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Abstract

To address the serious decline in charge and discharge performance of lithium batteries in
low temperatures, this paper proposes a thermal management scheme with pulsating heat
pipes, which effectively achieves the advantages of pulsating heat transfer in heat pipes
and large-scale equalization heating in aluminum plates. Optimal energy consumption
thermal management strategies (OECTMS) and optimal performance thermal manage-
ment strategies (OPTMS) were proposed. The OECTMS aims to reduce the system energy
consumption while ensuring thermal management performance, whereas the OPTMS is in-
tended to maximize the performance of the heating system, ensuring that lithium batteries
achieve optimal thermal and electrical performance. Experimental results show that in low-
temperature discharge scenarios (−10 ◦C, −20 ◦C, and −30 ◦C), compared with batteries
without TMS, the OECTMS implements intermittent heating for the battery, achieving dis-
charge capacities as high as 60.06 Ah, 54.76 Ah, and 48.66 Ah, which correspond to increases
of 10.67%, 14.11%, and 29.83%, respectively. For the OPTMS, which applies continuous
heating to the battery, the discharge capacities are increased by 19.5%, 23.7%, and 56.6%
compared with batteries without TMS at a 0.5C rate. Notably, the battery with the OPTMS,
which originally could not discharge at all under −30 ◦C, achieves a discharge capacity
of 61.55 Ah, exhibiting a higher discharge capacity at a 1.5C rate. Furthermore, compared
with the OECTMS, the battery temperature under the OPTMS is consistently maintained
above 0 ◦C, and the temperature changes stably throughout the discharge process without
temperature spikes. This manuscript introduces pulsating heat pipe technology and pro-
poses a novel low-temperature thermal management scheme and provides new insights
for the efficient operation of lithium batteries in low-temperature environments.

Keywords: lithium battery; low temperature charging and discharging; pulsating heat
pipe; thermal management strategy; experimental verification

1. Introduction
The rapid development of the automotive industry has brought about earth-shaking

changes to the world, especially the flourishing development of electric vehicles (EVs)
worldwide [1]. As the energy source of EVs, the power battery plays a crucial role. Lithium
batteries have become the core energy source of EVs due to their outstanding advantages,
such as high energy density, good cycling characteristics, and no memory effect. The
performance and safety of their systems are particularly critical [2]. Users generally express
the core concern of low-temperature endurance in the promotion and application of EVs.
Range anxiety comes from the serious decline in the performance of the power battery in
low temperatures. As the core energy source of vehicles, it directly affects the performance
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of vehicles [3,4]. Low temperature not only affects the performance of vehicles but also
brings irreversible degradation of battery performance (decrease in capacity retention)
and irreversible damage (internal structural changes, low-temperature lithium deposition),
accelerating battery aging [5,6]. As the primary guarantee for battery performance and
safety, the battery thermal management system should optimize the working environment
of the battery, control the battery to operate within the allowable temperature range,
and improve the performance. Therefore, attempting to develop an efficient thermal
management system to solve the performance degradation dilemma faced by batteries in
low temperatures has important academic value and practical significance and is also in
line with the current trend of “high-end” development of battery technology.

The main technical solutions for low-temperature thermal management can be divided
into two categories: internal heating and external heating. The internal heating method
increases heat generation by creating a large internal resistance at low temperatures, thereby
achieving heating of the battery [7]. Its main features are no intermediate steps for heat
transfer, no need for additional heat transfer systems or circuit components, ensuring
uniform heating of the battery, and overall fast and efficient heating [8]. In specific appli-
cations, internal heating can be divided into alternating current heating and self-heating.
The alternating current heating is affected by factors such as application voltage, frequency,
current form, and current amplitude [9–11]. In related studies, alternating current can effec-
tively heat a lithium battery during low-temperature charging, but under low-frequency
application conditions, it is prone to lithium-ion deposition [12] and battery aging [13].
Although there have been many publicly reported studies on the internal heating of lithium
batteries, the technology is still in the theoretical exploration stage, and there is still a long
way to go before it can be practically applied.

External heating refers to heating outside the battery, mainly including forced air
heating, flowing liquid heating, contact thermal resistance heating, heat pipe heating,
and composite thermal management technologies of two or more of the above [14]. Air
heating is the use of a heating device to heat the air and then use hot air to preheat the
battery and heat the lithium battery through thermal conduction. However, the air heating
system has blind spots inside the battery compartment that cannot be reached, resulting
in temperature uncertainty and low efficiency of the air heating system [15]. The heating
technology using liquid as a heat exchange medium refers to heating battery packs through
thermal conduction. In current research, by arranging some sealed pipelines and using
a heat transfer working fluid to flow through the pipelines to transfer heat to the battery
pack, in addition to traditional liquid flow preheating devices, tube bundle liquid flow
heating devices are also designed to make the battery pack lightweight. Compared with
air heating, using liquid heat flow for heating can achieve higher heat transfer efficiency.
However, the traditional method of passing liquid into the bottom of the battery box has
higher requirements for the sealing of the battery box, and its reliability is more difficult
to guarantee [16]. Contact thermal resistance heating mainly refers to the use of heating
elements to heat the battery. It mainly includes two heating methods: metal heating film
and PTC material. Contact thermal resistance heating can achieve a good heating effect,
but the heating system has insulation failure, electrical safety, and overheating risks [17].

