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Abstract

Lithium-ion batteries are one of the most cost effective portable energy con-

tainers. The fire incident involving such battery (often referred as ”thermal run-

away”), however, poses a great danger to the surrounding, particularly in the matter

of emitted substances and their toxicity for human body. The substances found

are carbon monoxide and dioxide, hydrogen and hydrogen fluoride. Filtration of

these substances may be achieved with dry sorbent injection method, which uses

calcium hydroxide. Dry injection filtering prototype is manufactured and tested

against thermal runaway of the NCM cells. Following parameters are analysed: air

flow, sorbet transport, air temperature of the flue gas and concentrations of the

substances. Estimated filtering performance of the dry sorbent injection and air

dilution at a flow rate of 1600 m3/h and dosage of 1.8 g/s of calcium hydroxide is

99% for HF and 89% for CO2. NMC cell gas production per Wh were respectively

1060.3 mg of CO2 and 11.8 mg of H2. Air speed of above 5 m/s was found sufficient

to transfer the sorbent power from the hopper’s inlet.
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1 Introduction

Lithium-ion batteries (LIB) are an enormous achievement in terms of technical and
commercial side. LIB allows a vast scale of applications ranging from the cellphones to
the large scale battery energy storage systems. Simultaneously, the fire caused by lithium-
ion batteries are of a great concern, due to intense heat production as well as emissions
of toxic gases [1–5]. Heat generated by the fire is a serious threat itself, however, toxic
fumes may be even of a greater consideration, especially in a confined spaces such as
closed rooms, underground parking spaces, spacecrafts, airplanes and other.

The fire incident of lithium-ion battery is caused by the event called ”thermal run-
away”. Thermal runaway is a process that is accelerated by increased temperature, in
turn releasing energy that further increases temperature [6]. In terms of lithium-ion bat-
tery (LIB), one or multiple cells start releasing internal energy in form of heat, which
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is then transferred to another cells and modules causing a cascading effect [7, 8]. The
initiation of the thermal runaway can have different causes - they are usually divided into
three sources - mechanical abuse - such as in a crash, thermal abuse - e.g. overheating of
the batteries or exposure to external source of heat or electrical abuse - e.g. overcharging.
Summary of thermal runway mechanism has been shown in Fig. 1.

Figure 1: Battery safety issues. First row represents potential causes for LIB abuse. Second
row divides given incident due to type of the abuse. Third row presents the examples of the
processes causing given abuse to which LIBs are subjected. Fourth row presents damage to
separator, which then results in internal short circuit [9]

.

Thermal runaway poses great challenge to the fire fighting brigades due to their self-
sustaining nature [10], enclosures of the batteries inhibiting an easy pass of the cooling
agent, toxic gaseous emissions [11] and heat generation [12]. The battery cannot be doused
with conventional methods, as the battery is able to produce the oxygen by itself [11].
Instead, a lithium-ion battery is extinguished usually with the combination of state-of-art
technology allowing to penetrate the enclosure battery with the cooling agents and then
to drop the temperature below the critical point [13].

Since lithium-ion batteries cause severe incidents, which are difficult to control, they
must undertake series of abuse tests before their introduction to the market [9, 14].
Type approval tests differ depending on geographical location of their the approving
body [15], however, tests concerning fire resistance or exposure to high temperature usu-
ally cause test specimen to undergo thermal runaway event, producing vast amount
of toxic compounds such as hydrogen fluoride, carbon monoxide, hydrogen, benzine
and other cancerous aromatic compounds [16] and greenhouse gases [1]. Testing pro-
cedures such as GTR 20:2018 [17] (China), UNECE R100.02:2013 [18] (Europe), UN-
ECE R100.03:2021 [19], ISO 12405-3:2014 [20] (global), ISO 6469-1:2019 [21] (global),
ISO 18243:2017 [22] (global), SAE J2464:2009 [23] (North America), GB/T 31467.3-
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2015 [24] (China), SAND2017-6925:2017 [25] (North America) and UL 2580:2020 [26]
(North America) either deliberately cause thermal runaway to test against any signs of
explosion of the cell, module or battery pack or use external heat source (petrol) to induce
it.

Due to the fact there is little provided data on the methods of cleaning the toxic
gases coming from the thermal runaway of the lithium-ion batteries, this paper describes
the development of such prototype device together with the review of the compounds
found in emitted gases, chemical and mechanical modelling of the device and test results
containing air flow measurements and chemical analysis.

