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Abstract: In this article, a combined experimental and analytical study has been performed to
investigate the transient heat generation characteristics of the lithium-ion power battery. An
experimental apparatus is newly built and the investigations on the charge/discharge
characteristics and temperature rise behavior are carried out at the ambient temperatures of 28 °C,
35°C and 42 °C over the period of 1C, 2C, 3C and 4C rates. The thermal conductivity of a single
battery cell is measured, which is 5.22 W/(m-K). A new model of the heat generation rate based
on the battery air cooling system is proposed by the lumped parameter approach. Comparison
between the simulated battery temperatures with experimental data is performed and good
agreement is achieved. The impacts of the ambient temperature and charge/discharge rates on the
heat generation rate are further analyzed. It is found that both ambient temperature and
charge/discharge rates have significant influences on the voltage change and temperature rise as
well as heat generation rate. During charge/discharge, the larger the current rate, the larger the
heat generation rate. The effect of the ambient temperature on the heat generation shows an

obvious difference with different state of charge.

Keywords: Lithium-ion battery; heat generation model; heat generation rate; temperature rise;

thermal management system
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Nomenclature

B time constant, s

Bi Biot number

c specific heat capacity, J/(kg-K)

E open-circuit potential, V

h convective heat transfer coefficient, W/(m?-K)

| current, A

I characteristic length, m

q heat generation rate of battery, W

Q rate of heat generated or consumed, J
R thermal resistance, K/W

T temperature, K

t time, s

U terminal voltage, V

Y, volume, m?

XY,z coordinate direction vector

AT Temperature rise, K

Greek symbols

A Thermal conductivity, W/(m-K)
p Density, kg/m®

T time step, s

Subscripts

amb ambient

h convection heat transfer

J Joule heat

max maximum

t time

% volume
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Acronyms

DC direct current

DOD depth of discharge

EV electric vehicle

HEV hybrid electric vehicle

ITMS integrate thermal management system
TMS thermal management system

TPS transient plane source

SOC state of charge

1. Introduction

Among the electrochemical energy storage systems, lithium-ion batteries, as a promising
candidate, have attracted considerable attention in many power demand applications due to their
advantages of large specific energy, high power density, charge/discharge cycle stability and long
cycle lifetime [1, 2]. With rapid development of the electric vehicles (EVs) and hybrid electric
vehicles (HEVSs), lithium-ion batteries have been widely used in recent years [3]. However, a
large amount of heat will be generated because of the electrochemical reactions and physical
changes inside the batteries, potentially bringing out capacity fade and thermal runaway [4].
Therefore, it is crucial to have insight into the heat generation characteristics for maintaining
safety and performance of the battery.

Many researches on the safety issues of the battery are finally ascribed to the heat generation
and heat dissipation at each level of the battery system [5, 6]. In order to keep the battery within
a reasonable temperature, an efficient thermal management system (TMS) will be needed to
dissipate the heat generated. Furthermore, the heat generation rate is a necessary prerequisite for
an efficient TMS design [7, 8]. Therefore, it is imperative to understand the mechanism of the
battery heat generation characteristics and its effect on the battery performance.

A number of researchers have been devoted to dealing with the thermal models to determine
the temperature distributions of the battery cell over the past three decades. Bernardi et al. [9]
firstly developed a general thermal model on the basis of the energy balance for the battery

systems. They considered that the cell temperature resulted from the interaction of the Joule heat,
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heat of mixing, phase-change heat and electrochemical reaction heat with component-dependent
open-circuit potentials. The heat generation rate could be calculated as the temperature was
assumed to be uniform throughout and varied with time. Afterwards, Rao and Newman [10]
presented a simplified thermal model to determine the rate of the heat generation for insertion
battery systems. In their study, the effects of the mixing heat and phase-change heat were
neglected. Utilizing the thermal model proposed by Bernardi et al [9], the battery thermal
behavior was studied by Dong and Baek [11]. It was found that the irreversible Joule heat
dominated under high-rate discharge conditions, but the reversible entropic heat from
electrochemical reactions account for the main part under low-rate discharge conditions. Forgez
et al. [12] developed a lumped parameter thermal model of a cylindrical lithium-ion battery
considering the heat generated from resistive dissipation and the reversible entropic heat as the
heat generation of the battery. And the internal and external resistances of the battery were
calculated by a steady state method. For the heat generation, Sato [13] and Lai et al. [14]
considered three different heat, which were electrochemical reaction heat, polarization heat and
Joule heat. The level of the heat generated was a result of the attribution from each heat. They
also investigated the variation of the irreversible and reversible heat production as a function of
the depth of discharge (DOD) [14]. For a prismatic lithium-ion battery cell, Greco et al. [13]
developed a simplified one-dimensional transient thermal network model using thermal circuit
method linked with the thermal model of the heat pipe. In order to validate the model, they also
presented a special one-dimensional analytical model and a three-dimensional simulation model.
The heat generation rate in a battery cell was determined by adopting the model shown in Ref.
[14]. The results showed that the thermal network model was sufficient to predict the battery
temperature distribution. Combining an analytical solution of the lumped capacitance model and
thermography, Bazinski and Wang [15] calculated the rate of the heat generated inside a pouch
lithium-ion battery under different rates. The internal uniform heat generation was assumed and
expressed by a simple third order polynomial. However, some profile shapes of the heat would
defy being accurately modeled by a polynomial in despite of its order. Yildiz et al. [15] proposed
a thermal model for a pouch lithium-ion battery only accounting for the irreversible Joule heat.
The battery temperature rises calculated by the model demonstrated an identical behavior with