Heat pipe heating mainly refers to the transfer of heat generated by electric heating
to the heat pipe. By utilizing the bidirectional thermal conductivity of the heat pipe, the
condensation end is used as the battery heating end, and the heat is transferred to the heat
absorption end through internal fluid motion. Its main principle lies in the advantages
of high thermal conductivity, high heat flux density, flexible contact structure, and good
temperature equalization effect of heat pipes [18,19], which have been widely used in
the field of heat dissipation in microelectrical systems such as electronic chips for a long
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time. There are many current studies on the heat dissipation of lithium batteries around
heat pipes [20–22]. He [23] proposed a thermal management system with a combination
of heat pipes and liquid-cooled plates; the coverage angle of the aluminum plate on the
battery had the greatest impact on the system cooling performance. When the height,
thickness, coverage angle of the aluminum plate on the battery, and coverage angle of the
heat pipe were greater than 50 mm, 2 mm, 75◦, and 60◦, respectively, it could ensure that
the battery obtained a good working temperature range. And the highest temperature was
37.58 ◦C, with a temperature difference of 3.67 ◦C. Liang [24] proposed a battery thermal
management with flat plate heat pipes and conducted cooling tests on a cylindrical battery
at a discharge rate of 5C. The results showed that using flat plate heat pipes to cool the
battery pack could limit its temperature to within 50 ◦C, and the temperature difference in
the battery pack did not exceed 5 ◦C.

However, research has found that there are not many studies on low-temperature
thermal management around heat pipes, although there are also literature reports on
related applications [25,26]. Chen [27] designed a low-temperature heating module for a
battery with heat pipes, inserting the heat transfer section of the heat pipe between the
large side of the battery and the battery. Under low-temperature conditions of −20 ◦C, the
heat pipe can ensure continuous operation, which proves the possibility of using the heat
pipe for low-temperature heating management of electric vehicle power batteries. From the
above analysis, it can be seen that heat pipe heating has a bright future. However, it still
has significant limitations. Firstly, the use of heat pipes for battery thermal management
is limited, and publicly reported literature indicates that heat pipes are mostly used for
high-temperature thermal management. However, there are few literature reports on
low-temperature thermal management related to it. Secondly, the integration research
of heat pipes with other schemes is not sufficient. Pulsating heat pipes are only a heat
transfer device. How to efficiently match them with other preheating technologies, fully
utilize or maximize their role as an efficient heat transfer device, and achieve the goal of
low-temperature thermal management of batteries is the key.

To address the above limitations, this study proposes a low-temperature thermal
management system for lithium batteries with pulsating heat pipes. The effectiveness
of the proposed system is examined in different low-temperature scenarios, aiming to
fill the gap in research on pulsating heat pipes in low-temperature thermal management
of lithium batteries and expand the application scenarios of pulsating heat pipes. Un-
doubtedly, this has significant academic significance. The innovation and contribution
of the research are as follows: (1) a low-temperature thermal management scheme with
pulsating heat pipes has been proposed, laying the foundation for efficient battery thermal
management; (2) energy consumption and optimal performance thermal management
strategies for low-temperature scenarios have been proposed, providing new insights for
low-temperature heating of batteries; and (3) the efficiency and reliability of the pulsating
heat pipe thermal management system and corresponding strategy have been verified,
expanding the application scope of heat pipes.

2. Materials and Methods
Preliminary preparations were made from the aspects of pulsating heat pipe design

and manufacturing, design of pulsating heat pipe thermal management system, design of
thermal management strategy, performance testing bench construction, and performance
testing projects. The specific contents are as follows:
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2.1. Pulsating Heat Pipe Design and Manufacturing

Pulsating heat pipes mainly consist of two parts: the internal working fluid and
the pipe body. Firstly, the choice of working fluid. Working fluids can be divided into
traditional working fluids and non-traditional working fluids (nanofluids). Nanofluids
prepared with metal nanoparticles can significantly enhance the heat transfer ability of
the working fluid [28], while also exhibiting higher stability. Titanium dioxide has good
durability/heat resistance, chemical stability, dispersion stability, strong environmental
friendliness, and is safe for humans [29,30]. Meanwhile, titanium dioxide has a wide range
of sources and low production costs [31,32]. The basic solutions of nanofluids mainly
include water, ethanol, propanol, paraffin oil, etc. Nanofluids with ethanol and propanol
exhibit superior thermal conductivity [33,34], mainly due to the functional groups of double
bonds in ethanol, which facilitate the formation of stable compounds with other substances.
In addition, ethanol has lower dynamic viscosity and greater latent heat and specific heat
compared to water, which is beneficial for the low-temperature start-up of heat pipes.
Based on the aforementioned analysis, commercially available titanium dioxide nanofluid
was adopted as the working fluid for the pulsating heat pipe in this study, with ethanol
serving as the base solution. According to relevant literature, the heat transfer performance
of the heat pipe is optimal when the filling ratio is 50% and the volume concentration of
the nanofluid working fluid is 2% [2].

