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Increased use of lithium-ion batteries in consumer products poses a risk for fires caused by these devices
to occur in homes. To characterize the residential fire hazard from a common standing electric scooter, the
281 Wh lithium-ion battery pack was sent into thermal runaway within a small room. The smoke concentration
and obscuration, along with alarm times of three photoelectric smoke alarms and temperatures at various points
in the room were recorded. Half of the 10 experiments included an upholstered chair next to the electric
scooter. The smoke and temperature profiles were unique for each experiment, with some showing gradual
increases, and others exhibiting more sudden increases. Elevated amounts of smoke from battery off-gassing
were measured prior to sustained visible flaming. The location of the electric scooter relative to the chair
affected the risk of fire propagation. Additionally, 76% of alarm activations were recorded prior to sustained
visible flaming. These results indicate that the residential fire hazard from electric scooters is dependent on

Smoke detection
Smoke alarm performance

the presence of smoke alarms to alert occupants and also on the proximity of other combustible items.

1. Introduction

With their high energy density and relatively high voltage for a
rechargeable battery chemistry, lithium-ion batteries have become in-
creasingly prevalent in our everyday lives, showing up in new portable
consumer products, ranging from personal cooling fans [1] to personal
mobility devices, such the electric scooter (e-scooter) shown in Fig. 1a.
Due to their compact size, these devices can often be stored within the
home, which protects the device from outside temperatures and humid-
ity, but also brings their hazards within the residence. Overcharging,
overheating, short circuiting, or misuse of lithium-ion batteries can
result in the dangerous condition of thermal runaway, off-gassing, and
fire. Due to these risks and the increasing numbers of these devices,
fire departments in certain U.S. cities have reported a notable uptick in
incidents, injuries, and deaths involving lithium-ion battery fires [2].
Additionally, two-thirds of 2024 fires in the UK involving e-bikes or
e-scooters occurred in indoor or residential locations according to a
report from the UK Office for Product Safety & Standards [3].

Thermal runaway is a self-heating state generally defined as a
temperature rise of more than 10 K/min [4], resulting in a rapid release
of energy and smoke. This condition can be caused by some kind
of mechanical, electrochemical, or thermal failure within the lithium-
ion battery, which triggers a series of processes that generate more
and more heat that cannot be dissipated. The processes leading to

thermal runaway involve exothermic reactions between the electrolyte
and charged anode, separator failure and short circuiting, and then
cathode decomposition and oxygen release. During thermal runaway
there is often a release of gases and smoke that can be referred to as
“venting”, followed by a rapid pressure release and/or flame jet [4].
Often lithium-ion powered devices contain multiple lithium-ion cells
in a battery pack, meaning thermal runaway in one cell can easily
propagate throughout the pack. Previous studies have indicated the
initiation method of thermal runaway, replicated experimentally by
overcharging, overheating, direct flame contact, or other methods, can
affect thermal runaway propagation and heat release rate [4,5]. The
effects of the specific method are likely related to the energy input and
configuration applied, and this topic requires additional study [4,6].
Regardless of initiation method, this type of rapid, intense fire could
potentially become a ignition source for other flammable materials in
the surrounding area.

Although there are numerous literature studies on thermal runaway
and fires in lithium-ion batteries, the residential fire hazards, and
smoke production in particular, generated by fires in these devices have
not been extensively studied. Fleischmann et al. [5] measured the heat
release rate from seated e-scooter fires containing a 1200 Wh lithium-
ion battery pack of ICR18650 cylindrical cells. They also assessed the
hazards of e-scooter fires within a fully-furnished single-story residen-
tial structure, reporting measurements of gas temperature, velocity,
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Fig. 1. Photos of (a) a scooter and (b) the battery pack with cartridge heater
and thermocouples installed in the scooter platform cavity.

pressure, heat flux, CO concentration, and fractional effective dose. The
authors emphasized the explosive nature of the fire as demonstrated by
the video and pressure measurements, which acted as an ignition source
for surrounding combustible materials. From the start of visible smoke
production, flashover occurred in less than a minute [5].

