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Abstract According to the government's green growth and carbon-neutral policy, the supply of
large-capacity energy storage systems (ESS) is rapidly spreading, but related industries are being severely
impacted by ESS fire accidents that began in August 2017. Despite the implementation of government
recommendations and fire response measures by battery manufacturers, ESS fires continue to occur.
Moreover, once a fire breaks out in an ESS, it is difficult to extinguish easily, and there is a high
possibility that it will lead to a large-scale fire because the fire characteristics of the lithium-ion battery
in the ESS are significantly different from those of a general fire. In addition It is necessary to suppress
the fire early or prevent its spread based on the stage of the ESS fire, but there is currently no way to
distinguish the fire's stage, which could result in the complete destruction of the ESS. Therefore, this
paper presents the fire occurrence mechanism of an ESS and proposes parameters and sensors capable
of evaluating the fire occurrence stage. Based on this, a assessment algorithm is presented to classify the
stages of fire occurrence, and a fire occurrence testing device is implemented to verify the algorithm's
effectiveness. The step-by-step ESS fire test using the assessment algorithm and test device presented
in this paper confirms that the algorithm is effective in distinguishing the fire occurrence stages.
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Fig. 1. Stage of thermal runaway in Li-ion battery
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Fig. 2. Fire mechanism of Li-ion battery in ESS
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Fig. 3. Fire timeline of Li-ion battery
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Table 1. Direct abnormal signs of fire in Li-ion

battery
fac
characteristics
tor
tempera| Venting and thermal runaway from the battery
ture | increases the internal temperature
The voltage of cylindrical and prismatic type Li-ion
voltage | batteries drops as thermal runaway progress, but the
pouch-type Li-ion battery does not change regularly
Off-gas is the clearest direct sign of abnormalities in
off-gas | Li-ion battery and occurs in the venting stage before
Li-ion battery thermal runaway occurs
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Table 2. Indirect abnormal signs of Li-ion battery

fire
fac .
characteristics
tor
ox Even if oxygen is cut off during thermal runaway of
e[z lithium-ion batteries, fires continue due to oxygen
8 generated inside
The change in pressure around the battery during
pressure| venting and thermal runaway is evaluated as an
important indirect factor in fire detection
dust By-products with particle sizes similar to dust may
occur during venting and thermal runaway
Combus | As combustible gases such as off-gas are generated
tible | until thermal runaway after venting, they are selected
gas as indirect abnormal signs of fire
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Table 3. Detection Method for ESS fire stage

stage ESS status sensor operation content
1 normal - -
2 |non-battery fire| smoke detection firi without
attery
3 | battery venting off-gas sensing battery cell
venting
4 battery thermal off-gas sensing, battery cell
runaway smoke detection |thermal runaway
off-gas sensing, ESS fire on
5 ESS fire smoke detection, the module or
heat sensing rack
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Table 4. Composition of abnormal sign detector

factor sensor name measurement range
temperature Thermo- T-type 0~400T
coupler thermocouple
. ~ . Normal
off-gas Li-ion Tamer | Off-gas sensing Detect
oxygen Oxy-sen oxygen. 0~100%
concentration
atmospheric 800~
pressure CP116 pressure 1100hPa
dust DSM101 fine dust 0~999
ug/m3
combustible NAP-100AM LEL 1~50%
gas LEL
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54 A FAT LEARS] U v ol 8
Aol AR, B4 LRl Aol sk B4
GHAA719} 7 sAH o= Apo)7t Q.

Table 5. Composition of smoke and heat detector

i product i
item cection detection
dselgiligr VESDA aspirating smoke
thermal P101-15000 rate of heat risin;
sensor g
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Table 6. Configuration of fire monitoring control

section
item product section content
DAQ NI-9207 16-channel analog input
PLC PLC-S CM3 digital I/O module
display cMT3162X 15.6" IPS touch panel
thermostat CS8DPT PID/RAMP control
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Table 8. Test condition of ESS fire detection

item test condition

cylindrical Li-ion battery cell

Table 7. Configuration of fire generation section sample 18650 SDI 3500mAh
charge rate(SOC) 100%
item product type content
- - = battery surface heating
heating wire 3641K21 ~73~482C stress factor heat up 5 to 7C per minute
copper pipe 8967K21 cylindrical 21700 ramp and sock control
temperature 5~7C increase per minute
4.4 FH| AR
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| temperature sensor || oxygen sensor |
. dust sensor || LEL sensor
Li-ion Battery
I smoke detector thermal sensor
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Fig. 5. Configuration of fire detection device
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Table 9. Detection value of ESS fire stage

stage voltage(Vao) content
1 1.0 normal stage
2 2.0 non-battery fire
3 3.0 battery venting
4 4.0 battery thermal runaway
5 5.0 ESS fire
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Table 10. Fire test result of Li-ion battery in ESS

(a) non-battery fire

time voltage | stag

(mm: content
) (Vdo) e

00:00 1.0 1 normal state

00:30 1.0 1 cable ignition

00:37 2.0 2 non-battery fire stage alarm
. remove cable

o127 1.0 1 initialization smoke detector
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(b) battery fire

time voltage
(mm: 8 stage content
(Vdo)
)
01:27 1.0 1 heat battery
13:54 3.0 3 battery venting alarm
16:18 4.0 4 battery thermal runaway alarm
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Fig. 8. Characteristics of ESS fire stage
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