Next, the design of pulsating heat pipes needs to adapt to the battery thermal load,
respond to changes in battery thermal load, and meet heating requirements. The selection
of pulsating heat pipes requires consideration of heat pipe parameters and battery char-
acteristics. The thermal conductivity of pipes is one of the main factors affecting the heat
transfer capacity of pulsating heat pipes. The selected material should have good thermal
conductivity to withstand higher temperatures and be compatible with the working fluid.
Choose copper material (copper has a high thermal conductivity of about 400 W/m·K [35])
as the heat pipe material. A circular cross-section helps the liquid film to always adhere
to the inner wall of the heat pipe, better absorbing and dispersing heat from the evapora-
tion and condensation sections [36]. Additionally, a circular cross-section has lower flow
resistance, and the cross-section of the pulsating heat pipe is determined to be circular.
The number of turns of pulsating heat pipes is directly related to the total heat flux and
is also limited by practical conditions. According to the actual size of the battery and the
constraints of the thermal management system, the pulsating heat pipe should be designed
to cover the large side of the battery as much as possible, ensuring that heat is transferred
to the surface of the battery as much as possible. The number of turns is determined to be
5. According to the actual design of the thermal management system with pulsating heat
pipes, the length of the pulsating heat pipe evaporation section is selected as 45 mm, and
the length of the condensation section is 183 mm.

The operation of pulsating heat pipes is based on the oscillatory motion of gas and
liquid plugs, and the relative strength must comply with relevant standards [37] to achieve
good oscillatory motion and meet heat transfer requirements. Furthermore, considering the
relationship between the inner diameter size and the frictional resistance of the working
fluid, the minimum inner diameter is also subject to certain constraints [38]. The specific
description is as follows:

Bo =
√

Eo =

√
(ρl − ρv)g

σ
D2 (1)

Dmax ≤ 2
√

σ

(ρl − ρv)g
(2)

0.7
√

σ

(ρl − ρv)g
≤ Di ≤ 2

√
σ

(ρl − ρv)g
(3)
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where σ is the surface tension of the working fluid (N/m); D is the inner diameter of the
heat pipe (m); g is the gravity acceleration (N/kg); ρv is the density of gas plugs (kg/m3);
ρl is the density of liquid plugs (kg/m3); Bo is the bond number; Eo is the Euler number.

The inner diameter of pulsating heat pipes is usually within the range of 1 mm to
8 mm [39]. With actual processing technology, the designed inner diameter is determined
to be 5 mm. Finally, a vacuum pump is used to evacuate the heat pipe, and nanofluid
is injected into the heat pipe (titanium dioxide nanofluid with a filling rate of 50% and a
working fluid concentration of 2% has the best heat transfer ability). Then, the heat pipe is
sealed, and finally, the pulsating heat pipe is obtained.

2.2. Design of Pulsating Heat Pipe Thermal Management System

The pulsating heat pipe thermal management system mainly includes core components
such as a lithium battery, high thermal conductivity pulsating heat pipes, aluminum
homogenization plates, heating plates, and thermal management control subsystems. As
shown in Figure 1, a commercially available lithium iron phosphate battery (Yiwei Lithium
Energy Co., Ltd., Huizhou, China) with a capacity of 68 Ah is selected as the research
object. Adopting a heating scheme that combines mica heating plates and pulsating
heat pipe heat exchangers for thermal management of the battery in low-temperature
environments. That is, adding a pulsating heat pipe heat exchanger (Laboratory self
processing, Harbin, China) on the large side of the battery, wherein the pulsating heat pipe
heat exchanger consists of the pulsating heat pipe mentioned earlier and an aluminum
homogenization plate (Laboratory self processing, Harbin, China). The main function of
the aluminum homogenization plate is to uniformly transfer the temperature to the large
side of the battery, achieving uniform heating of the large side of the battery. The heat pipe
is embedded in the homogenization plate to achieve sufficient contact between the two, and
the heat pipe evaporation end is in contact with the heating plate. The heat is transferred
from the evaporation end of the heat pipe to the condensation end, while the heat from
the condensation end is transferred to the surface of the battery through the aluminum
homogenization plate, thereby achieving heating of the battery. The detailed parameters
are shown in Table 1, and the specific control strategy will be elaborated on in Section 2.3.

Table 1. Relevant parameters.

Items Parameters Value

Lithium battery

Mass (kg) 1.4
Capacity (Ah) 68

Size (mm) 135.5 × 29.3 × 185.3
Rated voltage (V) 3.2

Charging cutoff voltage (V) 3.65
Discharging cutoff voltage (V) 2.5
Maximum charging current (C) 1

Maximum discharging current (C) 2
Operating temperature (◦C) −30~55

Heating plate

Electric strength (V/min·mA) 1500/1·5
Operating temperature (◦C) −150–600

Power density (W/cm2) 17
Power deviation (%) ±5
Recession time (h) 20,000
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Table 1. Cont.

Items Parameters Value

Pulsating heat pipe

Pipe material Copper
Cross-sections Circle

Number of turns 5
Evaporation section length (mm) 45

Condensation section length (mm) 183
Total length (mm) 228
Total width (mm) 115

Inner diameter (mm) 5

Figure 1. Pulsating heat pipe thermal management system for low-temperature.

2.3. Design of Thermal Management Strategy

The original intention of low-temperature heating management for lithium batteries is
to reduce potential safety risks such as performance degradation and lithium deposition
caused by low temperature. The low-temperature heating management strategies usually
require consideration of the target temperature of the lithium battery. Generally speaking,
a battery can be freely charged and discharged above 0 ◦C. Sometimes, it is necessary to
reduce the impact of environmental temperature on battery performance and ensure that
the battery is within the ideal temperature range. However, this ignores the parasitic energy
consumed by the system, as the heating element consumes a significant amount of energy
for low-temperature heating. It is of great significance to ensure the low-temperature
performance of the battery while reducing the energy consumption of the pulsating heat
pipe thermal management system.