Lithium-ion battery fire detection and occupant notification is a
critical area of research that needs more study. While there are some
standards for assessing the safety of e-mobility devices, such as UL
2272 [7] and UL 2849 [8], it has been unknown how smoke alarms
would respond to lithium-ion battery fires, which are not considered in
UL 217 Standard for Smoke Alarms [9]. Due to the rapid development
of lithium-ion battery fires, it has been assumed that traditional smoke
alarms would not provide sufficient warning to occupants, and novel
detection methods are being explored [10]. In the Fleischmann et al.
seated e-scooter experiments, smoke was not measured, but their im-
ages show significant production of smoke before flaming ignition [5].
To provide a baseline to evaluate performance of potential new de-
tection systems, the current study characterizes the performance of
traditional photoelectric smoke alarms as well the smoke production
during e-scooter fires in a room.

2. Material and methods

A total of ten standing e-scooter fire experiments in three config-
urations were conducted inside of a 3.66 m x 3.66 m x 2.44 m high
room (12 ft x 12 ft x 8 ft) with a single door opening, 2.0 m (6 ft 8 in)
high and 0.91 m (3 ft) wide, shown in Fig. 2. The first five experiments
included only an e-scooter (Fig. 2a), the next four experiments included
a reclining upholstered chair next to the e-scooter (Fig. 2b), and the last
experiment involved the e-scooter within a metal box to assess potential
containment the e-scooter fire and prevent ignition of a second item.
The walls and ceiling of the room were lined with 13 mm thick gypsum
wall board, and the floor was lined with 6 mm thick non-combustible
cement board. The doorway was the only opening into the room besides
small holes for instrumentation leading to data acquisition systems.
For each test, video was recorded in the room and some additional
photographs were taken before and after the tests.
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An e-scooter, constructed primarily of metal with some combustible
plastic components and rubber tires (Fig. 1a) was burned in each
experiment. Contained inside the compartment below the standing
platform of the e-scooter was a 281 Wh lithium-ion replaceable battery
pack containing 30 cylindrical cells. The battery type was INR18650,
with each cell having a capacity of 2.6 Ah and a nominal voltage
between 3.65 V — 3.7 V. The cells were arranged in two rows of
15 and fully charged in all experiments as shown in Fig. 1b. The
battery pack was surrounded by plastic packaging and black foam
pieces, presumably included in the product design as a shock absorber.
Additional thermocouples were installed along the top of the battery
pack and on the bottom of the platform compartment to verify thermal
runaway (numbered 1 through 8 in Fig. 1b). A cartridge heater was
taped directly to the top row of cells in the center of the pack. To
ignite the battery pack, the heater was turned on with full power to
simulate thermal runaway occurring in an adjacent cell. The time when
the heater was turned on was marked as time zero. The heater was
kept on for as long as possible or until sustained flaming was observed.
In most cases, the heating time ended because the heater shorted out.
The average heating time was 562 s. The power of the heater used
and the heating time for each experiment are included in Table 1. The
next column in Table 1 lists whether there was a back tire present
at the beginning of each experiment. The back tire and fender often
were ignited by the battery fire and consumed. Therefore, no back tire
indicates the e-scooter was involved in a previous experiment and the
back tire was not replaced.

Smoke alarm activation times and gas temperatures were recorded
to characterize measures of residential fire hazard of the e-scooter fires.
Three different brands of photoelectric smoke alarms were installed on
the ceiling as shown in Fig. 2 to determine the time when occupants
would be alerted. Alarm A passed the UL217 Standard for Safety Smoke
Alarms 8th Edition [9], and Alarms B and C were certified to the
previous Edition. The alarm times were determined by monitoring
the voltage through their hardwired connections, while the alarms
operated on battery power. Several bare-bead K-type thermocouples
were used to measure the gas temperature at places of interest. A
thermocouple tree in the center of the room measured temperatures at a
height of 2.39 m (7 ft 10 in.) from the floor, called TC1, and at a height
of 0.91 m (3 ft) from the floor, called TC2. Another thermocouple,
called TC Alarm, measured the temperature near the smoke alarms
at a height of 2.41 m (7 ft 11 in.) from the floor as shown in Fig.
2. The thermocouples near the ceiling, TC1 and TC Alarm, were used
to gauge when a sprinkler system might engage. TC2, which was at
approximately the height of the head of a person crawling, was reported
to characterize the temperature gradient in the room during these fires.

