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Abstract: Electrolytes are involved in the thermal runaway (TR) process of cells, which is a potential
hazard in lithium-ion batteries (LIBs). Therefore, the effects of different mass ratio of carbonate solvents
(ethylene carbonate (EC)/propylene carbonate (PC)/ethyl methyl carbonate (EMC)) with LiBF4 and
different environmental pressure on the combustion characteristics of electrolyte such as flame centerline
temperature, mass loss rate (MLR) and heat release rate (HRR) were analyzed. The combustion process
could be divided into four stages: ignition, stable combustion stage, stable combustion with flame color
change stage and extinguishing; with the decrease of pressure, the MLR of electrolyte declined and the
combustion time prolonged, while the temperature of flame centerline increased.

Keywords: electrolyte; lithium-ion battery; mass ratio; environmental pressure; combustion characteristics

1. Introduction

Lithium-ion battery (LIB) is a rapidly developing chemical power supply. Compared
with other secondary batteries, it is environmentally friendly and has characteristics of high
energy density, high output voltage, high output power, small discharge, wide working
temperature and no memory effect [1–3]. Since its invention, it has developed rapidly and
successfully reached commercial application. However, with the large-scale application of
LIBs, a large number of fire accidents have occurred in many application fields, especially in
new energy vehicles (EVs), which has aroused the public’s concern about the safety of LIBs.

The electrolyte, which moistens the electrodes and separator, so that lithium ions
could be transmitted throughout the battery to achieve a normal charge-discharge cycle,
plays an essential role in a battery [4–13]. The electrolyte is an ion transfer medium chosen
to dissolve as much of the salt as possible and achieve as high a transference number of the
desired ions as possible. However, volatile and flammable nature of the electrolyte is one of
the critical factors that could cause the safety issues of LIBs [14]. In view of the flammability
of electrolytes and its serious consequences, the thermal decomposition and combustion
characteristics of electrolytes have been of wide concern to scholars all over the world in
recent years. Eshetu et al. [15] explored the combustion characteristics of organic solvents
and their mixtures used in electrolytes with different oxygen content. The experimental
results showed that under the condition of sufficient oxygen content, the combustion of
electrolyte would release a lot of heat, while the combustion under the insufficient oxygen
content conditions would lead to more toxic gases. Fu et al. [16] compared the effects of
pool fire diameter and radiation heat flux on the combustion characteristics of electrolytes.
Their results indicated that the peak heat release rate (HRR) and mass loss rate (MLR) were
directly proportional to the external radiation heat flux and inversely proportional to the
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pool fire diameter. Ribière et al. [17] studied the fire risk of commercial pouch cells by
flame calorimetry and found that at least 50% of the combustion heat came from polymers,
including electrolytes.

The previous studies were mainly carried out under atmospheric pressure, and there
are few quantitative analysis studies about the safety and combustion characteristics of
electrolytes in low-pressure and low-temperature environments such as plateaus and high
altitude areas [18–36]. Therefore, in this paper, a commonly used lithium salt, LiBF4, was
chosen as the solute, while three types of frequently-used carbonate solvents ethylene
carbonate (EC), propylene carbonate (PC) and ethyl methyl carbonate (EMC) were selected
as raw materials, so two kinds of electrolytes with different mixing mass ratios were
prepared as the research objects in Anhui, Hefei (100.09 kPa), Lijiang, Yunnan (76.11 kPa)
and Lhasa, Tibet (65.23 kPa). In order to quantificationally analyze the safety of electrolyte
reflecting as parameters including flame centerline temperature, radiant heat flux, HRR
and MLR under low-pressure environment, the pool fire experiments of electrolyte were
carried out.