experimental results. A simplified model of heat generation can be used to calculate the rate in
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constant current discharge process. Birgersson et al. [16] developed a two-dimensional transient
mathematical model and studied the heat generation characteristics of 18650 cylinder lithium-ion
battery pack. It was reported that in normal discharge process the ohmic heat dominated at
low-rate discharge but the reversible electrochemical heat dominated at high-rate discharge. Lin
et al. [17] formulated a coupled electro-thermal model for cylindrical battery. The electrical
model calculated the battery state of the charge (SOC) and voltage. The heat generation was
determined by the difference between the terminal voltage and open circuit voltage, along with
the current. A two-state model was used to capture the lumped thermal dynamics of the battery.
Among these above thermal models, accurately determining the heat generation of the battery
was crucial for accurate prediction of the temperature distribution.

In the aspect of studies on the heat generation rate, a comprehensive review was perfectly
performed by Bandhauer et al. [18]. In the literature, there are mainly three methods to determine
the rate of the heat generation, which are directly experimental measurement, prediction using
Bernardi model and relevant experimental data, as well as prediction using electro-thermal
model. Some existing experimental measurements mainly focus on the heat generation by
accelerated-rate calorimetry and isothermal heat conduction calorimetry [18-21], or by
measuring the overpotential and entropic heat coefficient [22]. Hallaj et al. [18] studied the heat
generation characteristics of the commercial lithium-ion battery according to electrochemical
calorimeter. The internal resistance and entropic change coefficient at different depth of
discharges (DODs) were measured. The results showed that there was obvious endothermic
phenomenon during the charge, owing to entropic heat more than Joule heat. However, the heat
generation rate was always positive in the discharge process. Balasundaram et al. [20] measured
the total heat generation of 18650 cell under different charge and discharge rates conditions by
accelerated-rate calorimetry. For the irreversible heat generation, the intermittent pulse technique
was used and the reversible heat generation was obtained from the determination of the entropic
coefficient at different SOC and DOD. They found that the reversible heat was primary at lower
current rates, which should be taken into account as building thermal model. Saito [21] carried
out an experimental study on the thermal behaviors of the lithium-ion batteries during high-rate
pulse cycling and measured the rate of heat generation using calorimeter method. It was found

that the additional heat in high-rate pulse discharge process usually resulted from side reaction,
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which changed the surface characteristics of the electrode and increased the impedance. Yasir et
al. [19] experimentally investigated the heat generation in high power prismatic lithium-ion
battery cell. The heat generation rate was calculated by measuring the overpotential resistances
with four different methods and entropic heat generated in the cell. Calorimeter tests were also
carried out to compare the calculated and measured heat generation. Bandhauer et al. [23]
measured the temperature-dependent electrochemical heat generation for a commercial
lithium-ion battery. It was found that the total heat generation was a strong function of
temperature, current and DOD. The heat rate increased as the rate increased and the temperature
decreased simultaneously. The entropic heating in the dynamic simulation was significant,
especially in a charge depletion dynamic profile. Damay et al. [22] proposed thermal and heat
generation models for large prismatic lithium-ion cell. The model parameters were
experimentally determined and the irreversible Joule heat was measured by galvanostatic
intermittent titration technique. The reversible electrochemical reaction heat was obtained
through measuring the entropic coefficient. Panchal et al. [24] presented a method of measuring
heat generation rate based on the battery temperature and heat flux. The discharge rate was 1C,
2C, 3C and 4C and the ambient temperature was 5 °C, 15 °C, 25°C and 35°C, respectively. The
results showed that the heat generation rate increased as the discharge rates increased. The
variations of the ambient temperature and increase in discharge rate have a great impact on the
discharge capacity. In addition, they [25] also developed a mathematical model to calculate the
transient temperature distributions for a large sized prismatic lithium-ion battery under different
current rates conditions. Infrared radiation images of the battery cooled by ambient air were
taken at 1C, 2C, 3C and 4C discharge rates. It was found that the increased current rates caused
the battery surface temperatures increasing.

