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Abstract  

Na-ion batteries stand as a complementary technology to Li-ion batteries, that comply with the 

performance requirements of various applications without being submitted to the critical raw 

material dependencies pertaining to Li-ion. Several major industrial actors are now committed 

to produce these batteries, advocating among other, the safety gain of such technology. 

Available data on their behavior under thermal runaway are nonetheless very limited. This 

experimental work brings new elements on vent gas characteristics of Na-ion (NVPF) cells 

when thermally abused.  A detailed gas analysis was performed in order to determine both 

composition of the gas mixture and related emitted volume. In our test configuration, no flames 

were observed, and the fumes were mainly composed of electrolyte compounds (organic 

carbonates). A simple comparison with Li-ion technology showed similarities with LFP 

chemistries in terms of nature and quantity of emitted gas.  
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For several years, Na-ion Batteries are being developed, these novel batteries being 

presented as a complementary technology to Li-ion batteries1. Even if their specific capacity is 

bound to be lower than that of Li-ion batteries, the key materials required for their 

manufacturing are different and often present in larger quantities and more evenly distributed 

on earth2. They are also reputed to be cheaper to produce and offer the possibility to use similar 

production lines as for Li-ion batteries3. Today the technology seems to approach maturity as 

several companies plan to market Na-ion cells in the coming months. This newcomer to the 

energy storage market will require adaptation of existing standards and regulations specifically 

created for Li-ion or other earlier technologies with different risk profiles. One example is the 

UN model regulation for the transport of dangerous goods which currently might request those 

cells to be transported under UN3292 entry, corresponding to Sodium battery whereas this entry 

was created considering the hydro-reactive behavior of Sodium batteries4 (using metallic 

sodium). To avoid this problem, the creation of a dedicated UN entry for Na-ion cells batteries 

using organic electrolyte has just been decided5 and several European countries just adopted a 

Multilateral Agreement (RID and ADR) dedicated to the transport of Na-ion batteries 

containing organic electrolyte6. Apart from this legal aspect, Na-ion producers often claim that 

the Na-ion technology is safer compared to Li-ion technologies3. Because the literature on this 

subject is scarce7-14 and is often limited to thermal stability evaluation12-14, this last point is 

rarely well sourced and still requires extensive and rigorous comparative study between 

different chemistries of each technology. Likely to Li-ion batteries, Na-ion batteries are subject 

to the well-known thermal runaway (TR) phenomenon. For Li-ion batteries, this phenomenon 

may produce severe hazards like fire, release of important amount of heat, projections and/or 

significant degassing15-16.  

Studies about Li-ion batteries degassing and related characteristics under TR conditions 

are ongoing for several years, pointing out complexity of this topic and difficulty to perform 
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detailed analysis17 but also revealing potential toxicity and explosivity of the gas mix.18-23 In 

this paper, we have used the experience achieved to develop Li-ion TR gas emission studies for 

producing early data concerning the characterization of Na-ion TR, targeting more particularly 

the assessment of the gas mix emitted in case of TR of Na-ion batteries. 

To produce a fair amount of gas meeting the technical requirements for analysis 

purposes, TR event of six 18650 Na-ion cells were triggered simultaneously by overheating 

cells embedded in a dedicated copper support. The experimental set up is presented in figure 1. 

Four cartridge heaters were simultaneously used to ensure a homogeneous heating process.  

Temperatures and voltages of the cells were recorded to track thermal events and ensure that 

all the 6 cells entered into TR quasi-simultaneously. 

 

Figure 1: Experimental setup with the six cell assembly. Red arrows point at thermocouple 
location on cells 1, 2 and 3 

 

As soon as the heaters were started (90 sec), the temperature recorded on the six cells 

increased. Cell temperatures plots are shown in figure 2. One hundred forty-seven (147) 
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seconds after the heaters were turned on, the temperatures recorded on the cells revealed fairly 

homogeneous (around 130°C). When the copper bloc temperature reached around 220°C (see 

details in supporting information (S2)), cell 1 entered into TR. Few seconds later, cells 3, 5, 6, 

2 and 4 also entered in TR in this order. The time between thermal runaway of cell 1 and 4 was 

shorter than 15 s. The thermal runaway as reflected by temperature increase is concomitant with 

the voltage drop observed (S1) and the release of ethyl methyl carbonate (EMC) (figure 2), the 

most volatile solvent of the electrolyte, in the vent gas stream. A maximal temperature of 325°C 

(at 400 s) was recorded on cell 1, reflecting the absence of flaming combustion as confirmed 

by test video recording. Complete video recording is available in supporting information. Figure 

3 presents time-framed image sequences selected from this recording.  

