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Abstract: Unlike traditional coal-powered energy generation, renewable energy sources do not gener-
ate carbon dioxide emissions. To enhance the efficiency of renewable energy systems, energy storage
systems (ESSs) have been implemented. However, in South Korea, ESS fire incidents have emerged
as a significant social problem. Consequently, a government-formed committee was established to
investigate the cause of these fires through the analysis of the data collected from ESSs, stored in
the battery management system (BMS) log data of the fire-resistant safe storage. In the first phase
of the investigation, the committee was unable to identify the underlying characteristic of ESS fires.
Nevertheless, in the second phase, the investigation committee could identify the key characteristics
of ESS fires by analyzing the BMS log data. ESS fires were found to occur when the state of charge
level was more than 95% and during the initiation of thermal runaway in specific cells. Despite these
findings, the committee was unable to determine the root cause of ESS fires.

Keywords: energy storage system fire; battery management system; log data; lithium-ion batteries;
state of charge; thermal runaway

1. Introduction

One of the major challenges in the adoption of renewable energy is the integration
of its variable and intermittent power generation into the energy grid. The amount of
renewable power generated can fluctuate based on factors such as time zone, weather
patterns, and wind direction and speed, resulting in a mismatch between renewable energy
demand and supply [1,2]. Energy storage systems (ESSs) have been identified as a key
solution to mitigate this challenge by allowing for the storage of excess renewable energy
generation and providing energy during periods of insufficiency. Different types of ESSs
exist for integration with different kinds of energy storage media [3]. Among these, battery
energy storage systems (BESSs) have been identified as the most efficient and convenient
option, being the most popular ESS [4]. The European Union (EU) has been at the forefront
of renewable energy adoption, with Germany experiencing the largest increase in absolute
terms [5].

A widely used approach for classifying ESSs is based on the type of energy used [6,7].
ESSs can be classified into mechanical, electrochemical, chemical, electrical, and thermal en-
ergy storage systems, with electrochemical energy storage being prevalent in South Korea.
In terms of the function of ESSs, the main components include batteries, battery manage-
ment systems (BMSs), power conversion systems (PCSs), and energy management systems
(EMSs). Despite the fire risk associated with batteries [8-11], lithium-ion batteries are
commonly utilized in ESSs due to their high energy density and cost-effectiveness [12,13].
This is in contrast to other types of batteries such as Ni-MH and lead acid, which have a
lower energy density and no memory effect, which reduces the range of the state of charge
(SOC) [14]. A large lithium-ion battery is often required to increase the storage capacity of
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the ESSs, necessitating the combination of several cells to increase capacity since a large
capacity cannot be achieved from a single cell. In this context, the use of a BMS is crucial in
controlling the charging and discharging of all battery cells within the ESSs.

The main functions of BMSs are cell balancing and protection against overcharging,
and they manage the capacity of all battery cells uniformly to ensure consistent and stable
operation in ESSs [15,16]. Cell balancing involves monitoring the voltage of each individual
battery cell to prevent overcharging and over-discharging. Two methods of cell balancing
are commonly employed, the first being a passive method using resistance to reduce
the voltage of overcharged cells and the second being an active method which involves
charging low voltage cells via the storage of current in capacitors [17,18]. The electricity
utilized in an ESS is typically direct current for the battery and BMS and alternating current
for connection to external systems. To facilitate this conversion, PCSs are employed to
invert direct current (DC) to alternating current (AC) and vice versa [19-21]. Additionally,
the capacity of a PCS is contingent upon the capacity of the battery and the amount of
renewable energy being generated. The management of the flow of electricity generated
from renewable energy sources is facilitated by an EMS within the ESS.

An EMS operates according to regional conditions or schedules to regulate power
flow; this includes the utilization of stored electricity during sudden increases in electricity
demand, as well as the storage of surplus electricity [22,23]. Additionally, the EMS may
implement strategies such as charging during periods of high environmental energy gener-
ation and discharging when generation is lower, for example, charging during daylight
hours for photovoltaic energy, and discharging at night. ESSs serve a multifaceted role
in the storage and supply of electricity, including a reduction in the peak load through
power storage utilization when insufficient, enhancement of electricity quality by reducing
reactive power through frequency adjustment, and improvement of renewable energy
efficiency. Specifically, ESSs are utilized to complement renewable energy sources, such
as photovoltaics and wind power, which are subject to fluctuations in environmental
conditions and may not consistently generate electricity when needed.

