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ELECTRIC SCOOTER BATTERY DETONATION: A CASE SE-
RIES AND REVIEW OF LITERATURE
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SUMMARY. Since 2016 there has been a 20-fold increase in known burns injury from personal mobility device
(PMD) related fires. The root cause is the failure of high-density lithium ion (Li-ion) battery packs powering the
PMDs. This failure process, known as thermal runaway, is well documented in applied science journals. Impor-
tantly, the liberation of hydrogen fluoride from failing Li-ion batteries may contribute to unrecognized chemical
burns. A clinical gap in knowledge exists in the understanding of the explosive nature of Li-ion batteries. We re-
viewed the electrochemical pathophysiology of a failing Li-ion cell as it impacts clinical management of burn in-
juries. This retrospective study was carried out in two major institutions in Singapore. All admitted PMD-related
burns and follow up appointments were captured and reviewed from 2016 - 2020. Thirty patients were admitted
to tertiary hospitals, 43% of patients were in the pediatric population and 57% were adult patients, aged from 0.3
to 77 years. TBSA of burns ranged from 0 to 80% with a mean 14.5%. 73% of cases presented with inhalation
injury, 8 of whom did not suffer any cutaneous burns. 50% of patients sustained both cutaneous and inhalation
burn injuries. 27% of patients sustained major burns of >20% TBSA, with 2 in the pediatric group. Mortality rate
was 10% from PMD-related fires. This cause of burn injury has proven to be fatal. Prevention of PMD-related
fires by ensuring proper battery utilization, adherence to PMD sanctions for battery standards and public education
1s vital to reducing the morbidity and mortality of this unique type of thermal injury.

Keywords: burns, personal mobility devices, electric scooter, lithium ion battery, thermal runaway, burns
critical care

RESUME. Depuis 2016, les rapports de bralures aprés incendie de véhicules électriques personnels (VEP) ont
été multipliés par 20. La cause essentielle en est le dysfonctionnement de la batterie lithium/ion (Li/ion) les moto-
risant. Ce dysfonctionnement est connu sous le terme d’emballement thermique, bien décrit dans les revues tech-
nologiques. La libération de fluorure d’hydrogéne lors de cette réaction peut entrainer des bralures chimiques
ignorées et la physiopathologie exacte de ces brilures reste largement méconnue des cliniciens. Nous avons revu
les mécanismes physico- chimiques de I’emballement thermique des batteries Li/ion et leur conséquences sur la
prise en charge des brllures occasionnées. Cette étude rétrospective a été réalisée par 2 grosses structures singa-
pouriennes. Tous les dossiers d’accidents de VEP survenus entre 2016 et 2020, comprenant le suivi a distance, ont
été revus. lls regroupaient 30 patients agés de 3 mois a 77 ans, dont 43% d’enfants. La surface brilée représentait
0 a 80% de SCT (moyenne 14,5%) et 27% des patients (dont 2 enfants) étaient brilés sur plus de 20% SCT. Une
inhalation était retrouvée dans 73% des cas (dont 8 sans brilure cutanée). La moitié des patients avaient une
brdlure et une inhalation. La mortalite s’élevait a 10%. La prévention de ces accidents par le contréle- qualité
des batteries (sanctions a I’appui) et I’éducation a I’ utilisation correcte des VEP et de leur batterie est né-
cessaire pour éviter ces dysfonctionnements potentiellement létaux.

Mots-clés : bralure, véhicules électriques personnels, scooter électrique, batterie lithium/ion, emballement
thermique
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Introduction

The use of personal mobility devices (PMD) in the
form of electric scooters/bicycles (e-scooters/bikes)
has been on the increase worldwide with the rising
demand of alternative energy to curb fossil fuel de-
pendency. Arguably, electric mobility devices are
“green” as they reduce carbon emission and provide
an alternative and sustainable commuting tool that is
clean, easy and renewable.

Singapore has one of the highest numbers of
PMD riders per capita. The economics of this is due
to the astronomical cost of vehicle ownership. The
average cost of an automobile is an estimated
$120,000 SGD according to the Land Transport Au-
thority Singapore.

Since 2016 there have been 9 reported incidences
of e-scooter-related fires. This jumped up to 49 in
2017, a 444% increase in PMD-related fires, as re-
ported by Singapore Civil Defence Force (SCDF)
Annual Fire, Ambulance and Enforcement Statistics
2017."? These figures are still climbing, with a re-
ported 74 cases of PMD-related fires in 2018 alone.?

The root cause of these fires has been distilled to the
detonation of high-density lithium ion (Li-ion) polymer
battery packs powering these PMDs. Explosions were
postulated to occur during the overcharged state.!> The
only case in burns literature to date was reported by
Khor et al. from the Singapore General Hospital (SGH)
Regional Burns Unit in 2018, quoting a 30% total body
surface area (TBSA) thermal burn with inhalational in-
jury citing the same mechanism.* In this study, we re-
view the first series of thermal injury in adults and
children from this novel mechanism of burns.

Purpose

Due to the soaring numbers of thermal burns ad-
mitted concurrently to the SGH Burns Unit and the
Kendang Kerbau Women’s and Children’s Hospital
(KKH) Burns Unit for PMD related burn injuries, a
retrospective study captured over 2016-2020 across
these two institutions was performed.