The reason why we selected EC/PC/EMC mixtures is due to the demand of relative
high dielectric constant and low viscosity for LIBs electrolyte, so solvents with high di-
electric constant such as EC and PC are commonly chosen as parts of the components of
electrolyte, but they also have high viscosity. Therefore, EC and PC were always mixed
with solvents presenting a low dielectric constant and viscosity like EMC and diethyl
carbonate (DEC) when forming the electrolyte mixture. In addition, EC-based electrolytes
are some of the most popular solutions in current commercial LIBs. During the operation
of a battery, EC could help generate a compact and stable solid electrolyte interphase (SEI)
on the surface of graphitic carbon materials, which could prevent the further decomposi-
tion insertion of EC, thus protecting the graphite structure and guaranteeing the normal
electrochemical performance of the electrodes [37,38]. However, the melting point of EC is
relatively high (36 ◦C), so it does not show good low-temperature performance [39]. The
melting point of PC is −49 ◦C, which is much lower than that of EC. The electrical conduc-
tivity of PC is high, and it presents a good cryogenic property. Nevertheless, PC-based
electrolytes indicate poor compatibility with graphic negative electrode materials as not
only is the charge-discharge efficiency low, but they also obviously influence the reversible
intercalation and stripping of Li-ions. The main reason is that PC can be thermally de-
composed on the surface of graphite materials, so it cannot form a dense and effective SEI.
By adding a film-forming additive, the consistency between PC and graphite materials
could be improved, and the operating temperature range could be extended and widened
for LIBs [40]. Thus, EC/PC/DMC mixture was chosen as the solvent in this study, which
would be a potential electrolyte composition with good low-temperature properties.

The reason why LiBF4 was chosen as the lithium salt is based on the rules that an ideal
lithium salt should show relative high solubility in the organic solvent, and properties such
as a high thermal stability, good chemical durability and wide electrochemical window
are necessary. Nowadays, a simple cation as the core and a Lewis acid as the stabilizer in
complex anions are applied in common used lithium salts, such as LiBF4, LiPF6, LiClO4,
LiAsF6. Among them, LiBF4 presents good ionic mobility. Even though the oxidation
potential of LiBF4 is relatively low and it is not stable to heat or water, the cost is low, and it
shows superior high-and-low temperature performance. In addition, the toxicity of LiBF4
is low, and its safety is high. Under the low-temperature condition in high altitude areas,
selecting LiBF4 as the lithium salt in electrolyte helps improving the performance of LIBs.

The applicable scenario for this study is the electrolyte leakage from the battery. On
the one hand, the electrolyte plays a significant role in LIBs since it is the component that
could release most of the heat during the TR processing, and the energy of liquid electrolyte
accounts a large part (at least 50%) of the total energy for LIBs. Moreover, when an electrolyte
is burning, the released heat is 2 to 3 times the stored electric energy. Thus, electrolytes
are regarded as the main source of danger as a result of LIBs abuse [15]. On the other
hand, during the TR process, electrolytes always show an injection from the inner battery,
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forming or generating flammable vapor, then causing fire or explosion accidents [41–55].
Golubkov et al. [43] investigated the composition of the gas released from a battery with an
electrode of lithium cobalt oxide (LCO)/nickel-manganese-cobalt (NMC) with 100% state
of charge (SOC) during TR process [43], which included a large amount of combustible gas
generated by the decomposition of the electrolyte [44–46], as well as the vaporized electrolyte.
In addition, there are a lot of reports pointing out that a jet fire would happen during the
processing of TR. Ping et al. [47] studied the TR behavior of a 50 Ah battery with an electrode
of lithium iron phosphate (LFP). The results showed that the TR process could be divided into
six stages, including two jet flame phases. Huang et al. [48] found that the multiple jet fire
stages might greatly increase the fire spread, and the ejected combustibles included vaporized
electrolyte and flammable gases from the decomposition of the electrolyte or other reactions.

Therefore, in this study the electrolyte was chosen as the research object mainly con-
cerning its burning characteristics when it leaks from LIBs, as this might give guidance to
electrolyte manufacturers about the possible fire risk. In addition, quantitatively evaluating
the fire risk of electrolyte should also help develop safer LIBs.

2. Experimental Section
2.1. Samples and Materials

In this paper, two kinds of electrolytes with different carbonate solvent ratios were
prepared. The mass ratios of EC/PC/EMC were 12:38:50 and 38:12:50, respectively. 1 mol/L
LiBF4 was dissolved in the solvent. The combustion characteristics of the electrolytes under
different pressure and mixing ratio were studied. The physical and chemical properties
of the materials were listed in Tables 1 and 2, respectively. The percentages of water and
hydrogen fluoride (HF) in experimental samples were less than 0.002%.

Table 1. Carbonate solvents used for thermal safety study in this paper.