In thermal models, heat generation of the battery is usually considered as the sum of reversible
and irreversible heat [10-12, 16, 23-27]. The related equation presented by Bernardi et al. [9] is
mainly used to calculate the heat generation. The temperature rise of the battery is generally a
transient behavior. To get the transient heat generation rate over the charge and discharge period
will be very helpful for addressing the battery temperature rise behavior of each thermal
management strategy. Despite numerous researches on thermal modeling have been carried out,

to the best of author’s knowledge, relatively few papers have dealt with the transient heat
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generation characteristics of the battery and the effects of such as ambient temperature, charge
and discharge rates. Therefore, the current work was motivated by the requirement to develop a
reliable and possibly simple approach to determine the transient rate of the heat generation for
large pouch battery cell. Another main contribution could be to investigate the transient heat
generation characteristics of the battery under high charge/discharge rate and wide temperature
range conditions and the effects of different control factors such as ambient temperature, charge
and discharge rates.

In this article, the heat generation characteristics of the lithium-ion power battery will be
investigated from both experimental and theoretical aspects. First, an experimental apparatus of
battery heat generation characteristics will be setup and the heat generation characteristics will
be explored in detail. Second, both models of heat generation and heat dissipation are described
in terms of air cooling system and the expression for estimating the transient heat generation rate
is developed based on the energy balance and corresponding temperature data measured. Finally,
the impacts of the ambient temperature and charge/discharge rate on the battery charge/discharge
characteristics, temperature rise behavior and heat generation rate are discussed.

2. Experimental setup

A new experimental apparatus was set up at Human-Machine and Environmental Engineering
Laboratory at Beihang University, China to study the heat generation characteristics of the power
battery.

2.1 Battery thermal conductivity test device

Hot Disk Analyzer (TPS 1500) based on transient plane source (TPS) method was used to
measure the thermal conductivity of the battery cell. The principle of the TPS method was to add
the heat interference to the heat balance sample, and then recorded the temperature response of
the sample to the heat interference [28]. Moreover, thermal property parameter values could be
determined according to the transient temperature response of an infinite medium during step
heating. Fig. 1 shows the test device including a constant current power supply, voltage test unit,

Wheatstone bridge and the Hot Disk probe (model 4922).
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Fig. 1. Thermal conductivity of the battery test device.

In the current study, as the thickness of a single battery cell was 6.1 mm, four cells were
stacked to meet the requirement of the sample size. The probe was placed in the middle of the
cells to form a sandwich structure. In order to reduce the thermal contact resistance, the samples
were compressed tightly. A seal cover was used to cover the samples to avoid the impact of the
surroundings. The heating power was 0.5 W with 20 s heating duration at the room temperature
of 24.0 °C. Repeat measurements were carried out and the arithmetic average value of the
thermal conductivity was adopted.

2.2 Heat generation characteristics experimental apparatus

The schematic of the experimental apparatus and the sample of the battery cells are shown in
Fig. 2. The system mainly consists of the charge and discharge subsystem, the thermal
performance test subsystem and the data acquisition subsystem. In the thermal performance test
subsystem, the thermostatic chamber (QGT302P) with the temperature £0.5 °C was utilized to
simulate different ambient temperatures. Three different chamber temperatures of 28 °C, 35°C
and 42 °C were selected in the experiment. The battery cells arranged inside the porous structure
frame were vertically placed in the thermostatic chamber and could be preheated prior to the
formal test. The data acquisition subsystem mainly included an Agilent 34970A, platinum
temperature sensors (PT100, +0.06 °C at 0°C) and a computer. Two PT100 probes were affixed
on the surface of the cell and the temperatures were recorded every second by the Agilent

34970A. The arithmetic average of both PT100 was considered as the cell surface temperature.
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The charge and discharge of the battery at rates of 1C/10A, 2C/20A, 3C/30A and 4C/40A were
accomplished by the charge and discharge subsystem. During the charge period, the battery was
first charged at constant current (1C, 2C, 3C and 4C) to a voltage of 2.8 V. Thereafter, the
voltage was kept at 2.8 V and taper-charged to 0.05 A. While during the discharge period, the
battery was discharged at constant (1C, 2C, 3C and 4C) to a voltage of 1.5 V. The basic

parameters of the commercial battery cell properties are listed in Table 1.

