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Abstract: In this paper, based on the multi-scale multi-domain (MSMD) battery modeling approach,
the NTGK model was used to model the 18650 cylindrical lithium-ion single battery on the electro-
chemical sub-scale. The model was successful, as it was able to fit the experimental voltage and
temperature of the battery at different temperatures. Lithium-ion battery discharge capacity and
energy output can be improved during cold starting by preheating and insulation, as demonstrated
by a comparison of the impacts of heat transfer coefficient and preheating duration at−20 ◦C ambient
temperature. For the traditional heating method, the heating model of heating film (HF) and liquid-
cooled plate (LCP) is constructed in this paper, and the heating performance of both is compared
by Fluent. Analysis of the energy balance of Li-ion battery at low temperatures has been presented,
showing that Li-ion battery requires a suitable start-up temperature to maximize energy output.
Taking care of the problem of excessive temperature difference inside the battery due to excessive
heating power, we investigated the effects of axial thermal conductivity, heating power, and heating
area on the heating uniformity of the battery in this paper. Finally, a multi-stage stepped power
(MSP) heating method was proposed to improve the temperature control accuracy of HF. A level
orthogonal test L16(43) without interaction was designed to determine the degree of influence of each
parameter on the temperature control performance and the optimal level combination, revealing
that the optimized maximum temperature and temperature control rate were reduced by 4.09% and
40.53%, respectively, when compared to direct heating.

Keywords: lithium-ion cell; cold-start; precise control of heating; optimization of uniformity of
heating film heating

1. Introduction

Evidence suggests that the use of internal combustion engine vehicles (ICE) powered
by fossil fuels is among the most important factors for dramatic climate changes around
the world [1]. Hybrid electric vehicles (HEVs), plug-in electric vehicles (PHEVs), and
pure electric vehicles (EVs) are gradually gaining market share in order to alleviate the
air pollution and global warming problems that come with them [2]. Compared to other
types of batteries, lithium-ion batteries (LIB) have higher specific energy, power density,
and cycle stability, and are therefore ideal as a driving energy source for electric vehicles [3].
However, the power, discharge capacity, and cycle life of LIBs are extremely sensitive to the
operating temperature, and in order for LIBs to better exhibit excellent cycling performance,
Pesaran et al. [4] limited the optimal operating temperature range of LIBs within 15~35 ◦C.
At high temperatures, the accumulated heat from discharge of LIBs can seriously weaken
cycle life and power performance, and excessive temperatures can cause chemical chain
exothermic reactions within the LIB [5], leading to a thermal runaway or even explosion.
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When the temperature is below 0 ◦C, the conductivity and diffusivity of the liquid phase
is severely reduced [6,7], making the electrolyte resistance larger. The decrease in the
electrochemical inverse rate of the active particle surface and the solid-phase diffusion
coefficient of li-ions [8] also lead to a larger electrochemical polarization resistance and
charge transfer resistance [9], and these temperature-dependent electrochemical parameters
caused the performance of LIBs at low temperatures to fail to meet commercial requirements.
In addition, Li et al. [10] predicted that when the amount of Li+ involved in charge transfer
reactions on the surface of graphite particles during low temperature charging of LIBs
is greater than the amount diffusing to the interior of the particles, there is a possibility
of precipitation of solid phase Li at the negative electrode/electrolyte interface, which
grows into dendrites capable of piercing the diaphragm to cause internal short-circuiting
or even explosion of LIBs [11]. Therefore, how to preheat the battery to a suitable operating
temperature at low temperatures has received increased attention across a number of
disciplines in recent years. One of the main focuses of current research is the development
of a preheated thermal management system (BTMS) with high efficiency and low energy
consumption; this is because the preheating method is simple and easy to operate, and there
is a lack of battery materials that perform well at both low and normal temperatures [6,12].

