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ARTICLE INFO ABSTRACT

Lithium-ion batteries at low temperatures have slow recharge times alongside reduced available power and
energy. Battery heating is a viable way to address this issue, and self-heating techniques are appealing due to
acceptable efficiency and speed. However, there are a lack of studies quantitatively comparing self-heating
methods rather than qualitatively, because of the existence of many different batteries with varied heating pa-
rameters. In this work, we review the current state-of-the-art self-heating methods and propose the heating
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triangle as a new quantitative indicator for comparing self-heating methods, towards identifying/developing

Metrics effective heating approaches. We define the heating triangle which considers three fundamental metrics: the

specific heating rate (°C-g-J ’1), coefficient of performance (COP) (-), and specific temperature difference
(°C-hr), enabling a quantitative assessment of self-heating methods using data reported in the literature. Our
analysis demonstrates that very similar metrics are observed for the same type of self-heating method, irre-
spective of the study case, supporting the universality of the proposed indicator. With the comparison insights,
we identify research gaps and new avenues for developing advanced self-heating methods. This work demon-
strates the value of the proposed heating triangle as a standardised approach to compare heating methods and
drive innovation.

Nomenclature Vioc Average OCV during heating (V)

Qioss Capacity consumption (Ah)

AT Temperature rise/increase (°C1) Vv Battery nominal voltage (V)

Hr Specific heating rate (°C-g-J" ") ATy Maximum temperature difference (°C)

ATsrp  Specific temperature difference (°C-hr) S0C, Initial SOC of heating (%)

E, Ener(’g}'f density (W}f'kgil) L th Heating duration (s)

p Specific heat. capacity FJ °C g ) U, Equivalent polarization voltage (V)

Qbar Battery nominal capacity (Ah) —~ . . .

Koar Battery thermal conductivity (W- m LK Ry Equivalent heating resistance (Q)

Lpat Characteristic length of heat transfer (m) Abbreviations

h Convective heat transfer coefficient (W-m~2.K) AC Alternating current

Tamb Ambient temperature (°C) cC Constant current

Tigt Target temperature (°C) cop Coefficient of performance

Thear Heating current (A) cv Constant voltage

Ubar Battery voltage (V) DC Direct current

Rext External heating resistance (Q) EV Electric vehicles

fac AC frequency (Hz) HSH Hybrid self-heating

Qgen Heat generation rate (W) LCO LiCoO,

Ry Battery lumped resistance/impedance (Q) LEP LiFePO,

User Open circuit voltage (V) LMO LiMn,O4

m Battery mass (g) NMC111 LiNi1/3Mn1/3C01/302

T Battery temperature (°C) NMC532 LiNig sMng 3C00 20

Qloss Heat loss/dissipation rate (W) NMC622 LiNig gMng 2C00 205

A The area that heat convection occurs (m?) ocv Open circuit voltage

T Temperature rise rate (°C-min ') PC Pulse current

Ic_e  Heating C-rate (h™" or hr™") SAC Sinusoidal AC

Ey Total energy used for heating (Wh) SOC State of charge

Epat Maximum available energy (Wh) SOH State of health

ep Energy consumption (%)

DOD SOC loss/capacity consumption (%)

1. Introduction

Lithium-ion batteries have relatively high energy and power den-
sities, as well as reasonable lifetimes, leading to their mainstream
adoption in electric vehicles (EV) [1,2]. However, they suffer from poor
performance at low temperatures due to sluggish kinetics and mass
transport issues [3-5]. The available energy and power are dramatically
decreased at sub-zero temperatures, with charging rates particularly
limited due to the high risk of lithium plating [5-7]. Improving electrode
materials and the electrolyte is one way to resolve this challenge [8,9],
but commercialization of material innovations can take significant time
[4,7,10,11]. Since the kinetic and transport processes are highly tem-
perature dependent, the performance of the batteries can be restored
after being warmed up [12,13]. Therefore, preheating the battery is a
viable approach to enhance battery performance; enabling higher EV
adoption in cold regions.

Indeed, considerable research efforts have been dedicated to
formulating battery heating methods, with these generally classified as
external or internal heating methods [14-17]. For external heating

methods, the battery is warmed up using the heat transferred from
external sources (e.g. heaters), where the state-of-charge (SOC) is kept
unchanged [18-20]. This method is useful, however, the relatively low
though-plane thermal conductivity of batteries (ranging from 0.40 to
1.03Wm k! [21]) limits the heat transfer rate [22], leading to long
heating times and large temperature gradients. Moreover, the lengthy
heat transfer pathway generally exists in external heating applications,
which causes appreciable heat dissipation to the surroundings [22-25],
resulting in higher energy consumption; prolonging the heating
duration.

Conversely, for internal heating, where batteries are warmed up
using self-generated heat, and there is no impact by the long heat
transfer pathways, nor the limited thermal conductivity of batteries
[26-29]. Therefore, the heating efficiency and speed is usually high with
good temperature uniformity. Provided that the heating energy comes
from the battery, the internal heating method is termed internal
self-heating, which is independent of external power sources [10,12,30,
31].

Recently, a new hybrid self-heating (HSH) method, integrating in-
ternal and external heating without additional external power [22,32],
has been developed to further shorten the heating time and enhance the
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heating efficiency.

Whilst many heating methods have been developed, their validation
has been generally done on different battery types [15-17]. The exis-
tence of many different batteries with varied heating parameters, thus,
makes it complicated to perform a fair quantitative comparison. For
example, the energy consumption during heating highly depends on a
range of factors such as specific heat capacity, and energy density
(Fig. 1a, Eq. (S3) in Supplementary Note S1). Xu et al. [32], for instance,
reported that 4% of the battery capacity was used for a 20 °C temper-
ature rise for their cell with an energy density of 191 Wh-kg™!, while
Jiang et al. [33] reported a 6.6% capacity utilisation for a temperature
rise of 23 °C for a cell with an energy density of 128 Wh-kg™'. Thus,
energy (capacity) consumption during battery heating is not a fair
metric to assess heating methods. Moreover, the target heating tem-
perature is often varied, and heat generation is generally different at
different temperatures due to the diverse activation energies of the
various electrochemical processes [3,14-16,19].

In addition, some heating parameters, such as heating current, differ
broadly between studies. For example, sometimes parameters are
selected conservatively, such as the heating C-rate of 1.3 C in Ref. [32],
and sometimes aggressively, such as the heating C-rate of above 8 C in
Ref. [34]. The issue is obviously that heating time is shorter with higher
heating current [14,33,35,36], due to higher heat generation (Supple-
mentary Fig. S1). Therefore, only using the temperature-rise rate or
heating time is not sufficient to fairly evaluate different heating
methods. For example, the rate of temperature increase was
3.39 °C-min ! at 1.9 C in Ref. [37] while it reached 8.6 °C-min ' at 4 C
in Ref. [38].