Charge/Discharge subsystem
Thermal performance test subsystem

Thermostatic chamber

Electrode

Temperature
Sensors

Computer Lithium-ion battery

Data acquisition subsystem

(a) Schematic of the experimental apparatus

Electrode

UBattew cell

(b) The sample of battery cells

Fig. 2. Schematic of the experimental apparatus and the sample of battery cells.
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Table 1 Parameters of commercial battery cell.

Specifications Value (unit)

Type Lithium-ion titanate battery
Dimensions 0.0061 mx0.203 mx0. 127 m
Nominal voltage 2.3V

Nominal capacity 10Ah

Recommended operation temperature -10 ~ +45 °C (charge)

-25 ~ +55 °C (discharge)

The testing procedure was as the following. The given ambient temperature was firstly
simulated by the thermal performance test subsystem. After the steady state in the thermostatic
chamber reached, the charge and discharge tests were carried out. Simultaneously, the data of
temperatures, currents and voltages were collected and recorded by the data acquisition
subsystem.

3. Thermal model
3.1. Heat generation model

The characteristics of the battery heat generated arise from the integrated effect of the internal
complex electrochemical reactions and the electrical-heat transformation. During the normal
operation of the battery, the total heat generation rate is mainly composed of reversible heat from
electrochemical reactions, irreversible Joule heat, heat from side reactions and heat of mixing [5,
29, 30]. As is always the case, for the high power battery under consideration in the current work,
the heat from side reactions and heat of mixing are small enough to be ignored [12, 23]. The
temperature and SOC of the battery are assumed on only spatial variation. According to the
thermal model presented by Bernardi et al. [9], the simplified heat generation model inside the

battery can be described as follows:

q=1%R(1,80C)-IT

PE(SOC) )
T

g, = 1?R(1,50C) = I(E(SOC)-U(1,1)) (2)

where q is the heat generation rate, | is the charge or discharge current, which is negative in
charge process and positive in discharge process, R is the direct current (DC) resistance in the

battery, T is the battery temperature, E is the open-circuit potential, U is the terminal voltage, q;
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is the irreversible Joule heat, SOC is the state of charge, |T Z_E is the reversible electrochemical

reactions heat. According to Eq. (1), the battery heat generation rate is the function of the
ambient temperature, charge/discharge rates and DC resistance.

The irreversible Joule heat is dependent on the battery DC resistance which is not a constant.
The DC resistance primarily comprises ohmic and polarization resistance [31]. The former
obeying ohm’s law is dependent on the material property and geometry structure of the battery
but has no relationship with the SOC. The latter is caused by the polarization between the
positive and negative electrode during the electrochemical reactions in the battery. Its value is
dependent on the SOC and increases with the increase of the current density.

In general, during the period of high charge/discharge rates, the irreversible Joule heat
dominates among the total heat generation and the reversible heat is small compared to the Joule
heat [16]. Therefore, the reversible heat is often negligible and the irreversible Joule heat is
considered as the heat generation rate. Obviously, such treatment will lead to the deviation from
the actual value. Moreover, in order to obtain the terminal voltage variations at transient
conditions as measuring the DC resistance, the data in a reasonable time interval should be
selected in accordance with experience. The selection of time interval also results in errors. As a
consequence, this method is not accurate as well [32].

3.2. Heat dissipation model

For the rate of heat generated in a battery, one of them is stored in the battery, also known as
sensible heat. The primary heat is removed to the TMS through three kinds of well-known heat
transfer mechanisms: conduction, convection and radiation. Generally, the operating temperature
of most of the batteries is less than 60 °C under normal operation. Therefore, the amount of the
heat radiation was small that can be ignored [33-35]. The heat dissipation of the battery is
dependent on the type of the TMS. For example, in the TMS based on the liquid cooling, the heat
of the battery is first conducted to the heat exchange unit and then transferred to the working
fluid by convection. In the TMS, based on the heat pipes or phase change materials, the heat was
removed to the working medium by conduction. However, the heat generation rate in the battery
is independent of heat emission mode provided by the TMS.