2 Thermal runaway emissions of lithium-ion batteries

Thermal runaway is preceded by the increase of temperature of the lithium-ion cell.
First step is a breakdown of SEI layer (solid electrolyte interphase layer), layered on
the anode. SEI layer purpose is to protect the anode from further reacting with the
electrolyte [27]. The breakdown of the thin SEI layer occurs at 90-120◦C, producing
primarily CO2 [28]:

(CH2OCO2Li)2 −−→ Li2CO3 + C2H4 + CO2 + 1
2 O2

Subsequently, due to SEI layer decomposition anode and electrolyte start to interact.
Typical electrolytes found in lithium-ion batteries and their reaction with anode form
flammable hydrocarbons are shown below [29]:

2 Li + C3H4O3 (EC) −−→ Li2CO3 + C2H4

2 Li + C4H6O3 (PC) −−→ Li2CO3 + C3H6

2 Li + C3H6O3 (DMC) −−→ Li2CO3 + C2H6

Subsequently, polyethylene or polypropylene separator melts at 135◦C and 166◦C re-
spectively, and ceramic coated separator is found to maintain integrity even over 200◦C [30].
As the temperature increase the separator shrinks until cathode and anode come into con-
tact with each other to induce internal short circuit (ISC). ISC is a precursor for a thermal
runaway, electric energy stored in the cell is further released in the approximately same
amount [31].

Further reactions depend on the type of cathode used in the cell. These reaction
mainly produce metallic oxides such as Co3O4 for LCO [32], LixCOyAlzOp for NCA,
(Mn, Ni)O and Lix(Ni1/3Co1/3Mn1/3)O2 for NCM [33, 34] and other. Additionally, other
by-products include oxygen and solid state metals.

Together with the cathode decomposition, electrolyte used in battery cell emits par-
ticular amount and type of toxic compounds. It is flammable and usually contains lithium
hexafluorophosphate (LiPF6) or other Li-based salts containing fluorine [35]. Promoted
by the presence of water and humidity following reactions constitute to electrolyte de-
composition [16]:

LiPF6 −−→ LiF + PF6

PF5 + H2O −−→ POF3 + 2 HF

LiPF6 + H2O −−→ LiF + POF3 + 2 HF

The data has shown the production of HF and PO3 per Wh at 100% SOC can be
up to 193.3 mg and 22 mg respectively [16]. The production of other gaseous substances
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is dependent on the state of charge as well as type of chemistry used in the cell [36]
and Fig. 2. Total gas generation is largely varying on used cathode material, state of
charge of the cell and its shape. For the LCO/NCM 18650 type cell, it was found to be
265 mmol [37].

Figure 2: Composition of gases generated from thermal runaway of commercial LIBs.
Somendepalli et al. [36] results of gas generated from 7.7 Wh LCO cell at different SOC.

3 Cleaning methods of the gas emissions

Toxic and acid gases, such as HCl, SO2, CO2, CO and HF can be neutralized by the
designed agents, either supplied by the wet scrubbing equipment in absorbent solutions
or by dry injection systems such as powdered alkaline sorbents [38]. Dry sorbent injection
(DSI) systems characterise with low installed capital costs, relatively easy to retrofit to
a majority of facilities, the system ensures good flexibility for various sorbents and low
consumable requirements as well as parasitic power requirements to operate [39]. The two
compounds have been predominantly used in the DSI - sodium or calcium-based [38, 40]
- with the latter emerging as more accessible due to general availability of the limestone
(calcium hydroxide) [41]. As such, calcium hydroxide was chosen for the TREAS to
primarily clean hydrogen fluoride emissions.

After the calcium hydroxide is injected into gas emissions containing HF and CO2

the following reactions can occur:

Ca(OH)2 + 2 HF −−→ CaF2 + H2O

Ca(OH)2 + CO2 −−→ CaCO3 + H2O

Thermodynamic calculations show the CaCO3 and CaF2 can only be formed at the
temperatures below 600-800◦C [42]. The products of reaction of the dry sorbent injection
are then removed with mechanical filters (bag filters) and transposed to waste. The filter
is intermittently cleaned with the jet pulse of air aimed. The schematics for the Ther-
mal Runaway Emissions Aftertreatment System using dry sorbent injection are shown in
Fig. 3.
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Figure 3: TREAS schematics using dry sorbent injection and calcium hydroxide. From
right to left: flue gas is collected by the use of extraction hood, transported through the
ventilation pipes to the baghouse. In midway the calcium hydroxide hopper supplies a dry
sorbent in form of powder; dryer is optional. The bag house consists of mechanical filter
(bag filter), air pulse jet (a nozzle to release compressed air for bag filter cleaning) and
waste funnel (cone-shaped to limit the air leakage), below the baghouse a bin collects used
dry sorbent agent. Other devices were air compressor for the pulse jet and fan for air flow
with extraction of gases.