Despite the advantages of ESS technologies in reducing greenhouse gas emissions
through the integration of renewable energy sources, the technology remains relatively
new, and various issues may arise as a result. One of the most pressing concerns is the
risk of ESS fires, which can result in extensive damage, cause major disasters such as forest
fires, and require significant resources for extinguishment. Nonetheless, many countries
have adopted ESSs in renewable energy generation. This has been particularly problematic
in South Korea, where a high frequency of ESS fires has led to a suspension of policies
promoting the technology. In response, a government-convened committee of experts was
established to investigate the causes of ESS fires through field surveys, demonstration
experiments, and expert discussions. Although the exact cause of these fires remains
unclear, the committee’s research has yielded valuable insights into the characteristics of
ESS fires. The purpose of this study is to serve as a valuable reference for future ESS projects
and research.

2. ESS Fires
2.1. Phase #1 (—June 2019, 23 Cases)

According to statistics from 23 ESS fires in South Korea prior to June 2019 presented in
Figure 1, a significant proportion of ESS fires broke out in small systems with a capacity
of 1-5 MW, accounting for 52% of the total. Additionally, large ESSs with a capacity
of 10 MW or more accounted for 24% of the incidents. In terms of ESS applications,
solar power accounted for 56% of the total, peak load for 20%, wind power for 16%, and
frequency correction for 8%. It is worth noting that the proportion of solar power to small
ESSs is comparable as most solar power systems possess a relatively small ESS capacity.
Furthermore, ESS fires that occurred within one year after installation accounted for 64%
of the total. In the case of older ESSs that experience fires, a correlation with the lithium-
ion battery lifespan may be considered; however, when an ESS aged less than one year
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experiences a fire, the exact cause is unknown, but it may be due to operating under harsh
conditions or design flaws. Moreover, ESS fires were observed to occur when the SOC was
over 95%, accounting for 72% of the total. Notably, in the case of solar energy, ESS fires
broke out after 5 p.m. when the charging process had been completed, and in the case
of peak load, ESS fires broke out at dawn when the charge was completed. This may be
attributed to the increased likelihood of fire when the lithium-ion battery is in a high-level
energy state, as it is a characteristic of this type of battery [24].

ESS Fires ( - June 2019)

[Capacity] [ESS Type]
52%
1-5MW small ESS
5 6 % 1% | % 16% 8%
Solar power 1-5MW  5-10MW  10MW - Solar Wind Peak Freq
7 20/0 [State of ESS] [Time of Installation]

SOC : More than 95%

64 :
Installation: 4% 16% 20%

Less than 1 year

Fulcharge Charging  Inspect  Install -1Year 1-2Years 2Years-

Figure 1. Status of ESS fires in Phase #1.

2.2. Phase #2 (June—October 2019, 5 Cases)

Despite the findings and fire prevention measures established through the fire investi-
gation of Phase #1, a subsequent series of five additional ESS fires prompted the formation
of a government-appointed fire investigation committee to investigate the incidents shown
in Figure 2. An examination of the data presented in Table 1 revealed that four out of the
five ESS fires in Phase #2 occurred when the SOC was at 95% or higher. Therefore, the
committee focused its investigation on analyzing the relationship between the battery’s
SOC and ESS fires, specifically in regard to lithium-ion batteries in ESSs. To further explore
the causes of the fires, the committee conducted a comprehensive examination, including
an ESS fire site survey, a survey of similar ESS sites, and an environmental analysis to
identify the underlying cause of the fires.

Table 1. Status of ESS fires in South Korea.