Therefore, it is very necessary to have a real-time temperature control strategy, which
can ensure that the average temperature of the battery is within the allowable temperature
range, effectively exert the electrical performance of the battery, and reduce the energy
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consumption of thermal management systems. Therefore, this paper proposes an optimal
performance thermal management strategy (OPTMS) and an optimal energy consumption
thermal management strategy (OECTMS). OPTMS aims to keep the battery operating
within the optimal temperature range by controlling the continuous operation of the
heating element and maximizing the performance of the battery; OECTMS aims to ensure
that the battery operates within the allowable temperature range and reduce the system
energy consumption caused by heating plates.

OPTMS ensures that the heating element operates throughout the entire process
without the need for control. However, OECTMS requires the control of mica heating plates.
Although PID control has significant advantages in industrial control, such as obvious
control effects, simple system composition, and easy adjustment of control parameters [40].
However, lithium battery systems exhibit highly nonlinear time-varying characteristics,
and PID control technology shows significant lag for thermal management system control.
Fuzzy control, as a representative of control theory that can be implemented industrially, is
suitable for dealing with complex problems such as nonlinearity, multidimensionality, and
multi-field coupling [41]. Therefore, a PID controller with fuzzy control is developed for
the OECTMS, as shown in Figure 2. Aim to implement thermal management strategies by
controlling the power of mica heating plates.

Figure 2. Control logic diagram of fuzzy PID controller.

The design of a fuzzy PID controller includes the controller structure, fuzzification of
controller input and output, and formulation of controller control rules.

(1) Controller structure

The control objective is the temperature of the lithium battery, and the system execution
element is the mica heating element. The deviation and deviation change rate between
the expected temperature and the actual temperature value of the battery are selected
as input variables, and the correction parameters are selected as output variables. The
correction parameters are used to supplement and optimize the control parameters of the
PID controller, and the output variable of the controller is the power of the heating element.

(2) Fuzzification of controller input and output

The input and output variables are described as ML (negative large), MI (negative
medium), MP (negative small), ZO (zero), FP (positive small), FI (center), and FL (positive
large). After multiple tests of the positive definite controller combined with the thermal
management system and experimental structural analysis, the input variables’ domain
was finally set to [−6, 6], the output variables’ domain was set to [−2, 2], and a triangular
function was selected as the membership function of the variables.

(3) Controller control rules

The control rules usually require reference to the industry’s long-term accumulated
experience and analysis of actual experimental results to ultimately conclude. Based on
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the team’s previous research on low-temperature heating control technology for power
batteries and industry experience in battery management systems, the control rule tables
for various parameters of the fuzzy controller were finally obtained, as shown in Tables 2–4.

Table 2. Fuzzy control rule of ∆kp.

∆kp
e

ML MI MP ZO FP FI FL

ec

ML FL FL FI FI FP ZO ZO
MI FL FL FI FP FP ZO MP
MP FI FI FI FP ZO MP MP
ZO FI FI FP ZO MP MI MI
FP FP FP ZO MP MP MI MI
FI FP ZO MP MI MI MI ML
FL ZO ZO MI MI MI ML ML

Table 3. Fuzzy control rule of ∆ki.

∆ki
e

ML MI MP ZO FP FI FL

ec

ML ML ML MI MI MP ZO ZO
MI ML ML MI MP MP ZO ZO
MP ML MI MP MP ZO FP FP
ZO MI MI MP ZO FP FI FI
FP MI MP ZO FP FP FI FL
FI ZO ZO FP FP FP FI FL
FL ZO ZO FP FI FI FL FL

Table 4. Fuzzy control rule of ∆kd.

∆kd
e

ML MI MP ZO FP FI FL

ec

ML FP MP ML ML ML MI FP
MI FP MP ML MI MI MP ZO
MP ZO MP MI MI MP MP ZO
ZO ZO MP MP MP MP MP ZO
FP ZO ZO ZO ZO ZO ZO ZO
FI FL MP FP FP FP FP FL
FL FL FI FI FI FI FP FL

2.4. Low-Temperature Performance Testing Bench

To conduct experimental research on the low-temperature performance of battery
thermal management systems with pulsating heat pipes, a performance experimental
platform was built using the developed pulsating heat pipe thermal management system
as the test object, in conjunction with the battery comprehensive testing system, simulated
environment chamber, and mica heating plate control circuit. The experimental platform
consists of four parts: a battery comprehensive testing system, a simulated environment
chamber, a pulsating heat pipe thermal management system (as described in detail in
Section 2.3), and a low-temperature heating control circuit, as shown in Figure 3a.
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Figure 3. Low temperature performance testing bench. (a) experimental diagram of pulsating heat
pipe thermal management system; (b) schematic diagram of sensor location.

(1) Battery comprehensive testing system

The battery comprehensive testing system refers to the Arbin battery charge and
discharge testing machine and the corresponding control software MITS Pro 2016. During
the experiment, the pulsating heat pipe thermal management system containing a lithium
battery was hard-wired to the Arbin battery charge (Texas, USA) and discharge testing
machine through a charge and discharge cable. The corresponding MITS Pro software was
used to set the charge and discharge status of the battery, including charge and discharge
rate, charge and discharge cut-off conditions, and cycle charge and discharge.