According to the energy transfer law of the heating process, low-temperature BTMS
is classified as either internal or external preheating. External preheating distinguishes
four different types, i.e., air preheating, liquid preheating, phase change material (PCM)
preheating, and electric heating element preheating. The use of air preheating is a tried-and-
true method to heat the battery, with the benefits of simple installation and disassembly,
good efficiency, and high safety. Ji et al. [13] compared the heating time for heating a lithium
battery from−20 ◦C to 20 ◦C with different load resistances using a coupled heating method
of air preheating and lithium-ion battery self-discharge. As the heating resistance drops,
the data reveal that the heating time drops from 201 s to 85 s. Wang et al. [14] designed
a heating box with parallel resistive wires inside, and 20 ◦C air was preheated through
the box and then heated the lithium-ion battery. The experimental results presented
here suggest that the approach might increase the ambient air temperature by 70 ◦C in
just 8 min. However, the method’s complex structure and lackluster economics make
it unattractive. What is more, the high voltage and density of parallel resistance pose a
significant risk of accidental electrocution. Although most studies have improved on the
simple air preheating method, it is still difficult to improve the heating efficiency due to
the low thermal conductivity of air, and in large battery modules, a large temperature
gradient is generated in the air flow direction, which has a significant impact on the
lifetime of lithium-ion battery modules [15]. Due to the high specific heat capacity and
heat transfer coefficient of the liquid, the battery is able to achieve a greater increase in
heating temperature and greater temperature uniformity. In BTMS, the liquid is usually
pumped through a pre-set flow channel of the clamping block or plate to heat the battery
indirectly [16], which is used in the market for electric cars like the Volt and Tesla because it
works well and is safe [17]. Li et al. [18] developed a battery heat power model to simulate
the LCP thermal management capability based on the heat generation source term and
heat transfer control equation for Li-ion battery. The simulation findings indicate that, with
a coolant input temperature of 10 ◦C, the LCP heating system can heat the battery pack
from −30 ◦C to coolant temperature and sustain a maximum temperature difference of
1 ◦C within 1 h. Rao et al. [19] designed a microchannel LCP BTMS with variable contact
surface for cylindrical Li-ion battery modules. Inlet velocity of 0.05 m/s is required to
produce the cooling effect of a continuous contact surface system, and the simulation results
show that the temperature difference may be reduced by 28% using this heating approach.
Boiling heat transfer with two-phase flow has higher heat transfer coefficient and better
temperature uniformity than single-phase flow. In the literature [20], a cooling system
was designed to immerse the battery cells in a hydrofluoric ether liquid and then fill the
cells with porous dielectric material and use a fan to improve the cooling performance
of the system, and the results showed that the temperature could be maintained at about
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35 ◦C all the time, even when the batteries were operated at a very high charge/discharge
rate. Saw et al. [21] introduced distilled water mist into dry air and allowed the water
mist to evaporate and absorb heat on the cell surface to improve the cooling performance.
Results from experiments and computer simulations demonstrated that mist cooling can
give a battery pack a more acceptable temperature and homogeneity than dry air cooling.
However, complexity of equipment, large power requirements, and the possibility of a
battery short-circuit are all drawbacks of the liquid preheating method [22]. In contrast
to air and liquid preheating, phase change materials (PCM) are of interest because they
release/absorb a large amount of heat stored as latent heat when they undergo phase
change [23]. Zhong et al. [24] used composite phase change material (CPCM) to improve
the heat dissipation performance of PCM at high temperature and wound resistive wire
outside the cylindrical Li-ion battery module to heat the battery at low temperature. The
connection mechanism can raise the battery pack’s central temperature by 40 ◦C in 300 s,
according to experiments. Additionally, it can keep the temperature of a 5C battery pack
that has been discharged to below 45 ◦C in an operating environment of 40 ◦C. This
has a high heating rate and temperature control performance. Bai et al. [25] designed a
PCM/microchannel water-cooled plate thermal management structure with upper and
lower layered structure in the middle of the square battery pack, which can limit the
battery pack temperature to below 40 ◦C at 2C discharge multiplier, but the disadvantage
is that the temperature difference of the battery pack is not limited to 5 ◦C. PCM’s poor
heat dissipation at high temperatures is a result of its low thermal conductivity, and its
shortcomings of heavy weight and high cost have prevented it from gaining popularity
in the EV industry. In exterior heating, electric heating element heating is a system with
greater heating efficiency, lower cost, and a simpler structure. Most other BTMS also require
electric heating components for low-temperature heat transmission. Mostafavi et al. [26]
used a thermoelectric cooling film using the Peltier effect for dual thermal management
of a Li-ion battery pack. Experiment results showed that at 5C, the cooling film could
almost completely absorb the heat released by the battery pack, and the temperature rise
rate of the heated battery could reach 2 ◦C/s by reversing the electrodes of the cooling
film. Kang et al. [27] placed a cylindrical Li-ion battery pack into an aluminum square
battery tray with resistance heaters attached to both sides of the tray. The heaters heated the
battery pack at a heating boundary condition of 20 W/m2 at −32 ◦C and further reduced
the temperature difference from 10 ◦C to 1 ◦C by optimizing the aluminum tray design and
heating area. Internal heating is a method of producing heat spontaneously by applying
excitation to a lithium-ion battery and utilizing the battery’s high internal resistance at
low temperatures [28]. Unlike the external heating method, the internal heating method
does not have to deal with too much thermal conductivity and thermal resistance. It is
also not limited by the shape of the cell and can get a more even temperature [29]. So far,
self-heating, mutual pulse heating, and AC heating are the three main ways that BTMS has
investigated for heating the inside. A widely studied strategy applied to the fast preheating
of Li-ion batteries is the self-heating structure. Wang et al. [30] proposed the structure of
embedding thin nickel sheets inside the lithium-ion battery to form a self-heating circuit
of the battery. This method can turn on/off the heating function at any time and can
heat the battery from −30 ◦C to 0 ◦C in 29.6 s with high heating efficiency, but it is not
popular now because of the change of the internal structure of the battery, which makes
it difficult for mass production and quality inspection in assembly line production. In
order to achieve a low decay rate fast charge in 10 min, the above “sandwich” self-heating
structure proposed by Wang’s team is applied to the proposed asymmetric temperature
modulated fast charging idea by Yang et al. [31,32]. The result is that the 10 min fast
charging method at 60 ◦C is able to increase the cycle life from 60 cycles to 1700 cycles
compared to 6 C charging at 26 ◦C. Additionally, for the fast cold start, Ye et al. [33] designed
a self-heating structure by adding uniform ultra-thin nickel sheets as thermal regulators
inside an all-solid-state battery, and a 5 kWh square battery pack was able to uniformly
increase the battery temperature from room temperature to up to 90 ◦C in 10.5 s with an



Energies 2023, 16, 750 4 of 26

energy consumption of only 5.86% of the battery capacity. One of the most efficient heating
methods is alternating current (AC) heating, which, unlike self-heating and inter-pulse
heating, employs an external power source applied to the internal resistance of the Li-ion
battery to generate heat [34]. Li et al. [35] simulated the heating of 18650 cylindrical Li-ion
batteries using sinusoidal alternating current (SAC) signals based on a hierarchical thermal
model, and the capacity and power of the batteries could be increased by 45% and 12%
after preheating the cells using AC signals within 100 Hz at −20 ◦C. However, a note of
caution is a temperature difference of 6 ◦C between the inside and outside of the battery.
Besides, charging and discharging LIBs at low temperatures will speed up the deposition
of lithium ions inside the battery. How the internal heating makes the battery produce heat
depends entirely on the multidimensional coupled electrochemical reactions inside the
battery. The lithium plating of the negative electrode and the battery’s cycle life are two
aspects of their utilization that necessitate investigation using electrochemical modeling
owing to this restriction.

Thermal modeling of Li-ion batteries can avoid complicated experimental operations
and safety issues and reduce time costs. The electrochemical-thermal coupling model (ECT),
equivalent circuit model (ECM), and NTGK empirical model are widely used mathematical
models to describe the charging and discharging and heat generation characteristics of
Li-ion battery. Zhang et al. [36] established an equivalent circuit model (ECM) to simulate
the preheating of 18650 battery at low temperature using sinusoidal AC signal, analysis
showed that at a rate of 1 ◦C/min, there is essentially no capacity loss or temperature change
within the battery. In literature [37], H2O-Al2O3 nanofluid has been used to submerge and
cool cylindrical lithium battery modules, which were externally supplemented with a fan
to improve the cooling performance of the system, and the cooling effect of the cooling
system was simulated by a 1D electrochemical model and a 3D CFD model for different cell
arrays and airflow inlet and outlet locations. The results showed that the cooling strategy
could reduce the maximum temperature of the battery stack by 16–24 K. Patil et al. [38]
used a multi-scale multi-domain (MSMD) approach to simulate a square battery pack
immersed in a flowing dielectric using the NTGK mathematical model, and showed that
the maximum battery pack temperature can still be limited to 40 ◦C at a discharge multiplier
of 5C. Although internal heating can bring good temperature rise rate and temperature
uniformity, it has not been applied in practice because its effect on the safety of Li-ion
battery has not been fully studied.