Smoke production was characterized by an obscuration smoke me-
ter and a port to measure the local mass concentration near the smoke
alarms as shown in Fig. 2. The smoke meter is used in a standard test as
part of smoke alarm certification to UL217 [9]. The smoke meter, which
consisted of a lamp, an aperture, and a photo detector approximately
0.1 m below the ceiling, measured the light transmission along its path.
The distance between the lamp and detector, L, was 1.45 m (4.75 ft),
with the aperture centered 0.18 m (0.59 ft) in front of the detector.
Smoke obscuration was computed using Eq. (1), where V is the smoke
meter detector voltage, and ¥, is the voltage reading without smoke.
Smoke obscuration was reported in units of %/ft, as is industry practice
in the U.S. and specified in the standard [9]. The relative combined
standard uncertainty of this obscuration smoke meter was previously
estimated as 4% or less [11].

V\1I
Obscuration = |1 — A x 100 (@)

0

The smoke obscuration measurements were compared to the activation
of photoelectric smoke alarms, which rely on the light scattering of
aerosols in their sensing volume. The obscuration data was shifted 2 s
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(a) Scooter in room
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(b) Scooter and chair in room

3.66m 3.66m
& ~ pd ~
T~ Cd T~ ”
1.83 m > $0.25 m 0\ i
1.37m
w w
183 8 3
.83 m —~
AN Lt 3 . 3
1.83m
1.45m ) o
Detector, < Lamp Yo, o
0.18m J ! 2
6c OB OA m 1.78m
0 € _;i % 0.46m
v _osoml Giom v
<>
0.91m ® Mass Concentration Port # TC Tree 0.91m
O Smoke Alarm # TC Alarm
Fig. 2. Diagram of room and instrumentation for (a) e-scooter alone and (b) e-scooter and chair.
Table 1

The test matrix of each experiment setup, with 1-5 e-scooter only, 6-7 e-scooter at a distance from chair, 8-9 e-scooter leaning

on chair, and 10 e-scooter in box next to chair.

Test Heater Heating Back Smoke Distance Contributions to Mass Concentration
Power Time Tire Meter from -
W] [s] Chair V from room Percent dilution

[L/min] air [%]

1 300 202 N Y - 1.7 0

2 300 314 N Y - 1.7 0

3 300 541 N Y - 1.7 0

4 500 330 Y Y - 0.32 82

5 400 542 N Y - 0.15 91

6 300 835 Y N 0.08 m 0.09 95

7 300 1056 Y N 0.03 m 0.09 95

8 300 251 Y N 0m 0.15 91

9 400 645 Y N 0m 0.15 91

10 500 906 Y N Box 0.15 91

later to account for the estimated lag time of smoke entering and filling
the sensing volume of the smoke alarms as well as the delay from the
distance between the alarm and the smoke meter. The total delay time
of 2 s was determined using an estimated gas velocity along the ceiling
of 1 m/s and the simple Heskestad model for smoke alarm entry and
filling time [12]. The smoke meter was only present in the first five
experiments without a chair, to protect the smoke meter from potential
flashover if the chair was ignited.

The port for the smoke mass concentration measurements and the
nearby thermocouple were located 2.5 cm below the ceiling, just
behind the smoke alarms as shown in Fig. 2. The tubing for mass
concentration measurements fed a gas sample of 1.7 L/min to a TSI
SidePak AM520,! which is a light-scattering laser photometer providing
real-time aerosol mass concentration. The SidePak had a 2.5 pm cut-
off at the inlet. The mass concentration output has been calibrated

1 Certain commercial products are identified in this report to specify
adequately the equipment used. Such identification does not imply a recom-
mendation by the National Institute of Standards and Technology, nor does it
imply that this equipment is the best available for the purpose.

by the manufacturer to ISO 12103-1, A1l Test Dust [13] and not the
specific smokes generated in these experiments. Due to this and particle
losses in the tubing, reported mass concentrations are indicative of the
trends but likely underestimated. During initial experiments, the smoke
saturated the SidePak, and it stopped reporting the mass concentration
during the tests. Therefore, starting in Test 4, the sample from the room
was diluted with varying amounts of clean air. The volumetric flow
sampled from the room and the amount of dilution air to the SidePak
are enumerated for each experiment in the far right columns of Table
1. The mass concentration data was time shifted to account for the
time delays for the gas to travel from the sampling port to the SidePak.
The transit times for the various configurations were measured using
an aerosol source and a stopwatch and ranged from 7 s to 96 s. An
additional time delay for the smoke alarm entry and filling time was
not included because that estimate, 2 s, was within the uncertainty of
the transit time delays.