Primary aims

* To understand the electrochemical physics behind
the thermal runaway phenomenon of failing Li-
ion battery.
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* To examine the demographics, outcomes and pat-
terns of burns injuries sustained by PMD-related
fires as it relates to management.

Secondary aims

* To explain the process and toxicity of hydrogen
fluoride (HF) gas venting prior to explosion dur-
ing Li-ion cell failure which is unrecognized.

* Prevention and safety strategies for PMD-related
fires.

Methodology

All admitted PMD-related burn injuries and fol-
low up appointments were captured and reviewed.
The electronic medical records via Allscripts Sunrise
Clinical Manager System 5.5™ (Eclipsys) were re-
viewed for all our patients across SGH Burns Unit
and KKH Burns Unit from 2016 to 2020.

Data were collected and analysed for patient de-
mographics (race, age, gender, date of injury, pre-
existing co-morbidities, smoking status), burn
severity index (TBSA, burn depth, inhalational in-
jury, associated injuries), treatment (burns ICU ad-
mission, high dependency admission, intubation,
surgical treatment), length of stay and mortality.

All statistical analysis was performed using SPSS
Version 23 software (IBM, USA). All continuous
data were expressed as mean + standard deviation.
All categorical data were expressed as frequency
ratio or percentages. Student’s t-test was used to test
for significance for continuous data and Chi-square
or Fisher’s exact test was used to test for significance
for categorical data. A p-value of <0.05 is considered
to be statistically significant.

Results

Admissions

From 2016 to 2020 there were 30 admissions for
PMD-related burn injuries. Seventeen of these pa-
tients were admitted to the SGH regional burns unit,
and 13 were admitted to the KKH pediatric burns
unit for treatment. Combined admissions to both ter-
tiary institutions show a 20-fold increase in admis-
sions for PMD-related fires to the present date (Fig. 1).
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>AB W PMA

PMD = Personal mobility device; PAB = Power assisted bike; PMA= Personal mobility aids

Fig. 1- Hospital conveyance to admissions by year and admission to
percent total body surface area burns

Of those patients conveyed to the hospital, 21%
were admitted under patient acuity category 1 in
2018. This figure doubled to 40% in 2019 based on
local conveyance to admission data.'"

Cause of burns and mechanism of combustion

All burns were a result of detonation of the Li-
ion battery pack. In 90% (n=27) of patients, burns
were associated with the combustion of electric
scooters left unattended during recharging. 10%
(n=3) of burns were a result of combustion of
non-recharging or stand-alone Li-ion battery
packs.

Burn patient demographics

In our combined burns patient cohort, the mean
age corresponded to 26.3 (SD + 19.4), a median age
of 18.5 with a range of 0.3 to 77. This population is
younger than the calculated mean age 0f 42.6 (SD +
17.5) years from our center’s burns epidemiology
from 2011 to 2013.*

A total 55% (n=17) of our patients were adults
above the age of 18, whereas the remaining 45%
(n=13) of patients were pediatric. Our patients were
predominantly male with a male to female ratio of
4:1. One third of the patients were Chinese (n=11)
with the remaining two-thirds identified as Malay
(n=19) (Table I).

Subgroup analysis of the pediatric burns cohort
(<18 years of age) yielded a mean age of 9.3 (SD
+ 5), a median age of 9.2, with a range of 0.3 to
15.8 years at presentation. Conversely, the sub-
group analysis of the adult population (>18 years
of age) yielded a mean age of 39.2 (SD + 17.9), a
median of 32.8, with a range of 18.3 to 77 years at
presentation.
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Table | - Demographic details of patients admitted for PMD-related
burn injuries 2017- 2020

Casualties per incident and a community pattern
of burns injury

In our cohort there were 4 social or family clus-
ters comprising of 14 patients (5 adults and 9 chil-
dren) who suffered burn injuries from 4 independent
PMD-related fires. Two of the four family clusters
consisted of 2 pairs of brothers trapped in a confined
room when the PMD detonated. One cluster con-
sisted of 5 schoolboys at a sleepover when the PMD
detonated in the living room. The last cluster con-
sisted of four family members who sustained mixed
burn injuries as a result of PMD combustion. As a
result of the fire, a neighbour in the neighbouring
residential unit sustained inhalation injury from the
smoke generated and required hospital admission.
This subgroup comprises 48% (n=14) of our burns
cohort and yields a casualty to incidence ratio of
1.5:1 per PMD explosion event.

Trauma activation

Forty-three percent (n=13) of all patients were
trauma-activated based on high suspicion of blast in-
jury, respiratory compromise and/or hemodynamic
instability at presentation to the emergency depart-
ment. Of this cohort, 4 were children under the age
of 14 and 9 were adults. All trauma-activated pa-
tients required either burns intensive care unit or
high dependency unit admission for stabilization and
management.



Extent of burns

The mean total body surface area (TBSA) for our
admissions was 14.5% (SD + 22.3) with a range of
0 to 80% (Fig. 2). This is higher than the reported
mean TBSA 0f 9.5% (SD =+ 14.2) from our burn cen-
ter’s 2011-2013 epidemiology studies. Patients with
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Fig. 2 - Admission to percent total body surface area burns

<10% TBSA burns made up the majority of admis-
sions at 43.3% (n=13), one third of which underwent
surgical intervention for superficial partial to deep
dermal burns requiring biobrane application and/or
secondary split thickness skin grafting. 3.3% of pa-
tients (n=1) sustained 10-20% TBSA burns, 6.7% of
patients (n=2) sustained 20-30% TBSA burn in-
juries, 3.3% of patients (n=1) sustained 30-40%
TBSA burn injury and 16.7% of patients sustained
greater than 40% TBSA burn injuries (Table II).