Most studies on low-temperature preheating ignore the problem of the battery’s energy
balance; therefore, this paper selects the LCP preheating and HF preheating methods, which
are more maturely applied in practice, to analyze the feasibility of low-temperature cold
start of Li-ion battery from the standpoint of energy balance. The ECM, NTGK, and
Newman models can be used as electrochemical models, and the Newman model, also
known as the P2D model, provides a more complete reduction of the transport processes of
lithium ions inside the electrode and electrolyte and the electrochemical reactions when
the electrode particles are removed/inserted, and the calculated results are more accurate.
However, parameters are hard to modify, and the calculation is sophisticated, both of which
reduce the tool’s effectiveness. Therefore, this study models the lithium-ion battery in the
electrochemical domain using the NTGK empirical model because of its simplicity, its easily
modifiable parameters, and its high efficiency of numerical solution. Thermal modeling of
Li-ion battery was performed within the MSMD framework to calculate the temperature
and energy of Li-ion battery at various temperatures and discharge rates, and the model’s
feasibility was tested experimentally. Following that, the parameters influencing the cell
temperature uniformity of HF heating were investigated. Finally, the problem of precise
temperature control encountered with conventional electric heating film heating was
explored, and the variables and optimal level combinations that significantly affect the
temperature difference and temperature rise rate were derived using an orthogonalization
test method.



Energies 2023, 16, 750 5 of 26

2. Materials and Methods

There are relatively few historical studies in the area of the energy balance of a lithium-
ion battery when heated in a low-temperature environment. For this purpose, INR18650-
25R power-type lithium-ion battery manufactured by Sony was chosen as our object.
Voltage and temperature profiles of the lithium-ion battery were experimentally measured
at various temperatures and different discharge rates to verify the feasibility of NTGK
model. This power type lithium-ion battery is a good choice for comparing the discharge
performance of battery below 0 ◦C at medium and low rates because of the LiFePO4 cathode
material. The detailed physical parameters of this battery are tested and listed in Table 1.

Table 1. Materials and physical parameters of lithium-ion battery.

Quantity Value

Cathode material LiFePO4
Anode material Graphite

Electrolyte material Carbonate based
Diameter (mm) 18.33 ± 0.07

Height (mm) 64.85 ± 0.15
Weight (g) 46.5 ± 0.1

Nominal voltage (V) 3.65
Nominal capacity (Ah) 2.5

Charge cut-off voltage (V) 4.2
Discharge cut-off voltage (V) 2.5

2.1. Modeling Domain and Multi-Scale Modeling Schematic

Our studies in this paper investigate the necessity of insulating Li-ion battery at low
temperatures and the applicability of various thermal management techniques; hence, the
modeling concept is reduced to simulating a single 18650 Li-ion battery, that is, comparing
the working conditions of natural convection, forced air cooling, or HF heating of the
battery surface by giving the battery different boundary conditions, and then constructing
a microchannel cold plate domain on the side of the cylindrical battery to simulate the
LCP heating method. For the Li-ion single cell, its discharge process is first considered
and divided into positive domain as tap_p, negative domain as tap_n, and cell domain as
cell according to the MSMD modeling framework; the microchannel liquid-cooled heating
cell model contains the positive domain, negative domain, and main body domain of the
cylindrical cell, and the cold plate area contains the cooling aluminum plate domain and
fluid domain. Each region is created independently and then combined into a whole by
constraint or electrical connection, and the geometry and mesh required for the simulation
are shown in Figure 1.
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This article employs experimental observations to improve the fit of the battery tem-
perature profile, as specific heat capacity is an essential parameter for the thermal properties
of a battery. The internal structure of the cylindrical Li-ion battery consists of a stack of cells
with positive electrode, diaphragm, negative electrode, and collector coiled together, so
there is a multiplicative difference between the thermal conductivity in the radial direction
and the thermal conductivity in the axial direction, and the anisotropic thermal conduc-
tivity, density, and specific heat capacity parameters of the battery are assumed to be the
average parameters of the body in each domain to simplify the calculation and are listed in
Table 2.

Table 2. Physical parameters for cell modeling.

Quantity Value

Heat thermal capacity Cp (J /(kg·K)) 1250 1

Radial thermal conductivity kr (W/(m·K)) 0.3 2

Axial thermal conductivity kz (W/(m·K)) 30 2

Density ρ (kg/m3) 2911.7 1

1 Parameters are obtained from experimental measurements. 2 Parameters quoted from the literature [39].

A high-quality grid was constructed for the cell based on its geometric model, and
the number of grids corresponding to the closest multi-domain simulation was used for
the computational results. The reaction mechanism of the Li-ion battery is mainly the
electrochemical reaction occurring at the microscopic scale when the lithium ions are
stripped/inserted at the electrodes and the transport process between the two electrodes,
which is expressed as the heat production and energy output of the Li-ion battery at the
macroscopic scale, so this multi-scale coupled model is a difficulty for the modeling. The
MSMD is used to separate the modeling concept of the lithium-ion battery operation process
into electrochemical field subscale and three-dimensional thermophysical field scale, which
can predict its internal temperature and output voltage with reasonable accuracy. On the
scale of the cell, the flux equation governing the reaction current is given as:

∇ · (σ+∇ϕ+) = −j (1)

∇ · (σ−∇ϕ−) = j (2)

where σ+ and σ− are the effective conductivity; ϕ+ and ϕ− are the phase potentials of
the positive and negative electrodes. The microscale exothermic reaction equation and
the macroscale heat production equation are connected by the bulk current density j, and
their numerical magnitudes are calculated in the subscale electrochemical model. Both the
cellular and electrochemical models collaborate to answer the temperature equation by
predicting the current flow and providing the source term in the heat transfer equation.

Given its simplicity and widespread confirmation in the literature, the NTGK model
was selected to fit the temperature and voltage data obtained from discharging a Li-ion
battery at a constant temperature in this research. However, few people have set out to
fit the voltage and temperature curves of Li-ion battery at different starting temperatures
at low temperatures. Although the NTGK model couples the temperature parameters
in the coefficient equations U(DOD) and Y(DOD), the electrochemical reactions inside
the Li-ion battery still cannot receive real-time and accurate temperature feedback on
the electrochemical reactions. As a result, keeping a tight fit between the discharge and
temperature curves across a wide range of temperatures is challenging.