Name Chemical
Formula

Melting
Point
(◦C)

Flash
Point
(◦C)

Boiling
Point (◦C)

Enthalpy of
Formation
(kJ/mol)

Enthalpy
of Vapor-
ization
(kJ/g)

Heat of
Combus-

tion
(kJ/g)

Autoignition
Temperature

(◦C)
Driving
Factor N Chemical Structure

EC C3H4O3 36 145 248 52.67 0.62 12.38 465 13
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Table 2. Composition and parameters of the two electrolytes in this paper.

Sample Number Composition Conductivity (25 ◦C, mS/cm) Specific Gravity (20 ◦C, g/cm3)

Electrolyte 1
1 mol/L of LiBF4 dissolved in

EC/PC/EMC with a mass
ratio of 12:38:50

3.48 1.172

Electrolyte 2
1 mol/L of LiBF4 dissolved in

EC/PC/EMC with a mass
ratio of 38:12:50

4.03 1.201

2.2. Experimental Platform

In this paper, the cone calorimeter based on oxygen consumption (OC) calorimetry was
used to evaluate the combustion characteristics of electrolyte, and the important parameters
such as HRR and MLR could be measured. Based on Thornton’s principle [18,19], OC
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calorimetry is the most commonly used standard technique to measure heat release in a
given fire dynamics. The HRR of combustion reaction could be estimated by the following
Equation (1):

.
q = E

(
.

M
0
O2
−

.
MO2

)
(1)

where
.

q is the HRR of the measured material.
.

M
0
O2

is the mass flow rate (MFR) of O2 from

the entrained air during the baseline measurement, while
.

MO2 is that from the exhaust air
duct during combustion process. E is the empirical value, representing the heat released
per unit mass of oxygen consumed, generally 13.1 kJ/g.

In this paper, a UW/UX series pallet electronic balance (Shimadzu, Kyoto, Japan) was
used for mass measurements. Its accuracy is 0.01 g, and the measurement range is from
0 to 6.4 kg. The diameter of the circular oil pan is 10 cm, and 25 mL electrolyte sample was
taken for each combustion test. A fire-proof plate made of ceramic fiber was placed on the
balance, then the sample pan was set on it, which could protect the measurement device
from high temperature, obtaining relative accurate data, as shown in Figures 1 and 2. In
order to ensure the consistency of experimental conditions in Hefei, Lijiang and Lhasa, the
electrolyte was ignited directly by the same spark without external radiation heat flux. The
temperature data was measured by K-type thermocouples and a type of 7018 temperature
acquisition module. A radiative flux meter (STT-25-20, from Shanghai TecFront Electronics
Corp. (Shanghai, China), whose response is 1.212 mV/(kW/m2)) was applied to detect the
radiation flux of flame, which was located 18 cm far from the fire centerline and 10 cm high
from the sample pan. The experimental platform is shown in Figure 1, and the positions
of thermocouples and radiation flux meter in Lhasa and Lijiang are presented in Figure 2.
Each combustion experiment was repeated more than two times.

Figure 1. Structure diagram of the combustion platform including a cone calorimeter, with two ther-
mocouples in Hefei (100.09 kPa).
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Figure 2. Positions of the thermocouples and radiation flux meter in Lijiang (76.11 kPa) and Lhasa
(65.23 kPa). Due to space limitations, only T1 and T2 were used in Hefei (100.09 kPa).

3. Results and Discussion
3.1. Combustion Process and Phenomena

Table 3 summarizes the burning duration of two electrolytes in all the experimental
locations, and Figure 3 presents the experimental phenomena of two electrolytes in Hefei
and Lhasa. The combustion process of the two electrolytes were similar. First of all, the
combustion process of both electrolytes could be divided into four stages: ignition, stable
combustion stage, stable combustion with flame color change stage and extinguishing.
Taking Electrolyte 1 (1 mol/L of LiBF4 dissolved in EC/PC/EMC with a mass ratio of
12:38:50) as an example, after the ignitor ignited the combustible vapor above liquid, flame
radiation accelerated the evaporation of electrolyte, and the electrolyte pool fire quickly
entered a stable combustion stage, which took 5–10 s in Hefei. The stable combustion stage
lasted for about 2 min and 30 s. In this stage, the flame color was mainly yellow. Then
it entered stable combustion with a flame color change stage, in which the flame height
of electrolyte pool fire decreased and a small amount of visible green flame appeared at
the bottom of the flame. The maintenance time of this phase was similar to that of stable
combustion stage. Finally, the flame height decreased again, only a little beyond the top of
the oil pan. In addition, the flame morphology was scattered around the oil pan.
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Table 3. Comparison of burning duration of two electrolytes in Hefei, Lijiang and Lhasa.