In terms of burn depth, 30% (n=9) of patients pre-
sented with superficial partial thickness burns; 30%
(n=9) presented with mid to deep dermal thickness
burns and 13% (n=4) presented with full thickness
burns. There was no statistically significant correla-
tion between mechanism of combustion and burn
depth. There were two statistically significant factors
that correlated with a higher TBSA burn injury: age
and mechanism of burn. Adult patients (n=17) pre-
sented with a higher mean TBSA of 20.1% com-
pared to pediatric (n=13) mean TBSA of 7.54% (p
+ 0.007). Detonation of a non-charging battery was
associated with a higher TBSA compared to detona-
tion of a charging battery (p = 0.05).
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Inhalation injury

Seventy-three percent (n=22) of our patients
presented with airway injury evidenced by soot
and edema in the upper airway. Twenty-seven
percent (n=8) presented with inhalation injury
alone and 50% (n=15) presented with cutaneous
burns with inhalation injury. Subgroup analysis
showed that the incidence of inhalation injury in
the pediatric subgroup was 69% (n=9) and 81%
(n=13) in the adult subgroup. While adults pre-
sented with increased incidences of inhalational
injury, this difference was not statistically significant
(Table 11).

Additionally, there was no statistically signifi-
cant correlation with the mechanism of battery
combustion and inhalation injury.

There was, however, statistical significance
with the presenting carboxy-hemoglobin (CoHb)
level between the pediatric versus adult sub popu-
lations. Adults presented with a higher initial
CoHb level, with a mean of 5.2% (R 0-29%) ver-
sus 2.5% (R 0-5.1%) in the pediatric sub group (p
+ 0.045). CoHb levels correlated statistically sig-
nificantly with total length of stay and mortality
(Table I1).

Table I1 - Clinical details of patients admitted for PMD-related burn
injuries 2017-2020
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Length of hospitalization

The mean length of hospitalization was 39 days
for when surgery was indicated. This is a 25% in-
crease compared to the reported mean from our 2011
to 2013 burns epidemiology study (Table I1).* How-
ever, in those patients in whom surgery was not re-
quired, there was a reduction in the average length
of stay from 4.6 days to 3.5.

Hospitalization duration was statistically longer in
patients who required surgical intervention (p =0.0001).
Additionally, full thickness burns were positively cor-
related with increased length of stay (p + 0.003)

Similarly, in those patients requiring operative
management, there was a statistically significant cor-
relation with a longer stay in the intensive care unit,
on average 6.09 days (p = 0.02), and high depend-
ency unit on average 6.55 days (p = 0.001)

Surgical intervention

Forty-one percent (n=12) of our burn patients re-
quired surgery for management of their cutaneous
burns. The mean number of operations was a reported
7.4 (SD £ 7.8). There was a correlation with increased
number of surgeries in those patients with larger ex-
tent of burns and those with deeper burns. In 28%
(n=8) of patients with <10% TBSA burns, surgery
was not required. These patients underwent cleansing
and recovered with interval dressing changes.

Mortality

The overall mortality rate was high at 10% (n=3).
All three patients were adults. 27% (n=8) of our pa-
tients were admitted to the ICU. Mortality was asso-
ciated with two statistically significant factors. First,
a TBSA + 40% was associated with increased mor-
tality (p = 0.036). The mean TBSA of those who did
not survive was 55% compared to the average TBSA
of patients who survived, which was 14.5%. This is
consistent with our burn center’s 2011 to 2013 data,
which showed that a TBSA + 35% is a predictor of
mortality.* Secondly, a high CoHb level at presenta-
tion was significantly correlated with increased mor-
tality. The mean CoHb in the non-survival group was
28.6% compared to 2.2% in those who survived. This
difference was found to be statistically significant
with a p-value + 0.036. Inhalation injury was not dis-
covered to be a significant factor for mortality.
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Patient one was a healthy 40-year-old male with
no previous pre morbid conditions. He sustained
40% TBSA superficial partial thickness to mid der-
mal burns in addition to inhalation injury. He sus-
tained a cardiovascular collapse on site with a down
time of 22 minutes (Fig. 3). On admission to our

Fig. 3 - 40% TBSA partial to deep dermal burns over chest, bilateral
upper limbs and lower limbs. This patient had extensive inhalation injury
and sustained cardiovascular collapse after re-entering his residence to
rescue the fire. He went into multi organ failure secondary to burn shock
and demised on post admission day 2 from myocardial collapse.

Burns Intensive Care Unit, he was intubated and
maintained on triple ionotropic support. He was se-
verely acidotic with an arterial pH of 7.16 with type
II respiratory failure and hypocalcemic with a cor-
rected calcium level of 1.37 mmol/L and hypomag-
nesemia. Significantly he had a high anion gap of
23. He also had a significant carbon monoxide load
with a carboxyhemaglobin level of 28.4%. This pa-
tient developed worsening acute kidney injury with
oliguria requiring continuous renal replacement ther-
apy in addition to multi organ failure secondary to
burns shock by post admission day 2. Despite sup-
portive efforts, this patient sustained a second my-
ocardial infarction that led to his demise.