The positioning of the e-scooter and upholstered chair are shown in
Fig. 2. The approximate e-scooter dimensions were 0.84 m from axle
to axle and 0.1 m across the width of the platform. The dimensions
of the upholstered chair were approximately 0.94 m wide, measured
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Test 10

Fig. 3. Photos of experimental setup, first alarm, ignition, and aftermath of Test 1 (e-scooter only), Test 7 (e-scooter at a distance from chair), Test 8 (e-scooter

touching the chair), and Test 10 (e-scooter in box next to chair).

along the front of the seat, and 1.25 m deep, measured from the top
of the back rest to the front foot rest. Although it was a reclining
upholstered chair, the chair was not in a reclining position during
the experiments. Experiments with the e-scooter and upholstered chair
had slight variations in e-scooter positioning. The minimum distance
between the e-scooter and front corner of the chair, reported in Table
1, was 0.08 m in Test 6 and 0.03 m in Test 7. In Tests 8 and 9, the
e-scooter was leaning against the cushioning on the front of the chair
with the brake assembly touching the upholstery. In Test 10, the e-
scooter was contained in a steel box parallel to the right hand side of
the chair, intended to contain the e-scooter fire and prevent ignition of
the chair. This box was 1.2 m x 0.2 m x 0.6 m with a wall thickness of
0.7 mm, only open on top, and positioned 3 mm from the arm rest, as
shown in Fig. 3n. Test 10 also only had Alarm A and Alarm B installed
on the ceiling.

3. Results and discussion
3.1. E-scooter heat release rate

Prior to the experiments in the room, the heat release rate of an
e-scooter fire was measured using oxygen consumption calorimetry.

This measurement was conducted to provide baseline information on
the size and character of the e-scooter fire in this study, especially

for comparison to the size of other lithium-ion battery device fires in
the literature and other fuels used in smoke studies. The heat release
rate measurement was based on O,, CO, and CO, measurements in the
exhaust duct for the 0.5 MW hood, which had a flow of 2 kg/s, and a
heat of combustion per unit mass of oxygen of 13.1 MJ/kg [14]. The
uncertainty of heat release rates in the range measured are around 8%
for this system [14]. To initiate thermal runaway, a 17 kW natural gas
flame was placed in direct contact with the scooter platform. When
off-gassing was observed, the fuel flow was stopped within 10 s. Fig.
4 shows the heat release rate of the scooter after the external flame
was extinguished, including the times recorded for 27 audible bursts
of gases and/or flames from individual cells. The heat release rate
results had many short peaks aligned with the times recorded for these
bursts. The battery pack contained 30 cells, but the first three bursts
were recorded prior to the external flame being extinguished in this
case. After all the battery cells and surrounding material in the battery
pack were burned, other components of the scooter continued to burn,
including the back fender, the back tire, and the brake assembly,
resulting in sustained heat release rates until water suppression was
applied. At this time only the back tire was actively burning. Unlike
the back tire that had close proximity to the platform that contained
the battery pack, the front tire did not catch fire.

Integrating the heat release rate from the time the external burner
was turned off to suppression provided a total heat release from the
e-scooter of 26 MJ. Dividing by the energy capacity of the battery
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Fig. 4. Heat release rate measured from an e-scooter with thermal runaway
triggered by direct flame contact with the platform containing the battery.

(281 Wh) results in a normalized heat release of 92.6 kJ (Wh)~!. The
larger seated e-scooter examined by Fleischmann et al. [5] had a higher
total heat release of 425 MJ and a normalized value of 354 kJ (Wh)~!.
However, the seated e-scooter contained 4.5 times more lithium-ion
cells and more combustible material than the standing scooter used in
the current study.

3.2. Experiment progression and room temperatures

Images of each type of experiment are presented in Fig. 3 for
the setup before the experiment, at the time of the first alarm, at
battery ignition, chair ignition, and post-experiment. Test 1 shown in
Figs. 3a-3d gives an example for the first five experiments (Tests 1-5)
with only the e-scooter in the room. The next two experiments (Tests
6-7) with the e-scooter adjacent to, but not touching the chair are
represented by Test 7 in Figs. 3e-3h, in which the scooter fire did not
propagate to the chair. The e-scooter fire led to chair ignition and room
flashover in Tests 8-9, as shown in Figs. 3i-3m because the back tire
brake assembly was leaning up against the foam padding on the front
of the foot rest. Figs. 3n-3q show images from the last experiment (Test
10) with the e-scooter inside the metal box, which prevented ignition
of the chair as well. In Test 10 the smoke was directed upwards from
the box, as seen in Fig. 30, instead of immediately diffusing outward
throughout the room as occurred with the other tests.