In this study, an air cooling TMS is selected to build the heat dissipation mode, in which the

convection is primary. Thus, according to the energy balance, the total heat generation rate can
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be expressed as follows:

T, -T
pV (T -To)= [~ ®)
h

where p is the density of the battery, c is the specific heat of the battery, V is the volume of the
battery, Tt and To are the battery temperature at the time of 0 and t, @ is the total heat generation,
Rn is the convective thermal resistance, Tamb is the ambient temperature.
3.3. Determination of heat generation rate

When taking the heat transfer inside the battery into consideration only, based on the
assumptions of the uniform material, isotropic thermal properties as well as the specific heat and
thermal conductivity independent of temperature, the governing thermal equation describing the

battery conduction may be written:

oT o(aoT ool o(aoT
pca”(a(&)*a[@}a(an*qv @

where qgv is the heat generation rate per unit cell volume, 1 is the thermal conductivity of the
battery cell, t is the time.

Under above assumptions, the battery cell will have a uniform internal temperature at a fixed
time and can be considered as a mass point. Therefore, the lumped parameter method is efficient
for solving the transient heat transfer problem of the battery [12]. In addition, the charging and
discharging duration can be separated into many small time steps. If the time step size is small
enough, the heat generation rate can be considered constant during this period. In the current
work, the time step equals the data acquisition interval. For the air cooling TMS, the energy

balance equation with its analytic solution can be described as follows:

oT T -T
V_: — L __amb amb ’ tf 5
PV — =0 R T (5)

qtRh _(T _Tamb) _ o 1 — (_l j
( VR, t)—exp Bt (7)

_e)(p
q;R, _(To -T )
where 7 is the time step, B is the time constant that represents the response speed of the

amb

temperature variation of the battery, B=pcVRh. When the rate of the heat generated is equal to 0,

it can be calculated by the following equations:
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For the calculation of the convective thermal resistance, the steady state method is usually
used. In other words, through measuring the surface temperature of heat source, ambient

temperature and heating power at steady state, the convective thermal resistance can be obtained

by Eg. (10):
_ Imax amb
R, =—/—— (10)

where Q is the heating power and Tmax is the surface temperature of heat source at steady state.

The Biot number (Bi) is a dimensionless quantity, Bi=hl/4, which denotes the ratio of the
internal heat transfer resistance to the external heat transfer resistance for a body. For the
lithium-ion battery, the internal heat transfer resistance is determined by its thermal conductivity.
The convection thermal resistance is dependent on the convective heat transfer coefficient. As
Bi<0.1, the temperature inside the battery is approximately uniform and is only dependent on the
time. Therefore, the heat generation rate can be calculated by Eq. (11):

T-T
g=—| b1 7

=8

When the battery initial temperature, ambient temperature, the battery temperature, convective

(11)

thermal resistance and physical properties of the battery are all known, the heat generation rate
are also known under different SOC conditions.

Based on the battery thermal conductivity test device, the measured value of the thermal
conductivity is 5.22 W/(m«K). Utilizing the relevant experimental data presented in the literature
[36], the steady state temperatures of the heat source at different heating power are obtained
under the natural and forced convection cooling conditions. For the forced convection cooling,
the air flow rate is 18 m%h. The ambient temperature is set as 20 °C. According to Eq. (10), the
average values of the convective resistance (Rn) can be achieved, which are 13.87 K/W and 2.03

K/W under the natural and forced convection cooling conditions, respectively. Consequently, Bi



342 can be calculated assuming that the thermal properties of the cooling air are constant in the

343 temperature range from 20 °C to 55 °C. For the natural convection cooling, Bi equals 0.0043,
344 \while for the forced convection cooling, Bi is equal to 0.0271. This indicates that the internal
345> heat transfer resistance of the battery can be negligible. In addition, according to the temperature
346 drop of the battery shown in Fig. 3, the time constant can thus be calculated in terms of Eq. (9),
347 which is approximate 6944.44 s under the natural convection at 28 °C and is approximate
348

1052.63 s, 1075.27 s, 1030.93 s under the forced convection with air flow rate of 18 m3/h at 28
349 oc 350C, 42°C, respectively.