The second mortality was in a healthy 77-year-
old patient who had a history of well controlled hy-
pertension and hyperlipidemia. This patient was
trapped in his living room after an e-scooter battery
pack exploded during charging. He was found a dis-
tance away from the site of explosion by the para-
medics in a smoke-filled flat with a sustained cardiac
arrest of unknown duration. Return of spontaneous
circulation was achieved after 40 minutes of car-
diopulmonary resuscitation. He sustained a 2%
TBSA deep dermal burn to the scapula region in ad-
dition to inhalation injury. Intubated in ICU, he was



in severe metabolic acidosis with a pH of 6.97 with a
high anion gap of 27.5. The patient, again, presented
with hypocalcemia with a corrected calcium of 1.6
mmol/L and hypomagnesemia. Interestingly, his
CoHb index was normal at 0.9%. He was supported
on single inotropic support; however, he suffered a
second myocardial infarction as the cause of death.
The third patient was a 72-year-old with a past
history of diabetes, hypertension and previous left
hemiparetic stroke. This presented with 80% TBSA
mixed partial to full thickness burns and inhalational
injury after an e-scooter on charge exploded in the
same room (Fig. 4). Arterial blood gas at presenta-
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Fig. 4 - A) 72-year-old male who sustained 80% TBSA partial to deep
dermal burns to anterior chest extending to posterior thorax and (B)
abdomen; C) Deep to full thickness burns of bilateral anterior and
posterior lower limbs, sparing the perineum and genitalia, as well as
full thickness burns of bilateral upper limbs requiring escharotomy;
D) Left lower leg shrapnel injury with exposed tibial bone from battery
casing which was removed

tion showed metabolic acidosis with a pH of 7.1 and
anion gap of 22. His CoHb index was elevated at
3.4%. He was hypocalcemic with a corrected cal-
cium of 1.8 mmol/L and hypomagnesemia. He was
found to have ST depressions and a raised troponin
T level of 206 ng/L. He underwent burns scrub
down, escharotomy of bilateral upper limbs and ap-
plication of Biobrane (UDL Laboratories, Rockford,
IL, USA) to the trunk, abdomen, back and bilateral
lower limbs. He developed multiorgan failure, sus-
tained a myocardial infarction secondary to burns
shock and multi-source sepsis with resultant demise.

Discussion

Since the commercialization of Li-ion batteries
in 1991 by Sony Inc., the energy density and charge
capacity have skyrocketed. The ubiquity of this te-
chnology has also seen its equivalent share of fires
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and explosions worldwide, some of which have cau-
sed grave harm to human life and galvanized inter-
national manufacturer recalls.>¢

The Tesla electric car battery combustion in 2012,
the Li-ion battery fire while inflight on a Boeing 787
aircraft in 2013, the Samsung Note 7 pocket explo-
sions in 2016, and the recall of Audi’s first all-elec-
tric vehicle due to its lithium ion battery fire risk in
2019 are landmarks feeding global media attention
and apprehension.®’

The potential incendiary nature of Li-ion batteries
is well known. The in-depth documentation of the
dangers and potential instabilities of Li-ion batteries
exist mainly in a plethora of electrochemical, engi-
neering, and applied science journals.®!* In the me-
dical literature, however, representation of thermal
injury from Li-ion batteries is sparse and limited to
case reports. 1413

The disequilibrium between the two bodies of li-
terature signifies a substantial gap in knowledge in
the understanding of the explosive nature of Li-ion
batteries.

An understanding of the electrochemical “patho-
physiology” of a failing Li-ion cell is important as it
may dictate patterns of injury and affect acute stabili-
zation of the patient and further inpatient management.

How lithium ion batteries work

Li-ion cells are known as ‘secondary’ batteries
because their oxidation reduction (redox) reaction is
reversible. This allows them to be recharged, which
is dependent on the movement of the Li-ions bet-
ween electrodes. Like all batteries, the Li-ion cell
unit contains four functional components: 1) a posi-
tive electrode (cathode) consisting of a lithium metal
oxide; 2) a negative electrode (anode), typically a li-
thium graphite; 3) a separator segregating the oppo-
sitely charged electrodes but permitting Li-ionic
flow in between; 4) an electrolyte, which insulates
the passage of electrons within the battery.>*!? This
functional unit is arranged in concentric circles or
cells within a battery (Fig. 5).

During charging, the battery is plugged in provi-
ding an electric current to the positive terminal,
which drives the Li-ions from cathode through the
electrolyte and intercalating onto the anode. The bat-
tery is ‘fully charged’ (maximum electrochemical
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potential) when no more Li-ion can be driven into
the anode. This is the terminal voltage we see on bat-
tery labels.

During discharging, the process is the opposite.
The natural state of a battery is to discharge. When
the plug is removed, the Li-ions, seeking electroneu-
trality, will drive back to the cathode. The accompa-
nying electron flow or electric current, insulated by
the electrolyte solution within the battery, flows
through an external circuit, powering the attached
electronic device, as it travels back to the cathode to
complete the electric circuit (Fig. 5).56313

4,5 mm

Fig. 5 - Li Ton Cell Structure. A) Four functional components: a
positive cathode consisting of a lithium metal oxide, a negative anode,
typically a lithium graphite, a separator segregating the oppositely
charged electrodes but permitting Li ionic flow, and an electrolyte,
which insulates the passage of electrons within the battery. The solid
electrolyte interphase (SEI) is a protective layer coated at the anode
during the cell formation process; B) In discharge, the de-intercalated
Li ion flow travels toward the anode. The anode is oxidized as electron
flow travels toward the cathode, which is reduced. In charging, the
process is the opposite; C). A Li ion polymer pack typically used to
power personal mobility devices; D) An X-ray image shows the multi-
laminated structure of a single battery cell where each layer represents
an anode and cathode layer as a functional unit of a Li ion battery.
Image reproduced with permission from Wang et al.?