The progression of each experiment can also be seen in the gas tem-
perature profiles for the thermocouples in the room in Fig. 5. For Tests
1-5 with only the e-scooter in the room, Figs. 5a-5e, the distances of
the thermocouples from the center of the back tire were approximately
2.5 m for TC1, 2.3 m for TC2, and 3.4 m for TC Alarm. For Tests 6-7
with the e-scooter adjacent to the chair, Figs. 5f-5g, and Tests 8-9 with
the e-scooter leaning on the chair, Figs. 5i-5j, the e-scooter location
was adjusted slightly from the e-scooter only experiments (see Fig. 2),
but the distances between the thermocouples and the back tire did not
significantly change. Note that the temperature scale was increased
for Figs. 5i-5j to accommodate the large increases in temperature
experienced during the flashover of the chair. The time scale was also
increased due to the longer duration of the experiments where the chair
burned. For the last experiment with the e-scooter inside the metal box,
Test 10 and Fig. 5h, the distances of the thermocouples from the nearest
corner of the box were 1.9 m for TC1, 2.1 m for TC2, and 2.8 m to TC
Alarm. Interestingly, for this test the thermocouples in the tree had a
longer duration of elevated temperature prior to battery ignition, seen
in Fig. 5h, than the other tests.

Due to the ignition method of a cylindrical cartridge heater taped
to the center batteries, thermal runaway was not initiated at the same
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time for all cells in the battery pack. Thermal runaway of each cell was
explosive, often generating a loud popping noise and off-gassing from
two small holes in the e-scooter platform. Slower off-gassing sometimes
preceded the loud bursts, ejecting smoke into the room. The time of
the first audible burst was fairly consistent, occurring on average 141 s
+ 29 s after powering the heater. Then thermal runaway would progress
throughout the rest of the cells at unpredictable frequencies, taking
around 10 min (600 s) or longer for all 30 cells to go into thermal
runaway.

The images at the times of battery ignition are shown in Fig. 3,
and these times are reported in Table 2 and indicated in the temper-
ature measurements in Fig. 5. The battery ignition time was deter-
mined based on a visual determination of sustained flaming outside the
platform containing the batteries. Occasionally flames would appear
momentarily, so these times are assumed to have an uncertainty of
+ 10 s. Between experiments there was significant variation in the time
of battery ignition and also number of audible bursts before battery
ignition. The appearance of the flames at battery ignition also varied
due to the explosive nature of these fires. Fig. 3c shows an example
of the brief ignition of combustible gasses in the smoke surrounding
the scooter that generally preceded sustained flaming ignition. Figs. 3g
and 3k show the appearance of the e-scooter fire a few frames after
the appearance of a similar fireball. In Test 10, the metal box obscured
the view of visible flames (Fig. 3p), so battery ignition was determined
based on a separate camera view that was zoomed in on the e-scooter
platform. Other studies have reported ejection of battery components
significant distances, up to 16 m [15], in thermal runaway events of
unconstrained battery packs. Fig. 3d of the e-scooter with the top of
the platform removed after Test 1 shows that the platform was able to
contain most of the solid debris in these experiments.

From examination of the temperatures in Fig. 5, most experiments
show elevated temperatures due to some cell off-gassing and thermal
runaway occurring before battery ignition. These sudden temperature
spikes are more noticeable for TC1 and TC2, which are on the TC tree
in the center of the room. It is notable that the temperature for TC2 is
not typically much lower than TC1 at the ceiling. These temperature
spikes were distinctly different from the elevated temperatures caused
by the burning of the tire or the chair. The temperature effect from the
burning back tire can be seen in Test 6 in Fig. 5f where moderately
elevated temperatures are measured when the fire is mostly limited
to the back tire between 800 s to 1000 s. The elevated temperatures
due to the chair fire in Figs. 5i and 5j can also be distinguished from
the battery fire due to the much higher peak and the relatively smooth
profiles compared to the e-scooter fires.