Combustion Location

Burning Duration

Electrolyte 1
EC/PC/EMC
(12/38/50 wt)

Electrolyte 2
EC/PC/EMC
(38/12/50 wt)

Hefei (100.09 kPa) 370 s 377 s
Lijiang (76.11 kPa) 617 s 652 s
Lhasa (65.23 kPa) 552 s 562 s

Figure 3. Experimental phenomena of two electrolytes in Hefei (100.09 kPa): (a–h) and Lhasa (65.23 kPa): (i–p).

Secondly, the flame color of stable combustion stage was mainly yellow. Thirdly, in
Lijiang and Lhasa, where the air pressure is low, the burning duration of electrolyte pool
fire was prolonged. In this study, the method to determine the stable combustion stage is
to divide the electrolyte combustion stages by observing the change of electrolyte flame
color and height.

However, there is a significant difference between the combustion phenomena of the
two electrolytes: in the stable combustion with flame color change stage, the flame color of
Electrolyte 1 pool fire was mainly yellow at first, accompanied by green flame at the bottom
of the flame; in the final stage of combustion reaction, the flame color changed from yellow
to green until the flame went out; while during stable combustion with flame color change
stage, the flame of Electrolyte 2 (1 mol/L of LiBF4 dissolved in EC/PC/EMC with a mass
ratio of 38:12:50) pool fire was mainly green with a small amount of yellow flame. With the
progress of combustion reaction, the flame color turned to green completely. Obviously,
the presence of green flame is due to the participation of boron in the combustion process,
indicating that the lithium salt (LiBF4) was thermally decomposed and participated in the
combustion process of the two electrolytes [56]. However, by observing the experimental
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phenomenon, the flame color of the two electrolyte samples was not the same in stable
combustion with flame color change stage, and the main reason is that the solubility of
LiBF4 was affected by the different carbonate mass ratio. During stable combustion stage,
EMC might be basically completely consumed. According to the experimental results, the
combustion phenomena of two electrolytes were obviously different. During the stable
combustion stage, the flame color of Electrolyte 1 was mainly yellow at first, along with
green flame at the bottom. In the final stage of combustion, the color of flame changed
from yellow to green, till the extinguishing. In the stable combustion stage, the flame
color of Electrolyte 2 was mostly green, with a small amount of yellow flame. During with
the combustion reactions, the flame color turned to totally green. The time of flame color
transition was determined by the solubility of LiBF4 in different solvents. Since the content
of PC in Electrolyte 2 was lower, resulting in an advanced precipitation of LiBF4, which
involved in the combustion, hence the flame color change time was earlier than that of
Electrolyte 1.

3.2. Mass Loss Rate

Figure 4 shows the mass change and mass loss rate (MLR) curves of the two electrolytes
in Hefei (100.09 kPa), Lijiang (76.11 kPa) and Lhasa (65.23 kPa), respectively, and MLR was
obtained from the derivative of mass change data. By fitting the MLR curve, the period
between the two intersection points of fitting line and MLR curve was regarded as the
stable combustion stage and stable combustion with flame color change stage. As for the
method of confirming the stable combustion stage for liquid pool fire, there are no accurate
and precise operation steps in recent literatures.

On the basis of faithfulness and accuracy, a suite of operational steps and processes
was proposed in this paper. Because that the combustion process of electrolyte in this work
could be divided in three stages: ignition, stable combustion stage, and extinguishing, thus
only determining the two key points when the ignition transformed to stable combustion
stage, and that changed to extinguishing, respectively, then the stable combustion stage
could be confirmed. Therefore, based on the mass loss data in Figure 3, at first a part of
data in the middle stage were selected and linearly fitted to make sure the R2 was above
0.99, then the fitted line was lengthened, which would cross the MLR, and the two points
of intersection would be regarded as the key points where the combustion status changed.
The stage between the two points would be defined as the stable combustion stage, then
through derivation the MLR could be obtained. According to the experimental phenomena,
the overall stable combustion stage could be further divided into a “stable combustion
stage” and a “stable combustion with flame color change stage”, respectively.
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Figure 4. Mass change and MLR curves of two electrolytes in (a) Hefei (100.09 kPa), (b) Lijiang
(76.11 kPa) and (c) Lhasa (65.23 kPa).