The boon and bane of lithium

Lithium is almost perfect. It is the lightest solid me-
tallic element and possesses the highest electrochemi-
cal potential.'” Weight-for-weight, lithium packs more
power than the more toxic and heavier alternatives, i.e.
lead, cadmium, mercury. Its light weight-to-high-
energy-density ratio creates batteries which are porta-
ble, compact, enduring and marketable.

Furthermore, Li-ion batteries have long battery
lives due to Li’s high energy density to low di-
scharge rate (<5% per month) tempered by its lack
of “memory effect” - loss of capacitance with cycles
of partial charge and discharge.>¢%!

270

Volatility is the lithium ion trade off. Belonging
to the group 1 alkali earth metals, with the same va-
lency and thus reactivity characteristics of elemental
sodium and potassium, Li is highly volatile as it ea-
sily gives up its single valence electron. Thus, ele-
mental Li is highly combustible and never found in
its pure form in nature.

Li combusts with oxygen exposure to form li-
thium oxide in an exothermic reaction:

4Li(solid) + Oy(gas)— 2Li5O (solid)

With exposure to water, Li is rapidly oxidized
into lithium hydroxide (a strong alkaline base) and
the highly flammable hydrogen gas as a by-product:

2Li(solid) + 2H»O(liquid) — 2LiOH(aqueous)
+ Ho(gas)

Given its inherent instability, Li-ion batteries are
classified precisely by their battery chemistry which
aims to balance the stabilization of Li to achieved
energy capacitance as a trade-off. For example, Li man-
ganese oxide at the cathode provides for a greater ther-
mal stability at higher temperatures than lithium cobalt
oxide but at a disadvantage of a lower energy density.'>!

Li-ion battery fires

Li-ion batteries contain all combustible compo-
nents of the fire tetrahedron model. Fire is the quin-
tessential redox reaction, where hydrocarbon fuel is
rapidly oxidized and oxygen is equivalently reduced
in the presence of an ignition source. In fire research,
the two dimensional fire triangle model has histori-
cally canonized the vital reactants needed for com-
bustion: 1. Fuel 2. Heat 3. Oxygen. The American
National Fire Protection Agency has since evolved
this model by adding a 4th component; the uninhi-
bited chemical chain reaction, as the third dimension
of the fire triangle, creating the fire tetrahedron
model (Fig. 6)."” Removal of any one element of this
tetrahedron halts the exothermic process.

In parallel, the same redox reaction occurs in a
Li-ion cell at the cathode and anode; albeit in a clo-
sed system. Implicitly, all vital reactants of fire ge-
neration are contained and compacted within a
Li-ion battery system: 1. The fuel source is the in-
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Fire Tetrahedron

Fire Triangle

Fig. 6 - Fire Triangle and Tetrahedron. Classical fire triangle model
describes fuel, oxygen and heat as the three pillars of combustion.
Paradigm shift to the fire tetrahedron model which adds an uninhibited
chain reaction propagating the combustion process

trinsically flammable organic alky carbonate elec-
trolyte solvent in addition to volatile Li itself. 2. The
provision of heat may be external or internal. Over-
charging, where a battery is charged beyond the de-
signed voltage or capacitance, is the commonly
observed external source of heat which then creates
internal heat sources.!-¢ 3. Increased temperatures
cause decomposition of the Li metal oxide material
at the cathode which releases oxygen. 4. Lastly, high
temperatures further drive the chemical reaction
rates inside the cell in a positive feedback cascade
known as thermal runaway — the terminal failure
event of the Li-ion battery system.>¢2

Three stages to thermal runaway — overheating,
ejection, detonation

Thermal runaway is an unrestrained, self-sustai-
ning positive feedback loop where heat not only
auto-catalyses but also increases the reaction rates
of parallel exothermic chemical reactions during cell
failure, akin to a simultaneous para and autocrine ef-
fect in cell biology. This “domino effect” leads to a
failure cascade where heat generated from a singular
failing cell drives adjacent cells into thermal runa-
way (Fig. 7).1-2

The first stage is overheating. Generally, Li-ion
battery chemistries operate at an optimal tempera-
ture window, -20 to 55°C.!°2! In the context of this
study, 90% of the batteries in our series exploded du-
ring unwitnessed charging. Though impossible to re-
trospectively determine the state of charge (SOC) of
these batteries during detonation, Mendoza-Hernan-
dez et al. have identified through isolated Li-ion cell
experiments that under-charged batteries may be

Fig. 7 - Thermal Runaway and Gas Release. A) Illustrates the ejection
phase of thermal runaway where high pressure gases including hydrogen
fluoride gases are vented; B) Time rendered photo-capture of the thermal
runaway process. Notice that combustion may or may not occur during
the ejection phase as compared to A. Image reproduced with permission
from Wang et al.?’