 

Figure 2 : Evolution of temperature of Cells 1, 2, 3, 4, 5 and 6. Heaters are started at 100s 
and stopped at 400s. 

 
 

Besides the confirmation of flameless degassing process, the video soundtrack allows 

to hear the opening of the cell vent (see video in supplementary information), just before a cell 

enters in TR. Figure 3 also reveals the apparition of large amounts of white fumes, concurrently 

appearing with temperature rise observed in figure 2. For the overall 6 cells, the degassing 
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process with white fumes lasted no longer than 40 s. Over the full duration of emission process, 

the gas mix was simultaneously pumped in order to be sampled and analyzed. The experimental 

set-up is presented in the experimental section. Pictures of four of the cells after the test are 

presented in supporting information (S4). Visual inspection shows limited degradation of the 

outside of the cells, except in the venting region. By contrast, the inside of the cells looks quite 

heavily degraded. 

 

Figure 3: Extract from the video of the test before, during and after thermal runaway 

 

 

Gas analysis 
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The result of the gas analysis is presented in table 1 and figure 4 in terms of mg/Wh and 

ml/Wh. The total emitted volume is 441 ml/Wh. For a single 18650 cell it represents 1,2 L. 

Both in terms of mass and volume, the organic carbonates contained in the electrolyte represent 

the most important species. EC/PC/EMC are found in coherent proportions with electrolyte 

composition. EMC is overrepresented in the gas mix due to its lower boiling point (107°C) 

compared with EC (248°C) and PC (242°C). Second most emitted compound is H2 in terms of 

volume with a release of 45 ml/Wh, representing 10% of the total gas volume. Since no flaming 

combustion develops in our thermal abuse testing conditions, CO2 and CO represent a small 

part of the gas mix (respectively 8 vol% and 1 vol%). Other gases formed and quantified include 

CH4, C2H4 and HF. CH4 and C2H4 might come from linear carbonates reduction and EC 

reduction respectively15. HF, for which emissions are often looked closely because of its known 

acute toxicity, represents 4 vol% (19 ml/Wh). Assuming most available source of fluorine in 

the cells originates from the electrolyte (meaning no significant conversion of F from PVDF 

binder nor from Na3V2(PO4)2F3 cathode), a quick calculation based on its original quantity in 

the electrolyte shows that 1/3 of fluorine content is converted in HF: More in depth analysis 

would therefore be needed towards comprehensive understanding of the fate of fluorine in Na-

ion under TR process. Despite the precautions taken to limit loss of signal, due to its high 

reactivity, some HF might have been lost in the sampling line and the filter leading to a possible 

underestimation. 

Because POF3 is sometime reported in the gas mix of Li-ion thermal runaway gas21, 24-

25, POF3 was searched for but not found in the gas mix. 
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Table 1 : quantified gas emissions. Other chemical species quantified but not detected are 
NO, NO2, POF3, CH2O.  

 

 

 

 

Figure 4 : chemical composition of the different quantified gases in mole fractions. Total 
volume is 441 ml/Wh in STP conditions 

 

 

In term of mass, the overall gas emission is 1.6 g/Wh, representing 4.1 g for one 18650 

cell. The measured mass loss is 6.3 g per cell, which is in adequation with the total amount of 

electrolyte contained in one cell. The difference between the mass of emitted gas and measured 
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mass loss must come from emission of particles or electrolyte liquid drops, not accounted for 

by gas analysis.  

Acknowledging that the analyzed gas mix contains an important part of flammable 

species (organic carbonates and dihydrogen), ignition of the gas mix would have greatly 

influenced the ultimate gas mix composition. 

 

Comparison with Li-ion technology 

In order to compare the gas emission analysis performed in this study on Na-ion cell 

with other results presented in the literature, a careful selection of published works had to be 

performed. Although several studies are available, only few are usable for relevant comparison, 

since not only methods and analysis protocols have to be consistent but also the cell reaction 

modes shall be comparable (leading or not to flaming combustion). Abuse tests where Li-ion 

cells react without flaming combustion are not common and, in this perspective, the best 

comparison basis identified  is a recent study from our group25 in which an NMC (111) pouch 

cell was abused by an internal heater and a study from Fernandes et al. where a LFP pouch cell 

was triggered into TR by overcharging the cell 19.  

Both these studies used pouch cells which differ from 18650 cells on some aspects 

(thermal conductivity, heat exchange, presence of passive safety device…) but, in the view of 

this study focusing on gas emission, the reaction mode (degassing without combustion) was 

considered as the principal parameter for a fair comparison. The comparison of the molar 

percentages in the TR fumes reported by these studies is presented in table 2.  

