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Abstract. Li-ion battery is the most diffused technology among electrochemical energy storage systems. 

Installed capacity forecasts suggest a strong growth in the next years with renewable energy utilization to 

meet decarbonization purposes. Over 20 fire incidents in grid systems where reported during the last years 

in Korea and United States, with negative repercussions in market and social acceptance. Thermal runaway 

results as the recurring high impact failure effect. A novel concept to prevent Li-ion battery fires in grid 

installations could be represented by the realization of an oxygen-deficient atmosphere inside the containers. 

This novel approach is presented and discussed with reference to the framework of battery fire protection 

and the application of oxygen reduction.                                                                                                
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1 Introduction 

Battery energy storage systems (BESS) had a strong 

growth in Italy since 2013. National tax deductions and 

incentive systems for the coupling with photovoltaic 

plants up to 20 kW, increased residential size plants 

installations up to over 18.000 units in the beginning of 

2019 [1]. The wind power curtailment, due to grid 

criticalities, reached 436 GWh in 2017 [2] and, 

consequently, Terna S.p.A., the Italian transmission 

system operator, installed utility scale BESS near the 

critical transmission lines[3]. Li-ion batteries are the 

world’s most used in electrochemical storage, 

amounting at 1.3 GW installed power in 2017. Events of 

Li-ion grid BESS fire and explosion happened in USA 

[4] and South Korea [5] with remarkable impact in sales, 

reported by cells producers. Li-ion is a mature 

technology, product standardization and safety systems 

for batteries are established, despite of that several 

incidents occurred. A scenario of increase of Li-ion 

BESS installations is very likely; facing safety issues 

can prevent repercussions in the social sphere and 

market. In order to increase fire protection effectiveness, 

the application of oxygen reduction system (ORS) is 

here discussed. 
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2 Li-ion BESS thermal runaway 

Fire or explosion in Li-ion BESS facilities involved 

plants with size from 1.5 to 40 MW. 23 BESS fires were 

reported in Korea during 2018 [5]. An investigation 

committee identified inadequate facility installation and 

management issues, also system level control   problems 

in abuse state check and cell level construction defects. 

The government suspended the operations of 522 over 

1,490 energy storage facilities in the country. Market 

repercussions for main cells manufacturers  showed an 

operative income drop over 50% in the first quarter of 

2019, moreover fire damage coverings are estimated to 

be over 90 M€ [6].  

The first US incident happened in 2012 in Flagstaff 

(AZ), at the 1.5 MW Electrovaya storage system. The 

cause was attributed to battery overcharge due to energy 

management system failure. Inadequate electric circuit 

protection and temperature sensors issues were also 

found [7]. A second event happened in 2019 in 

McMicken (AZ), AES-Siemens Fluence 2MW/2MWh 

facility owned by Arizona Public Service was involved 

in a fire and subsequent explosion as the firefighters 

opened the container. The monitoring systems detected 
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a voltage drop across the modules of one particular rack, 

followed by an increase in temperature; the fire didn’t 

spread to the surrounding racks. Subsequent forensic 

analysis stated that one single battery rack thermal 

runaway started the fire, the cause of explosion is still 

under investigation. Anyway, no vent system was 

present in the container [8]. A possible cause of the blast 

could be the presence of flammable gas, heat sources 

and the lack of oxygen, previously consumed by the 

battery fire. Hence, when first responders opened the 

container door a “backdraft” type explosion occurred. 

Investigations are still undergoing. This event led to 

safety concerns about Li-ion BESS: a 100 MW/200 

MWh project by Enel Greenpower Inc in Littleton (NH) 

found local opposition and social acceptance is still an 

issue in the permitting process [9].  

Nickel-Manganese-Cobalt oxide (NMC), Lithium-

Iron-Phosphate (LFP) and Lithium-Cobalt oxide (LCO) 

are the most used materials for cathodes, while the most 

commercially used anode material is Carbon-Graphite 

(C). Exothermic reactions can occur in Li-ion batteries 

causing a self-overheating process called “thermal 

runaway”. It leads to battery fires and under certain 

conditions to explosions. The root causes may be 

mechanical abuse, thermal abuse, electrical abuse and 

internal construction defects, implying internal short 

circuit (ISC), but also charger or battery management 

system (BMS) failures.  

Activation temperature was measured, depending on 

open circuit voltage (OCV), 104÷144°C as reported in 

[10], and cathode chemistry (e.g., 246°C for a LFP [11]).  

Oxygen is released in small quantities from the 

cathode during its degradation and it is also contained in 

solvent materials. This content is not sufficient to the 

complete combustion of electrolyte and other materials 

[12] and effect on combustion and heat release rate can 

be considered negligible [13]. A sharp voltage drop 

occurs 15-40 s before the self-heating [11], hence an 

effective shut down operation can’t be operated. Gas 

generation occurs during thermal runaway; it can lead to 

fires reacting with ambient air oxygen. Vent gas mixture 

composition in inert atmosphere is reported in Table 1 

depending on cell chemistry. 