State of ESS Operation: Install -> Inspect -> Operation (Charging and Discharging)
Install: Install ESS System (Battery Rack, PCS, EMS)
Inspect: Before Operating ESS, Check State of ESS

Capacit Type
ESS Fire Site Time State Type pacity sOC (A: Pouch,
(MWh) . .
B: Prismatic)
Phase #1 (~June 2019, 23 cases)

Gochang 2 Aug()‘g?;92017 at Install Wind 1.46 30% NCM622 (A)
Kyungsan 2 May 2018 at 20:59. Inspect Frequency 8.6 - NCMe622 (B)
Youngam 2 June 2018 at 16:13. Inspect Wind 14 - NCM622 (B)
Saemankum 15 June 2018 at 14:38.  Fully charged Solar 18.9 100% NCM622 (A)
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Table 1. Cont.
State of ESS Operation: Install -> Inspect -> Operation (Charging and Discharging)
Install: Install ESS System (Battery Rack, PCS, EMS)
Inspect: Before Operating ESS, Check State of ESS
Haenam 12 July 2018 at 16:25. Fully charged Solar 29 98% NCM622 (A)
Geochang 21 July 2018 at 11:14.  Fully charged Wind 9.7 99.3% NCM622 (B)
Saejong 28 July 2018 at 08:31. Install Peak load 18 35% NCM622 (B)
Youngdong ! Septeﬁ?le 91‘ 2018 at Fully charged Solar 59 98.1% NCM622 (A)
Yeonsil 7 Septeﬁl;e; 2018 at Inspect Solar 6 - NCM622 (B)
Jaeju 14 Septez)rz];gr 2018 at Charging Peak load 0.2 - NCM622 (A)
Yongin 18 Oct;)é);gZOlS at Inspect Frequency 17.8 - NCMe622 (B)
Yeongju 12 No"elr;‘;’gr 20183t pilly charged Solar 3.7 98.4% NCM622 (A)
Jisan 12 Novirgggr 2018at gy charged Solar 12 96.4% NCM622 (A)
Munkyung 22 Novilél‘ligr 2018 at Fully charged Solar 42 95.0% NCM622 (A)
Geochang 2 Novelrr;ze;r 2018 at Fully charged Solar 1.3 96% NCM622 (A)
Asea Factory 17 Dece(r)r;%(;r 2018 at Fully charged Peak load 9.3 96% NCM622 (A)
Samchuck = Dece;r;t;%r 2018 at Fully charged Solar 2.7 97% NCM622 (A)
Yangsan 14] an1615;212019 at Fully charged Peak load 33 96% NCM622 (A)
Wando 14] amﬁfzylzmg At Fully charged Solar 5.2 98% NCM622 (B)
Jangsu 15] am;zgy 62019 at Fully charged Solar 2.5 95% NCM622 (A)
Ulsan 2] a“ggg’ 62019 A Fully charged Peak load 47 100% NCM622 (B)
Chilgok 4 May 2019 at 15:40. Fully charged Solar 3.7 96% NCM622 (A)
Phase #2 (June~October 2019, 5 cases)
Jangsu 26 May 2019 at 17:00.  Fully charged Solar 1 94% NCM622 (A)
Yesan 30 Aug13§1t82019 A Fully charged Solar 15 93.5% NCM622 (A)
Pyeongchang 2 Septelnll.k;egr 2019 at Fully charged Wind 21 98% NCMe622 (B)
. 29 September 2019 at ~ Fully charged 0
Gunwi 19:36 and discharging Solar 1.5 86.5% NCM622 (A)
Hadong 21 OCt‘fg?lr 207 Fully charged Solar 15 94.5% NCM622 (A)
Gimhae 27 October 2019 at Fully charged Solar 1.2 92.2% NCMe622 (B)

16:51
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Figure 2. ESS fire statistics by region in South Korea.