Thus, the varied use of different battery types and different heating
parameters makes it challenging to establish a fair quantitative com-
parison between different heating methods (Fig. 1b), and explains why
almost all the comparative studies in the literature so far focus on
qualitative rather than quantitative indicators. For example, Hu et al.
[15], Wu et al. [16] and Wang et al. [17], reviewed different heating
methods using qualitative ratings and displayed the results in the form of
a 1-5 star scale [15], plus-minus signs [16] or a radar chart without
values on axes [17], respectively.

To bridge this gap, this review paper defines a new universal indi-
cator: the heating triangle, to achieve a fair quantitative comparison
between self-heating methods. We highlight the advantages and short-
comings of the self-heating methods using quantitative metrics, and
provide underpinning insights, toward the identification of new path-
ways to develop advanced self-heating methods.

The remaining part of this paper is organized as follows. The self-
heating methods are classified and briefly described in Section 2, with
a discussion of key factors influencing heating performance. Section 3
defines the heating triangle and subsequently Section 4 quantitatively
compares self-heating methods. Section 5 discusses the rationality of
defined triangle metrics and identifies the research gaps and directions,
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followed by conclusions in Section 6.
2. Self-heating methods
2.1. Classification of self-heating methods

The term battery self-heating refers to the fact that it is heated by its
own energy. Self-heating methods thus include internal self-heating
methods, where the heat is only generated from the battery, and
hybrid self-heating methods, where the heat comes from the heaters
inside/outside the battery without an additional power supply [15,16,
22]. Internal self-heating methods can be classified based on the heating
current waveforms, which include direct-current (DC), and alternating
current (AC) plus DC (AC + DC) heating methods, as shown in Fig. 2a.
The DC heating method is commonly used in the discharge direction
(Fig. 2b), i.e. DC self-heating [39], as there is a high risk of lithium
plating during charging at low temperatures [5,40,41]. Constant current
(CC) and constant voltage (CV) modes are the two types of DC heating
approaches [15-17]. The pure AC, including pure sinusoidal AC (SAC)
and pure pulse current (PC), can effectively warm up the battery but an
external power source is required [42-44], thus the pure AC heating
method is not considered as a self-heating method [15,45]. When there
is the DC component in the AC signals, we strictly term the heating
method as an AC + DC approach [33,46], although some references [10,
37,38] term this an AC heating method, under the condition of including
small DC component. The AC + DC heating method comprises the SAC
discharge [10,37], and PC discharge [38,47,48] approaches (Fig. 2a).
The hybrid self-heating method is also called the compound self-heating
method, where both the internal battery heat and heat from the elec-
trical load are used (Fig. 2b), with both the heating energies coming
from the battery [22,32,49,50]. The external heat can be transferred to
the battery from heaters either in or outside the battery [22]. An
example of internal heating elements includes the work by Wang et al.
[51] whereby the battery is heated by internal heat generation and the
heat from an embedded Nickel foil, and thus this is classified as a HSH
method. In HSH methods, the current waveforms can be DC or AC + DC,
with DC often utilized due to its simplicity [22,32,34,51,52].

2.2. Heating performance areas/indicators

When considering suitable low-temperature heating methods, there
are six typical performance areas and/or indicators: heating duration,
coefficient of performance (COP), energy consumption, battery degra-
dation, temperature gradient, and engineering implementation (Fig. 2c)
[15-17,22].

When choosing a heating method, a reduction in heating duration,
energy consumption, battery degradation, and temperature gradients
along with an increased COP, and easy engineering implementation are
desirable, but there are usually conflicting goals. For example, for the

Battery types
« Energy density
« Specific heat capacity
« Capacity
« Impedance

Challenges of
comparing
heating methods

Heating parameters

* Heating current
« Battery voltage

Other parameters

« Initial temperature
« Heat dissipation condition,

Fig. 1. a, The minimum energy consumption of batteries with different energy densities and specific heat capacities for three temperature rise ranges (AT). The
calculation of minimum energy consumption is described in Supplementary Note S1. b, illustration of challenges for comparing heating methods.
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HSH method in Ref. [22], a very short heating duration of 16.8 s from
—30 °C to 0 °C at 100% SOC is accompanied by a high degradation of
7.9% over 500 heating cycles, while a low degradation of 1.2% can be
achieved with a relative slow heating duration of 86 s.

The heating duration is indicated by the rate of temperature increase,
with a high value resulting in a short heating duration. The COP rep-
resents the ratio of useful heat supplied (stored energy in the battery) to
the electrical energy required, which corresponds to the heating effi-
ciency. The energy consumption is also an indicator to show the effi-
ciency of the heating method, but it is a metric mainly driven by the
battery heat capacity, energy density, and temperature increase (AT, See
Fig. 1a). For that the COP is a more suitable metric, as discussed later.

In the literature, several studies suggest a high impact of the heating
process on battery degradation, examples being a capacity fade of 7.7%
[47]1 and ~7.2% [51] after 200 and 500 heating cycles, respectively, but
usually this is reported as low [28,33,35,38]. For example, after 600
heating cycles, Jiang et al. [33] found the capacity remained relatively
constant; Li et al. [38] demonstrated the capacity fade was only 0.5%
after 5000 heating cycles. This highly depends on the heating methods
and the particular type of cell [1,2,53,54], but also is influenced by the
intrinsic complexity of the degradation mechanisms [55-57], Therefore,
we consider that it is very challenging to define a universal metric to
compare heating methods irrespective of the battery and the heating
parameters. Therefore, here we do not propose a metric to evaluate
battery degradation. Instead, we are only analysing quantitatively some
of the influencing parameters, such as temperature gradient. Tempera-
ture gradients within the battery corresponds to the maximum temper-
ature difference, with a high rate of temperature-rise generally leading
to non-uniform temperature profiles.

Engineering implementation includes many aspects, such as cost,
weight increase, safety, and reliability, which are seldom mentioned in
the reported heating works and are not easy to compare quantitatively
[15-17,58]. The DC discharge heating method is easy to implement, but
implementing the HSH method embedded with Nickel foils in the bat-
tery [50,51] is more challenging, as the battery structure needs to be
modified with uncertainty around safety and reliability. The AC + DC

Constant voltage (CV) mode

Sinusoidal AC+DC
Pulse AC+DC

Battery
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Fig. 2. a, Classification of self-heating methods (See
collected methods in Supplementary Table S1); b,
equivalent circuit of three self-heating methods; c,
heating performance areas/indicators. In Fig. 2b, the
battery is simply represented by the open circuit
voltage (OCV) and its resistance (Rp), while the
loading and heating controllers are represented by
their equivalent resistances, Req and Rey;, respectively.
(See representative experimental set-up of the three
self-heating methods in Supplementary Fig. S2).

7,
ime ’
Heat flow

Heater
HSH

Energy consumption

Battery degradation

Engineering implementation

heating method using the motor and its drive circuitry to generate
heating current is not as difficult to implement, and the additional
weight and volume would be low [38]. On the other hand, considering
battery cooling is important for thermal management system design [25,
39,59], therefore, integrating heating and cooling methods is preferable.