(2) Simulated environment chamber

An environment chamber refers to a freezer that provides a low-temperature en-
vironment, capable of providing a temperature of −30 ◦C with a temperature control
accuracy of ± 1.0 ◦C and good insulation properties. During the experiment, simulate the
low-temperature characteristics of the cold region where the battery is located.

(3) Low-temperature heating control circuit

The mica heating element control circuit mainly includes three parts: information
acquisition, heating control, and heating execution. The information acquisition module
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is responsible for recording and storing various parameters; The heating control module
downloads the above thermal management strategy to the hardware control board to
control its execution and sends control instructions (to control the mica heating element) to
the heating execution module to achieve temperature regulation of the battery; The heating
execution module includes a pulsating heat pipe, an aluminum homogenization plate, an
aluminum collector plate, and mica heating plates. By adhering to the large side of the
battery, the contact area between the heating execution and the large side of the battery is
increased, making it easier to quickly heat the battery. During the experiment, the power
of the mica heating plate was controlled by a corresponding control algorithm so that the
heat generated by the heating element was transferred from the evaporation section of the
pulsating heat pipe to the condensation section. The heat from the condensation section
was evenly transferred to the surface of the battery through the aluminum homogenization
plate. Signal acquisition utilizes temperature sensors to record temperature changes at
different locations, using T1, T2, T3, T4, T5, T6 and T7, respectively, with specific positions as
shown in Figure 3b.

2.5. Performance Testing Projects

To investigate the performance of the pulsating heat pipe low-temperature thermal
management system with different thermal management strategies, the following experi-
mental projects were conducted.

(1) Response of pulsating heat pipe low-temperature thermal management system under
preheating conditions. The efficiency of the pulsating heat pipe thermal manage-
ment system under preheating conditions is closely related to preheating power and
environmental temperature. Generally speaking, for thermal management systems,
it is necessary to match the system preheating power under different temperature
conditions to ensure efficient operation of the system and achieve good preheating
efficiency during the preheating stage.

(2) The effectiveness of a pulsating heat pipe thermal management system with OECTMS
in low-temperature discharge scenarios. The discharge scenario includes the pre-
heating process and insulation process of the lithium battery. As mentioned earlier,
OECTMS is to ensure that the battery operates within the allowable temperature
range and reduce the system energy consumption caused by heating plates. This is
achieved by using the fuzzy PID algorithm to control the power of the mica heating
plates in real time. Therefore, it is necessary to explore the specific performance of the
pulsating heat pipe thermal management system with OECTMS.

(3) The effectiveness of a pulsating heat pipe thermal management system with OPTMS
in low-temperature discharge scenarios. Similar to OECTMS, it also includes the
preheating and insulation processes. OPTMS corresponds to the continuous operation
of the heating plate, ensuring that the battery operates within the optimal temperature
range and maximizes its performance. Therefore, it is necessary to explore the specific
performance of the pulsating heat pipe thermal management system with OPTMS.

(4) The effectiveness of a pulsating heat pipe thermal management system with OPTMS
in low-temperature charging scenarios. Unlike discharge scenarios, low-temperature
charging has a significant impact on the performance and lifespan of lithium batteries,
and the role of thermal management systems is more prominent. Undoubtedly, the
working temperature of lithium batteries should be raised as much as possible to
reduce the negative impact of low-temperature environments. Therefore, OPTMS
is preferred. Therefore, it is necessary to explore the specific performance of pul-
sating heat pipe thermal management systems with OPTMS in low-temperature
charging scenarios.
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3. Results and Discussion
3.1. Response of Pulsating Heat Pipe Thermal Management System Under Preheating Conditions

Figure 4a shows the average temperature changes in the battery and the pulsating
heat pipe condensation section with different heating powers. It can be seen that the
mica heating plate rapidly heats up and transfers heat to the pulsating heat pipe. The
heat pipe starts and transfers heat through the evaporation section to the condensation
section, further transferring heat to the battery for preheating. When heating the battery
from −10 ◦C to 0 ◦C using different heating powers (80 W, 160 W, 240 W), the required
times are 823 s, 513 s, and 419 s, respectively. Specifically, varying heating powers lead to
different durations for raising the battery temperature from −10 ◦C to 0 ◦C. From these
data, the battery’s temperature rise rates are calculated as 0.73 ◦C/min, 1.17 ◦C/min, and
1.43 ◦C/min, respectively. Based on the temperature rise rates, it can be concluded that a
higher heating power supplied by the mica heating sheet results in a shorter heating time,
a faster temperature rise rate of the lithium battery, and a more significant heating effect.
Compared with the heating film-based method proposed by E et al. [42], which achieved
a battery temperature rise rate of 1.18 ◦C/min, the liquid heating scheme developed by
Sadar et al. [43] realized a battery temperature rise rate of 0.83 ◦C/min. This study, by
utilizing the high thermal conductivity and pulsating heat transfer characteristics of the
heat pipe, has gained significant advantages over the aforementioned schemes. When
the input heating power increases, the time required for the pulsating heat pipe to start
from low temperature is shortened, the condensation section of the heat pipe rapidly heats
up, the heat pipe quickly reaches a stable heat transfer state, and the battery can obtain
a higher temperature rise rate. Furthermore, as the heating power increases, the heating
energy consumption also increases. When the heating power is 80 W, 160 W, and 240 W,
the corresponding energy consumption is 18.2 Wh, 22.8 Wh, and 27.9 Wh, respectively. The
preheating time of 240 W high power decreases, but the improvement of heating capacity
is limited. According to Figure 4b, it can be seen that the time required to heat the surface
temperature of the battery to 0 ◦C is 513 s, 841 s, and 1065 s at low temperatures of −10 ◦C,
−20 ◦C, and −30 ◦C. And in Figure 4c, under the same conditions, the time required to
heat the surface temperature of the battery to 0 ◦C is 419 s, 739 s, and 809 s, respectively.
It can be seen that the heating time and temperature rise rate are greatly affected by the
environment, and the preheating time of the battery is prolonged as the environmental
temperature decreases.