3. Fire Investigation

The recent increase in ESS fires, particularly those that have been installed for less
than two years, has emerged as a significant challenge for ESS distribution policies. In
response, the government promptly formed a committee to investigate these incidents. The
committee was composed of approximately 20 experts in the fields of electricity, battery
technology, and fire safety, and the investigation was conducted over the course of two
years. However, due to the novel nature of ESS fires and the significant damage they can
cause, the investigation was constrained by a lack of definite proof of the cause of ESS fires.
To address this limitation, the committee proposed a special investigation to verify possible
hypotheses of ESS fire causes. Through an analysis of ESSs and verification experiments,
the committee examined four possible hypotheses. Despite the lack of definitive proof
linking these hypotheses to ESS fires, the committee proposed the installation of an ESS
data storage system which would continuously record data for future investigations of ESS
fires. Subsequently, the ESS fire investigation in Phase #2 was conducted based on ESS data
at the fire sites, which partially confirmed the possibility of fire cause and identified overall
ESS fire characteristics.
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3.1. Fire Investigation Committee (Phase #1)

In response to the occurrence of 23 ESS fires, the government organized a joint in-
vestigation committee comprising 20 experts to analyze the causes of these incidents.
Despite the lack of definite evidence to explain the ESS fires, the committee utilized a
methodology of hypothesis and verification to arrive at potential causes. Through expert
discussion, the committee selected four representative hypotheses that were deemed to
have a causal relationship and proceeded to verify these hypotheses through field investi-
gations and experiments.

e  Lithium-ion battery cell fault.

o Insufficient electrical surge protection system.

e Ineffective environmental management and inadequate installation.
e  Absence of ESS integrated management system.

3.1.1. Lithium-Ion Battery Cell Fault

Upon identifying that some of the ESS fires had occurred in systems that utilized
batteries produced by the same factory around the same time, the committee decided to
conduct a comparative analysis on similar sites that had not experienced fires. Through an
analysis of the disassembled battery cells from ESSs at these similar sites, the committee
identified manufacturing defects such as plate folding, cutting defects, and graphite coating
defects in some cells, as presented in Figure 3. These defects could potentially lead to
partial shorts between plates. Depending on the degree of plate shorts, a battery cell could
experience thermal runaway. To determine the causality between these manufacturing
defects and the battery thermal runaway, the committee conducted repeated charging and
discharging tests, simulating similar environmental conditions for over 180 cycles, but no
inner short in the cell occurred that could lead to fire. In conclusion, although the defects
identified through battery decomposition can lead to problems in battery performance,
they are unlikely to be a direct cause of ESS fires.

Battery cell disassembly

r

Defect in plate cutting Defect in graphite coating

Figure 3. Battery defects in energy storage system fires [25].

3.1.2. Insufficient Electrical Surge Protection System

The committee conducted an experiment to verify the hypothesis of the danger of
external electric surge as presented in Figure 4. To analyze the entire ESS, the experiment
was conducted separately on the DC and AC parts of the system, using a method of
short-circuiting the terminal or ground. The results of the experiment on the DC part of
the ESS indicated that the external electric surge, such as a short circuit, may cause ESS
fires. Moreover, the AC part of the ESS was found to be particularly vulnerable to external
electric surges. It is possible for fires to occur in ESS when an external surge at the terminal
is generated during experiments. However, since there were no concrete pieces of evidence
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indicating an external surge at the fire site due to heavy fires, it is impossible to establish a
direct relationship between an external surge and the fires.

Figure 4. Fires in energy storage system module [25].

3.1.3. Ineffective Environmental Management and Inadequate Installation

In an effort to investigate the potential relationship between poor management of
the operating environment and ESS fires, an experiment, as presented in Figure 5, was
conducted. The test simulated a one-day cycle, including full charge and discharge, under
conditions of high humidity and dust within the ESS. The results of the test, which was
conducted for more than one month, revealed no instances of ESS fires. It is worth noting
that although a fire may have occurred had the experiment been conducted for a longer time
period, there was no indication of low insulation resistance in the ESS; thus, a longer-term
test was deemed unnecessary. Additionally, an experiment was conducted to investigate
the potential impact of salt water mist on insulation resistance in the ESS. Due to the higher
conductivity of salt water compared to pure water, it is easier to compromise insulation
resistance. This can lead to a short circuit between the terminals of the ESS and fires in
Figure 5. However, there was no evidence of salt water present, and all of the ESS fire sites
were located in areas far from the sea.

TR in rack

A result of experiments under salt water condition

Figure 5. An experiment under salt water conditions [25].