2.3. Factors influencing heating performance

Qualitatively, links between the heating performance of different
methods and internal, external, and methodological aspects are illus-
trated in Table 1. The internal metrics often refer to battery parameters,
such as energy density (E,), specific heat capacity (cp) and battery states,
while the external parameters generally include the heat transfer con-
ditions and ambient temperatures. The methodological parameters
depend on the heating method, two examples of which are the heating
current and battery voltage.

2.3.1. Internal parameters

Reversible entropic heat generation is generally negligible under AC
excitation and is relatively low under the high DC currents [14,22,33,
35]. Thus, the battery heat generation is dominated by the irreversible
heat generation (qgn), expressed as:

Ggen = Thear + (UOCV - Ubar) %1;2,5;“'1?[) (1)

where Ineq, Uocys Upar, and Ry, represent the heating current (Ipeq >
0 denotes a discharge process), the open circuit voltage (OCV), battery
terminal voltage, and battery lumped resistance (impedance), respec-
tively. Battery SOC and state-of-health (SOH) have an effect on the heat
generation (qg) of different self-heating methods and thus the heating
duration, as battery impedance (Rp) changes with the SOC and SOH [33,
60-62]. The impedance of batteries with different energy densities (E,)
generally varies [63]. In general, higher power density requires the
reduction of cell resistance, e.g. based on thinner electrodes and sepa-
rators, thicker tabs and current collectors, reduced particle sizes for the
active materials or higher loadings of conductive materials in the
cathode [64-66]. Thus, the E, is considered to have an influence on the
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Table 1
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Internal, external and methodological parameters that significantly affect the heating duration, energy consumption,
COP, temperature gradient and battery degradation for self-heating methods.

Key influencing factors

Heating performance

Heating Energy Temperature Battery
duration  consumption gradient degradation
OCV/SOC AR AN AN AN
SOH AR AN
- p Al AN
2
g E, AN AN
£
Qbat AR AN
kbat
Lbat
g h AN AN AN AN
[4]
i Tamb AN AN AN AN
Tigt AN AN AN AN AN
©
5 Ineat Am AN
o)
3 Upat Al AN
£
g Rext
fac / Heating equipment | | |
A DC heating = AC+DC heating HSH

koat: Thermal conductivity of batteries; Loar: Characteristic length of heat transfer within the battery; h: Convective

heat transfer coefficient; Qoar: Battery nominal capacity.

heat generation and heating duration. For the same battery materials, a
battery with a high capacity (Qpq) generally has a low resistance and the
capacity (Qpq) impacts the heating duration. The specific heat capacity
(cp) affects the rate of temperature rise (Eq. (2)) and thus the heating
duration.

®))

meE =dgen — Yloss

qloss:h'A'(TiTamb) (3)
where m, ¢, T, Tamp, A, and h represent the mass, specific heat capacity,
and temperature of the battery, the ambient temperature, the area that
heat convection occurs, and the convective heat transfer coefficient,
respectively.

The thermal conductivity (kpq) and characteristic length of heat
transfer (Lpq) within the battery have almost no effect on the rate of
temperature rise of the internal self-heating methods. This is because the
heat transfer processes are quite slow in the battery under the good heat
insulation between the battery and surroundings, and relatively uniform
battery internal heat generation [22,67,68]. However, they essentially
influence the heat propagation for the HSH methods due to the heat
transferred from external heaters [69-71], and thus impact the heating
duration, energy consumption, COP, and temperature gradient.

Heating at an extremely low or high SOC is often not permitted for
the self-heating methods as it may accelerate battery degradation [17,
72,73]. For example, AC + DC loads can make the battery voltage at
high SOC go over the upper voltage limit, while the three self-heating
methods can render the voltage of batteries at low SOC go below the
lower voltage. Heating at a high SOC/OCV for the HSH methods likely
leads to a high temperature gradient, such as ~30 °C [34,50], which

causes local overheating and may influence battery degradation [74,
75]. This can be explained by the high heat generation from the external
heaters due to the high heating current at the high SOC/OCV.

2.3.2. External parameters

The external parameters, h, Tamp, affect the heat dissipation (qjoss)
[14,22,76,771, as shown in Eq. (3), and thus influences the heating
duration, energy consumption, COP, and temperature gradients for the
three self-heating methods.

2.3.3. Methodological parameters

The target temperature (Tyg) of heating is often different, such as 0 °C
in Refs. [22,51], 5.6 °C in Ref. [35], 10 °C in Ref. [41], 29.1 °C in
Ref. [38], 60 °C in Ref. [4], which is generally determined by the ex-
pected battery performance [7,13,18]. This greatly impacts the heating
duration and energy consumption, and also influences the COP, tem-
perature gradients, and degradation of batteries [18,78]. The applied
heating current and battery voltage likely impact the heat generation
and degradation of batteries [3,22,35,79,80]. For the HSH methods, the
heat generation relies, in part, on the external heating resistance (Rexy)
[22,32,34,51,52]. Furthermore, R,y also affects the heating current and
battery voltage [22,51] and thus influences battery degradation. For the
AC + DC heating methods, the heat generation depends on the AC fre-
quency (fac) [3,14,33,35,81] and special heating equipment is generally
needed to generate AC + DC signals, which influence the COP.

3. The heating triangle

To enable a quantitative assessment, we introduce the heating tri-
angle as a new universal indicator (Fig. 3). The heating triangle
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Specific heating rate

_ Temp. rise rate
"~ C-rate x Energy density

H (C-gJd’)

Coefficient of performance

_ Useful heat
COP = Efectrical energy )

Specific temp. difference

Max. temp. differen.
ATsro = C-rste

(°C-hr)

Fig. 3. The heating triangle: three fundamental quantitative evaluation metrics. The specific heating rate relates to the heating speed and heating duration. The COP
reflects the energy consumption and indicates the heating efficiency. The specific temperature difference links with the temperature gradient, and thus local

overheating risk and the uneven degradation of batteries.

considers three fundamental quantitative metrics: the specific heating
rate (°C-g-J ’1), the coefficient of performance (COP) (—), and the spe-
cific temperature difference (°C-hr).

During heating, it is ideal to minimise heat loss from the battery to its
surroundings as much as possible, with different insulation materials
used [3,14-16,22,33-35,51,52]. For example, insulation such as poly-
foam, insulation cotton, and others have been used to wrap the batteries,
where convective heat transfer coefficients between ~0 and 9.6 W
m~2K [33,34,38,48,51,52] have been achieved. Thus, these values are
generally consistent with each other, and the variation in external
heating parameters on heating performance is limited and can be
ignored, allowing for the focus to be on internal and methodological
parameters.