2.2. NTGK Model and Conjugate Heat Transfer Model

According to the NTGK model, the volumetric current transfer density j is directly
related to the phase potential. The following equation gives the relationship between the
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volumetric current flow and U, Y fitting coefficients, electrode layer specific area α, and
phase potential:

j = αY[U − (ϕ+ − ϕ−)] (3)

As fitting coefficients, U and Y are functions of the depth of discharge (DoD) of the
lithium-ion battery.

DoD =
Vol

600QT

(∫ t

0
jdt
)

(4)

where Vol is the battery volume and QT is the battery capacity in Ah. The voltage response
curves of Li-ion battery at varying rates can be measured experimentally for a given battery
type, and then the experimental data can be fitted by parameter adjustment of the U and Y
functions in Fluent. In this study, the variation of U and Y model parameters as a function
of depth of discharge (DoD) is as follows:

U =

(
5

∑
n=0

an(DoD)n

)
− C2

(
T − Tre f

)
(5)

Y =

(
5

∑
n=0

bn(DoD)n

)
exp

[
−C1

(
1
T
− 1

Tre f

)]
(6)

where C1 and C2 are the coefficients of the NTGK model, indicating the influence of
temperature on the feedback related to the battery voltage performance, and Tref is the
reference temperature. The fitted parameters of U and Y adjusted by parameters in this
paper are as follows:

U = 4.14− 1.19(DoD) + 2.51(DoD)2 − 8.75(DoD)3 + 12.56(DoD)4 − 6.92(DoD)5

+0.0065(T − Tre f )
(7)

Y = [33.77 + 97.63(DoD)− 677.83(DoD)2 + 2541.80(DoD)3 − 4100.23(DoD)4

+2280(DoD)5] exp

[
−1300

(
1
T
− 1

Tre f

)]
(8)

There is a fair agreement between the simulated and actual data for the voltage
and temperature of the Li-ion battery at different discharge rates at 22.4 ◦C, as shown in
Figure 2a,b, but at 3C and 4C high rates, the over-consideration of the temperature effect on
the voltage leads to higher voltage prediction in the first half than the experimental value.
The graph in Figure 2c predicts the voltage variation curves with time for 1C discharging
of the battery at different temperatures, and there is good agreement in the magnitude
of energy discharged as in Figure 2d, the magnitude of capacity and the trend of voltage
variation in the middle and late stages, except for the drawback that the voltage does not
clearly show the rising trend with temperature in the initial section at low temperatures
because of the limitation of NTGK model.

The electrochemical heat source equation within the NTGK model cell is defined as:

qECH = j
[

U − (ϕ+ − ϕ−)− T
dU
dT

]
(9)

where j[U − (ϕ+ − ϕ−)] represents the irreversible heat source term generated by the
overpotential and −jT dU

dT represents the reversible entropic heat source term. Together
with the ohmic heat source term in the cell, the total volumetric heat source qECH can be
expressed as:

qECH = j
[

U − (ϕ+ − ϕ−)− T
dU
dT

]
+ σ+∇ϕ+ · ∇ϕ+ + σ−∇ϕ− · ∇ϕ− (10)
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Newton’s equation for cooling is used to describe the process of heat transfer between
the cell and the surrounding air:

qh = h(Ts − T∞) (11)

where qh expresses the heat flux on the battery surface, h is the coefficient of heat transfer
between the battery surface and air, Ts denotes the temperature of the cell surface, and T∞
shows the ambient air temperature.

A thinner heating film is used in the simulation work according to the literature [40]
and a high thermal conductivity silicone coating is utilized so that the heating film can be
considered as the bottom surface of the battery, i.e., the energy of the heating film can be
ideally absorbed by the battery in its entirety. Its boundary conditions can be expressed as:

−k∇T|z = q′′ (12)

k is the thermal conductivity, q′′ is the heat flux at the boundary, calculated from P/A,
P is the heating power of the heating film, and A is the heating area at the bottom of the
cell. ∇T|z represents the temperature rise at z from the bottom of the cell.
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For the modeling of the LCP-heated Li-ion cell, the mass conservation equation, the
N.S. equation, and the temperature convective diffusion equation were applied to the flow
of coolant (hot water) in the flow channel, while the heat conduction equation with no heat
source term was used in the aluminum cooling plate. This paper is interested in exploring
whether 18650 single cell battery can release as much or more energy after consuming
heating energy to achieve energy balance, for how to improve the effect of a certain heating
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method is not the focus of this paper. Therefore, for the given parameters, such as heating
power of HF and coolant inlet temperature and flow rate of LCP, it is only for comparing
the temperature rise effect and energy consumption magnitude of the two heating methods.
In this research, the three-dimensional geometry was modeled in SolidWorks, and the
electrochemical and thermal fields were simulated in ANSYS FLUENT. Both the initial cell
temperature and the surrounding environment temperature are set to a cold −20 ◦C. In
both heating strategies, for common insulation materials such as polyurethane, which has
a heat transfer coefficient of about 0.5 W/(m2·K), this paper takes a more ideal value of
0.1 W/(m2·K) to highlight the impact of insulation on the performance of lithium battery.
The heat transfer conditions at the cell boundary without insulation are simulated as natural
convection, and the heat transfer coefficient is taken as 10 W/(m2·K) [41]. The heating
power of HF is 60 W and the heating is completed in 90 s. The LCP heats the cell at the
same time, the inlet velocity of hot water is set to 1 m/s, the inlet temperature is 20 ◦C or
30 ◦C, and the fluid flows in the microchannel inside the cold plate. The time step used
in Fluent software to simulate the heating effect of the two heating strategies is 1 s, 10 s is
used to calculate the time step for battery discharge, and the maximum iteration step is 20.

3. Results and Discussion
3.1. Necessity of Heating and Thermal Insulation

Under cold conditions, the outputs and discharge capacities of lithium-ion batteries
decrease dramatically. Preheating the battery to temperatures above 0 ◦C using various
thermal management techniques will alleviate these issues, but strong convection con-
ditions will still rapidly dissipate the heat of Li-ion battery. In this section, the effects
of insulation treatment and heating temperature on the discharge performance of Li-ion
battery are explored in order to maintain the ideal temperature of Li-ion battery after cold
start. The heat transfer coefficients of 10 W/(m2·K) and 0.1 W/(m2·K) simulate the battery
heat transfer boundary conditions under forced convection and insulation conditions, and
according to the temperature control idea of two-phase submerged liquid cooling under
fluorinated liquid proposed by Li et al. [41,42], i.e., directly submerging the Li-ion battery
stack in fluorinated liquid to achieve the purpose of controlling its high temperature at high
rates of charging and discharging at high temperatures, this chapter’s prediction of low
temperature under two boundary conditions on the discharge performance of lithium-ion
monolithic battery can serve as a benchmark for the development of an all-season thermal
management concept.