3.1.4. Absence of ESS Integrated Management System

The investigation revealed that the manufacturers of EMSs, PMSs, and BMSs were
different making it challenging to seamlessly link and operate them. In particular, it was
found that errors may occur during communication between systems due to different time
protocols used in EMSs, PMSs, and BMSs. Moreover, each system in the ESS has its own
protective system that prevents ESS fires and surges. However, without an integrated
management system, it is difficult to respond effectively to fires or emergency situations.
Although the investigation results do not directly indicate the cause of ESS fires, it was
identified as a risk factor that can exacerbate the likelihood of ESS fires.
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3.2. Fire Investigation Committee (Phase #2)

As can be seen from Table 2, despite the implementation of fire prevention measures
outlined in the findings of the initial investigation committee (Phase #1), an additional five
ESS fires occurred. In response, a second investigation committee (Phase #2) was formed to
further investigate these incidents. Four of the five ESS fires occurred when the SOC was
95% percent or higher, as shown in Table 1. Therefore, the Phase #2 committee focused
its investigation on lithium-ion batteries to determine any potential correlation between
the battery’s SOC and the occurrence of fires. In addition, a fire site survey, a survey of
similar sites, and an environmental analysis were conducted to ascertain the specific causes
of the fires.

Table 2. Energy storage system fire status in Phase #2.

ESS Fire Site Time State Type (i;l[)x;t)y
Yesan 30 August 2019 at 19:18 Fully charged Solar 15
Pyeongchang 24 September 2019 at 11:29 Fully charged Wind 21
Gunwi 29 September 2019 at 19:36 aiglzscc}}l;léiig Solar 1.5
Hadong 21 October 2019 at 16:14 Fully charged Solar 1.5
Gimhae 27 October 2019 at 16:51 Fully charged Solar 1.2

3.2.1. ESS Fire Site Investigation

The investigation was conducted using a combination of ESS data analysis and evi-
dence analysis collected from ESS fire sites. Upon the examination of the time synchroniza-
tion data from BMSs, EMSs, and PCSs, it was determined that a time error existed. This
error was attributed to the use of BMSs, EMSs, and PCSs from different manufacturers,
which limited the ability to determine the chronological order of events occurring within
each system. To address this issue, the investigation proceeded by synchronizing the time
of each system while examining the voltage and current values of the cells and modules.
The data analysis revealed that ESS fires tend to originate from specific batteries, rather
than occurring simultaneously on multiple batteries.

Essentially, the BMS has to control charge and discharge based on the voltage and
temperature of the battery. However, we found a critical issue related to the performance
of the BMS. According to the BMS log data obtained from ESS fires, it was found that the
time at which the battery’s low voltage occurred preceded the time at which the battery’s
temperature rapidly increased. Further analysis determined that this time difference was
likely because the BMS collected voltage data from all batteries, whereas temperature data
was only collected at the center of two points in the battery module containing multiple
batteries, as depicted in Figure 6. Furthermore, it was determined that if thermal runaway
occurred in cell #1, the signals of V0 and V1 would be cut off, but there would be no change
in temperature T1. This is because it was assumed that the initial thermal runaway always
takes place in a specific battery, taking at least 90 s to transfer to the next battery. Therefore,
it was estimated that it would take at least 150 s to detect high temperatures after the initial
thermal runaway occurred.

The investigation into the origin of the ESS fire was conducted through a comprehen-
sive analysis of the BMS data, in conjunction with a thorough examination of the evidence
and phenomena observed at the site of the fire. The results of the analysis indicated that the
fire originated from a specific battery and subsequently spread to other batteries, resulting
in a rapid escalation of the fire. Despite the thorough investigation, it was determined that
identifying a singular case for thermal runaway in lithium-ion batteries is challenging due
to the limitations of available evidence having been damaged by the fire. Moreover, it was
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found that proving the existence of defects in the product through the examination of this
damaged evidence is also challenging.

O Voltage Sensing
| O Temperature Sensing

(a) (b)
Module }
H+ Cell #14 -]
i Cell #13 + H
“ + Cell #12 -
- Cell # + H
H+ Cell #10 =
- Ce #09 +
ﬂ + Cell #08 - h
s Cell #07 + n
ﬂ + Cell #06 -
- Cell #05 + n
ﬂ+ Cell #04 =
- Cell #03 + H
_n+ Cell #02 -
r - Cell #0 + )

(c)
Figure 6. The energy storage system module ((a) front, (b) side, and (c) structure).