As we discussed in Section 2.3.1, battery resistance generally shows a
positive correlation with energy density. While it often has a negative
relationship with battery capacity, a simple example of which several
cells connected in parallel decrease resistance but increase capacity.
Thus, the energy density and capacity that usually vary with batteries,
pose a great influence on battery heat generation and heating speed.
Furthermore, the heat generation and heating speed increase with the
heating current (Eq. (1)). Therefore, accounting for the dominant in-
ternal and methodological influencing parameters on heating speed, we
define the specific heating rate (;, °C-g-J~1) as the temperature-rise rate
(T) and battery capacity (Qpq) per heating current (Ieq;, A) and energy
density (E,, Wh-kg™1), expressed as:

_ T Obar

= 4
1, heat 'Ep

H
We consider the heating current (Ij.,), rather than the square of
heating current (I3,,) in Eq. (4), as the heat generation depends on the
heating current (Ir.) in some cases, such as the HSH methods [22,32,34,
51,52], where it equals Ineq * Uy, We define the heating C-rate (Ic_ )
as Ihear / Qpar With the unit of h~lor hr_l, and the specific heating rate (4,
°C-g-J71) is describe by the temperature-rise rate (T) per heating C-rate
(Iere, Kt or hr~1) and energy density (E,, Wh-kg’l), expressed as:
T
B ICfmle 'E/z

Hy (5)

The specific heating rate (y,) describes the temperature (°C) increase
per unit mass (g) when 1 J heat is absorbed, which is proportional to the
inverse of the specific heat capacity ((J oc L g’l)’l). Thus, it allows for
the fair comparison between self-heating speeds. More relevant discus-
sion will be performed later.

The COP is commonly used in heating/cooling systems, which in-
dicates the ratio of useful heating to the energy input, with a higher COP
equating to higher efficiency and lower specific energy consumption.
For battery self-heating, the COP can be described by:

m-c,-AT 1 [Wh] m-c,-AT ¢, AT

P = . = =
co En 3600 [J] 3600-¢,-Epy 3600-¢,E, ©)

where Ey, Epq, and AT stand for the total energy (Wh) used in the heating
system, the maximum available energy (Wh) in the battery, and tem-
perature difference (°C) between the initial and target heating temper-
atures, respectively. ey, is the energy consumption (%) during heating,
which equals the per cent relative to the maximum available energy in
the battery, but it is rarely reported in the heating papers. Alternatively,
the capacity consumption, i.e. DOD (depth-of-discharge) during heating,
is often presented [32,33,38,51,52,82], which represents the per cent
relative to the maximum available capacity in the battery. We thus need
to convert the capacity consumption (DOD) to energy consumption,
expressed as:

E 2 QiossVisor = DOD-Qpr Ve %)

where Vioe, Quoss and Qpg are the average OCV and capacity consumption
(Ah) during heating, and the nominal capacity (Ah) of batteries,
respectively. Therefore, the conversion coefficient, which is the ratio of
energy consumption (e, %) and DOD, can be expressed as:

e En/Esa _ QbarVioc - Vioe )

DOD  DOD Epw  V

~N—

where V is the nominal voltage of batteries. Consequently, when given
the capacity consumption (DOD), the COP can be approximately
calculated as:
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Table 2

Heating parameters and conditions, battery parameters, and maximum temperature difference for the typical DC heating methods. Other parameters, such as heating current and DOD are listed in Supplementary Table S2.

AT, (°C)

Battery parameters

Heating parameters Heating conditions

References

E, (Wh-kg™")

¢ UK g™

Battery types

Thermal condition

Tyge (°C)

15
20

Tamp (°C)
-20

tn (s)
416
240
137
127
103
196
356
194

SOC, (%)

180

0.823

2.2 Ah fresh 18650 NMC111/Gr

Adiabatic condition

64

2C CC
3CCC
4C CC

DCy, Ji et al. [85]
DCyy, Ji et al. [85]

DCyy, Ji et al. [85]

2.2V CV

DCyy, Ji et al. [85]

96 ~

1.127
0.823

8 Ah fresh pouch NMC111/Gr
2.2 Ah fresh 18650 NMC111/Gr

2.1 In the climate chamber
Adiabatic condition

-30
—20

100
64

2.43V CV
2.5VCV

DCy, Ruan et al. [86]
DCyy, Ji et al. [85]

180

20

2.8V CV

DCyyy, Ji et al. [85]

260

0.979

3.5 Ah fresh 18650

Thermal insulation condition
NCA/Gr

4.5

-12

~82 (4.0V)

Nearly 1.86C CC

DCy, Oehl et al. [87]

110

1.13

5 Ah fresh 32650 LFP/Gr

h: 25.45 Wm 2K}

-10

476

optimal discharge currents

DCix, Du et al. [88]

Tigt -Tamps In the CV modes, the average current is used for calculating the y;.

NMC111: LiNi; ;3Mn; ,3C01,302; Gr: Graphite; SOCo: Initial SOC of heating; t,: Heating duration; LFP: LiFePOg4; NCA: LiNiyCoyAl;..yO0; AT
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To our knowledge, there is no existing preheating paper that uses the
COP for assessing the efficiency of battery self-heating methods [15-17,
83]. The commonly used energy/capacity consumption highly depends
on battery types (i.e. E,, cp), while the COP considers the dominant in-
ternal and methodological influencing parameters, which facilitates the
fair comparison of heating efficiency for self-heating methods.

The heating C-rate has a significant impact on the battery tempera-
ture gradient during heating, with a higher heating C-rate generally
leading to a larger temperature gradient [22,52]. Given the relatively
low effect of other influencing parameters on the temperature gradient
of batteries, we define the specific temperature difference (ATstp, °C-hr)
as the measured (calculated) maximum temperature difference (4 Tp, °C)
of both through plane and in plane per heating C-rate (Icrate, hr ! or
h’l), described as:

AT,
ATgrp =——

10)

C—rate
4. Quantitative comparison of self-heating methods

In this section, the three presented metrics are calculated for 23
heating study cases, with the mean and uncertainty of each self-heating
method estimated. The quantitative comparison of three types of self-
heating method was then performed. Although there are 30 papers on
self-heating presenting more than 30 heating cases (Supplementary
Table S1), certain key parameters are missing in several papers, and thus
23 heating cases are reviewed quantitatively and systematically.

4.1. DC heating method

Nine DC heating cases were analysed as representative methods,
where the heating parameters are different (Table 2). In CC discharge
modes, the battery voltage decreases first, and then increases as battery
temperature increases [85], and analogously, in CV modes the heating
current decreases first, and then increases. Both the CC and CV modes
can achieve a high temperature-rise rate, especially with a high heating
current or a low heating voltage (Fig. 4a). For different DC heating
methods, the temperature-rise rate (T) was between 1.89 and
18.83 °C-min"!, where the maximum is nearly ten times the minimum,
indicating a large difference. The specific heating rate (y,) is calculated
with Eq. (4), and its values range from 0.14 to 0.45 °C g J~! with an
average value of 0.32 °C g J 1. The y; narrowed the difference between
the various DC heating methods, but the increasing trend of the y; with
the heating current still exists. This is because the heat generation of
Ihear(Upey-Upge) highly depends on battery terminal voltage (Upq), and
the Upq correlates with the DC heating current (Ipeqy); with a low Upgeat a
high discharge Ineq:

As only the capacity consumption (DOD) is given in references [86,
88] (Supplementary Table S2), we approximately calculate the COP
with Eq. (9) by estimating the conversion coefficient (ep/DOD) during
heating with the use of the OCV-SOC data. The en/DOD approximates the
average OCV during heating divided by the nominal voltage of batteries
(Eq. (8)), and Fig. 4b and c illustrate the values of LiNiyMnyCo1.x.yO2
(NMC) and LiFePO4 (LFP) batteries when heating with different DOD
(capacity consumption) from the various starting SOC (SOCp). The
en/DOD increases with the SOCy due to the increased average OCV, but
decreases with the DOD, which is attributed to the reduced average OCV
during heating. It is higher than 1 at the high SOCy, which means the
energy consumption (ex, %) is higher than the capacity consumption
(DOD). At the SOCj of 100% and 90%, the e,/DOD is calculated as 1.12
and 1.01 for DCy and DCix methods, respectively. Similarly, there is an
increasing trend of COP with the heating current, mainly attributed to
the decreasing Upqs (Supplementary Eq. (S12)), which leads to reduced
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a Bl Specific heating rate ¢ Fig. 4. a, Quantitative comparison of typical DC
0.5l Temperature rise rate,T 5 heating methods from the specific heating rate (),
the temperature-rise rate (T), and COP during heating.
) There is missing data on COP for the CC modes
0.4 B because the reference did not report the energy/ca-
- ‘-';\ pacity consumption. The conversion coefficient, i.e.
3)0_3 = 30 ratio of energy consumption (ep, %) and capacity
O O 8 consumption (DOD) of b, NMC battery at 0 °C and c,
<~ < LFP battery at —10 °C with different DOD under
3702t +— 10.2 different starting SOC of heating (SOCy). The OCV
data refers to Refs. [89,90]. The metrics in Fig. 4a are
0.1t calculated based on the data in Table 2, Fig. 4b, ¢, and
Supplementary Table S2.
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discharge energy lost in the load controller. The COP ranges from 0.14 to
0.44, with an average of 0.29, showing a low heating efficiency.

As shown in Table 2, there is only one study providing experimental
data on the temperature gradient for DC methods. For that case the
gradient is low as generally expected for DC methods, given that the heat
generation is uniformly distributed within the battery volume [84] and
generally good heat insulation with surroundings.

4.2. AC + DC heating

We collect seven typical AC + DC heating methods and find the
temperature-rise rate (T) varies with different heating parameters
(Table 3), with its values between 2.29 and 9.48 °C-min~! (Fig. 5).
Similarly, the specific heating rate (y;) shows a narrow difference, and it
is almost the same with values from 0.14 to 0.20 °C g J}, except for the
AC + DCp method. The y; of AC + DC heating methods appears to be not
correlated with the AC frequency, which likely results from the differ-
ence in the proportion of AC and DC components. This may be explained
by the similar voltage limits for different batteries which are taken as the
constraints during selecting the heating current [33,46], and the resul-
tant similar current for heating.

The COP for the typical AC + DC heating methods varies from 0.27 to
0.86 (Fig. 5b), with an average value of 0.59. Since the energy dense
batteries are utilized in the AC + DCy; method [38], the energy con-
sumption percent per temperature rise (ep/AT) is quite low (Fig. 5b),
which can be explained by Fig. 1a, and Supplementary Note S1, but the
COP is comparable to other AC + DC methods (AC + DCy; and AC + DCry
[33,92]). This implies the proposed new metric, COP, provides a fair
comparison between approaches, by removing the major influencing
factors. The COP of AC + DCy [93] is the lowest (Fig. 5b), as only the
pulse discharge current is used without the current in the charging

direction and the DC component is high (Supplementary Eq. (514)).
Although the pulse heating current can be considered as AC + DC cur-
rent, only discharge current is applied to the battery, and thus like the
DC discharge case, the COP is low due to the energy lost in the load
controller (Supplementary Eq. (S12)).

The maximum temperature difference (4T3), below 1.6 °C (Table 3),
is low with AC + DC internal self-heating methods, which is generally
expected because the heat generation is uniformly distributed within the
battery and good heat insulation measures are usually taken.

4.3. Hybrid self-heating

The seven typical HSH methods are compared in Table 4 and Fig. 6.
We show that the temperature-rise rate (T) is largely different, with the
maximum of 96.0 °C-min ! and the minimum of 0.35 °C-min~!. How-
ever, the specific heating rate (y;) calculated by removing the varied
battery and methodological influence is almost the same, with values
between 0.49 and 1.15 °C g J~!. This highlights the advantage of the
proposed metric to find the common characterization of the same type of
heating method, which contributes to fairly comparing different heating
methods.

The COP of different HSH methods ranges from 0.63 to 1.12, with the
average value of 0.82. The COP that is above 1 is likely attributed to the
uncertainty of the used specific heat capacity during the COP calculation
(More explanation described in Discussion section). Due to the less heat
dissipation to the surroundings with the heaters embedded in the bat-
tery, the COP of HSH methods using the inserted Nickel foils (HSHy,
HSHy; and HSHyyy [34,51,99]) generally exhibits a high COP (>0.78).
The ep/AT in the HSHyy method [98] is rather high owing to the low
energy density (96 Wh-kg™!) of the battery but the COP is not so low
(0.80). This again indicates energy consumption highly depends on
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Table 3

Heating parameters and conditions, battery parameters, and maximum temperature difference for the typical AC + DC heating methods. Other parameters are listed in Supplementary Table S2.

AT, (°C)

Battery parameters

Heating conditions

Heating parameters

References

E, (Whkg™")

[N (J~K‘1-g‘1)

Battery types

Thermal condition

h: 5

Tyge (°C)
10.8

Tamp (°C)
—-20

tn (s)

274

SOCo (%)

105

1.109

2.3 Ah fresh 26650 LFP/Gr

10Hz pulse current

AC + DCj, Mohan et al. [91]

W-m 2K!

h: 2.04

128.2 1.6

1.177

35 Ah fresh pouch NMC/Gr

—20.8 2.1

600

100

754Hz SAC

AC + DCp, Jiang et al. [33]

W-m 2K!

~200

2.5 Ah 18650 NMC/Gr

In the climate chamber

-20

354
162
175

833Hz SAC

AC + DCyy, Shang et al. [37]

22 kHz SAC

AC + DCpy, Shang et al. [92]
AC + DCy, Qu et al. [93]

164

1.05

2.0 Ah 18650 LCO/Gr

h: 5.32

10

-10

100

0.5s pulse current

W-m 2K
h: 9.6

262

1.126

50 Ah fresh prismatic NMC532/Gr

29.1

300

50

1.6s Pulse (4C/4C)

AC + DCyy, Li et al. [38]

W-m 2K!

0.3

200

2.5 Ah 18650 NMC/Gr

In the climate chamber

-20

132

100

10 kHz SAC

AC + DCyr, Zhang et al. [94]

NMC532: LiNio'5Mn0.3C00'202; LCO: LiC002.
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battery parameters and the COP offers a fair metric for heating
comparison.