Furthermore, when the environmental temperature is −30 ◦C and the heating power
is 240 W, the temperature curves at different positions on the battery surface are shown
in Figure 4d. The surface temperature of the battery with the pulsating heat pipe thermal
management system shows a nonlinear rise. In the initial heating state, a certain delay
in temperature rise is observed, and then the surface temperature of the battery begins
to slowly rise. With further extension of heating time, the temperature curve shows a
turning point at 250 s, and the temperature rise rate on the battery surface increases, which
corresponds to the trend of temperature change in the condensation section of the pulsating
heat pipe in Figure 4c. The main reason is that as the temperature of the evaporation section
of the pulsating heat pipe increases, the heat pipe starts to start, and the working fluid
inside the heat pipe begins to oscillate, accelerating the heat transfer of the heat pipe and
causing the temperature of the condensation section to rise rapidly, thereby warming the
battery and gradually increasing the surface temperature of the battery. Based on the above
analysis, considering the high temperature at the condensation section of the heat pipe
under high heating power, which is not conducive to the rapid and stable operation of the
battery after preheating, 160 W is selected as the optimal preheating power for the battery.
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Figure 4. The average temperature of the battery and the pulsating heat pipe condensation section.
(a) Battery temperature and heat pipe condensation section temperature under different heating
power; (b) battery temperature and heat pipe condensation section temperature at a heating power
of 160 W; (c) battery temperature and heat pipe condensation section temperature at a heating power
of 240 W; (d) battery surface temperature at a heating power of 240 W.

3.2. Effectiveness of Pulsating Heat Pipe Thermal Management System with OECTMS in
Low-Temperature Discharge

As mentioned earlier, the low-temperature discharge scenario includes the preheating
and insulation process of the lithium battery. Relying solely on preheating, the temperature
of the lithium battery will continue to decrease, and it is difficult to maintain its temperature
above 0 ◦C in low temperatures. This indicates that preheating alone cannot guarantee
the performance of the battery. OECTMS can achieve continuous operation of the lithium
battery above 0 ◦C. Figure 5a,b show the surface temperature variation in the lithium
battery and pulsating heat pipes. By adopting the OECTMS, the surface temperature rise
in the battery shows three peaks. After preheating the battery to 0 ◦C, it can be concluded
that during the battery discharge process, there are two times when the temperature drops
below 0 ◦C, and the battery is heated to 0 ◦C. However, due to the residual heat generated
by the heat pipe heating, there is a significant temperature surge phenomenon in the battery
and the heat pipe. Nevertheless, the overall temperature variation in the lithium battery
exhibits strong consistency. At the same stage, the overall temperature of the battery is very
uniform, and the thermal environment is good.
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Figure 5. Temperature variation in the lithium battery and the pulsating heat pipe under the OECTMS.
(a) Battery temperature variation; (b) pulsating heat pipe surface temperature variation.

Furthermore, Table 5 presents the discharge capacity data of the lithium battery with
OECTMS. Under low temperatures of −10 ◦C, −20 ◦C, and −30 ◦C, the discharge capacities
of the lithium battery under individual preheating are 56.38 Ah, 50.88 Ah, and 46.62 Ah,
respectively. The capacity of the lithium battery with OECTMS reached 60.06 Ah, 54.76 Ah,
and 48.66 Ah, respectively. Compared with a battery without a thermal management system
(TMS), the discharge capacity increased by 10.67%, 14.11%, and 29.83%. Undoubtedly,
intermittent heating of the lithium battery through OECTMS can significantly improve
battery discharge capacity.

Table 5. Discharge capacity of lithium battery with OECTMS in low-temperature discharge.

Items
Environmental Temperature

−10 ◦C −20 ◦C −30 ◦C

Battery without TMS 54.27 47.99 37.48
Battery with preheating 56.38 50.88 46.62
Battery with OECTMS 60.06 54.76 48.66

Increase rate (Battery without TMS
vs. Battery with OECTMS) 10.67% 14.11% 29.83%

3.3. Effectiveness of Pulsating Heat Pipe Thermal Management System with OPTMS in
Low-Temperature Discharge

The above discussed the temperature and discharge capacity changes in the lithium
battery with OECTMS. Intermittent heating of the lithium battery has improved its low-
temperature performance to a certain extent, but the pulsating heat pipe start-up has a
certain delay, and the residual heat during the heating process of the heat pipe causes the
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surface temperature of the battery to overshoot. Therefore, to ensure long-term temperature
stability of the pulsating heat pipe and eliminate the adverse factors caused by repeated
start-up of the heat pipe, it is necessary to examine the pulsating heat pipe thermal manage-
ment performance with OPTMS. OPTMS ensures that the lithium battery operates within
the optimal temperature range and maximizes its performance by continuously using mica
heating plates.

