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Abstract

In this work, a fire dynamics simulator numerical model of an industrial and commercial
energy storage cabinet equipped with 280 Ah lithium iron phosphate cells is established;
full-process quantitative analysis of heat dissipation and the total released mass of CO and
H2 is realized; and the spatial–temporal evolution of the cabin temperature field, CO/H2

concentration field and flame spread is systematically captured. The results show that
under fully closed conditions, the local peak temperature exceeds 700 ◦C; additionally,
CO and H2 continuously accumulate inside the cabin, with their concentrations rising to
a magnitude of 1000 ppm within 60 s after thermal runaway initiation. In contrast, the
open-top structure forms an unobstructed buoyancy-driven venting channel, which guides
high-temperature flue gas, CO and H2 to efficiently discharge outward. The results indicate
that the peak temperature and peak concentrations of CO and H2 in the opened condition
drop by more than 80% compared with the closed case. The designated top vent channel
effectively cuts down the total residual mass of toxic and combustible gases inside the
cabin and suppresses continuous heat accumulation, remarkably mitigating explosion and
poisoning risks triggered by trapped heat and hazardous gas mixtures.

Keywords: FDS; lithium-ion battery; energy storage system; thermal runaway

1. Introduction
Industrial and commercial energy storage cabinets represent a core form of energy

storage integrated with distributed photovoltaics, industrial parks, and commercial build-
ings [1,2]. Owing to their advantages such as flexible deployment, a small footprint, and
high power density, these cabinets are widely applied in peak–valley arbitrage, demand
management, and backup power scenarios. Currently, mainstream industrial and com-
mercial energy storage cabinets predominantly utilize 280–314 Ah LFP batteries, with the
single-cabinet capacity typically ranging from 100 to 215 kWh. Within such cabinets, battery
packs are arranged in densely packed multi-layer configurations, featuring narrow heat
dissipation channels and a semi-enclosed spatial environment. This compact structural
characteristic significantly alters the heat accumulation and gas migration law during
battery failure, making the fire and explosion safety of LFP energy storage cabinets a key
concern in industrial safety research [3,4]. Extensive studies have been conducted on the
fire safety characteristics of LFP energy storage cabins from multiple perspectives. Existing
research has explored the influence of external environmental conditions such as ambient
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temperature and ventilation volume on the fire spread characteristics of energy storage
cabinets [5,6]. Meanwhile, numerical simulation methods have been adopted to optimize
the cabinet internal detector layout and fire suppression system design, providing basic
technical support for early fire warning and disaster control [7]. However, most traditional
studies focus on macroscopic fire phenomena and passive fire suppression strategies, while
in-depth mechanism research on the thermochemical behavior of LFP battery thermal
runaway products in confined cabinet spaces remains insufficient [8,9].

Some research on LFP battery failure characteristics has clarified that the generation,
diffusion, and combustion evolution of flammable vent gases are the core inducements of
severe fire and even explosion accidents in confined energy storage spaces [10]. During ther-
mal runaway, LFP cells undergo violent internal side reactions, producing mixed flammable
gases dominated by hydrogen, methane, and ethylene, accompanied by electrolyte vapor
and aerosol droplets [11,12]. Furthermore, results reveal that due to the hydrogen-driven
chain branching in LFP cells, the released gases can be ignited by the hot surface and electric
spark mode [13]. Different from nickel-based lithium-ion batteries, LFP batteries feature
a lower thermal runaway temperature and unique vent gas composition characteristics,
leading to distinct ignition and deflagration laws [14]. A key conclusion from the latest
experimental and statistical studies is that immediate spontaneous ignition of vent gases
from failing LFP cells is a rare occurrence; most LFP vent gas mixtures require appropriate
concentration distributions, ambient temperature conditions, and external ignition sources
to trigger combustion and deflagration [15,16]. However, the accumulation of released
combustible gases within a confined space significantly increases the risk of explosion, and
the explosion concentration limit varies within the range of 4–15% depending on the state
of charge. Moreover, results indicate that hydrogen and carbon monoxide are the primary
factors contributing to the risk of combustion and explosion in batteries. Therefore, the
concentrations of these two gases are also the factors we focus on in this work.