The discharge rate of 0.5C of a single-cell Li-ion battery simulates the application
scenario of a cold start of an electric car during a commuting traffic congestion in chilly
weather. It can be observed that heating for 75 s can increase the battery starting voltage by
0.2 V from the voltage curves in Figure 3 for the two heat exchange boundary conditions.
When forced convection is used for heat exchange, the heat generation power of Li-ion
battery is very small due to its 0.5C discharge, and the energy preheated by HF will be
rapidly dissipated at the early stages of battery operation. In contrast, thermally shielded
Li-ion battery can cause a temperature increase since the discharge began, which improves
the gradient between the voltage plateaus at various starting temperatures. Compared
with the situation when h is 10 W/(m2·K), the lithium-ion battery can be heated for 90 s
under the insulation condition to keep the temperature in the better temperature range of
10 ◦C~16.4 ◦C throughout the running process, and the better running temperature makes
the lithium-ion cell output energy increase by 10.3% and capacity increase by 5.6%.

The temperature difference generated inside the Li-ion battery at the end of operation
is not significant because this paper assumes that the Li-ion battery operates in a uniform
temperature field and chooses the average battery temperature after HF heats the battery
from the bottom as the cold start temperature. This is demonstrated by the contour
diagram of the Li-ion battery discharge temperature at 0.5C after heating for 90 s in Figure 4
The internal temperature differential induced by the battery discharge is not covered in
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depth later, since it is insignificant in comparison to the heat produced by the lithium-ion
battery discharge.
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The C-rate in Figure 5 stands for the speed at which an electric vehicle will run for
most of its operating time after a cold winter start. With the same settings, the lithium-ion
cell’s capacity to generate heat increases at 1C discharge rate. Because lithium-ion cells
are temperature-sensitive, the thermal gain brought on by appropriately raising discharge
current can increase the amount of energy they can produce. As shown in Figure 5a,
the voltage curve of the battery under 1C, the voltage plateau under different heating
time decreases significantly more slowly than that under 0.5C. Because the ohmic heat
generation power is greater than the heat dissipation power, when the heat exchange
condition is forced convection, the heat generated by the lithium-ion cell with higher
operating temperature dissipates at a slower rate. Surprisingly, the temperature of the cell
with preheating time after 15 s tends to rise. The discharge characteristics and temperature
characteristics of the Li-ion cell with insulation are similar to those at 0.5C. The difference
is only that the temperature rise rate of the Li-ion cell becomes larger at 1 C, which brings
a slight gain in capacity and average power to the Li-ion cell. Since the higher C-Rate
increases both the average output power and the internal voltage loss, there is not much
change in the magnitude of the discharge energy of the battery at 1C.
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The intention of Figure 6 is to simulate application scenarios such as overtaking, hill
climbing, and driving onto the highway after a cold start of an electric vehicle. Since the
resistance of Li-ion battery becomes larger at low temperatures, a large C-Rate discharge
tends to make the battery generate huge heat fast, which is beneficial for Li-ion battery
at low temperatures. However, high C-Rate operation at low temperatures will increase
the voltage loss of Li-ion batteries. As shown in Figure 6a’s discharge voltage curve, the
start-up voltage loss of Li-ion cell is 4.75% compared to 0.5C discharge after heating for
90 s. In spite of this, the lithium-ion cell is still capable of maintaining the entire discharge
process operating above 0 ◦C after preheating for 90 s, which explains that the gain from the
increase in temperature compensates for the disadvantage of capacity reduction due to low
temperature and high C-Rate discharge. After insulating the surface of the cell, preheating
it for 90 s allows the lithium-ion cell to work within a very desirable operating temperature
range, this means that EVs can drive farther on the highway. However, it is frightening
that higher discharge rates or bigger capacity Li-ion battery, such as series-parallel battery
packs, may approach 40 ◦C or even 60 ◦C at the conclusion of discharge. This will not only
drastically lower their power output, but even lead to thermal runaway.
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For electric cars that often run in cold weather, the lithium-ion battery has a violent
heat exchange with the cold air while the car is moving. Without insulation treatment, the
battery module needs a high C-Rate to keep a reasonable operating temperature range.
However, a continuous high C-Rate discharge at low temperature will cause problems
like voltage loss and a shorter discharge time. On the contrary, the insulation treatment
can improve its mileage reduction issue very well. At 0.5C, the battery cell after 90 s of
preheating can be kept at a temperature above 10C for operation, and the energy and
capacity discharged will be increased.

3.2. Effect of Heating Method

In this part, we investigated the insulation case’s heating performance for the EV
rapid cold start scenario. The simulation employs hot water as the heat transfer fluid in the
micro-runner of the aluminum plate, with LCP attached to the side of the cylindrical cell to
fully contact the cell. HF is placed at the bottom of the cell to take advantage of the larger
axial thermal conductivity of the cylindrical cell to heat the cell to the preset temperature in
the shortest possible time. The heating conditions of HF and LCP are listed in Table 3.
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Table 3. Heating conditions.

Parameters Unit Value

LCP

Temperature of water(T) ◦C 20, 30
Cold blade thickness (d1) mm 5 1

Coolant channel width (l) mm 3 1

Coolant channel thickness (d2) mm 4 1

Heating Film Power(P) W 20
Warming Time(t) s 90

1 Parameters quoted from the literature [43].

Figure 7 depicts the temperature rise curves of the battery following 90 s of heating
with two distinct heating procedures. Overall, 20 W heating power of HF is comparable
to the heating capacity of LCP with 1 m/s flow rate and inlet temperature of 30 ◦C hot
water, which can raise the average temperature of the battery by 30.9 ◦C in a relatively short
period of time, with a temperature rise rate as high as 26.7 ◦C/min. However, one thing
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to watch out for is the common problem of direct contact heating, which means that both
heating methods, even though they raise the temperature quickly, can cause a big difference
in temperature inside the cell unit, as shown in Figure 8, which illustrates the distribution of
cell surface temperatures at various heating times. It is easy to comprehend that such a high
heating rate necessitates a heat source with a large heating power to maintain, so despite
the choice of the axial direction to preheat the battery with excellent thermal conductivity,
the battery still cannot diffuse the heat conducted by HF/LCP to the battery in a short
enough time, resulting in the continuous accumulation of heat locally in the battery, thereby
accelerating the decline of the cycle life of the Li-ion cell. Contrary to HF, the temperature
difference created by LCP heating is less severe, but it is still substantially higher than the
standard of 5 ◦C for single cell temperature difference, and the temperature gradient inside
the cell will increase as the inlet temperature of hot water increases.
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3.3. Analysis of Energy Balance of Li-Ion Cell When Cold Starting