As shown in Figure 6, data on surface temperature and pulsating heat pipe temper-
ature changes in the lithium battery with OPTMS under a low temperature of −20 ◦C at
discharge rates of 0.5C and 1.5C were recorded. The battery temperature was always main-
tained above 0 ◦C, and the temperature changed steadily during the complete discharge
process without significant temperature surges. Therefore, the pulsating heat pipe thermal
management system with OPTMS continuously heats the battery, resulting in a significant
increase in the surface temperature of the battery.

Figure 6. Temperature variation in the lithium battery and the pulsating heat pipe corresponding to
OPTMS. (a) Battery temperature variation at 0.5C discharge rate; (b) battery temperature variation
at 1.5C discharge rate; (c) pulsating heat pipe surface temperature variation at 0.5C discharge rate;
(d) pulsating heat pipe surface temperature variation at 1.5C discharge rate.

Figure 7a,b show the corresponding discharge capacity data. At a discharge rate
of 0.5C, the discharge capacities of the lithium battery reached 64.83 Ah, 59.41 Ah, and
58.69 Ah, respectively. However, the capacities corresponding to the battery without TMS
are 37.48 Ah, 47.99 Ah, and 54.27 Ah. Compared with a battery without TMS, the discharge
capacities increased by 19.5%, 23.7%, and 56.6% in low temperatures of −10 ◦C, −20 ◦C,
and −30 ◦C. Especially at a discharge rate of 1.5C, the battery without TMS cannot be
discharged at −30 ◦C; the discharge capacity of the battery with OPTMS is increased to
61.55 Ah. Figure 7c shows the discharge internal resistance of the battery without TMS
under different temperature conditions, while Figure 7d shows the corresponding discharge
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internal resistance of the battery with OPTMS. The comparison shows that the internal
resistance of the battery in a low-temperature environment is the main factor that reduces
battery performance. By continuously warming the battery with the OPTMS, the internal
resistance of the battery decreases significantly, which improves the discharge performance
of the battery to a certain extent and eliminates the adverse effects of low temperature on
the battery, thereby improving the overall working environment of the battery.

Figure 7. Discharge capacity and internal resistance of battery with OPTMS. (a) Battery discharge
capacity at 0.5C discharge rate; (b) battery discharge capacity at 1.5C discharge rate; (c) discharge
internal resistance of the battery without TMS at different temperatures; (d) discharge internal
resistance of the battery with OPTMS at different temperatures.

3.4. Effectiveness of Pulsating Heat Pipe Thermal Management System with OPTMS in
Low-Temperature Charge

As mentioned earlier, the lithium battery has achieved good thermal performance and
significantly improved discharge capacity with OPTMS in the low-temperature discharge
scenario. Undoubtedly, adopting OPTMS in low-temperature charging scenarios results in
overall temperature changes in the lithium battery similar to those of discharge scenarios.
Unlike low-temperature discharge scenarios, low-temperature charging scenarios have
a direct impact on the charging efficiency of the lithium battery. Here, the focus is on
examining the low-temperature efficiency characteristics of the lithium battery with OPTMS.
Charging efficiency can generally be characterized by parameters such as charging capacity,
constant current charging capacity, and constant current charging rate.

As shown in Figure 8, the study investigates the charging performance of the lithium
battery with OPTMS under different low temperatures at a 1.0C rate. The battery can
achieve constant current charging at temperatures of −10 ◦C, −20 ◦C and −30 ◦C. Mean-
time, the constant current charging time is greatly improved, and the proportion of constant
current charging capacity increases. After constant current and constant voltage charging,
the capacities are 62.91 Ah, 56.38 Ah, and 51.28 Ah, respectively. On the other hand, lithium
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batteries without TMS have cumulative charging capacities of 55.64 Ah, 26.38 Ah, and
12.16 Ah; the charging capacity has significantly decreased. Further observation of its
constant current charging capacity shows that there is almost no constant current charging
stage under the environmental temperature of −20 ◦C and −30 ◦C. Even if the lithium
battery is charged with a certain amount of electricity, this is achieved at the expense of
charging time during the constant voltage stage, which is intolerable for the charging
efficiency of the lithium battery and does not meet the development needs of fast charging
technology. Observing Figure 8b, with the pulsating heat pipe low-temperature thermal
management system, the transverse constant current charging rate of the lithium battery
under different environmental temperature conditions is not less than 95.55%, the constant
current charging time is significantly improved, and the charging efficiency is significantly
improved. (Here, the value of 95.55% refers to the ratio of the capacity charged into the
lithium battery during the constant current charging stage to the total charged capacity. A
larger value of this ratio indicates a higher proportion of the constant current charging stage
in the entire charging process and thus a higher charging efficiency of the lithium battery.)
Upon investigation, the heating effect of the pulsating heat pipe improves the environment
for internal electrochemical reactions in the lithium battery, enhances the activity of battery
materials, reduces the difficulty of Li + diffusion through electrode materials, and enables
the normal progress of lithium ion deintercalation reactions.

Figure 8. Charging capacity and constant current charging capacity rate of the battery with OPTMS.
(a) battery without TMS; (b) battery with OPTMS.