It can be seen from Figure 4a that in Hefei, the change trend of MLR curve was
consistent with the observed experimental phenomena. The combustion process could be
divided into four stages: ignition, stable combustion stage, stable combustion with flame
color change stage and extinguishing. However, the decline of environmental pressure
would cause the decrease of MLR [26–29]. In addition, the “steps” between the MLR of
stable combustion stage and stable combustion with flame color change stage reduced.
The main reason might be that the mass of oxygen per unit volume decreased with the
decline of ambient pressure, resulting in the decrease of oxygen concentration between
combustible vapor and air on the surface of electrolyte, which caused the oxygen diffusion
rate lower in low pressure environment. Thus, the combustion rate was inhibited, while
the MLR was reduced and the combustion time was prolonged [26–29].

As shown in Figure 5, the MLR of electrolyte declined with the decrease of pressure,
and the main reason was that under a low-pressure environment, MLR might be affected by
factors such as mass concentration of oxygen per unit volume and the thermal feedback of
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flames to the unburned surface in order to indicate that the oxygen concentration near the
electrolyte surface was basically at a certain value, which was close to 0. With the decrease
of environmental pressure, the oxygen concentration in the air would decline, resulting
in the gradient of that between air and the electrolyte surface would reduce, causing a
lower diffusion rate of oxygen, then the combustion intensity of gaseous phase weakened,
and the MLR decreased. As shown in Figure 5, the MLR of Electrolyte 1 declined with the
decrease of pressure. While as for Electrolyte 2, the MLR reduced at first then increased
slightly along with the decline of pressure. From the difference of two electrolytes in Hefei
(100.09 kPa) and Lhasa (65.23 kPa), when the pressure decreased, the difference between
two samples rose, indicating that the pressure had a greater influence on the combustion
rate of Electrolyte 2. The MLR of Electrolyte 1 had a roughly exponential relationship with
pressure (

.
m ∝ APβ), which was consistent with previous reports [21,28,49,50], while the

MLR of Electrolyte 2 did not exhibit the expected exponential fit. According to previous
study [23], for methanol, gasoline, diesel, and n-heptane pool fire, the coefficient β is
0.7, 0.9, 1, and 1.3, respectively. From the above data it could be seen that the coefficient
decreased with the decline of carbon weight percentage content in the fuel, which indicates
that the lower carbon content in the fuel would decrease the generation of carbon smoke
particles, and relatively speaking, the degree of combustion would be more adequate, then
the difference of MLR in locations with different pressure would be less, presenting as the
lower β coefficient.

Figure 5. Average MLR and pressure fitting diagram.

3.3. Flame Centerline Temperature

Based on the analysis of the mass loss curve, the corresponding average temperature
during stable combustion stage and stable combustion with flame color change stage was
obtained. Figure 6 shows the temperature curves of the flame centerline just above the
liquid level of the two electrolytes in Hefei, Lijiang and Lhasa. As shown in Figure 6a, the
temperature change curve of electrolyte flame corresponds well to the divided four stages
of electrolyte combustion process in Sections 3.1 and 3.2. The abscissa (X-axis) and ordinate
(Y-axis) of Figures 7 and 8 are in logarithmic form, but they have completely different
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physical meanings. In Figure 7, the X-axis is the relative height from each thermocouple to
the liquid fuel level, and the unit is m, while the Y-axis is the average temperature value
detected by each thermocouple during stable combustion stage and stable combustion
with flame color change stage. The X-axis z/z* in Figure 8 is calculated by the relative
height from each thermocouple to the liquid fuel level dividing the characteristic size z*
of the fire source, which is a dimensionless ratio, while the Y-axis is the relative average
temperature rise value from each thermocouple to the environmental temperature. Using
z/z* is a common method to describe the temperature distribution of the flame centerline
in fire science field [43–46]. Table 4 shows the data of stable combustion stage and stable
combustion with flame color change stage of the two electrolytes in Hefei, Lijiang and
Lhasa. Table 5 listed the average HRR during the whole stable combustion stage as
Q values in Lijiang and Lhasa. As for the decrease of HRR and MLR, there was an increase
of the temperature at the very surface of the electrolyte when the pressure decreased,
suggesting that the radiative losses in the flame decreased when the pressure dropped,
and that the flame stress exerted on the electrolyte decreased as well. Furthermore, it was
consistent with the heat flux measurements, which were lower at Lhasa (65.23 kPa) than at
Hefei (100.09 kPa).