4 Development and test results of TREAS

Thermal Runaway Emissions Aftertreatment System was developed in stages with
the optimisation of the air flow with the use of 3D modelling (Siemens NX), CFD compu-
tations (SOLIDWORKS Flow Simulation) and measurements on prototype and testing of
thermal runaway NCM cells in various configurations. Next chapters present subsequent
steps in TREAS development process.

The prototype is shown in Fig. 4.

4.1 Air flow simulations and measurements of the TREAS

The air flow in TREAS was simulated with SOLIDWORKS Flow Simulation CFD
software. Nine TREAS 3D models were tested with various connectors and joints being
used at 50◦C and 300◦C and with the fan performance of 1500 m3/h. The model presumed
the bottom outlet for the sorbent waste was closed for the sake of simulation simplicity.
The overall pressure drops were respectively 300.9 Pa and 171.4 Pa for 50 and 300◦C.
The final model was shown in Fig. 5. The air flow before the filter bag were calculated
to be at about 13 m/s, which were deemed optimal for the filtration purposes.
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Figure 4: TREAS prototype testing site. P1, P2 and P3 probing points of the air flow.
T1, T2, T3 temperature measurement points.

The measurement of the air flow was made on the TREAS prototype with the use
of TESTO 480 anemometer and 0635 hot-wire probe. The probing was made in three
locations shown in Fig. 4 and two fan performances (at 80% and 90%) for 30 min. and
1 Hz sampling:

� P1 - probing point after the fan.

� P2 - probing point before the filter.

� P3 - probing point at the extraction hood inlet.

The results of the flow measurement are shown in Fig. 6. The wind speed at the
extraction hood inlet (P3) and before the filter (P2) is respectively 5 and 2-times lower
than the simulated. It was found this is caused attributable to air leakages of the dosing
system and waste removal. Simultaneously, the air flow was deemed sufficient to provide
the transport and mixing of the dry sorbent, allow for periodical waste removal (jet-pulse),
as well as limit the temperature of the thermal runaway gases, which may cause the filter
to disintegrate. The wind speed at the fan exhaust was found similar to the simulated
results.
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Figure 5: TREAS final model simulation at 50◦C and 1500 m3/h.

4.2 Thermal runaway tests

A series of tests were prepared to test the prototype performance in terms of gaseous
composition (carbon dioxide, hydrogen and hydrogen fluoride) and temperature distribu-
tion inside TREAS. For the gas analysis a IR carbon dioxide sensor (resolution 0-100%
v/v) and electrochemical sensors for hydrogen (resolution 0-40000 ppm v/v) and hydro-
gen fluoride (resolution 0-10 ppm v/v). Following configurations were tested two times
each:

� Test Set-up 1: Thermal runaway of one NCM pouch battery cell (3.7 V, 60Ah, 220
Wh, 300x180x12 mm, 1120 g), fan power at 80%, sorbent dosage 1.8 g/s, pulse jet
interval - 45 s break with 2 s air jet pulse.

� Test Set-up 2: Thermal runaway of two NCM pouch battery cell (3.7 V, 60Ah, 220
Wh, 300x180x12 mm, 1120 g), fan power at 90%, sorbent dosage 1.8 g/s, pulse jet
interval - 45 s break with 2 s air jet pulse.

� Test Set-up 3: Thermal runaway of one NCM pouch battery cell (3.7 V, 60Ah, 220
Wh, 300x180x12 mm, 1120 g), fan power at 80%, sorbent dosage 0 g/s, pulse jet
interval - off.
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Figure 6: Flow measurements of the TREAS prototype at an ambient temperature and
two fan performances. P1, P2 and P3 probing points of the air flow, see Fig. 4.

Table 1: Mean values of the emitted gases.

