1230 inside the 
container. It can also be concluded from the simulations that doors bucking most likely provided 
some relief reducing the amount of damage to the container structure.  

From this case study a few improvements must be made to reduce the risk of deflagrations and 
thermal runaways in the future.  

1. Container ventilation and cooling systems: there must be a means to ventilate the BESS 
container in a safe manner if release of cell vent gases occurs to maintain the mixture below 
its lower flammability limits 

2. Incorporate detection systems: Detection systems that are calibrated to detect specific 
components can be used to improve response protocols 

3. Research effect cooling between cells and improve battery management systems: There 
is current research in module configurations, intercell cooling and heat sink materials which 
could prevent cell to cell or module to module thermal runaway propagation 

ioMosaic and its partner lab has invested in battery testing capabilities such as ARC, abuse testing, 
DSC and thermal conductivity measurements.1D and higher dimensional thermal explosion models 
for thermal runaway and propagation characterization are currently being developed. As the world 
moves towards a sustainable future it is now more important to advance the understanding of 
battery thermal runaway. ioMosaic’s goal is to provide a full scope of modelling and testing 
capabilities. These models will be an important tool for industrial leaders to use to improve module, 
pack, and thermal management system designs, the 1D dynamics for deflagration is just one of 
many yet to come.  
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Appendix A:  Summary of main components of thermal runaway vent gases from Li W et.al (29) 

Table A5: Summary of main components from open literature 

Category # Name Formula 
Essl et.al 
(2020) (58) 

Zhang et.al 
(2019) (59) 

Lammer et.al 
(2017) (60) 

Golubkov 
et.al (2015) 
(61) 

Golubkov 
et.al (2014) 
(21) 

Somandepalli et.al 
(2014) (44) 

Non-HC 

1 Carbon dioxide CO2 X X X X X X 

2 Carbon monoxide CO X X* X X X X 

3 Hydrogen H2 X X* X X X X 

Alkane 

4 Methane CH4 X X* X X X X 

5 Ethane C2H6 X X* X X X X 

6 Propane C3H8 X X*    X 

7 n-Butane C4H10 X X*    X 

8 Isobutane C4H10      X 

9 n-Pentane C5H12  X*    X 

10 Isopentane C5H12      X 

          

Alkene 

11 Ethylene C2H4 X X* X X X X 

12 Propylene C3H6  X*     

13 1-Butylene C4H8  X*    X# 

14 2-Methyl propene C4H8  X    X# 

15 trans-2-Butene C4H8  X    X# 

16 cis-2-Butene C4H8  X    X# 

17 1-Pentene C5H10  X*     
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18 cis-2-Pentene C5H10  X     

19 trans-2-Pentene C5H10  X     

20 2-Methyl-1-butene C5H10  X     

21 2-Methyl-2-butene C5H10  X     

22 3-Methyl-1-butene C5H10  X     

23 2-Methyl-1-pentene C6H12  X*     

Alkyne 

24 Ethyne C2H2 X X* X   X 

25 Propyne C3H4  X*    X 

26 1,3-Butadiene C4H6  X*     

Aromatic 
HC 

27 Benzene C6H6  X*    X 

28 Methylbenzene C7H8      X* 

29 Ethylbenzene C8H10      X* 

30 m & p-xylene C8H10      X 

Electrolyte 

31 DMC C3H6O3  X*     

32 EMC C4H8O3  X*     

33 DEC C5H10O3 X X*     

Others 

34 2,4-Dimethyl-1- 
heptene 

C9H18  X*     

35 Hydrogen chloride HCl  X     

36 Oxygen O2 X      

* Substance was used to analyze the temperature boundary and ignition mode. 

# The type of isomer cannot be determined. 
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