12

—
—_—

—=— Forced convection at 28 °C and 18 m’/h
—+— Forced convection at 35 °C and 18 m’/h

Temperature drop(°C)
D W R L O 9 0 O O

—— Forced convection at 42 °C and 18 m’/h

—_—

Natural convection at 28 °C

PO YT TN TN T SN YN WY SN [N TN WO YT W N WY U W N N WO WY T W Y WO WY WY T N U YT AT T T WY WO T M [N WY SO WO W NN WY WY N

0 100 200 300 400 500 600 700 800 900 1000
350 Time(s)

0

351 Fig. 3. Temperature drop of the battery under the natural and forced convection.

352 As a consequence, the calculating equations of the transient heat generation rate under the
353 natural convection cooling and forced convection cooling at 35 °C are expressed as Eq. (12) and
354

Eq. (13), respectively.

T-T
355 q=0.072 2 +To T (12)
1-exp(-0.000144t)
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356 q=0.493 g +Ty —Tow (13)
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Fig. 4 presents the calculated value of the heat generation rate in the 4C discharge process at
ambient temperature of 35°C under natural convection and forced convection with air flow rate
of 18 m3/h. As can be seen from Fig. 4, both curves show a nearly same trend of change, which
indicates that the cooling way has little influence on the heat generation rate of the battery. The
deviation from each other during the period of 600 s to 800 s may be caused by the difference of
the battery temperature between under natural convection and forced convection. The same
conclusion can be obtained by Eq. (1), that is, the heat generation rate is only dependent on the
battery temperature, DC resistance and charge/discharge rates.

26

24 ®m  Natural convection
22 ® Forced convection

20 Ambient temperature: 35°C
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Fig. 4. Comparison of heat generation rate under the natural and forced convection.

3.4 Model validation

For the purpose of validating the model, an integrated thermal management system (ITMS)
with paraffin phase change material and air cooling is designed for the lithium-ion battery.
Experimental and simulating investigations on the performance of the ITMS are carried out. The
details of the ITMS of the battery can be referred to the literature [36]. Furthermore, the
simulation model of the battery with the ITMS is set up and the temperature of the battery is

simulated based on the commercial FLUENT software.
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Fig. 5 shows the comparison between the simulated and experimental battery temperatures for
the case of 4C charge/discharge processes under ambient temperature of 35 °C condition. As
shown in Fig. 5, it can be clearly seen that the battery temperatures simulated is in good
agreement with those measured. The maximum error is 2.1% in charge process and is 1.3% in

discharge process. The results demonstrate that the heat generation rate model is robust and

accuracy.
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Fig. 5. Comparison of simulated and experimental battery temperatures at 4C charge/discharge
rate and ambient temperature of 35 °C.

4. Results and discussion

According to Eq. (1), the ambient temperature and charge/discharge rate have significant
effect on the heat generation rate, the charge/discharge characteristics and temperature rise
behavior of single cell. Therefore, in this section, the impact on the charge/discharge
characteristics is analyzed firstly. Then the impact on the temperature rise of a single cell and the
heat generation rate are discussed in detail.
4.1. Impact on battery charge/discharge characteristics

Fig. 6 depicts the terminal voltage profiles of the battery under the discharge rates of 2C, 3C
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and 4C at ambient temperature of 28 °C as well as at ambient temperatures of 28 °C, 35°C and
42 °C during 2C discharge. As can be seen from Fig. 6, the higher the discharge rate, the larger
the descent rate of the terminal voltage of the battery. As the ambient temperature is higher, the
descent rate of the terminal voltage is smaller, but the discharge time is longer.

In Fig. 6(a), the battery terminal voltage decreases with the increase of DOD. As DOD
exceeds 0.9, the terminal voltage drops rapidly. The irreversible Joule heat is proportional to the
descent rate of the terminal voltage and discharge rate in terms of Egs. (1) and (2). Therefore, a
larger amount of heat is generated in the battery under high-rate discharge conditions. Moreover,

the battery temperature is larger in the discharge process when the ambient temperature is higher.
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Fig. 6. Terminal voltage profiles under 2C, 3C and 4C discharge rates as well as 28 °C, 35°C and
42 °C ambient temperature.

As shown in Fig. 6(b), it can be found that the terminal voltage has no obvious change under
different ambient temperature for 2C discharge rate when the discharge time is less than 1000 s.
The main reason could be that there is a very small difference among the battery temperatures
under 28°C, 35°C, and 42 °C conditions during these periods. As the discharge time is more than
1000 s, the effect of the ambient temperature on the discharge characteristics starts to be
remarkable. What’s more, the discharge time is longer when the ambient temperature is higher. It
could be explained by the fact that the electrochemical reactions are improved by the higher
battery temperature. At the same time, the DC resistance decreases and this further decreases the
electrical loss. As a consequence, the heat generation rate is small as the ambient temperature is
high.