The determination of chair ignition in Tests 8 and 9 was made after
sustained flaming from the chair was observed, as shown in Fig. 3l
Chair ignition times were 631 s in Test 8 and 888 s in Test 9. After
chair ignition, the room reached flashover after about 300 s in Test
8 (Fig. 5i) and after about 400 s in Test 9 (Fig. 5j), as determined
based on gas temperatures above 600 °C. In both experiments where
the fire propagated to the chair, it did so from the sustained fire on the
e-scooter’s back tire assembly. The transient flames from the battery
were not sufficient to ignite the chair in any of the experiments. In
Test 7, the e-scooter fire burned a hole in the fabric in the side of the
chair (Fig. 3h), but the chair itself did not burn. For these tests where
the chair did not conflagrate (Tests 6, 7 in Fig. 3h, & Test 10 in Fig. 3q),
the chair or any other surface in the room would still collect the toxins
from the off-gassing from the batteries [16] posing potential hazards
after the fire event is over.

3.3. Smoke alarm activation

In addition to showing the progression of the experiments, Fig. 3
shows the visibility at key events to give a sense for the amount of
smoke in the room. The times of battery ignition and of the activations
of all three photoelectric smoke alarms are enumerated in Table 2.
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Fig. 5. Gas temperatures for each experiment in the center of the room at 0.91 m (3 ft) and 2.39 m (7 ft 10 in.) from the floor, and by the smoke alarms at

2.41 m (7 ft 11 in.) from the floor.

As previously mentioned, battery off-gassing occurring prior to battery
ignition would often fill the room with smoke as can be seen in the first
alarm images for Test 7 (Fig. 3f), Test 8 (Fig. 3j), and Test 10 (Fig. 30).
These three experiments had at least one smoke alarm activate before
battery ignition, but in Test 1 the first alarm occurred 15 s after battery
ignition. Consequently, of the 29 alarms activations, 22 (76%) occurred
before the battery ignition, and 7 (24%) occurred after battery ignition.

The sixth column in Table 2 gives the average alarm time, and the
seventh column gives the standard deviation. The alarm times within
an experiment are relatively close, with standard deviations less than
35 s except for Test 2. The greater variation in alarm times for Test 2
has to do with the slow buildup of smoke in that particular experiment,
as will be discussed in Section 3.4. Alarms B and C, which are both
older photoelectric models that have not passed the 8th Edition of
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Table 2
Times of battery ignition, alarm activations, and TC1 reaching 57 °C.
Test Battery Alarm Alarm Alarm Avg. c Avg. Alarm - Time TC1 Chair
Ignition A B C Alarm Alarm Ignition @ 57 °C Ignition
[s] [s] [s] [s] Time [s] Time [s] Time [s] [s] [s]
1 359 + 10 381 374 374 376 3 17 174 -
2 417 + 10 505 180 180 288 153 -129 257 -
3 518 + 10 488 419 443 450 29 -68 313 -
4 286 + 10 305 272 235 271 29 -15 302 -
5 604 + 10 591 555 536 561 23 —43 625 -
6 428 + 10 186 195 196 192 4 -236 228 -
7 966 + 10 233 273 252 253 16 -713 209 -
8 227 + 10 166 233 239 213 33 -14 265 631
9 724 + 10 510 511 514 512 2 —-212 29 888
10 467 + 10 423 418 N/A* 412 3 -47 134 -

2 Alarm not present during Test.

the UL217 Standard, activate even closer together. Alarm A activation
times varied the most, ranging from 733 s before battery ignition in Test
7 to 88 s after battery ignition in Test 2. The eighth column in Table
2 shows the difference of the average alarm time minus the ignition
time, showing that the average alarm time occurred before ignition
in all experiments except Test 1. Overall, the alarms activated 152 s
prior to battery ignition on average. In Tests 8 and 9, the last alarm
activations were over 600 s (10 min) before flashover was experienced
in the room.

Table 2 also includes the time at which TC1 reached 57 °C, which
is representative of a sprinkler activation threshold. Although TC1
reached 57 °C in every test, the other ceiling thermocouple, TC Alarm,
only reached 57 °C for a sustained time in Tests 8 and 9, and this
occurred after chair ignition. The differences between these two ceiling
thermocouples in Fig. 5 shows the variation in temperature across the
ceiling of the room. In the case of 16 of the 29 alarm activations (55%),
TC1 reached 57 °C sooner than the alarm activated. These results
indicate that for these experiments, a sprinkler in the center of the room
could start before alarms activated, but a sprinkler near the doorway
would not.