subject to conditions conducive of thermal runaway.
They have found that 50% to 120% SOC is the
range where an onset of exponential spikes in inter-
nal battery temperatures occurs, reaching a zenith of
176.4°C and 189.8°C in Li cobalt oxide and Li man-
ganese oxide cells, respectively.?! Comparatively, at
80°C is the point of thermal escape where a multi-
tude of non-consecutive events begins to occur. This
includes free oxygen generation at the cathode from
lithium metal oxide decomposition; separator failure
leading to internal short circuits (rapid electrical di-
scharge) and heat generation, driving the second
stage of cell failure.2->

In the second stage or ejection phase, occurring
at temperatures >80°C, there are highly exothermic
decompositions at both electrodes. At the anode, de-
composition of the solid electrolyte interphase (SEI)
layer releases combustible hydrocarbon gases. The
SEI is an electrically insulating “protective layer”
commonly consisting of meta-stable lithium ethy-
lene dicarbonate (CH,OCO,Li),, Li hexafluoro-
phosphate (LiPFg), and carbonate electrolytes
(ethylene carbonate (EC) + dimethyl carbonate
(DMC) + propylene carbonate (PC)) that are plated
at the anode during the cell’s formative process in
Li-ion battery chemistry.>-6-819-22

An example of SEI decomposition at the anode - an
exothermic reaction forming free oxygen species:® 202!

(CHyOCO2Li)y — LisCO3 + CoHy + COy + 05

271



Annals of Burns and Fire Disasters - vol. XXXIV - n. 3 - September 2021

Intercalated Li-ion at the anode further reacts
exothermically with carbonate electrolytes forming
highly combustible hydrocarbon gases — ethylene

(C2H4), propene (C3H6), and ethane (CyHg):%'%2

2L1+ C3H403 (EC) — Li2CO3 + C2H4
211+ C4H603 (PC) — Li2C03 + C3H6
2L1+ C3H603 (DMC) — Li2CO3 + C2H6

At the cathode, lithium metal oxide cathode decom-
position may simultaneously release more free oxygen
gas. An example of LiCoO, is as follows:>62*!

LiXC002 — XLiC002 +(1—x) C0304 +(1- X)02
Co304— 3Co0 + Oy
CoO — Co+ 0Oy

These key reactions occur non-consecutively and
expediently, driven by the heat generated off each
other. This leads to rapid heat and pressure build up
within the pack. Built-in safety vents within the bat-
tery allows for release and decompression of the sy-
stem at the cost of releasing these flammable,
noxious gases into the air. At this point, the gases
may not be ignited immediately.

The third stage, detonation, is heralded by pack
rupture when an overwhelmed venting system and
excessive heat sparks gaseous explosion of the hy-
drocarbon gases and/or of the electrolytes upon ex-
posure to air and moisture (Fig. 7). These alkyl
carbonate electrolytes (EC, PC, DMC) are themsel-
ves combustible, even without reacting with lithium,
as they exhibit high vapor pressures (degree to
which a fuel vaporizes) of 4.8 kPa at room tempera-
ture and extremely low flash points (lowest tempe-
rature at which a solvent forms an ignitable mixture
with air) of 25° + 1°C.?* These gas explosions con-
tribute to flash burns, primary or secondary blast,
and inhalation injury, as seen in our case series
(Video 1 - Reproduced with permission from Sal-
grom Technologies and Wetrax GmbH www.we-
traxgmbh.de).

It is very important to understand that exothermic
peaks and corresponding detonations of each cell
can occur independently and unpredictably of one
another. Simply speaking, each cell may be at diffe-
rent phases of thermal runaway. However, the heat
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release is the shared factor driving the overall pro-
cess. This understanding is critical as it often dictates
the patterns of thermal injury.

Major burns from Li-ion battery explosions: pat-
terns of burn injuries to mechanism of combustion.

An explosion is a violent shattering or blowing
apart. In the context of the thermal runaway process,
once cell failure reaches stage 3, there is rapid ex-
pansion, gas release and ignition of fuel with ex-
treme heat generation, fulfilling the criteria of an
explosive device. Additionally, rupture and fragmen-
tation of the shell of a cell pack may contribute to
additional projectile shrapnel injury and has been re-
ported.?**° In our series, we had one patient who had
an associated injury from this mechanism where he
sustained a full thickness laceration down to the left
tibial bone from a shrapnel fragment, likely from the
battery shell, which was removed (Fig. 4).

In terms of thermal injury, there is a clear demar-
cation in the pattern of burns between adults and
children. The incidence of major burns >20% TBSA
in adults was 2.3 fold higher at 35% compared to
15.4% in the pediatric sub group. This is consistent
with the mean %TBSA of burns in the adult at
20.1% compared to 7.54% in children, which was
statistically significant (Table I1). Adults also pre-
sented with deeper burns compared to those of chil-
dren. Nineteen percent of adults presented with full
thickness burns compared to 8% children (Fig. 8).

The primary postulate based on patient history as
to why adults sustained higher surface area and
depth of burns is primarily because of the response
to the explosion. It is frequently reported that the
adult patients would re-enter the building or resi-

A B c D E

Fig. 8 — Thirteen-year-old pediatric burns with 40% TBSA cutaneous
partial to deep dermal burns with inhalation injury after Li ion battery
explosion. A) He sustained mixed cutaneous burns to left upper arm,
anterior and positioner thorax (B,C), and D) left lower limb; E) He had
significant inhalation injury with evidence of soot in the lower airway
requiring lavage
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dence to rescue belongings in an attempt to extin-
guish the fire. This can be deadly given the context
of how Li-ion batteries fail: each cell may fail non-
synchronously but positively driven by heat released
from an adjacent cell. As one cell detonates, its fuel
is consumed, and fire abates; this does not equate
that the adjacent cell is in the same state. In fact, the
adjacent cell may be at the cusp of detonation. This
may translate to secondary thermal re-injury and no-
Xious gas exposure.