Further studies have verified that LFP vent gases can even be ignited at concentrations
below the theoretical lower explosive limit under uniform mixing conditions, revealing the
complex flammability threshold characteristics of LFP thermal runaway gas mixtures in
confined spaces [17–19]. In addition, cabinet structural congestion, the internal obstacle
distribution, and venting pressure conditions change gas turbulence and flame acceleration
effects, further affecting fire dynamics and explosion overpressure severity [20]. Although
several studies have investigated the independent influence of ventilation conditions on
battery combustion characteristics [21,22], few systematic full-scale studies have compre-
hensively coupled the whole process of LFP battery thermal runaway initiation, vent gas
release, multi-factor constrained diffusion, and dynamic combustion evolution in stan-
dard energy storage cabinets. The lack of high-precision full-scale simulation research
restricts the refinement of safety design specifications and accident risk prediction for
megawatt-hour-level LFP energy storage systems.

Based on the above, this study develops a combustion simulation model for a rep-
resentative 100 kWh industrial and commercial energy storage cabinet using FDS. The
model fully reproduces the entire process from TR initiation, combustion, and propagation
to stabilization. The spatiotemporal evolution of the temperature, smoke, and character-
istic gas concentrations is quantitatively analyzed. The findings are expected to provide
theoretical support for the safety design and accident prevention of industrial and com-
mercial energy storage cabinets. This study aims to offer a low-cost, reproducible, and
high-precision simulation tool for fire safety assessment of energy storage systems, thereby
filling the technical gap in full-scale simulations of megawatt-hour-level energy storage
systems and contributing to the safe, healthy, and large-scale development of the energy
storage industry.
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2. Model Description
2.1. Physical Model and Locations of Detectors

Based on actual engineering data, the industrial and commercial energy storage cabinet
used in this study had dimensions of 1450.7 mm (length) × 1100 mm (width) × 1923 mm
(height). Five battery packs were arranged vertically to form the entire battery cabinet, with
the second module from the bottom set as the triggered module as shown in Figure 1a.

Figure 1. Geometry and schematic of the lithium-ion battery energy storage cabin: (a) geometry of
the energy storage cabin; (b) locations of thermocouples and gas detectors.

As shown in Figure 1b, three measurement points (left, center, and right) were ar-
ranged on each battery module to capture the transverse temperature gradient. Additional
temperature sensors were installed in the gaps between modules, as well as at the cabin
ceiling and floor, forming a three-dimensional monitoring network. Among these, point T5,
located at the center of Module 2, was designated as the key monitoring location for preset
thermal runaway, enabling effective capture of temperature variations and vertical heat
propagation signals during the thermal runaway process. For gas concentration monitoring,
three measurement points (G1, G2, and G3) were arranged at the left, center, and right
positions of the cabin ceiling. Each monitoring point was equipped with sensors for both
CO and H2.

2.2. Governing Equations

In this study, the Fire Dynamics Simulator (FDS) software was employed to simulate
the combustion behavior of battery modules within the industrial and commercial energy
storage cabinet. The fundamental governing equations solved by FDS primarily include
the following [23,24]:

The momentum conservation equation:

ρ

(
∂
→
u

∂t
+

1
2
∇·
∣∣∣→u ∣∣∣2 −→

u × ω

)
+ ∇p − ρg =

→
f + ∇·τ (1)

where
→
f is the vector of external forces acting on the fluid, p is the pressure, τ is the viscous

stress tensor, ω is the vorticity, and g is the gravitational acceleration vector.
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The component conservation equation:

∂

∂t
(ρYi) + ∇·

(
ρYi

→
u
)

= (ρDi∇Yi) + m∗
i (2)

where i represents the i-th species, Yi is the concentration of the i-th species, Di is the
diffusion coefficient of the i-th species, and

.
m′′

i is the mass production rate of the i-th species.
The energy conservation equation:

∂

∂k
(ρh) + ∇·(ρh

→
u) =

∂p
∂t

+
→
u ·∇p − ∇→

qr + ∇·(k∇T) + ∑i ∇(hiρhDi∇Yi) (3)

where h is the specific enthalpy,
→
qr is the radiative heat flux, T is the temperature, and k is

the thermal conductivity.
The state equation:

p0 = ρTR∑i(Yi/Mi) = ρTR/M (4)

where R is the gas constant, and M is the molecular weight of the gas mixture.