Figure 6. The temperature curves of flame centerline (T1) of two electrolytes in (a) Hefei (100.09 kPa),
(b) Lijiang (76.11 kPa) and (c) Lhasa (65.23 kPa).
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Figure 7. The average fire centerline temperatures at different thermocouple positions (height
above the sample liquid level) of the two samples under different pressures during the stable
combustion stage.

Figure 8. The average fire centerline temperatures rising distribution in different flame plume zones.
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Table 4. The list of average flame centerline temperature for two electrolytes at stable combustion stage and stable
combustion with flame color change stage in Hefei (100.09 kPa), Lijiang (76.11 kPa) and Lhasa (65.23 kPa).

Experimental Region

Average Temperature (◦C)

Electrolyte 1
EC/PC/EMC (12/38/50 wt)

Electrolyte 2
EC/PC/EMC (38/12/50 wt)

Stable Combustion
Stage

Stable Combustion
with Flame Color

Change Stage

Stable Combustion
Stage

Stable Combustion
with Flame Color

Change Stage

Hefei (100.09 kPa) 524 405 527 395
Lijiang (76.11 kPa) 679 480 676 548
Lhasa (65.23 kPa) 786 693 730 555

Table 5. The list of average HRR in Lijiang (76.11 kPa) and Lhasa (65.23 kPa) as Q values during the
z* calculation.

Q Lijiang (76.11 kPa) Lhasa (65.23 kPa)

Electrolyte 1 98 83
Electrolyte 2 87 72

From Figure 7, the decrease trend of temperature values obtained by thermocouples
and the 7018 temperature measuring module in Lijiang was more obvious than that in
Lhasa with the thermocouple position range from 0.04 m to 0.20 m height from the liquid
level, which was due to the higher flame height in Lhasa. In the combustion process, the
electrolyte would be gasified, and the combustible gas would rise with the effect of heat
flow, entraining air to complete combustion. At low pressure, the air density is lower, and
the oxygen concentration is reduced, so more air entrainment was needed to bring enough
oxygen to complete the combustion process; this increased the entrainment time and made
the flame height increase [51,57]. Therefore, between 0.04 and 0.20 m height above the pool
surface, there was a faster decline rate of fire temperature in Lijiang.

In order to further analyze the flame temperature of electrolyte, a characteristic length
z* was induced to describe the fire size, which was defined as Equation (2) [21,28,51–54]:

z∗ =
(

Q
ρ∞cpT∞

√
g

) 2
5

(2)

where Q is the HRR, ρ∞, cp, T∞ and g are the density, specific heat capacity of air, ambient
temperature, and gravity acceleration, respectively.

According to the experimental results, flame plume temperatures and characteristic
length z* which considering the influence of pressure were fitted to evaluate that whether
the flame flume temperature of electrolyte pool fire was corresponding with the three-
zone distribution proposed by Mc Caffrey model, as shown in Figure 8. Different from
hydride, as for the electrolyte pool fire, the slope of intermittent region should be between
that of flame region and plume region according to Mc Caffrey’s fire plume temperature
distribution model, presenting a ternary form temperature distribution. Nevertheless,
as for electrolyte, the boundary between intermittent region and plume region was not
clear, and it was hard to distinguish the two regions exactly. Thus, the flame plume of the
electrolyte pool fire could be divided into two areas—flame zone and plume zone—which
was consistent with a previous study [36]. As indicated in the figure, the temperature in
flame zone remained around 750 ◦C.