In addition, it is worth noting that there are similar behaviors under 2C charge rate with those
under 2C discharge rate, that is, the higher the charge rate, the larger the ascent rate of the
terminal voltage of the battery. As the ambient temperature is higher, the ascent rate of the

terminal voltage is smaller, but the time for charging is longer.
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4.2. Impact on battery temperature rise behavior

Considering the temperature rise behavior of the single cell is due to its heat generation, the
experimental investigations on the temperature rise behavior are carried out under the room
temperature of 24.1 °C during the period of 1C, 2C, 3C and 4C charge/discharge, as shown in
Fig. 7. It can be seen from Fig. 7 that the curves of the temperature rise demonstrate obvious
differences between the charge process and discharge process. As is expected, two peaks are
observed for temperature rise curves during the period of low-rates charge (1C and 2C). It is also
noted that the temperature rise in the charge process is less than that in the discharge process. As
a consequence, the charge/discharge rates have remarkable influences on the temperature rise of
the battery cell. Moreover, it should be stress here that the temperature rise infers the battery
temperature beyond the ambient temperature.

In Fig. 7(a), the slopes of the curves of the battery temperature rise are significantly different
from each other under different discharge rates conditions. If the initial temperatures are same,
the higher the discharge rate after the battery begins to discharge, the higher the rate of the
temperature rise, which indicates that the heat generation rate increases along with the increase
of the discharge rate. During the period of 1C, 2C 3C and 4C discharge, the maximum values of
the temperature rise are 7.3 °C, 9.6 °C, 13.0 °C and 15.5 °C, respectively.

Compared with the results shown in Fig. 7(a), the rates of the temperature rise in Fig. 7(b) are
obviously lower than those corresponding values under the same charge/discharge rate
conditions. The maximum temperature rises in the processes of 1C, 2C, 3C and 4C charge rates
are 2.7 °C, 4.1 °C, 6.8 °C and 9.4 °C, respectively. This indicates that the heat generation rate for
the charge process is much lower than that in the discharge process. Furthermore, during the
period of the charge there are obvious fluctuations for the curves of the temperature rise,

especially at low charge rates.
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448 Fig. 7. Temperature rise profiles during 1C, 2C, 3C and 4C discharge/charge rates at 24.1 °C.
449 In the early stage of the charge, the battery is heated up quickly because the battery

450  temperature and ambient temperature are close and the convective heat dissipation is small. In
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the middle stage of the charge, the battery temperature is significantly reduced during 1C and 2C
charge rates, because the heat generation rate of the battery is less than the heat dissipation rate.
While in 3C and 4C charge processes, the battery heat generating rate is close to dissipation rate,
resulting in a non-obvious temperature increase. At the end stage of the charge, the battery DC
resistance increases under the large SOC conditions, leading to an increase in the irreversible
Joule heat. Therefore, the battery temperature rises again.

For the influence of ambient temperature on the temperature rise of the single cell, Table 2
illustrates the maximum temperature rises at the ambient temperatures of 28°C, 35°C, 42 °C in
the 2C, 3C and 4C discharge processes, respectively. As can be seen clearly from Table 2, at a
fixed ambient temperature, the larger the discharge rate, the larger the maximum temperature rise
of the battery. Moreover, for a fixed discharge rate, the higher the ambient temperature, the
lower the maximum temperature rise of the battery. The primary reason for this result is the
difference of the battery temperature under different ambient temperature conditions.
Consequently, the ambient temperature has a remarkable impact on the heat generation rate,
which decreases with increased ambient temperature. For the 4C discharge process, the
maximum temperature rise of the battery is approximate 16.5 °C at the ambient temperature of
28 °C and around 12.7 °C at the ambient temperature of 42 °C.

Table 2 Maximum temperature rise under different ambient temperatures and discharge rates

conditions.
Ambient temperature (°C) 28 35 42
ATmax at 2C discharge rate 11.3 10.2 9.8
ATmax at 3C discharge rate 13.6 12.8 11.7
ATmax at 4C discharge rate 16.5 13.3 12.7

4.3. Impact of charge/discharge rate on heat generation rate

Fig. 8 depicts the profiles of the heat generation rate under the ambient temperature of 35 °C
and the charge/discharge rates of 2C, 3C and 4C. It can be found that there is a great difference
for the heat generation rate in the 2C, 3C and 4C charge/discharge processes. A greater
charge/discharge rate gives rise to a greater heat generation rate, which matches the analytic

results in Section 4.1 and Eq. (1).
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480 Fig. 8. Comparison of heat generation rate at 35 °C under 2C, 3C and 4C discharge/charge rates