2.3. Boundary Conditions

Regarding boundary conditions, the cabinet walls were made of sheet metal with
an external spray coating and were set as adiabatic boundaries. The internal battery
modules and the cabinet were coupled through conductive and convective heat transfer.
The cabinet door and ventilation openings were respectively set as vent boundaries or hole
boundaries (to simulate ventilation ducts), depending on the operating condition. The
top and side surfaces of the computational domain were set as pressure outlets, while
the bottom surface was set as an adiabatic wall. The cabinet door, pressure relief vents,
and ventilation openings were placed according to actual installation positions, with their
open/closed states treated as variable parameters for comparative studies under different
operating conditions.

As shown in Figure 2, the initial input conditions were obtained by previous tests that
were conducted in the full-scale fire test platform [25].

Figure 2. Full-scale fire test platform for lithium-ion battery energy storage system.

Moreover, the ambient temperature within the battery pack was set to 300 K. The mean
heat release rate (HRR) during battery combustion, along with the types and volumetric
ratios of gases generated during thermal runaway, were determined using boundary input
conditions sourced from actual thermal runaway experimental data from previous studies
as shown in Figure 3 [24–26]. The initial time of thermal runaway was uniformly defined
as t = 0 s. When the cell temperature reached the critical thermal runaway temperature of
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180 ◦C, heat release, high-temperature gas ejection and gas-phase combustion reactions
were activated simultaneously.

Figure 3. Experimental boundary conditions: (a) mass loss and heat release rate of lithium-ion
phosphate battery with 100% SOC in thermal runaway; (b) gas type volume ratio.

It is important to note that the battery pack was modeled as a homogeneous solid
block to preserve its intact physical volume and blocking effect in this study. Given the
emphasis on system-level research, the intricate details of the internal battery cells were
homogenized. However, the thermal runaway propagation behavior among the battery
cells also significantly influenced their intense combustion behavior. Therefore, to gain a
comprehensive understanding of battery combustion and thermal diffusion issues across
different systems, it remains imperative to acquire specific experimental data, which can
also serve to better validate the accuracy of the model.

2.4. Grid Analysis

Mesh size plays a decisive role in the simulation accuracy of FDS. According to the
mesh selection criteria for FDS, the characteristic grid size δx should satisfy the range
of δx = D∗/10 to D∗/5; representing the characteristic diameter of the fire source, D∗ is
defined as

D∗ =

(
Q

ρ∞cpT∞g
1
2

) 2
5

(5)

where
.

Q is the heat release rate of the fire source. For the fire scenarios in this study, where
the predicted peak heat release rate (PHRR) is in the range of 500–2000 kW, the characteristic
fire diameter D∗ is approximately in the range of 50–100 mm. Therefore, a grid size in the
range of 50–100 mm is considered appropriate. To ensure the accuracy and reliability of
the numerical simulation results, a grid independence study was conducted in this work.
Three grid schemes (coarse grid: 100 mm, medium grid: 50 mm, and fine grid: 25 mm) were
designed for convergence analysis, with the peak temperature and heat release rate curves
selected as evaluation criteria to determine the final grid scheme. Under the condition of
keeping the geometric model, material parameters, and boundary conditions completely
consistent, three structured grid systems (coarse, medium, and fine) were constructed. The
maximum temperature within the cabin, peak pressure, and peak hydrogen concentration
were selected as key evaluation indicators. The results showed that the calculation results
for the medium grid and the fine grid were in good agreement, and both could meet
the simulation accuracy requirements. Considering both computational accuracy and
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efficiency, the medium grid was selected for subsequent simulations, effectively reducing
the computation time while ensuring reliable and accurate results.

3. Results and Analysis
3.1. Fire Spread Behavior in Closed Cabin
3.1.1. Fire Propagation Characteristics

Figure 4 presents the two-dimensional temperature slice nephogram captured inside
the fully closed energy storage cabin at successive time instants after thermal runaway
initiation. The preset thermal runaway cell acts as the core heat source, generating a high-
temperature buoyant plume that vertically ascends toward the cabin ceiling. Restricted by
airtight metal cabinet walls, the upward hot airflow cannot escape outward and recirculates
within the confined cavity, forming a persistent high-temperature core region centered on
the faulty battery module. The peak value of the temperature can reach over 740 ◦C. As
simulation time elapses, the high-temperature color gradient region continuously expands
to adjacent battery modules and inter-module gaps; low-temperature zones only exist in the
marginal bottom area of the cabin and gradually shrink under long-term heat convection
and radiation. The enclosed boundary blocks all heat dissipation pathways, so waste heat
cannot be released to the external ambient environment, laying a fundamental condition
for cascading thermal runaway of surrounding battery packs.