From Table 4, the flame temperature of stable combustion stage was higher than that
of stable combustion with flame color change stage. The explanation for this fire behavior
is that the linear carbonate EMC was the main fuel of stable combustion stage because of
its lowest flash point and strongest volatility in the organic solvent mixture system. The
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residual organic solvents PC and EC in the solution had low volatility and combustion
heat due to their ring structure. The stable ring structure led to the decrease of the free
radical formation rate and the combustion rate of electrolyte pool fire, which resulted in
the decrease of flame temperature.

The lower oxygen diffusion rate in a low pressure environment will lead to the
decrease of combustion rate per unit volume and the extension of fuel burning time, which
could explain that the burning duration of electrolyte in Lijiang and Lhasa was about 70%
and 50% longer than that in Hefei, respectively.

3.4. Radiation Heat Flux

Flames can be regarded as mixtures of high temperature gas, soot particles and other
combustion products, so flame radiation consists of soot radiation and gas radiation.
Environmental pressure will not only have a significant impact on soot particles, but also
affect the flame radiation heat flux, thus affecting the combustion rate of the flame, resulting
in changes in flame color and height.

Figure 9 illustrates the radiation heat flux of two electrolytes burning in Hefei, Lijiang
and Lhasa. As shown in Figure 9, the change trend of electrolyte in Hefei and Lijiang
was similar, which could be corresponding with the previously divided four combustion
stages. However, the radiation heat flux generated by electrolyte combustion in Hefei rose
and fell faster than that in Lijiang and Lhasa, while which can well verify that the flame
radiation heat flux loss was significantly reduced at low pressure. It is worth noting that the
radiation heat flux measured in Lhasa was far less than that measured in Hefei and Lijiang,
which can be attributed to the decrease of the volume fraction of soot particles under low
pressure [22–24]. From the radiation heat flux curves as shown in Figure 9, they were
proportionable with the corresponding HRR curves in Section 3.5, which indicates that
during the combustion process the heat radiative flux was positively associated with HRR.

Figure 9. Radiation heat flux of two electrolytes burning in Hefei (100.09 kPa), Lijiang (76.11 kPa)
and Lhasa (65.23 kPa).

3.5. Heat Release Rate

HRR is an important parameter to evaluate the fire risk of battery packs [15,25]. A lot
of heat will be released from the electrolyte during the combustion process. Considering
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the actual working conditions of LIBs, the heat released from the electrolyte may cause TR
of adjacent batteries during the processing. Therefore, it is necessary to evaluate the HRR
of electrolytes.

In this paper, a cone calorimeter was applied to measure HRR in Hefei and Lhasa
(since the limitation of experimental condition, there was no such equipment in Lijiang),
and the ambient pressure will have a significant impact on the calculation of the volume
flow in the exhaust pipe. According to the research of Niu et al. [26], the volume flow
ratio of the gas in the exhaust pipe in Hefei and Lhasa is equal to the molar volume
ratio of the two places, that is, 22.4:17.8. Environmental pressure would influence the
gas MFR calculation in the exhaust duct of cone calorimeter. According to International
Standardization Organization (ISO) 9705 standard [58], the calculation of HRR is as follows:

.
V298 = 22.4

√
Pa/P0

(
AKt/Kp

)
(∆P/Ts)

1/2 (3)

.
q = HRR = E

.
V298χa

O2

(
φ

φ(α− 1) + 1

)
− E

EC3 H8

.
qb (4)

where,
.

V298 is the volume flow rate of gas in the exhaust duct under the standard atmo-
spheric pressure and the temperature of 25 ◦C, whose unit is m3/s.

Pa is the environmental pressure.
P0 is the barometric pressure when the altitude is 0 m.
Ts is the gas temperature in the exhaust duct, and the unit is K.
∆P is the pressure drop measured by orifice plate flowmeter, whose unit is Pa.
A is the cross-sectional area (CSA) of exhaust duct, m2.
Kt is the ratio of the average mass flow per unit area to mass flow per unit area in the center
of the exhaust duct.
Kp is the Reynolds number correction for the bi-directional probe suggested by Mc Caffrey
and Heskestad.
EC3 H8 is a constant as 16.8 × 103 kJ/m3.
α is a constant as 1.105.
χa

O2
is the ambient mole fraction of oxygen including water vapor.

.
qb is the HRR from the burner.

Therefore, in Lhasa (65.23 kPa),
.