Table 1. Vent gas mixture compositions from 18650 cells 

thermal runaway in inert atmosphere [14] 

 LCO/NMC NMC LFP 

H2 [%] 30 30.8 30.9 

CO2 [%] 24.9 41.2 53 

CO [%] 27.6 13 4.8 

CH4 [%] 8.6 6.8 4.1 

C2H4 [%] 7.7 8.2 6.8 

C2H6 [%] 1.2 - 0.4 

3 Li-ion BESS thermal runaway 

State of the art safety measures in BESS are working 

at different levels: a polymer porous structure separator 

is used to prevent ISC, moreover it provides a shutdown 

in case of temperature rise through melting. Flame 

retardants are added to the electrolyte and separator to 

contain a fire extension from cell to cell. A fail-safe 

mechanism is applied in prismatic and cylindric cells to 

limit pressure rise using safety vents, releasing the 

flammable gases. The BMS limits the battery operation 

within a safety range, providing also ISC detection. 

Utility scale Li-ion BESS adopt automated fire detection 

and suppression systems. Extinguishing agents were 

evaluated during firefighting tests on portable, 

stationary and electric vehicle (EV) batteries, showing 

the high effectiveness of water, providing high cooling 

effect [15–17]. This mechanism is fundamental to 

prevent reignition of cells vent gas which has been 

reported even 22 h after flame extinguishing. On the 

contrary, a massive amount of water is needed to 

complete firefighting procedures, up to 10 m3 in a EV 

test [17]. Battery shells and enclosures limit the action 

of water; moreover, the sprinkler system action can trap 

vent gases in high concentration volumes rising 

explosion risk [18]. The use of water as extinguishing 

agent in case of a fire caused by a thermal runaway event 

in a single module fire implies the whole equipment 

damaging, hence the application in grid BESS is not 

convenient.  

A typical fire suppression system is activated 

through the first smoke detection, with a subsequent 

electrical shutdown; a second detection activates the 

flooding of fire suppression agent, fluorinated ketone 

not harmful for electrical equipment. A water spray 

system is activated by first responders to complete the 

firefighting procedure, the container is protected from 

explosion pressure by deflagration vents [19]. Another 

configuration is based on infrared and blue led sensor 

detection coupled with N2 agent [20]. Other agents are 

also used, such as heptafluoropropane, hybrid N2/water 

mist and potassium nitrate aerosol [21]. Early fault 

detecting systems based on gas emission detection have 

been developed, adopting 0-100 ppm gas sensors [22], 

capable of response avoiding thermal runaway by 

module shut-down.   

This work for the first time investigates the 

application of ORS in Li-ion BESS. The concept aims 

to create an inert ambient in the battery room/enclosure 

through oxygen adsorption, avoiding the risk of 

explosive atmosphere formation and thermal runaway 

propagation. 

BESS are not directly addressed in Italian safety 

regulations. When included in activities subject to 

authorization, the authority having jurisdiction 

considers these systems as a specific risk area/entity. In 

these cases the application of Interior Ministry Decree 

03/05/2015 [23] requires a specific evaluation of safety 

measures such as separation, fire detection, automatic 

fire suppression, fault and failure supervision, hazard 

substances release prevention.  

In order to diffuse knowledge and awareness of Li-

ion BESS safety aspects, the National Fire Rescue and 
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Service (CNVVF) and the Italian National Agency for 

New Technologies, Energy and Sustainable Economic 

Development (ENEA) published a complete study 

including all the necessary elements at the state of the 

art [24], allowing a performance-based fire safety design 

in the absence of a specific regulation. Moreover, Li-ion 

technology can be considered more convenient in 

energy storage plants authorization procedure, if 

compared to Na-S. Indeed, this last technology involves 

Seveso Directive duties as reported by Terna S.p.A. 

field experience [25]. 

4 Oxygen reduction fire protection 
systems 

ORS concept aims to create a protected area to 

prevent a fire start or spreading. The level of oxygen 

reduction depends on the proper balance between 

atmosphere inerting and risk level in the specific area, 

taking into account personnel safety.  

The application is therefore subjected to compliance 

with national laws, e.g. Italian legislation defines the 

risk of asphyxiation for O2 concentrations lower than 

19.5% with different damage levels and lethal 

consequences down to 4÷8%. The N2 rich mixture, 

needed to create the oxygen-deficient atmosphere, can 

be provided by a nitrogen generator or cylinder pack; an 

oxygen monitoring system is then fundamental to 

control if room conditions respect the limits cited above. 