Figure 4. Schematic diagram of temperature distribution in closed cabin.

Figure 5 illustrates the temperature time-history curves of multiple thermocouple
measuring points distributed vertically and horizontally inside the closed cabin, including
the core thermal runaway point T05, adjacent module sensors T04 and T06, and remote
lower-layer module measuring points T17, T18, T19 and T20. After thermal runaway is
triggered at t = 0 s, the temperature of T05 surges sharply within a short time window;
the local peak temperature exceeds 700 ◦C, which is the maximum temperature value
recorded across all monitoring positions. Measuring points directly exposed to jet flame
and high-temperature radiation (T04, T06) exhibit synchronized rapid temperature rises
without obvious delay periods. In contrast, thermocouples installed on distant bottom
battery modules display evident hysteresis in their temperature response; although their
temperature growth rates are relatively mild, the temperature values maintain a mono-
tonically increasing trend without any descending inflection points throughout the whole
0–100 s simulation period. The long-duration high-temperature background field inside
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the airtight cabin continuously heats adjacent LFP cells, significantly elevating the risk of
successive thermal runaway propagation and a large-scale cabinet fire accident.

Figure 5. Schematic diagram of temperature curves in closed cabin.

The thermal stratification and local peak temperature inside the sealed cabin are
highly consistent with the results of full-scale sealed container experiments [27]; the test
also showed stable hot smoke stratification near the ceiling under airtight conditions.
Twenty-five thermocouples were deployed in this work to precisely resolve horizontal and
vertical thermal gradients, making up for the insufficient monitoring resolution of previous
simplified models.

3.1.2. Gas Dispersion Analysis

Figure 6 displays sequential CO concentration slice nephograms of the closed cabin
at t = 0–100 s. Once thermal runaway is activated, a massive amount of CO is ejected
from the cell safety vent alongside high-temperature electrolyte vapor. Subject to the
closed structural constraint, CO diffuses upward slowly, relying on natural convection, and
gradually accumulates on the upper ceiling of the energy storage cabin. As the simulation
time proceeds, the high-concentration CO coverage area expands continuously from the
local region above the faulty cell to the entire cabin top space. At t = 60 s, the whole
upper cavity is filled with ultra-high-concentration CO, and no effective dilution or exhaust
phenomenon can be observed in any cabin zone; this creates severe acute poisoning risks
for on-site maintenance personnel.

Figure 7 records the real-time CO concentration variation curves for the three ceiling
gas sensors G1, G2 and G3 arranged at left, central and right positions. The concentration
curves for all three measuring points rise monotonically without decline stages; within 60
s after thermal runaway onset, the CO concentration reaches the order of magnitude of
104 ppm. The nearly overlapping trend of the three curves indicates that CO achieves full
uniform mixing in the closed cabin’s upper space, and no local low-concentration dilution
area exists. CO at such an ultra-high concentration not only poses fatal inhalation hazards
but also participates in homogeneous gas-phase combustion reactions, further intensifying
the flame intensity and fire damage degree within the confined cabin.

https://doi.org/10.3390/batteries12070250
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Figure 6. Schematic diagram of CO concentration distribution in closed cabin.

Figure 7. Concentration–time curves of CO in the closed cabin.

Figure 8 visualizes the H2 concentration distribution nephograms inside the fully
closed cabin at different moments. H2 produced by LFP cell thermal runaway possesses
much lower density than air, so the gaseous product rapidly floats upward and gathers on
the cabin ceiling. Without top ventilation openings, the accumulated H2 cannot discharge
outwards, and the coverage range of high-H2-concentration zones expands synchronously
with the simulation duration. A large-scale flammable gas cloud layer forms at the top of
the cabinet and continuously approaches the explosion concentration limit of mixed vent
gas, resulting in continuously escalating deflagration and explosion risks as time proceeds.