3.2.2. Investigation of Similar ESS Sites

To differentiate the causes of ESS fires, we conducted an investigation at similar ESS
sites that utilized batteries manufactured at the same time. Our findings revealed that some
batteries exhibited low voltage in the BMS data: specifically, a deviation in voltage between
the MAX and MIN cells of approximately 50 mV, as depicted in Figure 7. Although this
deviation value falls within acceptable levels, it exceeded the typical deviation of 30 mV
observed in normal ESSs. We hypothesized that the MIN cell may have been a contributing
factor to ESS fires. To test this hypothesis, two charge and discharge cycles per day were
conducted on the selected MIN cell from similar sites for a one-month period, but no fires
were observed, nor were there any indications of voltage drops or insulation issues in the
MIN cell.

— MAX
4.1 - — MIN

4.0+

3.9 1 \

V < 50mV
38 X AV<0m

3.7

Voltage

3.6
3.5

3.4
Charging

33 T T T T T T T T T T 1
00:00 01:12 02:24 03:36 04:48 06:00
Time

Figure 7. The battery voltage graph for ESS-like site.
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3.2.3. ESS SOC Analysis

In response to ESS fires that occurred prior to June 2019, the government recommended
that ESS SOCs be maintained at less than 80% (Upper limit of SOC) until the cause of the
fires could be clearly identified. Nevertheless, data analysis, as presented in Table 3,
revealed that in the case of the Yesan ESS fire, the upper limit of SOC was raised from 70%
to 95% eight days before the fire. Similarly, for the ESS fire in Pyeongchang, the upper
limit increased from 95% to 100% fourteen days prior to the fire outbreak. In the case of
the Gunwi ESS fire, the upper limit was raised from 70% to 95%, five days before the fire.
Additionally, in violation of government guidelines regarding the upper limit of SOC, the
Hadong and Gimhae fires occurred at SOCs of 95%.

Table 3. The state of charge status in energy storage system fires.

ESS Fire Site Upper Limit of SOC SOC at the Time of the Fire Additional Changes in SOC
70% — 95%

Yesan 95% 93.5% (8 days before the fire)
o o 95% — 100%
Pyeongchang 100% 8% (14 days before the fire)
. . . 70% — 95%
Gunwi 95% 86.5% (5 days before the fire)
Hadong 95% 94.5% -
Gimhae 95% 92.2% -

3.2.4. Results

The investigation conducted at the ESS fire sites (Yesan, Pyeongchang, Gunwi, and
Gimhae) revealed that a rapid voltage drop and temperature increase in specific cells
and modules were detected according to the BMS log data. The cause of the fire at the
Hadong site was determined to be a short circuit caused by external unknown material
contact between the positive and negative terminals. In contrast, at the other four sites,
the fires occurred while the SOC was over 95%, in violation of government guidelines
to maintain SOC levels below 80%. It was determined that the ESS fires originated from
thermal runaway in a particular cell and rapidly propagated to other cells or modules. The
cause of the thermal runaway remains unknown, but it is speculated that it may have been
caused by dendrites generated by battery faults or high-temperature stress. Subsequently,
it was recommended that charging rates be lowered to SOC levels between 80% and 85%
to prevent fires and that operating record storage devices be installed in both new and
existing ESSs to prevent accidents and identify the cause of any future fires.

4. ESS Fire Characteristics
4.1. SOC (—95%)

The results of the analysis of the ESS fires in Phase #1 and Phase #2 indicate a corre-
lation with the SOC. Out of a total of 23 fires, 18 cases of ESS fires in Phase #1 took place
when the SOC was either at the end of charge or higher than 95%, which constitutes ap-
proximately 78% of the total fires. The analysis suggests that ESS fires in Phase #2 occurred
when the SOC was 95% or higher, with the exception of the Gunwi case. However, it should
be noted that the Gunwi ESS site had been operated at an SOC level of 95% for 5 days prior
to the fire, suggesting that elevated SOC levels may exert stress on the ESS.