This chapter’s objective is to examine the ideal cold start temperature of a Li-ion
cell and to analyze the cell’s energy balance during cold start. In practice, LCP heating
is designed for Li-ion battery modules, and the use of PTC electric heating elements can
save time and economic cost. Consequently, the HF heating method was selected in
this subsection to examine the energy output rule of the Li-ion battery at varied starting
temperatures with insulation, and the computed results are shown in Table 4.

Table 4. Calculation results of energy.

−20 ◦C 0 ◦C 10 ◦C 20 ◦C 30 ◦C 40 ◦C

Energy output at 0.5C (J) 33,181.2 35,221.8 36,227.5 37,199.3 38,175.1 37,307.7
Energy output at 1C (J) 33,322.0 35,380.1 36,410.7 37,369.0 38,403.8 39,367.7
Energy output at 2C (J) 33,784.2 35,730.6 36,634.7 37,687.0 38,595.6 39,509.2
Energy consumption (J) - 1180 1740 2320 2900 3480

Net energy output at 0.5C (J) - 34,041.8 34,487.5 34,879.3 35,275.1 33,827.7
Net energy output at 1C (J) - 34,200.1 34,670.7 35,049.0 35,503.8 35,887.7
Net energy output at 2C (J) - 34,550.6 34,894.7 35,367 35,695.6 36,029.2
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First of all, it is important to mention that in this paper, the thermal resistance between
the heating film and the battery is ignored, so the energy of the heating film is considered to
be fully absorbed by the battery. According to the formula energy E = Pt = mCp (T − Tinit),
where P and Tinit are the heating power of the heating film and the initial temperature of
the cell, both are constant values, and t is the heating time. Therefore, energy consumption
E ∝ t ∝ mCp (T − Tinit)/P, so it is concluded that energy consumption is a linear function
of temperature as depicted by the red discounting in Figure 9b. The energy consumption
values in Table 4 are determined according to equation E = Pt. The parameter t is the
time required for the heating film to heat the average cell temperature to the cold start
temperature, obtained from the simulation results; P is a constant 20 W heating film power.
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As depicted in Figure 9a, when the energy demand for heating is met by external
energy sources, the discharge energy of the Li-ion battery initially increases as the beginning
temperature of the battery discharge rises, and then drops after reaching a maximum
between 30 ◦C and 40 ◦C. When the energy of heating the cell is from the leftover capacity
of the Li-ion cell itself (in this paper, we assume that the SOC of the cell is 100% at cold
start), whether heating can bring about an increase in energy is highly correlated with
the degree of temperature dependence of the Li-ion cell. For this reason, we define the
coefficient of determination C:

C =
(QT − ET)

Q−20
(13)

where QT is the energy released by the battery when the starting temperature is T; Q−20
is the energy released by the battery when the starting temperature is −20 ◦C. ET is the
energy consumed to heat the battery to temperature T. (QT −ET) represents the net energy
released by the battery. When C is greater than 1, it means that the single cell energy can
use its own energy to make itself fast cold start, and the heating film heating brings positive
gain to the lithium-ion battery. When C is less than 1, it means that the heating makes the
battery energy increase less than the heating energy consumption.

As shown in Figure 9b, the net output energy of the cell was found to increase (e.g.,
−20 ◦C to 30 ◦C at 0.5C), which means that the energy balance coefficient is C > 1, indicating
that the rate of gain of energy brought by HF heating to the Li-ion battery simulated in
this paper is faster than the rate of heating power consumption. Nevertheless, heating
above a certain temperature will reduce the amount of energy released by the lithium-ion
battery, and the power of HF heating is also regarded as additional energy consumption.
In addition, with a higher rate of lithium-ion battery discharge at the same temperature,
more energy is released from the battery, as discussed in the previous section. In summary,
when a Li-ion battery is cold-started, not only do they need good insulation to prolong the
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discharge time, but they also need to identify the appropriate starting temperature for it to
discharge energy to its maximum.

3.4. Optimization of HF Heating Uniformity

A quick cold start of a Li-ion battery requires the battery to absorb heat in a short
period of time. Prior simulation results have demonstrated that high-power HF heating
places the battery into its optimal operating temperature range. Contrary to the BTMS
principle, this leads in significant internal unevenness due to the constraint of axial heat
conductivity. Consequently, it is necessary to identify a way for increasing the internal
temperature differential of the battery when using HF heating.

According to Table 5, it can be seen that most of the materials inside the Li-ion battery
have a large axial thermal conductivity. The value of the average thermal conductivity in
the axial direction of the cell can be reasonably taken on the assumption that the cell is filled
with different types of electrolytes inside, such as the value of the thermal conductivity in
the axial direction of the cylindrical stack estimated in the literature [44] between 66–72.
Therefore, the actual value of 35 W/(m·K) and the ideal value of 80 W/(m·K) are selected
in this section, as well as two axial thermal conductivities between 35 and 80 that can be
obtained in practice.

Table 5. Thermal conductivity of some materials for lithium-ion batteries.

Material Value

Graphite coating (Negative electrode) 139 W/(m·K) [45]
Copper foil (Negative collector) 399 W/(m·K) [45]

Aluminum foil (Positive collector) 237 W/(m·K) [46]
Steel AISI 4340 (External steel case) 44.5 W/(m·K)

In the event that the heat flux delivered by HF and the heating period are fixed, and
the battery is heated from the same initial temperature, when the value of axial thermal
conductivity increases from 35 to 80, for instance, the maximum temperature differential
inside the battery may be lowered by 31.9 ◦C, while the maximum temperature can be
reduced by 21.8 ◦C. The effect of this approach in reducing the temperature difference is
quite noticeable. It can be explained from the surface temperature distribution of the cell
after heating, as shown in Figure 10, that the cell with greater axial thermal conductivity
has a better thermal diffusion capability so that the cell can promptly move the heat accu-
mulated at its bottom to the low temperature region, even under the boundary condition
of much larger heat flux. As the thermal conductivity value rises from 35 to 80, the axial
temperature gradient falls from 0.95 K/mm to 0.46 K/mm as shown in Figure 11a,b. These
are the gains in battery life and safety from increasing thermal conductivity.