Figure 9 presents the time-history curves of hydrogen concentrations recorded by
the three ceiling monitoring points G1, G2 and G3 throughout the 0–100 s simulation
period. Distinct from the near-zero concentration variation of G1 and G3, the hydrogen
concentration detected at G2 exhibits a consistent, continuous upward trend without any
obvious descending segment. The concentration values for G1 and G3 remain nearly
unchanged and stay close to zero over the whole simulation process, while G2 accumulates
hydrogen significantly and reaches a peak value close to 150 ppm at 100 s. Such a prominent
concentration discrepancy indicates that hydrogen generated by thermal runaway mainly
accumulates at the G2 ceiling position within the fully enclosed cabin, rather than being
evenly distributed in the entire upper confined space.
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Figure 8. Schematic diagram of H2 concentration distribution in closed cabin.

Figure 9. Concentration–time curves of H2 in the closed cabin.

Prior experiments investigated the pre-deflagration behaviors of prefabricated stor-
age cabins and proved that continuous H2 accumulation in sealed spaces easily triggers
deflagration [21]; the continuous rising hydrogen concentration obtained in this paper
quantitatively verifies such pre-disaster risks. Previous module-scale simulations only
captured local hydrogen data, while the full-scale 3D monitoring system in this paper
reproduces the whole slow diffusion process of hydrogen from cells to ceiling, consistent
with real commercial cabinet layouts.

3.2. Fire Spread Behavior in Cabin Without Top Cover
3.2.1. Fire Propagation Characteristics

Figure 10 presents the temperature slice nephogram of the open-top energy storage
cabin at representative time nodes after thermal runaway initiation. The high-temperature
buoyant plume generated by the faulty cell rises vertically and directly overflows the
cabin through the uncovered top channel, rather than recirculating inside the confined
cavity. Different from the full-cabin high-temperature coverage phenomenon in the closed
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condition, high-temperature zones are only confined to the narrow local area surrounding
the thermal runaway cell. The color gradient of the temperature illustrates that most
regions of the cabin, including inter-module gaps, bottom battery packs and side wall
areas, maintain relatively low temperature levels without large-area heat accumulation.
The directional top exhaust channel fundamentally breaks the vicious cycle of waste heat
retention and progressive temperature rise inside the enclosed space and greatly weakens
radiative and convective heat transfer to adjacent intact battery modules. Some tests
were previously conducted to compare multiple ventilation layouts and confirmed that
top exhaust achieves optimal heat dissipation, capable of reducing the maximum cabin
temperature by over 150 ◦C [21,28]. The full open-top design in this paper performs better
than partial top air outlets while maintaining consistent core conclusions. The surrounding
temperature of the battery module can reach around 400 ◦C while the temperature of
the triggered module is around 760 ◦C. These valuable data also offer robust verification
support for the accuracy of this model.

Figure 10. Schematic diagram of temperature distribution in cabin without top cover.

Figure 11 compares the temperature time-history curves of thermocouple measuring
points under the open-top ventilation condition. Although the core thermal runaway sensor
T05 still captures a transient high-temperature peak, the duration of ultra-high temperature
above 800 ◦C is drastically shortened compared with the fully closed scenario. The peak
temperature values of adjacent measuring points T04 and T06 decrease significantly, while
remote lower-layer module sensors T17–T20 only experience mild, short-time temperature
fluctuations without sustained heating. Quantitative statistical calculations indicate that
the peak temperature recorded by each monitoring position drops by more than 80%
relative to the closed cabin benchmark. The limited high-temperature range and shortened
heat exposure duration effectively suppress the heat conduction and radiation-induced
cascading thermal runaway of surrounding LFP cells, substantially reducing the overall
fire spread risk of the energy storage cabinet.
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Figure 11. Schematic diagram of temperature curves in cabin without top cover.

3.2.2. Gas Dispersion Analysis

Figure 12 shows sequential CO concentration slice nephograms of the open-top cabin.
CO mixed with high-temperature flue gas flows upward along the buoyancy exhaust
channel and is rapidly discharged out of the cabinet. Thin, high-concentration CO layers
merely exist in the tiny local zone right above the faulty battery vent, and the ceiling and
remote module areas maintain extremely low CO concentration values without full-cabin
toxic gas enrichment. As the simulation time advances, the local high-CO-concentration
region continuously escapes through the top opening, and no expanding toxic gas cloud
forms inside the cabin cavity.

Figure 12. Schematic diagram of CO concentration distribution in cabin without top cover.