Comparing emissions from NVDF Na-ion (our study) with LFP Li-ion reported ones18 

reveals a gas mix composition in both cells very similar: 59 vol% of the gas mix from tested 

LFP cell is composed of organic carbonates (EMC/DMC), H2 represents 9 vol% of the mix, 



10 
 

CO2 and CO counts for 18 vol% and 2 vol % respectively. Fluorinated species (C2H5F, CH3F, 

PF3 and HF) account for 3.7 vol%.  

On the contrary important differences exist when comparing our results relating to Na-

ion against NMC cell. The carbonates species in the latter case are indeed present in much lower 

quantities, which is balanced by increased levels of CO and CO2. This difference could be 

explained by the presence of oxygen in the NMC cathode that is more easily released than in 

the case of NVPF (or LFP) cathodes in which oxygen is stabilized in a phosphate group26. Gas 

mix emission from NMC TR is also marked by an important percentage of H2. As based on HF 

emissions, fluorinated species seem to be emitted in a lower amount for NMC cell but this 

observation might be misleading since total volume of gas emitted in the case of NMC is much 

higher (see below) and, from a mass based quantitative viewpoint, they are of the same order 

of magnitude (5 ml/Wh for NMC vs 19 ml/Wh for Na-ion NVPF).  

The maximal recorded temperature on the Na-ion cell body (averaged from the 6 cells) 

is 286°C, a value similar to the one measured on the NMC cell body (265°C) considered in this 

study. Temperature measured on the LFP cell tab (150°C) is lower. It has nonetheless to be 

noted that results on Li-ion cell presented in this study have been selected based on that they 

were reflecting non flaming combustion process conditions. This explains that relatively low 

maximal temperatures were recorded in that case (<300°C). In other conditions (leading to 

flaming combustion in connection with the thermal runaway event), temperatures close to 

1000°C can be observed27-28, influencing overall nature and quantity of gas emission (pyrolysis 

or combustion processes …). Sampling methodology also play a crucial role in the 

quantification of the different species and might explain some differences observed between 

studies. 
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Table 2: comparison of molar fractions of the different gas species contained in the TR 
driven gas mix of Na-ion (NVPF), Li-ion (LFP)19 and Li-ion (NMC)25.  

 

Total gas volume measured for one 18650 Na-ion NVPF cell is 33 l/kg or 441 ml/Wh. 

When comparing the gas emission per mass of cell, Na-ion NVPF technology is once again 

closer to LFP (22 l/kg) than NMC (80 l/kg). But, because of its low specific energy, when 

comparing the gas emission per Wh, Na-ion NVPF became closer from NMC (540 l/Wh) than 

LFP (182 l/Wh). It has to be noted that many studies in other conditions18, 27 report much higher 

volume emission of gas in the case of NMC/LMO blended cathode and NMC pouch cell.   
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In conclusion, in case of thermal runaway, the gas mix emitted by Na-ion NVPF cell 

under TR leading to non-flaming degassing process mostly contains compounds coming from 

electrolyte degradation. Globally the TR triggered degassing process in studied comparable 

conditions looks quite similar between Na-ion and LFP Li-ion cells, both in terms of nature and 

quantity or emitted gases (weight basis). This similarity between NVPF and LFP cell behaviors 

probably reflect similar stable bounding of oxygen contained in both cathodes in a phosphate 

group, limiting partial inner oxidation of other compounds which is known to potentially occur 

the case with NMC Li-ion chemistries. To fully assess safety of Na-ion technology, TR driven 

degassing phenomena should be further investigated, starting with the evaluation of other 

potential field failure scenarios (degassing associated with flaming combustion, effect of cell 

aging…) that might drastically modify the gas emission. The quest for safer Li-ion batteries for 

innovative applications has proven to be a never-ending story, as revealed by regular field 

incidents29-31  and importance of the related research field. Likewise for Li-ion technology, 

safety of Na-ion technology challenges although perceived less severe, shall not be 

underscored. Na-ion technology is not limited to NVPF variant, innovation will likely promote 

advanced key materials (active materials of electrodes, electrolytes) in search of better 

functional performances. Moreover, and other parameters that are critical for safety assessment, 

like thermal and electrical stability of the cell should be further investigated32.  

Experimental methods  

Cell 

NVPF/hard carbon 18650 prototype cells of a capacity of around 700 mAh, nominal 

energy of 2.6 Wh corresponding to a specific energy of 74 Wh/kg were assembled by Tiamat 

(Amiens-France). The electrolyte consists of a mix between EC/PC/EMC and NaPF6 salt. Like 

for Li-ion cells, the electrolyte weight represents around 20 % of total cell weight. The binder 
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used in the positive electrode is PVDF. Within the 72h before test, all cells were charged at 1 

A (1.4C) up to 4.2 V corresponding to SOC100%. 