As previously stated, the OPTMS enables superior thermal performance and electrical
performance of the battery, which is achieved through preheating and heat preservation. It
is necessary to focus on the “benefits” derived from the energy released by the battery with
the OPTMS and the “costs” caused by the additional energy consumption for preheating
and heat preservation. This can be expressed as follows:{

φ =
(Eoptms−Eb)−Etms

(Eoptms−Eb)

Etms = Pop × Top
(4)

where Etms represents the energy consumption for heating battery (kWh); Eoptms represents
the charging energy under the OPTMS (kWh); Eb represents the charging energy of the bare
without TMS (kWh); Pop represents the heating power (kW); Top represents the heating time
(h). It can be seen from the above formula that the additional energy released by the battery
is subtracted from the heating energy consumption. This clearly reflects the balance between
energy “benefits” and “costs” and indicates the energy consumption of the heating system.
Furthermore, this difference is divided by the additional energy released by the battery.
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A larger ratio indicates that more energy remains from the additional energy released by
the battery after deducting the heating energy consumption. As shown in Table 6, this
value is negative at an ambient temperature of −10 ◦C. The main reason is that there is no
significant difference in the final charged capacity. As indicated in the previous analysis,
the charging capacities of the battery without TMS under different low temperatures are
55.64 Ah, 26.38 Ah, and 12.16 Ah, respectively, whereas the charging capacities of the
battery with OPTMS are 62.92 Ah, 56.38 Ah, and 51.28 Ah, respectively. Therefore, the
energy benefit obtained is limited, while the energy consumption for preheating and heat
preservation does not decrease, resulting in a relatively poor value from the theoretical
calculation. At −20 ◦C and −30 ◦C, the OPTMS achieves positive economic efficiency
and brings considerable benefits, with the corresponding values of 52.35% and 58.02%,
respectively. In fact, the above analysis also provides new insights, such as adopting
different heating strategies for different low-temperature ranges.

Table 6. Economic analysis.

Charge Rate
Environmental Temperature

−10 ◦C −20 ◦C −30 ◦C

1.0C −14.69% 52.35% 58.02%

4. Conclusions
This paper introduces pulsating heat pipe technology and proposes a novel pulsating

heat pipe thermal management scheme. The optimal energy consumption and optimal
performance thermal management strategies are proposed, and corresponding performance
test benches are built. Performance experiments of pulsating heat pipe thermal management
systems are conducted in different low-temperature scenarios. The specific conclusions are
as follows:

(1) Response of the PHP Heating System Under Preheating Conditions. Under different
low-temperature conditions, a comparison of different heating powers reveals that
a higher heating power results in a shorter heating time and a faster temperature
rise rate of the battery. However, an excessively high heating power does not further
increase the battery’s temperature rise rate; instead, it leads to a sharp increase in
heating energy consumption. Selecting a heating power of 160 W can achieve an
effective balance between heating time and heating energy consumption.

(2) Heating efficacy of the PHP heating system with the OECTMS in discharge scenarios.
Compared with a battery without TMS, the OECTMS significantly improves the dis-
charge capability of the battery, with the battery capacity increasing by 10.67%, 14.11%,
and 29.83%, respectively. However, the intermittent insulation method adopted causes
the temperature to be in a dynamic fluctuation state, with obvious peaks, valleys, and
temperature spikes. Nevertheless, this does not impair the overall consistency of the
battery’s temperature changes.

(3) Heating efficacy of the PHP heating system with the OPTMS in discharge scenarios.
The greatest advantage of the OPTMS lies in maintaining the battery temperature
above 0 ◦C at all times. It eliminates temperature peaks, valleys, and spikes of the
battery, thereby achieving a significant improvement in the thermal performance.
Meanwhile, this strategy further enhances the discharge capacity. Compared with
the battery without TMS, the discharge capacities at 0.5C rate are increased by 19.5%,
23.7%, and 56.6%, respectively. At the 1.5C rate, it enables the battery—originally
unable to discharge—to achieve a discharge capacity of 61.55 Ah. Compared with
the OECTMS, the discharge capacity is increased by 7.94%, 8.49%, and 20.61%, re-
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spectively. There is no doubt that both the thermal and electrical performance of the
battery with the OPTMS are improved.

(4) Heating efficacy of the PHP heating system with the OPTMS in charging scenar-
ios. The OPTMS ensures that the battery achieves excellent thermal performance
in low temperatures, which significantly improves the low-temperature charging
performance. Specifically, it enables the constant-current charging ratio of the battery
to exceed 95.55% across different low-temperature conditions. Compared with a
battery without TMS, the charging capacity with this strategy increases by 321.71%,
113.72%, and 13.07%, respectively. Meanwhile, the charging efficiency achieves an
order-of-magnitude improvement. In contrast, for a battery without TMS, the electri-
cal energy stored during charging is obtained at the cost of extended charging time in
the constant-voltage stage.

This study introduces pulsating heat pipe technology, providing new insights for the
low-temperature heating of batteries. Its advantages lie in making full use of the thermal
conductivity, pulsating heat transfer characteristics of the pulsating heat pipe, and the
large-area heating scheme, which has yielded favorable experimental results. Regrettably,
the current research has only conducted experimental verification on a single battery. In
the future, the research can be further extended to battery modules to further prove the
feasibility and efficiency of this method.
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