3.4. Mass concentration and smoke obscuration

The laser photometer mass concentration and obscuration were
measured near the smoke alarms to gain an apperception of the condi-
tions during which each alarmed. These two measurements are gener-
ally correlated because they use similar light-scattering based methods,
but the measurements differ in important ways. They use different light
sources, and mass concentration is a point measurement, while obscu-
ration is an average measurement across the 1.45 m path length. Table
1 references which experiments measured smoke obscuration using the
smoke meter. As previously discussed, the progression of battery ther-
mal runaway, off-gassing, and ignition varied between experiments.
Two general types of profiles in mass concentration and obscuration
were observed, slowly increasing measurements of smoke and a more
sudden increase. This section presents data from experiments that
exemplify these two trends.

Fig. 6 represents an e-scooter fire with slowly increasing mass
concentration and obscuration. Fig. 6a shows the mass concentration of
Test 2 over time along with the alarm times and battery ignition times.
The dashed line indicates where the mass concentration saturated the
measurement configuration used in that experiment. Fig. 6b shows
the obscuration from the smoke meter along with the TC alarm data
for reference during Test 2 with the alarm times and battery ignition
shown on the obscuration curve. The temperature profile measured by
TC Alarm is clearer here compared to the plot in Fig. 5b which has
a much greater temperature range. Since TC Alarm was at a greater
distance from the e-scooter, TC Alarm does not show the large spikes in
temperature observed for TC1 and TC2. Instead, the TC Alarm profile is
qualitatively similar to the obscuration profile, as both are responding

to the flow of smoke reaching the ceiling close to the door. During
Test 2, two alarms activated at the same time prior to ignition, and
one alarm activated after ignition. Despite the significant differences in
activation times, the times correspond to similar mass concentrations
and obscuration values, which gradually increased over time before and
after ignition.

The rest of the e-scooter fires displayed sharper increases in the ini-
tial smoke mass concentration and obscuration. The smoke obscuration
curves for Tests 1, 3, 4, and 5 all had more sudden initial increases
around which the battery ignition and smoke alarm activations were
clustered. Smoke obscuration was not measured in Tests 6, 7, and 10,
but the mass concentration curves for those experiments indicate a
more sudden increase in smoke as well. Test 4 is shown in Fig. 7, and
Test 5 is shown in Fig. 8. Tests 1 and 3 have only a small amount
of available mass concentration data, similar to Fig. 6a, because the
dilution flow was not implemented until Test 4. Note that in Fig. 7a
the mass concentration measurement still did saturate for a short period
around the battery ignition and alarm times, but drops within measure-
ment range shortly after. Unsurprisingly, the mass concentration and
obscuration have similar profiles throughout each test. Figs. 7b and 8b
also demonstrate the delay between the initial production of smoke and
the battery ignition which is followed by a sudden increase in the TC
Alarm temperature.

Fig. 9 shows the obscuration at battery ignition and at each alarm
time for the five experiments that included the smoke meter. Note the
smoke meter was not present in Tests 6 — 10 in case the chair in those
experiments ignited and led to flashover. Smoke obscuration in %/ft
is relevant to the standard tests in UL217 [9]. Smoke alarms must
be activated within an obscuration range of 0.50%/ft (1.63%/m) to
4.00%/ft (12.5%/m) when exposed to cotton wick smolder smoke in
the smoke box test. Starting in the 8th Edition of the Standard, smoke
alarms also must respond before 5.00%/ft (15.5%/m) in the flaming
foam test and before 12.00%/ft (34.25%/m) in the smoldering foam
test. There is a wide variation in the obscuration values at alarm in
Fig. 9, with many falling outside the range of the limits in the UL217
tests. However, differences in the obscuration values reflect the fact
that different types of smoke particles and size ranges generate different
detector responses.

Evident from Fig. 9 is the wide variation in obscuration values
at alarm between experiments. Test 2 had the lowest values, which
is consistent with its gradual rise in obscuration (Fig. 6b). Tests 4,
and 5 had much higher obscuration values at alarm and exhibited
sudden increases in obscuration (Figs. 7b and 8b). Consequently, the
obscuration values at alarm are more varied within Tests 3, 4, and
5. The obscuration profile of Test 3 appeared very similar to Test 5.
Although Test 1 also had a sudden increase, its obscuration values
at alarm were lower. This may be explained by the fact that the
initial peak for Test 1 was lower in magnitude, similar to Test 4
(Figs. 7b). Additionally, it is important to note that the smoke meter
provides an average obscuration over the distance between the bulb
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Fig. 7. Test 4 (a) mass concentration and (b) obscuration and TC Alarm, with markings for battery ignition and alarm times.

and detector, while the local smoke concentration could vary across
the path length. In comparison, the smoke alarms sample a relatively
local concentration. Therefore, some differences in obscuration values
at alarm could be caused by local variations in smoke concentration,
especially in the presence of rapid changes in the smoke development.