Keeping the heating energy consumption constant, properly extending the heating
period of HF, and decreasing the heating power are other ways to increase the battery’s
safety and longevity. Figure 12 illustrates the battery temperature curve and surface
temperature distribution for various heating times (heating power). As noticed from the
temperature curve, the temperature differential inside the battery reaches its greatest value
during the first 100 s of heating, and thereafter remains nearly constant. After 1.5 min of
heating (heating power of 20 W), a significant temperature differential develops between
the top and bottom of the battery because the battery can only disperse a tiny portion of
the heat produced at the bottom to the upper part of the battery. When the heating time is
increased to 10 min (heating power is 3 W), the temperature difference inside the battery
decreases dramatically from 61.9 ◦C to 10.3 ◦C, and the internal temperature distribution
becomes more uniform (as shown in the temperature gradient diagram of the axial direction
of the battery in Figure 13); this is true even though the axial thermal conductivity of the
battery remains the same. The highest temperature gradient in the axial direction is only
0.3 K/mm. Therefore, sacrificing some waiting time to reduce the heating power of HF
could produce a better temperature uniformity.
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In addition to the two methods mentioned above, reducing the heat flux at the contact
surface by simply increasing the area heated of HF may also be a solution to the dilemma.
This part simulates the heating law of the inner four heating hours in 3 min, and the corre-
sponding heating power is reduced from 60 W to 7.5 W while holding the heating power
consumption and other parameters constant. This is illustrated in Figure 14. Similarly,
the temperature trend exhibits the same regulation as the axial heating within the initial
heating period, i.e., the temperature difference rises to the maximum temperature difference
corresponding to the radial heat diffusion capacity and then remains basically the same.
Undoubtedly, the longer the heating time (the lower the heating power), the smaller the
temperature difference and the maximum temperature as illustrated in Figure 15. For the
same 90 s (15 W) heating condition, the maximum temperature difference inside the battery
can be reduced by 91.8% with the side heating method, which is basically complying with
the design concept of BTMS and fast cold start.
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3.5. MSP Heating Protocols for HF

In practice, a temperature measurement point is usually placed at the axial midpoint
of a cylindrical cell, and the monitored temperature represents the average temperature
of the cell. However, with high-power heating, when the temperature of the monitoring
point is close to the pre-set temperature, even if the heating is halted immediately, the
temperature at the monitoring point will still have a rising ‘inertia’, making it tough to
accurately end the temperature at the set temperature. This chapter offers a multi-stage
stepped power (MSP) heating protocol that permits the HF to progressively decrease the
power, hence limiting the temperature rise rate to a bearable range for a length of time
before the heating is complete. Here, we define a parameter δ for the rising rate of cell
temperature, unit is ◦C /min.

During the heating time of 90 s, according to the purpose of MSP heating, three
variables closely related to the temperature rise rate and temperature difference are dis-
cussed, namely, the power step gradient ∆P, the time stepped gradient of each stage d, and
number of heating stages N. Each parameter is set in an equivariant series (gradient is a
constant) rule, assuming that the energy consumption of HF is constant. This simplifies the
calculations. For example, N3 indicates that the total heating time of 90 s is divided into
3 sub-time intervals; d4 refers to the heating time of each stage in a 4 s gradient increment
or decrement; ∆P5 denotes a power stepped gradient of 5 W. To evaluate how to design
the variables so that the battery temperature rise rate falls within an acceptable range, it is
required to assess the effect of the three elements on the battery’s temperature rise rate and
temperature uniformity.

Figure 16 shows the effect of the three parameters on the average and maximum
temperature patterns throughout the heating process, keeping the other two parameters
constant when investigating each parameter. It must be noted that the curves should
focus on the improvement effect brought by the different variables taken to make the
average temperature slope and the maximum temperature value. For the last stage of the
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temperature rise rate, the effects of the power step gradient and the number of heating
stages are more significant, as shown in Figure 16a,b. Taking into account the use of
high power heating film for fast cold start up where it is also necessary to prevent the
temperature from getting too high, for the highest temperature generated during the
heating process, as shown in Figure 16d–f, the effects of the power step gradient and the
number of heating stages are more significant.
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To explore how much the three variables ∆P, d, and N affect the heating temperature
difference and temperature rise rate, an equal level orthogonal test scheme with three
factors and four levels (L16(43)) without interaction in the literature [47] was employed
in this section to investigate the regularity of their effects on the heating effect and to
find the level combinations that allow the best temperature control simplicity and heating
safety. The set-up of the parameter working conditions satisfies the standard orthogonal
table, so no further blank error columns were established, as shown in Table 5. The choice
of parameters was based on the previous section, since the heating energy consumption
needs to remain the same, and the range of variation of the three parameters is extremely
limited, the orthogonal working conditions are shown in Table 6. The indexes used for
the analysis are the temperature rise rate of the cell in the last heating phase δ and the
maximum temperature difference ∆T. The variation of heating power and heating time for
the different phases of the orthogonal design MSP method is defined by the Profile file in
Fluent. The obtained simulation results are used to calculate the temperature rise rate δ in
the last heating stage, whose value is determined by the ratio of the temperature rise of
the cell in the last heating interval to the heating time. The calculated data were based on
ultimate variance analysis equations to confirm the degree of influence of the parameters:

ϕij = ∑j=1 ∆Tmaxij or ϕij = ∑j=1 δij (14)

φij =
ϕij

n
(15)

Rj = max
(
φ1j
)
−min

(
φ1j
)

(16)

where ϕij is the sum of four temperature differences and four average temperature rise
rates at the same level, φj is the average of each factor at the same level, n is the number of
levels of each factor, and Rj is the range of values of φj, which can indicate the degree of
influence of the factors. The larger Rj is, the more significant the influence of the factor on δ
and ∆T. Experimental results and analysis are shown in Tables 7 and 8.

Table 6. Operational conditions of the parameters.