Another critical observation is that burns from
PMD-related fires exemplify a communal pattern of
injury. Forty-eight percent of our patients (n=14)
were from 4 family or social clusters injured by 4
independent PMD explosions. With a casualty to
PMD explosion incidence ratio of 1.5:1, the clinician
needs to be cognizant that PMD fires may result in
a multiple casualties incident. This is compounded
by the high risk of multiple patients with inhalation
injury with or without cutaneous burns, which may
come through the emergency department concurren-
tly. A potential scenario of a sudden high volume of
mixed cutaneous burns with inhalation burn injuries
may overwhelm an admitting institution not prepped
to handle such a multitude of burn casualties.

Hydrogen fluoride emission, toxicity and chemi-
cal burns

In the second stage or ejection phase, there is an
unrecognized emission of hydrogen fluoride (HF)
and phosphoryl fluoride (POF3) gas through the de-
composition of lithium fluoride compounds in the
cell pack (Fig 7). The electrolyte, anode/cathode
components, separator composition, the cell binder
often containing polyvinylidene fluoride (PVdF), are
all potential fluorine sources.'? The reaction of Li
hexafluorophosphate (LiPF6), a common electrolyte
salt in Li-ion cells, is well described: 3612

LiPF6 — LiF + PF5
PFs + H,O — POF5 + 2HF
LiPF¢ + HyO — LiF + POF5 + 2HF

The primary step is the pyrolysis of LiPFg to
form phosphorous pentafluoride (PF5), a short- lived
intermediary, which then readily reacts with water
(either moisture contaminate inside the cell or exter-
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nal moisture) to generate HF gas. At the same time,
POF5 reacts with water to form HF gas.’!

Larson et al. presented his pivotal study published
in Nature, which concluded that gas emission is
greater than heat production and that there is a posi-
tive correlation of HF gas release with increased
SOC."? Furthermore, through two independent high-
fidelity measurement techniques in conjunction with
fire tests on 7 commercial Li-ion batteries, he iden-
tified that the average HF release ranged from 20-
200 mg/watt hour (Wh).'? Watt hour is a unit of
measurement for battery capacity as a product of
Ampere hours (Ah) x Voltage (V).

Extrapolating that the electronic scooter has bat-
tery capacities ranging from 250 to 3000 Wh, the lo-
west range of gas release to battery capacity
corresponds to 5 grams (g) of HF released (250 Wh
x 20mg/Wh) from a standard battery.”® Now, the to-
xicity of HF is well known.?**” The immediately
dangerous to life or health value of HF is 25mg/m?
versus the lethal 10-minute value of 139mg/m’ ac-
cording to the Acute Exposure Guideline Levels
(AEGL).'2?42¢ Simple math dictates that a Sg HF re-
lease in a small confined space of 35 m? or 115
square feet would easily reach the lethal threshold.

Since HF gas is not combustible, it presides even
in the presence of fire, and it is not consumed by the
burning process. Compounding to its detriment, ga-
seous HF, being completely water-soluble, forms hy-
drofluoric acid when in contact with mucosal
surfaces, raising the utmost and unbeknownst con-
cern of not only cutaneous hydrofluoric acid burns
but also acidic burns to the aerodigestive tract as it
is corrosive to the eyes, mucous membrane and re-
spiratory tract.”**” This is extensively documented
in human and animal studies.?®27-!

Hydrogen fluoride gas release and inhalation in-
jury: special considerations in the pediatric population

Infants and toddlers possess unfavourable anato-
mical differences compared to adults that predispose
them to higher risk of upper airway obstruction: smal-
ler airway cross sectional area, limited upper airway
space due to shorter mandibles, prominent adenoids
and larger tongues, as well as infra-thyroid cartilage
tracheal narrowing can all contribute to air passage
resistance in the context of acute inhalation injury.*
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Furthermore, children possess a higher lung sur-
face area to body weight ratio as well as increased
minute volume to body weight. They are therefore
at higher risk of increased HF toxicity compared to
adults exposed to the same concentration of HF gas.
Additionally, given the smaller calibre of pediatric
airways, children are more vulnerable to corrosive
effects in the aerodigestive tract (Fig. 8).%” While the
pediatric children with inhalational injury in our co-
hort sustained mild inhalation injury compared to
the adult cohort, there should, nevertheless, be a low
threshold for suspicion of inhalation injury in pedia-
tric patients from PMD fires. Additionally, vigilance
for chemical burn from HF gas solubilized into mu-
cosal membranes in the oral and upper airway is pa-
ramount and may be overlooked during acute
stabilization.

Little is known or written about HF acid inhala-
tion injury. Cutaneous HF exposure has been well
described with documented lethal exposure as mini-
scule as 2.5% TBSA; however, historically, the out-
comes of inhaled industrial concentrations of HF
have been rapidly lethal with few case reports on pri-
mary systemic and nebulized calcium gluconate the-
rapy outcomes*-® (Supplementary Fig.1l). The
authors believe that this undetected mechanism of
chemical airway injury may have contributed signi-
ficantly to mortalities in our cohort.