CO2, g H2, g HF, g

Set-up 1
Average 215,2 3,0 <0,1

Std.Dev. 3,0 0,0 —

Set-up 2
Average 543,8 5,4 <0,1

Std.Dev. 90,9 1,3 —

Set-up 3
Average 212,7 2,1 <0,1

Std.Dev. 4,7 0,1 —

The mean emission values were tabulated in Tab. 1. For the first and last set-up with
one pouch battery cell, the carbon dioxide values are consistent, together with hydrogen.
In second set-up, the amount of carbon dioxide is doubled corresponding to the two pouch
cells being burned. Hydrogen concentrations were at the level of 10,000-12,000 ppm v/v,
thus not exceeding lower flammability limit (4% v/v for H2). Carbon dioxide peak value
was 4,5% and for the hydrogen was approximately 11000 ppm CO2 concentration of above
5% may cause already serious effects on human health such as development of hypercapnia
and respiratory acidosis [43].

No hydrogen fluoride was recorded for all of the processes. This may be caused due to
dilution with high air volume flow (160 l/s). The sole efficiency of dry sorbent injection
(without dilution) could not be measured due to excessive temperature of the thermal
runaway gases exceeding sensor limits (50◦C). Instead the estimated performance of both
dry sorbent injection and dilution of the gases for the HF removal is about 99% based
on theoretical production of 193.6 mg/Wh [16], and for the CO2 removal is about 89%
based on the theoretical volume of carbon dioxide in pouch NMC cells of 36.6% [44].
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Table 2: Maximum temperature rises recorded in testing set-up 1-3 for thermocouple T1-3.

T1, ◦C T2, ◦C T3, ◦C

Set-up 1 - Tmax 545,3 158,3 100,4

Set-up 2 - Tmax 765,3 186,2 111,3

Set-up 3 - Tmax 756,4 220,7 135,1

Temperature measurement point were positioned above the cell (T1), before the filter
(T2) and behind the filter (T3), see Fig. 4. The maximum values recorded in each testing
set-up were shown in Tab. 2. The temperature recorded before the filter (158.3-220.7◦C)
exceeded the maximum temperature allowable for the bag filter (120◦C). Bag filter after
each testing series was replaced. Despite high volume flow (approx. 1600 m3/h) and
supply of the ambient air, the thermal runaway gas temperature was still relatively high
after the filtration.

5 Conclusion

The paper presents the development process of the thermal runaway emissions af-
tertreatment system. It discusses lithium-ion battery safety concerns in form of thermal
runaway, which may happen during the everyday service. During thermal runaway, a
plethora of toxic gases is produced, posing significant danger in confined space fire sce-
narios. Lithium-ion battery fire requires state of art technology to be doused due to its
chemical self-sustaining nature. The risk of such fire is minimised with the mandatory
testing, that often include causing thermal runaway on purpose. This, however, again is
bound to produce vast amounts of toxic substances, which should be filtered or purified.

Following sections characterise potential substances found in TR gas emissions and
discusses the compounds in respect to the part of the cell (SEI layer, cathode, anode
and electrolyte). The most dangerous compounds for a human found in TR emissions
are carbon monoxide and dioxide, hydrogen and hydrogen fluoride. Their toxicity as well
as effect on health vary, however all may be categorised as toxic at given concentration
levels. Subsequent review of the cleaning methods presents a dry sorbent injection based
on calcium hydroxide as a possible solution for the gaseous emissions. The TREAS
prototype is developed and subjected to simulation tests, and then a series empirical
tests.

Based on the foregoing results, the following conclusions were drawn.

1. Dry sorbent injection based on calcium hydroxide dosage of 1.8 g/s and volume
flow of approx. 1600 m3/h may be used for filtration of the thermal runaway gas
emissions with estimated performance of 99% for hydrogen fluoride and 89% for
carbon dioxide.

2. Air velocity of 5-7.5 m/s are sufficient to provide dry sorbent transfer and filtration
of the emitted gases. Large leakage losses are caused due to sorbent hopper and
waste funnel.

3. The average production per Wh for CO2 and H2 were 1060,3 mg and 11,8 mg
respectively. The peak recorded values were 4,5% (CO2) and 11000 ppm (H2).

4. Pouch NCM cell of 220 Wh production of hydrogen did not exceed a lower flamma-
bility limit of 40000 ppm v/v.
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5. Temperature of the TR gases with the flow level of approx. 1600 m3/h were at
minimum 100,4◦C. The temperature of the gas above the burning cells were at
maximum 765,3◦C.
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