∆P d N

1 1 W 0 s 3
2 3 W 1 s 4
3 5 W 3 s 5
4 7 W 5 s 6

We can see from the calculated results that the order of the three variables in the MSP
heating method on ∆T is ∆P > d > N, and the order of the influence on δ is ∆P > N > d. It
follows that the power step gradient is the most significant factor affecting the temperature
rise rate and temperature difference. According to the analysis of the orthogonalization sim-
ulation results, the parameter configuration ∆P2d4N1 can achieve the optimal temperature
difference inside the cell monolith, which can be reduced by 3.64 ◦C compared with direct
heating, and the parameter configuration ∆P4d1N4 can achieve the optimal temperature
control operability, i.e., the temperature rise rate of the final heating period can be reduced
from 20.6 ◦C /min to 4.24 ◦C/min.

Taking the mean value of the level combinations when the temperature difference and
temperature rise rate are optimized, respectively, as the parameter combinations obtained
from the orthogonal test optimization, that is, the heating condition with a heating time
gradient of 2.5 s and stepped power gradient of 5 W in each stage. Considering that
the average value of the number of heating stages is not an integer, N4 and N5 were
taken approximately, and the results of the experiments were compared. The simulated
results show that at N5, the Tmax of the heating process is reduced by 4.09% and the
temperature rise rate is reduced by 40.53% compared to direct heating. The simulation



Energies 2023, 16, 750 23 of 26

and orthogonalization results show that high power heating film can provide an average
temperature rise rate of 20.6 ◦C/min under insulated conditions, better than the 4 ◦C/min
provided by the wide-limit metal film [48], the 12.9 ◦C/min temperature rise provided by
the PCM preheating method [49], and the 6.5 ◦C/min provided by AC heating [50]. In
addition, the MSP heating method allows the heating film to reduce the temperature rise
rate to 14 ◦C/min for a period of time near the end so that the temperature can be easily
stopped at a preset temperature.

Table 7. Results of orthogonalization test.

Testing Times ∆P d N ∆T (◦C) δ(◦C/min)

1 1 1 1 60.23 19.86
2 1 2 2 59.57 19.4
3 1 3 3 59.11 19.18
4 1 4 4 59.25 19.31
5 2 1 2 57.33 16.32
6 2 2 1 57.02 17.92
7 2 3 4 56.36 15.04
8 2 4 3 56.24 11.72
9 3 1 3 60.15 10.77
10 3 2 4 61.07 9.19
11 3 3 1 57.88 16.17
12 3 4 2 57.68 14.7
13 4 1 4 67.51 3.18
14 4 2 3 63.39 7.53
15 4 3 2 60.49 11.44
16 4 4 1 59.42 14.61

Table 8. Analysis of the factors.

∆P d N

∆T(◦C)

K1 59.54 61.31 58.64
K2 56.86 60.26 58.77
K3 59.20 58.46 59.72
K4 62.70 58.15 61.05
R 5.84 3.16 2.41

δ(◦C /min)

K1 19.44 12.53 17.14
K2 15.25 13.51 15.47
K3 12.71 15.46 12.30
K4 9.19 15.09 11.68
R 10.25 2.93 5.46

Following the discussion of HF heating-uniformity in the previous paper, it can be
applied to the PTC preheating BTMS before the cold start of EV or the charging and
discharging of electronic devices under cold conditions, which can not only improve their
performance or safety but also control the temperature precisely and save energy.

4. Conclusions

To predict the discharge performance and heat production characteristics of 18650 Li-ion
cell at different temperatures, this paper uses a multi-scale multi-domain (MSMD) approach
to model it, with NTGK model applied at a sub-scale to describe the electrochemical
characteristics of Li-ion cell. Based on the experimental measurement data, the feasibility
of the model is verified in a wide range of temperature and C-Rate from the perspective
of curve trend and output energy magnitude. The performance of lithium-ion cells at
low temperature and the practicality of different heating methods are explored using the
constructed model, and the following conclusions are drawn.
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Insulation can improve the discharge performance and energy output of lithium-ion
cells. At low temperature, insulation can prevent the heat dissipation of lithium-ion battery
in operation, so that the battery discharged at 0.5C rate can increase energy by 10.3% and
capacity by 5.6% after preheating for 90 s. However, temperatures above 40 ◦C will reduce
the energy discharged from the battery.

The heating effect of HF with 20 W heating performance is comparable to that of
LCP with 30 ◦C and 1 m/s hot water, with a temperature rise rate as high as 26.7 ◦C/min.
However, regardless of the heating strategy, due to the limitation of heating power and
time, it will cause great temperature inhomogeneity inside the battery, especially in the case
of HF, and the maximum single temperature difference of 61 ◦C inside the cell is suspected
to cause a safety accident in Li-ion cell. The temperature uniformity of LCP heating is
slightly better, but still does not reach the temperature difference limit standard.

The energy balance of lithium-ion battery at low temperature was explored by heating
with HF. The energy output of Li-ion cell shows a parabolic trend of first increasing and
then decreasing with the increase of starting temperature, and the energy peak becomes
higher with the increase of C-rate, corresponding to the higher starting temperature. The
simulation results indicate that in the temperature range corresponding to the energy
increase of Li-ion battery, the heating energy consumption rate is less than the rate of
energy increase of the battery, and the net output energy increase of Li-ion battery can be
achieved by 20 W HF heating.

For the poor uniformity of HF heating, the impacts of increasing the axial thermal
conductivity of the cell, extending the heating time (reducing the heating power), and
increasing the heating area on the internal temperature difference of the cell were investi-
gated. While maintaining the same heating energy consumption, the incremental thermal
conductivity of 45 W/(m·K) can reduce the maximum temperature difference inside the cell
by 21.8 ◦C. Extending the heating time by 9 min (reducing the heating power to 3 W) can
sharply reduce the internal temperature difference from 61.9 ◦C to 10.3 ◦C, and replacing
the bottom heating with the side heating can reduce the maximum temperature difference
by 91.8%.

In the practical application of high-power heating, it is difficult to control the temper-
ature at the monitoring point to the pre-set value. This paper proposes an MSP heating
method, and investigates the effects of power step gradient, step gradient of heating time
in each stage, and the number of heating stages on the temperature difference and temper-
ature rise rate in 90 s heating time. The orthogonalized experimental design with equal
levels of three factors and four levels was used to derive the optimal combination of levels.
Our findings suggested that the highest temperature at the end of heating was reduced by
4.09% and the temperature rise rate was reduced by 40.53% compared to direct heating
when the heating condition was used with d of 2.5 s, ∆P of 5 W, and N of 5.
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