The specific temperature difference (ATsrp) varies from 0.57 to
4.75 °C-hr. Despite the low temperature gradient in the HSH; method
due to the low heating current [96], its ATgyp is pretty high, due to the
only one external heater used. For HSHyy and HSHy; methods [98,99],
two heaters are used, with the ATsyp obviously decreased, and the
HSHyy [34], with three heaters features the lowest ATstp. With the
greater number of heaters, both the short heat transfer pathway and low
heat generation of each heater are achieved, which facilitates uniform
temperature distribution during heating.

4.4. Summary of quantitative comparison

With the three proposed universal metrics, we find the same type of
heating methods show very similar performance (Fig. 7), and thus we
can quantitatively compare the three types of typical self-heating
methods, regardless of the different methodological parameters and
battery types. The specific heating rate (y;) is the lowest for AC + DC
heating methods (Fig. 7a), primarily due to the lower AC resistance. As
multiple dynamic processes, such as charge-transfer, double layer
charging and diffusion, are involved during DC excitation [3,14,33,35,
541, the DC resistance is often higher than the AC resistance of batteries,
and the y; is thus higher for DC heating methods. The y; for HSH
methods is the highest. Including the external heating can be equiva-
lently taken as the increase of battery heating resistance [22,32], thus
resulting in the high y; in HSH methods. The average y; of DC heating
methods is 2.2 times the AC + DC methods, while that of HSH methods
is 2.6 times the DC methods.

The COP of DC heating methods is the lowest (Fig. 7b), because the
energy of the battery discharged to the load controller is not used. With
the utilization of the discharge energy in HSH methods, the COP is
significantly increased and we find HSH methods show the highest
average COP (above 0.82), increasing by 181% compared to DC heating.
The COP of AC + DC heating methods is relatively high (0.59), because
the relatively low DC component compared with the applied heating
current leads to less energy consumption (Supplementary Eq. (S14)).
The HSH methods exhibit a 38% higher COP than the AC + DC heating
methods, which is likely attributed to the recycling of the discharge
energy and the low heat dissipation to the surroundings due to the fast
heating speed.

The temperature gradient within the battery is high for the HSH
methods (Fig. 7¢), due to integrating external heating. Since the thermal
conductivity of batteries is limited with the through-plane values
ranging from 0.40 to 1.03 W m~! K1 [21,101,102], there is a large
temperature difference within the battery. The specific temperature
difference (ATstp) within the battery reaches 2.68 °C-hr for the HSH
methods. While for the other self-heating methods, the ATstp is low and
below 0.41 °C-hr, due to just including the internal self-heating.

It should be mentioned that the temperatures, capacity consumption
(DOD), starting SOC (SOCp) for heating, and current, which are
measured in various ways (including varied sensors) in different refer-
ences, would pose uncertainty to the calculated triangular metrics. This
would be one reason for the variance of each calculated indicator in
Fig. 7a, b and c. To make a consistent comparison, it is suggested to
calibrate the sensing precision for measuring temperature, current and
capacity in each heating paper.

5. Discussion
5.1. Rationality analysis on triangle metrics
We investigate the physical meaning of the defined metric, y;. If the

heat dissipation is neglected, deduced from Eq. (2) (See Supplementary
Note S2), the specific heating rate, y;, equals the ratio of the (equivalent)
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a I Specific heating rate y,
0.25; Temperature-rise rate T
0.20t

>

o 0.15

Q

370.10

005I I I I I I
0.00 I

Fig. 5. Quantitative comparison of typical AC + DC
heating methods from a. the specific heating rate (y,),
and the temperature-rise rate (T); b. COP and energy
consumption per temperature rise (e,/AT) during
heating. The metrics are calculated based on the basic
data in Table 3 and Supplementary Table S2, and/or
the conversion coefficient data in Fig. 4b and c. As
there is missing data on ¢, for AC + DCyy and AC +
DCyy, the COP is calculated using the assumed c, with
values in 0.8-1.2 J K ! g’1 [95].
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polarization voltage (flp) to the nominal voltage (V) divided by the
specific heat capacity (c,), expressed as:

L Jp:{

Here the polarization voltage in the DC and AC + DC heating is the
difference between the OCV and battery terminal voltage (considering
battery discharge), generally including ohmic (instantaneous) polari-
zation, activation polarization, and diffusion (concentration) polariza-
tion [35], while the equivalent polarization voltage in the HSH involves
battery total polarization and the voltage in the external heaters [22].
Eq. (11) theoretically suggests y; is proportional to the inverse of the
specific heat capacity, which holds true for every self-heating method,
implying a universal indicator. As the medians of the specific heat ca-
pacity of different batteries range from 912 to 1168 J °C~! g1 [21],
indicating a limited difference, this metric (y;) can allow a fair com-
parison between different self-heating methods although they are
experimentally validated on various batteries. Furthermore, we
conclude that a higher polarization voltage leads to a higher y; for the
same battery. A high polarization voltage is significantly desired for
rapid self-heating, but battery voltage should be generally kept in be-
tween the lower and upper voltages. As the voltage limits are kept the
same under various conditions [33,43], the polarization voltage would
be roughly kept constant by modulating the heating current and inde-
pendent of temperatures. On the other hand, the battery types, such as
different chemistries, show a reduced influence on the ratio of

<)

1
Sp

U,er — Ups DC, AC +DC

Uoev, Hybrid an

Hr =

<

AC+DC,, AC+DC, AC+DC,, AC+DC

10

Vil
Zhang [94]

polarization voltage and the nominal voltage. Thus, the y; can be
quantitatively comparable for different batteries with various heating
parameters.

For different types of self-heating methods, the equivalent polariza-
tion voltages (f]p) are often different. For example, as shown in Eq. (12),

the f]pHSH for the HSH methods is usually the battery OCV (Eq. (11)),
indicating the inclusion of internal and external heating, and thus the
maximum. While the ﬁpmnc for the AC + DC methods is the RMS (Root
mean square) value, generally less than the peak value, which is similar
to the AC resistance lower than DC resistance, and thus the minimum.
Then, we determine the heating speed (u; average values, Ji;) for three
self-heating methods, which aligns with the quantitative comparison
results in Section 4.4.

U,

pac+pc

<Up,e < U, (12)

PHsH

= ﬁIAC+DC = ﬁlDE < ﬁIHSH

We try to provide the underpinning insight for the heating speed by
exploring the equivalent resistance during heating. Based on Eq. (11),
we can deduce that the equivalent heating resistance (R;) is propor-
tional to the y;/Ineq:, expressed as:

Hy
Ihea/

Ry (13)

Fig. 7d illustrates the y;/In.q value of different self-heating methods.
For the HSH methods, it is high at the low current, but low at high
current, even lower than that of the AC + DC heating methods. Thus it is
not easy to directly compare the equivalent heating resistance for
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Table 4

Heating parameters and conditions, battery parameters, and maximum temperature difference for typical HSH heating methods. Other parameters are listed in Supplementary Table S2.