4.2. ESS Fires Originating in a Particular Cell

In the initial phase of the ESS fires investigation (Phase #1), the BMS log data were
either damaged or not recorded due to the fire, and the exact location of the fire could
not be determined. However, in the subsequent phase of the investigation (Phase #2), the
exact location of the fire was confirmed through the implementation of safety measures,
specifically the storage of BMS log data in a secure location. The BMS records critical
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information regarding the battery’s condition including voltage, temperature, SOC (state
of charge), and SOH (state of health), among other aspects, as depicted in Figure 8. An
analysis of the BMS log data, including cell voltage and module temperature, allowed
for the identification of several characteristics associated with ESS fires. The occurrence
of thermal runaway caused a drop in voltage in the BMS data, resulting in a decrease in
cell voltage from the normal state (4.2 V) to near 0 V. The maximum value of noise is the
total module voltage, as shown in Figure 9. This suggests that ESS fires tend to occur in a
particular cell during charging and discharging cycles and can then spread to other cells
over time, as evidenced by the identification of multiple voltage drops.

Rack[1]
Num Date_Time
1 22_01_12 _ 00:00:00
2 22_01_12 _ 00:00:01
3 22 01_12 _ 00:00:02
4 22 0112 _ 00:00:03
5 22,0112 _ 00:00:04
6 22.01.12 _ 00:00:05
7 22_01_12 _ 00:00:06
38 22_01_12 _ 00:00:07
9 220112 _ 00:00:08
10 22_01_12 _ 00:00:09
il 22_01_12 _ 00:00:10
12 22_01_12 _ 00:00:11
13 22 0112 _ 00:00:12
14 22,0112 _ 00:00:13
15 22,0112 _ 00:00:14
16 22_01_12 _ 00:00:15
7 22_01_12 _ 00:00:16
18 22 0112 _00:00:17
19 22_01_12 _ 00:00:18
20 22_01_12 _ 00:00:19
21 22_01_12 _ 00:00:20
22 22_01_12 _ 00:00:21
23 22,0112 _ 00:00:22
24 22,0112 _ 00:00:23
25 22.01_12 _ 00:00:24
26 22_01_12 _ 00:00:25
21 220112 _ 00:00:26
28 22_01_12 _ 00:00:27
29 22_01_12 _ 00:00:28
30 22 0112 _ 00:00:29
3 220112 _ 00:00:30
32 22,0112 _ 00:00:31
33 22,0112 _ 00:00:32
34 22_01_12 _ 00:00:33
35 22_01_12 _ 00:00:34

Current  MaxTemp MaxTempTray MinTemp MinTempTray MaxCell MaxCellTray MinCell MinCellTray SOH

[

0O POCELCOOOOPO0LEOR0O0RO00CEO 0000000 R

29.67
29.67
29.67
29.68
29.67
29.67
29.66

NN N N N N N N N N N N N N N N N N N N N N N N N N N N N N N N

27.09
27.08
27.08
27.08
27.09
27.09
27.08

6

D DPDDDDDDDDDDDDDDDDDDDDDDDD DD DD D DD DD

3.388
3.388
3.388
3.388
3.388
3.388
3.388

4

N N N N N N N N N N I N N N N N N N L F I NN

3374
3374
3.374
3374
3374
3374
3374

1

94.2
94.2
94.2
94.2
94.2
94.2
94.2

Figure 8. Battery management system log data type in energy storage system.
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4.3. Overcurrent

Thermal runaway in ESS fires can result in the destruction of the insulation of cells or
modules, leading to the formation of short circuits and an overcurrent within the ESS. This
increase in current flow can cause melting of the current fuse or wires connected between
modules, as illustrated in Figure 10. Typically, the capacity of the fuse used in a battery
module is designed to be approximately 20 times the capacity of the battery in order to
prevent short-circuit current from occurring in the event of a short circuit within the battery
module. However, if a fire causes an abnormal conductive path, a short-circuit current will
flow regardless of the presence of the fuse, causing the melting of the wires and terminals.
The thermal effect of thermal runaway can propagate from one cell or module to another,
and the presence of an overcurrent can further accelerate this process.