Figure 13 shows time-history curves of CO concentrations measured by the ceiling
sensors G1, G2 and G3 under closed cabin conditions. The main curve A corresponds to
sensor G1, while subgraphs B and C separately show the concentration variations at G2 and
G3 within the same time range. As illustrated, the CO concentration at monitoring point
G1 presents a continuous sharp upward trend throughout the whole test. After thermal
runaway gas release, the value keeps climbing and reaches a high peak close to 80,000 ppm
at the end of the experiment, accompanied by obvious fluctuating peaks and valleys during
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the rising process. In contrast, the CO concentrations at G2 and G3 maintain an extremely
low stable level with a tiny mild rise, and their maximum values are far below that of G1.

Figure 13. Concentration–time curves of CO in cabin without top cover.

Figure 14 provides the H2 concentration slice nephogram of the open-top energy
storage cabin at successive simulation instants. Lightweight H2 floats upward immediately
after ejection and is directly vented outwards via the uncovered top passage. Transient high-
H2-concentration regions are limited to the narrow vertical space above the faulty cell, and
the rest of the cabin interior maintains a negligible hydrogen concentration without large-
scale flammable premixed gas cloud formation. The open-top structure avoids uniform
gas mixing across the entire upper cavity, which is the core prerequisite for severe internal
deflagration accidents in closed cabins.

Figure 14. Schematic diagram of H2 concentration distribution in cabin without top cover.

Figure 15 records the real-time H2 concentration variation at the ceiling measuring
points G1, G2 and G3 for the open-top case. Consistently with the CO variation rules, the
peak H2 concentration declines by over 80% compared with the fully enclosed working
condition; the hydrogen concentration only rises slightly for a short instant and then decays
rapidly to a low baseline level. Obvious concentration discrepancies exist among the three
ceiling sensors: G1, which is closest to the thermal runaway cell, records relatively higher
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transient hydrogen concentrations, whereas G2 and G3 at bilateral positions maintain
extremely low readings throughout the simulation. This distinct concentration differen-
tiation proves that H2 escapes rapidly through the top vent without horizontal uniform
accumulation on the cabin ceiling, which fundamentally eliminates the precondition for
hydrogen-driven gas explosion inside the energy storage cabin. Some mechanical exhaust
research [21,27,28] proved that ventilation restrains hydrogen accumulation, with peak
concentrations of combustible gases falling approximately within the range of 100 to 1000
ppm; these findings have been duly validated in this study. The dilution effect of full
open-top natural ventilation is more prominent in this work.

Figure 15. Concentration–time curves of H2 in cabin without top cover.

4. Conclusions
In this study, a three-dimensional transient numerical simulation model was estab-

lished to investigate single-cell thermal runaway in an energy storage cabin. The evolution
of the temperature field and the concentration fields of CO and H2 gases within the cabin
were systematically analyzed for a closed cabin and for opened conditions without a top
cover. The results are as follows:

(1) After thermal runaway initiates in the closed cabin, the adjacent flame-impacted sen-
sor rapidly reaches a local peak temperature exceeding 700 ◦C, forming a concentrated
high-temperature plume centered on the faulty cell. The enclosed structure blocks
external heat dissipation; while distant monitoring points show delayed mild tem-
perature rises, the whole cabin maintains a long-term high-temperature background
without effective heat dissipation.

(2) The CO and H2 released by cell thermal runaway cannot be evacuated in a timely
manner and accumulate continuously throughout the 100 s simulation window. Both
gas concentrations rise monotonically without descending inflection points, CO even-
tually reaching a magnitude of 104 ppm and H2 reaching a magnitude of 103 ppm.

(3) Ventilation can achieve remarkable reduction of hazardous gas concentrations: The
peak CO and H2 readings at side monitoring points drop by over 80% relative to the
sealed working condition. High-concentration gas zones only exist locally around the
thermal runaway source, and no uniform full-cabin gas accumulation occurs. The
directional exhaust path breaks the vicious cycle of heat retention and hazardous gas
enrichment in confined spaces, significantly lowering the dual threats of flammable
gas explosion and toxic gas inhalation.
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This full-scale coupled thermal–gas simulation method can be applied to the safety
performance evaluation of megawatt-hour-level LFP energy storage systems, providing
quantitative data support for standardized vent structure optimization, thermal runaway
early warning layout and accident risk control of industrial and commercial energy stor-
age equipment.
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