AT, (°C)

Battery parameters

Heating conditions

Heating parameters

References

E, (Wh-kg™")

¢ UK g™h

Battery types

Thermal condition

Tyge (°C)

Tamp (°C)
—40°
—20

tn (5)
2880
114

SOC, (%)

120

35 Ah Pouch LMO/Gr 1.100

2.5 Ah 18650 NMC/Gr

In the climate chamber
h

—-2.4

94

PTC on on battery surface in a pack

HSH; Zhang et al. [96]

~200

0.8-1.72°

15.9

Transfer MOSFET heat to the battery

HSHj; Shang et al. [97]

W-m 2K!

3-7¢
14.79

191.3
96

13.5 Ah fresh cell

In the climate chamber

h

107
52

100
100

MOSFET on battery surface, 1.3C

HSHy Xu et al. [32]

1.127

8.0 Ah Pouch NMC111/Gr

5.98

—29.8

Paste two Al foils of 44 mQ on surfaces

HSH;y Ruan et al. [98]

W-m 2.K!

7.5 Ah fresh pouch NMC532/Gr 1.00 170 ~30

10.0 Ah Pouch NMC622/Gr

h: ~0Wm2K!

-30
—20

29.6

100
100
100

Insert one Ni foil of 56 mQ

Insert two Ni foils of 39 mQ

HSHy Wang et al. [51]

17.8
3.19

1.195

In the climate chamber

12.5
19.4

Insert three Ni foils of 56 mQ

HSHy; Zhang et al. [99]
HSHyy Yang et al. [34]

NMC622: LiNig ¢Mng 2C00.202; LMO: LiMn;O4; a: the initial battery temperature is —19.3 °C, AT = 16.9 °C; b: ¢, comes used from other references [95,100]; c: the AT is estimated from Ref. [32].

11

Journal of Power Sources 581 (2023) 233484

a 1 I Specific heating rate v,
Temperature-rise rate T
e
£
e
—
HSH, HSH, HSH, HSH, HSH, HSH, HSH,
Zhang [96] Shang [97]  Xu [32] Ruan [98] Wang [51] Zhang [99] Yang [34]
b4 I cop e /AT
12 0.40
1.0 032~
Q
% 0.8 0248
O
06 5
0.16 o
0.4
0.2 0.08
0.0 0.00
HSH,  HSH, HSH, HSH, HSH, HSH, HSH,
Zhang [96] Shang [97]  Xu [32] Ruan [98] Wang [51] Zhang [99] Yang [34]

¢ Il specific temperature difference AT,

Max. temperature difference AT,

e

AT, (°C+h
o N N
AT, (°C)

HSH,

il
Xu [32] Ruan [98] Wang [51]  Zhang [99] Yang [34]

Fig. 6. Quantitative comparison of typical HSH heating methods from a. the
specific heating rate (y;), and the temperature-rise rate (T); b. the COP, and
energy consumption per temperature rise (e,/AT); c. specific temperature dif-
ference (ATsrp) and maximum temperature difference (AT,) during heating.
The metrics are calculated based on the basic data in Table 4 and Supple-
mentary Table S2, and the conversion coefficient data in Fig. 4b and c. As there
is missing data on c;, for HSHy;, the COP is calculated using the assumed c;, with
values in 0.8-1.72 J K~ ! g1 [95,97].

different self-heating methods. This is because the battery resistance
highly depends on heating current, battery types and temperatures [36,
103,104,105]. We observe there is a decreasing trend of the yi; /Ine,s With
the increasing current, which can be explained by the resistance de-
pendency on the current, especially for the charge transfer and mass
diffusion resistance [36,42,106]. Although the heating conditions, such
as the non-adiabatic conditions, impact the calculation of equivalent
heating resistance (Eq. (13)), battery resistance exponentially decreases
with the current [36,106,107], and thus the heating current dominates
the variation of equivalent heating resistance and it is challenging to use
the heating resistance to essentially indicate the heating speed.

We further explore the relationship between the temperature-rise
rate (T) and other parameters, such as the heating current, the square
of heating current, energy consumption and energy consumption per
temperature rise (ep/AT). We find a weak correlation between the T and
the energy consumption (p = —0.482, Supplementary Fig. S3c¢) for the
HSH methods, and the strongest correlation between the T and Ic_rae (p
= 0.984, Supplementary Fig. S3a). This strong correlation can be
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Fig. 7. Quantitative comparison of three types of self-
heating methods with new metrics, a. the specific
heating rate (y;), b. the COP, and c. the specific
temperature difference (ATsrp) within the battery.
The data comes from Figs. 4-6; d. The calculated y;/
Ineq: values of different self-heating methods, with the
data coming from Fig.4 to 6; e. the COP calculated
with different specific heat capacities for four HSH
methods (the other parameters are kept unchanged).
The specific heat capacity ranges from 860 to 1380
J°C ! kg ! for pouch batteries [21]. The orange ones
represent the COP calculated with the specific heat
capacity provided in the corresponding references
[34,51,98,99]. (For interpretation of the references to
colour in this figure legend, the reader is referred to
the Web version of this article.)

Fig. 8. a, The illustration of the approaches that can
enhance the heating performance for different self-
heating methods. The discharge DC components are
considered for self-heating methods; b, The triangular
metrics of the three types of self-heating methods and
the near-perfect triangular values for the advanced
self-heating method; ¢, The promising pathways to
develop advanced self-heating approaches. The
numbers, @,®, and ®, represent three potential
paths and their specific description can be found in
Supplementary Fig. S5.
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explained by the heat generation of Uy, * Ipe for HSH methods, with
the OCV during heating at high SOC almost the same. For the AC + DC
heating methods, the strong correlation between the T and Ic_rqe (p =
0.874, Supplementary Fig. S4a) and weak correlation between the T and
other parameters are observed. This highlights the rationality of the
defined metric, y;, which is calculated with the heating C-rate current
(ICfrale)'

We find the COP calculation results relate to the specific heat ca-
pacity, when using Egs. (6) and (9). For example, in the HSHy; method
[971, using the specific heat capacity of 1.72 J g ! °C™! that comes from
Ref. [100], the COP is calculated as near 0.95 but it is only 0.50 with the
median value of 0.905 J g ! °C™! for the cylindrical battery specific heat
capacity [21]. The uncertainty of the specific heat capacity leads to the
great difference of the calculated COP (Fig. 7e). Thus, the COP will be
higher than 1 if the overestimated specific heat capacity is used. This
demonstrates the significance of the accurately estimated specific heat
capacity for the COP evaluation. Despite the uncertainty in calculating
the COP, the COP is still a useful metric to indicate the heating effi-
ciency. With the emerging effective identification methods for the spe-
cific heat capacity [21,108,109], the COP calculation will be more
accurate to reflect the true heating efficiency.

5.2. Approaches for heating performance enhancement

Based on the quantitative evaluation of DC self-heating methods, we
find increasing the DC heating current induces a low averaged battery
voltage, thus resulting in a high heating speed and a high COP (Fig. 8a,
Eq. (11), and Supplementary Eq. (S12)). Therefore, to achieve a better
heating performance, a higher DC is expected, but the possible battery
degradation should be accounted for.