Mortality

The mortality rate in our cohort is 10% (n=3),
which is four-times higher than our reported morta-
lity rate from our burn injury epidemiological study
from 2011 to 2013.% All three male patients who
died were from the adult cohort and sustained mixed
cutaneous burns with inhalation injury. Two patients
were found to be in cardiopulmonary arrest on site.
The third patient, while not in cardiac arrest on site,
was found to have NSTEMI based on cardiac enzy-
mes and ECG findings. Initial blood gases revealed
high anion gap metabolic acidosis with concomitant
hypocalcemia and hypomagnesemia in all three pa-
tients suspicious for systemic fluorosis.

It is our hypothesis that this HF toxicity could be
a critically overlooked component contributing to
high mortality in the context of cardiovascular insult
and collapse from Li-ion battery explosions. Expe-
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rimental data in animal studies have shown that HF
in the upper airway is rapidly absorbed into the cir-
culation, leading to systemic fluoride toxicity.*’*
Mechanistically, the permeating fluoride anion che-
lates and leeches cellular calcium and magnesium
into insoluble calcium fluoride and magnesium fluo-
ride. The depletion of calcium produces an inhibition
of the sodium potassium ATPase leading to local hy-
perkalemia which can be a plausible cause of cardiac
arrest in addition to reduced myocardial contractility,
coronary vasospasm and dysrhythmias provoked by
deranged serum calcium and magnesium levels.

Key management and prevention strategies

The best treatment for trauma is prevention. In
PMD-related fires, secondary burn and inhalation in-
jury after initial e-scooter battery explosion is a pat-
tern seen in injury clusters.

Ten percent (n=3) of Li-ion battery packs that de-
tonated in our series were not actively charging. Pa-
rallel to this, Mendoza et al., studying the thermal
runaway behaviour of Li-ion batteries at different
states of charge, established that the runaway pro-
cess can initiate as low as 50% charge capacity.?!
Thus, Li-ion batteries do not need to be overcharged
or even charging in order to detonate. The keystone
is for vigilance of both charging and non-charging
devices, as both have been shown to undergo cell
failure and detonation.

Heat is the catalyst of the thermal runaway pro-
cess. Internal temperatures of 80°C is the cusp of
where thermal escape occurs.??> To halt overheating
is most practical in the prevention of Li-ion batteries.
This can be as simple as tactile monitoring the bat-
tery temperature periodically and removing it from
charge if the casing is hot to touch, or adequate sto-
rage in a cool and dry environment.

In cell failure, it is important to understand that
the chain reaction of thermal runaway is a capricious
process. In a failing cell, it is impossible to predict
the timing of exothermic peaks of adjacent cells
which can detonate and cause secondary burns
and/or inhalation injury. It is, therefore, imperative
that one does not re-enter the site of explosion with
the expectation that the combustion process is com-
plete, as thermal runaway is non sequential and va-
ries from cell to cell.



The most efficient way to halt the thermal runa-
way process is to disable one or more limbs of the
fire tetrahedron. In the context of a battery pack
which contains all the constituents of the fire pyra-
mid model, the best method to extinguish a Li-ion
battery fire is to utilize a category D dry powder fire
extinguisher.'® For combustible metal fires in the
context of batteries, using water to douse the flames
may cause further exothermic reactions with uncon-
sumed lithium ions and/or result in further internal
short circuits, leading to rapid electrical discharge
and heat generation. Dry-powder extinguishers smo-
ther the process by removing oxygen and act as a
heat sink, removing the catalyst of the thermal runa-
way process.

If faced with patients retrieved from Li-ion bat-
tery fires, it is crucial to be highly suspicious of a
blast pattern type of traumatic injury. Advanced
Trauma Life Support is vital in all cases.

Specifically, it is also necessary to examine for
any shrapnel injury as failing batteries, once they
reach stage 3, can detonate, fragmenting the casing
violently. This was not only observed in our patient
but also reported in the medical literature.*

In a standardized approach, there should be high
suspicion of mixed thermal and chemical burns in-
clusive of inhalation injury*’ (Supplementary Fig. 1).
This should be at an extremely low threshold of su-
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spicion if the history corroborates re-entry or col-
lapse at the site of explosion. If systemic fluoride to-
xicity is suspected from initial blood investigations,
chelation of fluoride ions to halt the consumption of
calcium and magnesium through all routes is lifesa-
ving, in addition to intravenous repletion of consu-
med electrolytes.

Conclusion

Li-ion battery is not only an incendiary but also
an explosive device. Detonation due to a Li-ion bat-
tery failure may not be singular but is often times
plural, producing secondary upon primary cutaneous
and inhalation burn injuries. Significantly, given the
electrochemistry of the failing process, there should
be high suspicion of mixed hydrofluoric acid burns,
as failing Li-ion cells forcibly vent non-combustible
hydrogen fluoride gas. As this gas is highly miscible
with water, it rapidly forms hydrofluoric acid on
contact with mucosal and moist tissue surfaces, exa-
cerbating concomitant thermal cutaneous and inha-
lation burn injuries.

Most dangerously so, it is crucial to understand
that Li-ion batteries need not be actively charging or
overcharged to exhibit thermal runaway.
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Supplementary Fig. 1 - Algorithm for the management of concomitant hydrofluoric acid burns in PMD Li ion battery explosions
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