In the experiments where the e-scooter fire propagated to the chair
and the room flashed over, only the smoke concentration was mea-
sured. Fig. 10 plots the mass concentration and TC Alarm in Tests 8 and
9, along with the times of battery ignition, chair ignition, smoke alarm
activations, and when TC Alarm exceeded 57 °C. Before chair ignition,
the data resemble the other e-scooter fire experiments, with an initial
peak from battery off-gassing and ignition. The initial response of TC
Alarm is obscured in Fig. 10 because of the higher temperature scale.
Following chair ignition, there is a second peak in mass concentration
and a large increase in the TC Alarm temperature from the room
flashing over. Test 8 shows a third local peak in mass concentration,
Fig. 10a, at approximately 1250 s into the test. From examination of
the video footage, it appears this third peak is a result of the e-scooter

and nearby arm rest collapsing, which could have stirred up the smoke
in the room.

The smoke mass concentrations at battery ignition and each alarm
activation are shown in Fig. 11 for all experiments where the data
is available. Tests 3 and 4 are omitted because the concentration
measurement was saturated for all four times of interest. Similar to
obscuration in Fig. 9, there is a wide variation in the mass concentration
measured at alarm times. Of the experiments which have data for
both obscuration and concentration at alarm, Tests 1, 2, and 5, the
trends are consistent. Tests 1 and 2 report much lower values at alarm
compared to Test 5. The rest of the experiments with data available for
concentration at alarm fall below Test 5. It is not surprising that the
obscuration and concentration, as measured in this study, have similar
trends because the SidePak measurement was based on light scattering.
Additionally, note that the measured mass concentrations are likely un-
derestimated for two reasons: first, the SidePak has been calibrated for
dust; and second, sampling losses would preferentially affect larger par-
ticles, which have more impact on total mass concentration compared
to smaller particles.
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4. Conclusions

To evaluate the baseline performance of commercial smoke alarms
in detecting residential fires caused by lithium-ion battery devices, ten
experiments were conducted in a room with a single door opening,
where the battery pack within a standing e-scooter was forced into
thermal runaway. The e-scooter was placed next to a reclining uphol-
stered chair in half the experiments to evaluate the fire propagation
to nearby furniture, which contain a much greater mass of potential
fuel. The placement of the e-scooter and its location relative to the
chair was critical to whether the e-scooter fire would ignite the chair.
Fire propagation to the chair only occurred in experiments when the
e-scooter was leaning against the foam padding in the chair’s foot rest.
When the e-scooter was contained in a metal box or when there was a
gap of as little as 0.03 m between the e-scooter and the chair, the chair
did not ignite.

The primary focus of the study was characterizing the significant
smoke hazard generated before and during the e-scooter fires as well as

the response from traditional smoke alarms, certified to UL 217. Three
models of photoelectric smoke alarms were tested, including one model
that meets the current standard and two models that meet previous
versions. The smoke alarm activation times, gas temperatures, smoke
obscuration, and mass concentration were measured to characterize
the fire safety hazard and smoke produced by the fires. The activation
times of the smoke alarms were relatively close within each experiment,
with standard deviations within experiments of less than 35 s in all
but one experiment. Due to the transient nature of lithium-ion battery
fires, each experiment had unique measurement profiles and values
recorded at the times of smoke alarm activation. In all experiments,
significant off-gassing from the batteries, prior to sustained flaming
ignition outside the scooter, was ejected strongly enough to elevate
smoke measurements at the ceiling and activate smoke alarms. A few
experiments exhibited gradual increases in smoke concentration and
obscuration, but most experiments demonstrated sudden increases in
smoke and gas temperature that were closely followed by battery
ignition. Overall, 76% of smoke alarm activations occurred prior to
battery ignition, and the average alarm time occurred before battery
ignition in all but one experiment. The results of average alarm time
relative to battery ignition indicate that photoelectric smoke alarms in
proximity to an e-scooter and in working condition may be able to give
advance warning to occupants before thermal runaway progresses to a
fire outside the e-scooter. While video from previous similar studies
indicate visually similar amounts of smoke, future study could confirm
if this conclusion holds for other lithium-ion battery devices and room
configurations as well as for ionization-type smoke alarms.
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