For the AC + DC heating methods, the low DC component means low
energy consumption under the same heating speed, as the DC discharge
leads to the energy loss. Decreasing the equivalent resistance in the AC
+ DC generating circuit generally leads to a reduced DC component
[33], thus contributing to a high COP but battery voltage during
self-heating at high SOC should be paid attention to as it may go over the
upper voltage limit.

Regarding the HSH methods, increasing the amount of heaters re-
sults in a low ATstp due to the reduced heat generation of each external
heater. The uniform heating with sufficient heat transfer and less energy
wasted on the heaters benefits a high COP. But the concern of the
increased amount of heaters lies in the implementation which is not
easy, and possible to decrease energy density for battery systems.

5.3. Outlook for advanced self-heating methods

We further evaluate the three types of self-heating methods with the
heating triangular metrics: 4;, COP, and ATsyp (Fig. 8b). By making use
of the discharge energy and adding external heating, the HSH method
shows a high COP and a high heating speed (4,), and it is thus preferable
to warm the battery up. The heating speed (y;) of AC + DC heating
methods is low but the temperature rise rate with a high current is
acceptable [38]. Most importantly, the ATsp is low and the COP is
relatively high, therefore, it is another preferred self-heating method for
batteries at low temperatures.

While the AC + DC and HSH methods are superior from a quanti-
tative perspective using the heating triangle, both methods have short-
comings, with a low y; for AC + DC heating methods, and a high ATstp
for HSH methods (Fig. 8b). We suggest three research directions to
improve the existing heating methods to achieve an improved pre-
heating performance. The first one is transferring the heat from the
AC + DC generating circuit to the batteries (Fig. 8¢, Supplementary
Fig. S5). The AC + DC generator is often required to be specially
designed, such as the soft-switching resonance circuit [33], modifying
the control of EVs’ drive circuitry [38], high-frequency switched
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capacitor circuit [94], inductor ladder-based circuit [110] and H-bridge
high-frequency circuit [67]. Electrical losses occur in the AC + DC
generator and its temperature is generally higher than the battery. If the
heat is transferred to the battery, this method will exhibit similar
characteristics to the HSH method and the y; will increase. The second
research direction is to control the heating current in the HSH methods.
The DC is generally used for the HSH methods, and if adding relaxation
periods (pulse discharging), the heat accumulation will be low and the
temperature gradient is expected to be decreased. When modulated, the
heating current looks like the AC + DC (exactly pulse current + DC), and
how to determine the relaxation/pulse periods remains an open ques-
tion. The third research direction is to decrease the thermal resistance of
batteries. The high temperature gradient within the battery for the HSH
methods is essentially caused by a high thermal resistance of batteries.
Tab-heating is a possible means to reduce temperature gradients within
the battery for the HSH methods, and modifying the tab design, like the
tab design for cooling [111], will facilitate the heat flow and reduce the
thermal resistance. Therefore, strengthening the heat-transfer capability
of battery tabs is a potential candidate to develop an advanced thermal
management system integrating excellent heating and cooling
performance.

We further explore the research gaps in battery self-heating. When
conducting quantitative investigations of self-heating methods, we find
almost all the approaches are experimentally validated with fresh bat-
teries, and few with aged batteries. In particular, it remains uncertain
about how the heating performance varies with battery aging, and aging
adaptive approaches [112] are desired to explore. Besides, we quanti-
tatively compared 23 self-heating cases despite the existing more than
30 references, as the internal and/or methodological parameters are not
accessible for many heating cases. It is highly suggested that all the
developed heating methods should comprehensively describe the used
parameters for ease of quantitative comparison. Furthermore, few
research presented the internal temperatures of batteries during heating.
Exploring internal temperatures/states using new sensors [113] is ex-
pected to deeply understand battery heating processes, with more data
generated for contributing to deep quantitative analysis of self-heating.

Finally, we acknowledge that battery degradation is a key heating
performance, and with more reported degradation data for heating, it
might be possible to formulate another universal metric to evaluate
battery degradation during heating in the future.

6. Conclusions

This article develops a new way to review battery self-heating
methods, which removes the application specific influencing factors to
quantitatively compare heating approaches rather than qualitatively. To
enable universal quantitative comparison of heating methods, we define
the heating triangle. This is composed of three fundamental quantitative
metrics (see Fig. 3): the specific heating rate (uy, °C-g-J ’1), coefficient of
performance (COP), and specific temperature difference (ATsrp, °C-hr).

Instead of using the usual temperature-rise rate, we propose the
specific heating rate () to characterise heating speed, due to the strong
correlation between the temperature-rise rate and heating current (Ieq,).
We consider the energy density and capacity in the proposed metric (yy)
to reduce the influence from battery types. The COP is used to describe
the heating efficiency rather than adopting the commonly used energy/
capacity consumption, since consumption highly depends on the battery
internal parameters (e.g. energy density). The specific temperature dif-
ference (ATstp) is used to quantify the temperature non-uniformity of
different batteries during various heating, which indicates the temper-
ature gradient within batteries after removing the dominant influencing
factor (e.g. heating C-rate).

Even with different heating parameters and batteries, the same type
of self-heating method is demonstrated to show very similar values for
the three metrics. For example, it turns out that the short heating
duration of several heating methods is only attributed to the high
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heating current. Therefore, the proposed heating triangle has the po-
tential to become a standard approach for a fair comparative assessment
of heating methods.

We calculate the mean and uncertainty for each metric and then
compare quantitatively the self-heating methods. The average specific
heating rate of DC heating methods is 2.2x the AC + DC heating methods
due to the high equivalent polarization voltage when having similar
voltage limits. But the AC + DC heating method is superior in terms of
COP, which can be explained by the low discharged DC used when
adding AC. The internal self-heating methods feature a uniform tem-
perature distribution, with a specific temperature difference below
0.41 °C-hr. The specific heating rate of the hybrid self-heating method is
more than 2.6x the other self-heating methods, which is essentially
attributed to the high heat generation due to integrating internal and
external battery heat. Furthermore, its COP increases by >38%
compared with other methods. The primary drawback of the hybrid self-
heating method is the high specific temperature difference of reaching
2.68 °C-hr due to the limited heat-transfer capability (low thermal
conductivity) of batteries.

With quantitative comparison insights, we identify that for each self-
heating method, increasing the equivalent polarization voltage is an
ideal means to enhance specific heating rate and shorten heating dura-
tion. Enhancing the polarization voltage and reducing the DC compo-
nent are effective ways to enhance the COP of DC and AC + DC self-
heating methods, respectively, while good heat insulation benefits a
higher COP for all heating methods.

Every self-heating method is found to have a shortcoming and we
present three promising pathways to remove the drawbacks of preferred
self-heating methods (AC + DC and hybrid self-heating). It is expected
that these approaches will enhance the heating speed and/or reduce
temperature gradients by blending the AC + DC and hybrid self-heating
concepts, and/or decreasing the thermal resistances of batteries.
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