 

Abuse tests set up and measurements 

The heating device was built as the assembly of four cartridge heaters (400 W each) 

integrated on a plain copper block prepared with calibrated holes to maintain the 6 cells in close 

contact with the copper.  

The choice to trigger 6 cells simultaneously was made in order to increase the amount 

of emitted gas and render the gas analysis more accurate. 

Abuse test was performed in a 12 m3 test chamber equipped with a ventilation system 

remotely piloted to fully extract gases in the exhaust system connected to a gas cleaning 

equipment (scrubber system). The test was performed under air with a flow rate in the test 

chamber of approximately 1 000 m3/h.  

Online gas sampling is carried out through a heated line (180°C) positioned on the 

extraction duct connected to various analyzers. A non-dispersive infra-red (NDIR) analyzer was 

used for CO2 and CO, a paramagnetic measurement device for O2, chemiluminescence 

apparatus for nitrogen oxides (NOx), mass spectrometer for H2, and a Fourier-transform infra-

red (FTIR) spectrometer (Thermo Scientific Nicolet 6700, gas cell of 2 m) for further analysis 

of gases and vapors. The online FTIR apparatus provides quantitative information regarding 

gases released from battery thermal runaway such as organic carbonates (EC, DMC, EMC, 

etc.), hydrocarbons (CH4, C2H4, etc.), aldehydes (OCH2, CH3CHO, etc.), carbon oxides (CO2, 

CO), fluorinated species as HF and POF3, and other species as HCN, NOx and SO2 responding 

in the infra-red domain, according to adequate calibration processes. For pertinent exploitation 

of obtained FTIR spectra, characteristic wavenumber ranges for each component were selected 
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with the aim of limiting as far as possible interferences. The gas analysis methods followed the 

principles of ISO 19702 standard33.  

Supporting Information available 

➢ Video of the test 

➢ Additional commented graphs (cell voltages, copper block temperature distribution) 

➢ Picture of the cells after thermal runaway 

➢ Table of some Na-ion developers/producers and related websites announcing 

commercialization plans 
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S1 : Cell voltage variations as a function of time during the test 

As can be observed, voltage drops are occurring with time differences not exceeding 12 seconds, 

showing adequacy and consistency of the testing protocol aiming at simultaneous TR activation of all 

cells. 

 

 

 

S2 : Copper block temperature evolution versus time at 4 remote locations from the cells  
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Before activation of TR in the cells, temperature variation reflects homogeneous heating of the 

copper block due to high thermal conductivity of copper, since relatively narrow variation of all 

thermocouples 1 to 4 is observed. Once TR starts to be induced in the cell, and despite quasi 

simultaneous triggering of these events, more scatter is observed in the responses of copper block 

temperature distribution, due to fast thermal transfer of heat production within the cells in relation 

with sequential TR cascading processes.  As a matter of fact, even small variations in TR activation in 

the cells are reflected through time shifted heat transfer processes in the block. The decrease of the 

temperature recorded few moments after TR might be due to partial loss of contact between copper 

block and thermocouples.  

 

Company  Web link  

CATL https://www.catl.com/en/news/665.html 

Natron https://www.clarios.com/news-views/news-detail/2022/05/04/natron-
collaborates-with-clarios-on-world-s-first-mass-manufacturing-of-sodium-ion-
batteries# 

Tiamat https://www.eenewseurope.com/en/european-manufacturing-plan-for-
sodium-battery-technology/ 

INDI ENERGY https://indienergy.in/sodium-ion-batteries/  

 

S3 : Short list of Na-ion promoters and related web links showing their commitment to short-term 

commercialization 

 

 

S4 : Visual observation of thermal runaway induced degradation in four of the six tested cells. 

https://www.catl.com/en/news/665.html
https://www.clarios.com/news-views/news-detail/2022/05/04/natron-collaborates-with-clarios-on-world-s-first-mass-manufacturing-of-sodium-ion-batteries
https://www.clarios.com/news-views/news-detail/2022/05/04/natron-collaborates-with-clarios-on-world-s-first-mass-manufacturing-of-sodium-ion-batteries
https://www.clarios.com/news-views/news-detail/2022/05/04/natron-collaborates-with-clarios-on-world-s-first-mass-manufacturing-of-sodium-ion-batteries
https://www.eenewseurope.com/en/european-manufacturing-plan-for-sodium-battery-technology/
https://www.eenewseurope.com/en/european-manufacturing-plan-for-sodium-battery-technology/
https://indienergy.in/sodium-ion-batteries/
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Whilst external impact on the abused cells do not look very important, by contrast, inner content 

looks fully combusted. 

 

S5 : experimental set-up for gas capture and sampling 

 