V298 is calculated as below:

.
V298 = 17.8

(
AKt/Kp

)
(∆P/Ts)

1/2 (5)

Based on this relationship, the HRR of the two electrolyte samples in Lhasa was modified.
The experimental results of Hefei and Lhasa are shown in Figures 10 and 11, respectively.

It can be seen from Figure 10 that the change trend and peak value of HRR curves
of the two electrolytes were basically consistent. In addition, the HRR curves of the two
electrolytes confirmed the above division of electrolyte combustion stage. Due to the
influence of linear carbonate and cyclic carbonate, there were two relatively stable stages
(stable combustion stage and stable combustion with flame color change stage) in the
combustion process of electrolyte. During stable combustion stage, linear carbonate was
the main fuel to maintain electrolyte pool fire. With the continuous accumulation of heat,
the combustion rate increased rapidly and the HRR reached to the peak value. With the
exhaustion of EMC, EC and PC with similar volatility became the main fuels, and the
evaporation rate of these two organic solvents was lower than that of EMC, resulting in the
decrease of HRR.
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Figure 10. HRR curves of two electrolytes in Hefei (100.09 kPa). The results for duplicate samples are
given as a dashed line in the figure.

Figure 11. HRR curves of two electrolytes in Lhasa (65.23 kPa). The results for duplicate samples are
given as a dashed line in the figure.

Comparing Figures 10 and 11, it can be found that the decrease of ambient pressure
does not change the trend of the HRR curve of the electrolyte. It can be found that the
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HRR and total heat release (THR) of electrolyte pool fire declined with the decrease of
environmental pressure, which was consistent with previous studies on LIBs and liquid
fuels [27–36].

The pHRR and THR of Electrolyte 2 were a little lower than those of Electrolyte 1,
reflecting a higher thermal safety, and the conductivity of it was increased by 15.8%
compared with that of Electrolyte 1, so Electrolyte 2 has higher comprehensive performance.

Electrolyte is one of the main components in LIBs that releases most of the heat during
the TR process. Quantitatively evaluating the fire risk of electrolyte could help develop
safer LIBs [55]. From this study, on the premise of maintaining good electrochemical
performance, several potential useful pieces of advice for decreasing the thermal hazard
of LIBs are proposed: (1) OC calorimetry based on cone calorimeter is a suitable method
to measure the HRR of electrolyte. The lower the HRR, the lower the fire hazard. (2) The
environmental pressure would influence the key parameters such as burning duration,
peak value of HRR and MLR. The THR under low-pressure conditions was lower than that
under atmospheric pressure, so the impact of pressure should be taken into consideration
during the transportation and storage of LIBs. (3) Fire retardant could be potentially added
to electrolytes to probably increase the safety of LIBs. (4) Besides enhancing materials
properties, a battery thermal management system (BTMS) with fire extinguishant is another
method to reduce thermal risk from the external aspect.

4. Conclusions

In this paper, the combustion characteristics of 1 mol/L LiBF4 involved in EC/PC/EMC
(12/38/50 or 38/12/50 mass ratio) electrolyte were analyzed, and the influence of low-
voltage environment on the fire risk of LIB electrolyte was studied:

(1) The combustion process of LiBF4 in EC/PC/EMC electrolyte system with different
mass ratio without external radiation could be divided into four stages: ignition, stable
combustion stage, stable combustion with flame color change stage and extinguishing;

(2) The flame centerline temperature increased with the decrease of ambient pressure, which
was mainly due to the significant decline of flame radiation heat loss at low pressure;

(3) The mass of oxygen per unit volume reduced with the decrease of pressure, result-
ing in a decline of the oxygen concentration between combustible vapor and air on
the surface of electrolyte, resulting in lower oxygen diffusion rate under low pres-
sure conditions, thus inhibiting the combustion rate of the electrolyte and the MLR
fall, reducing the steps between MLR in the stable combustion stage and the stable
combustion with flame color change stage, and prolonging the burning duration.

(4) The pHRR and THR of the two electrolytes were almost the same, but those of Elec-
trolyte 2 were slightly lower, and its conductivity was increased by 15.8% compared
with Electrolyte 1. Thus, Electrolyte 2 has a relatively lower fire hazard and better
comprehensive performance.
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