ORS systems are mostly used in areas where availability 

and service continuity are needed, such as hospitals 

power factor correction rooms, operating theaters main 

switch rooms, data centers and computer rooms. They 

are also installed in cold storage warehouses, hazardous 

materials storage, museums, archives and heritage 

protection [26]. O2 design concentration in occupied 

spaces is between 14 and 16%, while in automated 

warehouses it can be as low as 13% [27]. References for 

oxygen inerting concentration mention Limiting 

Oxygen Concentration (LOC) for various fuels. For 

most of them a value of 10% can prevent ignition except 

for carbon disulfide (5%), carbon monoxide (5.5%), 

hydrogen (5%), hydrogen sulfide (7.5%) and aluminium 

(5%) [28]. As previously reported in Table 1, some of 

these species are contained in thermal runaway 

emissions mixtures.  

A limited oxygen production occurs during thermal 

runaway; it is consumed with insignificant heat release, 

despite that, flammability conditions can’t be avoided 

because of its presence inside a cell subjected to thermal 

runaway. The principle of operation of automated inert 

gases extinguishing systems, such as N2 based ones, is 

the generation of a hypoxic atmosphere after the fire 

detection. In order to improve fire protection 

effectiveness, an alternative strategy is here proposed, 

keeping the oxygen concentration below vent gas LOC. 

Thus, the extension of thermal runaway fire is limited to 

the first cells involved, avoiding fire in adjacent cells 

and equipment destruction consequences. Moreover, 

BESS availability after a thermal runaway event is 

enhanced if compared to water fire suppression systems, 

avoiding devices damages. 

5 Limiting Oxygen Concentration for 
vent gas fire control 

The choice of the ORS ignition threshold to protect a Li-

ion BESS can be made focusing on thermal runaway 

vent gas. Lower flammability limits for cells vent gas 

can be calculated, based on the Le Chatelier rule, 

according to ISO 10156 4.5.3. [29]. Results are 

reassumed in Table 2. 

 
Table 2. Cells vent gas lower flammability limits 

VENT GAS 

MIXTURE 
LFLmix (%)vol 

LCO/NMC 6.4 

NMC 7.3 

LFP 8.4 

 

The mixture resulting from LCO/NMC is the most 

dangerous according to the calculated LFL values. 

Moreover, LCO/NMC pouch cells vent gas volume 

emissions were reported to be 0.78 m3/kg, the highest 

value if compared to LFP (0.042 m3/kg) [30]. Fuel 

mixture LOC calculation can be provided through the 

method expressed by eq. (1) and proposed by Zlochower 

et al. [31], in analogy with Le Chatelier rule for Lower 

Flammability Limit (LFL). 

 

��� = 	∑�� 	� ∑�� 	� (���)�⁄⁄   (1) 

Table 3. LOC values [20] 

GAS LOC (%)vol 

H2 5 

CO 5.5 

CH4 12 

C2H4 10 

C2H6 11 

 

Where �� is the molar fraction of the combustible 

component, 	� is the stoichiometric oxygen to fuel ratio, 

and (���)� is the value for component 
 as reported in 

Table 3. This method is conservative because inert gas 

heat capacity in the mixture is not considered. 

Calculated LOC values for Li-ion thermal runaway vent 

gas mixtures are reported in Table 4. 
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Table 4. Vent gas calculated LOC 

VENT GAS 

MIXTURE 
LOCmix (%)vol 

LCO/NMC 7.60 

NMC 7.65 

LFP 7.5 

 

Considering the presence of CO2 in the vent gas mixture, 

as reported in Table 1, and according to LFL ISO 10156, 

oxygen calculation would lead to significant values 

increase if compared to the same mixture containing 

only combustible components. It results that worst-case 

mixture is produced by LFP cells, O2 maximum 

concentration is set at 6.7% including a safety margin (-

0.75%) recommended by EN 16750 applied to the 

values in Table 4. Effect of reduced oxygen atmosphere 

on Li-ion batteries thermal runaway has been reported 

by Kunkelmann [32], reducing flame duration (min:sec) 

from 0:43÷2:49 in normal atmosphere to only 

00:03÷00:05 when oxygen concentration is 8% in N2. 

6 Conclusions 

This work proposes a new concept in prevention and 

protection of Li-ion BESS. Main advantages are the 

supposed effectiveness in fire control if compared to 

other systems, avoiding the typical fast fire spreading in 

thermal runaway events. Low oxygen levels, down to 

6.7%, must be reached to avoid thermal runaway effects 

such as fire and explosions, hence personnel access in 

the protected area can be allowed only by mandatory 

protection devices utilization. The recent incidental 

experience had impact in market and social perception 

of a fundamental technology for energy transition, 

mostly because of fire events magnitude and the first 

responders injured. This novel concept can contrast both 

drivers of this phenomenon. Moreover, this kind of 

system can enhance BESS availability in case of fire 

events, since i) it limits failure consequences, ii) it 

allows the substitution of damaged module elements 

and, therefore, iii) it avoids total equipment lost, with 

risk related cost saving. 
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