(c)

Figure 10. (a) Current fuse in energy storage system module, (b) melted fuse at the fire site and
(c) melting of wires connected between modules.

4.4. Noise from BMS Log Data

The BMS serves the purpose of collecting and processing data such as cell voltage,
module temperature, and diagnostic codes, and transmitting log data to the main system
located in the battery room or another site connected via a network. Specifically, in
cases where the main system is located in a battery room, it is designed to withstand
fire. BMSs have numerous wires for monitoring the battery state, including measuring cell
voltage by electrically connecting all battery terminals to the BMS, and measuring module
temperature using a thermal coupler that varies its resistance value based on temperature.
Therefore, to connect the numerous wires and the thermal coupler, the BMS requires a
connector composed of several pins. However, the narrow pin gap of the connector makes
it vulnerable to short circuits in the event of an ESS fire. As observed in investigations of
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ESS fires, the BMS was frequently damaged by both thermal and electrical effects, with the
connector being particularly susceptible to severe damage as depicted in Figure 11. This
damage resulted in the generation of noisy data due to short circuits between the connector
pins. Since each pin is electrically connected and they each have a certain voltage level,
a short circuit in the BMS can result in a measurement of the maximum voltage of the
module, which is not a real reflection of the cell voltage but rather noise generated by the
BMS during the ESS fire. In the aftermath of the initial thermal runaway the BMS generates
a noise value, with the maximum noise voltage reaching a value similar to the module
voltage, as shown in Figure 12.

Figure 11. (a) Battery management system (BMS) circuit, (b) BMS circuit at energy storage system
fire site, and (c) X-ray photograph of the BMS circuit.
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Figure 12. Error in battery management system log data.
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4.5. Structure Collapse

In the event of a thermal runaway within a lithium-ion battery, various gases are
generated. As the temperature rises, combustible gases and oxygen are produced, as
illustrated in Figure 13. Additionally, the formation of hydrofluoric acid, which poses a risk
to human health and safety, particularly for firefighters, is observed. The increase in the
volume of generated gases leads to a corresponding increase in the internal pressure of the
ESS battery room. Moreover, the deflagration of combustible gases in the battery room may
easily occur. Nevertheless, to mitigate the risk of fire, a gas fire extinguisher is installed in
the battery room. However, the deflagration and activation of the extinguisher can result
in a rapid increase in the internal pressure, potentially leading to structural collapse. This
is exemplified in Figures 14 and 15, which depict a site where the battery room collapsed
due to deflagration and internal pressure buildup during a fire. On 19 April 2019, this
phenomenon (deflagration) resulted in injury to a firefighter at an ESS fire site in Arizona,
highlighting the importance of considering the potential consequences of thermal runaway
and the importance of adequate protective measures [26,27].

r'y
Reaction of lithiated carhon anode with
Fluorinated binder: 200-260°C
491
Separator melting: 135-200 C
488 PE(135 C), PP(166 T ), ceramic coated
Separator(>200 T)
483 Gaseous
DMC,
] DEC, PC./ Electrolyte hoiling: 90-248 C
Time(second) EC DMC{90°C), DEC{125.8C), PC(262 C), EC(248 C)
Cathade decomposition at 89-225C and reaction with

Electralyte and hydrocarbons
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Figure 13. Li-ion battery thermal runaway generated gas [28].
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Figure 14. Gunwi energy storage system fire site.

Figure 15. Cont.
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Figure 15. Arizona energy storage system fire site [26].

5. Conclusions

The investigation committee uncovered certain characteristics of ESS fires. Due to
the extensive damage at the fire sites, there was a lack of sufficient evidence to determine
the exact cause of these fires. Nonetheless, the method used for investigating fire sites
and testing hypotheses was found to be effective. The study findings showed that most
ESS fires occurred when the SOC was at or above 95%. The data collected from the BMS
log during the ESS fires revealed that the fires often originated from a thermal runaway
in a particular cell and then spread to nearby cells. Although the root cause of the ESS
fires remains elusive, the investigation committee believes that analyzing the voltage and
temperature data in the BMS logs of ESSs will provide valuable information for preventing
future ESS fires.
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