481 According to the results shown in Fig. 8(a), the heat generation rate in the discharge process
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can be divided into five different stages. When DOD is equal to 0.05, 0.55 and 1.0, respectively,
the heat generation experiences three obvious peaks. When the discharge process begins, the heat
generation rate increases rapidly, and it reaches a peak value at DOD=0.05. Meanwhile the peak
rates for the 4C, 3C and 2C discharge are 9.3 W, 5.8 W and 3.4 W, respectively. When
0.05<DO0D<0.55, the heat generation rate slightly decreases at first, then gradually increases and
reaches the second peak at DOD=0.55. At this time, the peak rates are 13.1W, 8.7W and 5.4W
during the 4C, 3C and 2C discharge, respectively. As DOD ranges from 0.6 to 0.9, the heat
generation rate gradually decreases. When the discharge process is nearly completed (DOD>0.9),
the heat generation rate rises sharply, and reaches the maximum at the end of the discharge
process. The maximum rates during the 4C, 3C and 2C discharge are 18.9 W, 15.0 W and 10.1 W,
respectively. Consequently, the sharp increase of heat generation rate easily caused the battery
beyond its allowable temperature potentially. Thus the overdischarge (DOD>0.9) should be
avoided in the actual applications.

As can be seen from Fig. 8(b), there is an obvious distinction for the heat generation rate in the
charge process in comparison with that in the discharge process. Under different
charge/discharge rates, the battery heat generated exhibits a M-shaped curve in general. The
average heat generation rate for charge process is lower than that for discharge process under the
same current rate conditions. When SOC= 0.05 and SOC= 0.9, the battery has two obvious peak
rates, and they are close to each other. When SOC is between 0.05 and 0.3, the heat generation
rate change in the charge process is relatively small.

When SOC= 0.55, the heat generation curve has obvious valley. At this moment, the minimum
heat generation rate for the 4C, 3C, and 2C charge rates are 0.1 W, -0.9 W, and -1.6 W,
respectively. The heat generation rate includes irreversible Joule heat and reversible reaction heat.
The irreversible Joule heat depends on the charge rate and the DC resistance, which is constantly
positive, whereas the reaction heat during charge process is constantly negative. The heat
generation rate appears as negative for charge process of 2C and 3C, indicating that at this stage
the heat absorption of electrochemical reaction is greater than irreversible Joule heat. However,
the heat generation rate for 4C rate is not negative, indicating that the greater charge rate can lead
to a larger proportion of irreversible Joule heat in total heat generated. When SOC is greater than

0.9, the heat generation rate is rapidly reduced, mainly due to the conversion from constant
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current charging to constant voltage charging, resulting in the battery charge current rapidly
reduced.

In addition, the variation curves of the heat generation rate in the charge/discharge processes
are basically consistent with the trend of the battery temperature change shown in Fig. 7. As the
charge/discharge rates are large, the slope of the temperature rise curve is large and the rate of
the temperature rise is high. For the cases of 1C and 2C discharge processes, the temperature rise
is very small during the initial period due to the small heat generation rate, as shown in Fig. 7(a)
and Fig. 8(a). Along with the increase of the discharge time, the increasing heat generation rate
leads to a larger temperature rise. For the 3C and 4C discharge processes, the temperature rise is
obviously larger due to the higher heat generation rate. However, for the case of charge process,
the rapid increase of the heat generation rate can result in the larger temperature rise in the initial
period of the charge compared with the discharge process, as shown in Fig. 7(b) and Fig. 8(b).
During the middle stage, the notable decrease of the heat generation rate could result in the
temperature rise obviously changing, especially at 1C and 2C charge rates.

4.4. Impact of ambient temperature on heat generation rate

The impact of the ambient temperature on the heat generation rate is mainly reflected in three
aspects, i.e. in addition to the battery temperature and DC resistance, the heat generated by
electrochemical reactions in the battery during the period of charge/discharge. In order to
evaluate the heat generation rate under different ambient temperatures, the heat generation rates
are calculated in terms of Eq. (12) for 3C charge/discharge processes and ambient temperature of
28 °C, 35°C and 42 °C, as shown in Fig. 9. It can be seen clearly that the curves of the heat
generated show the same change trend for the charge or discharge process under different
ambient temperatures. The average heat generation rate in the 3C charge process is smaller than
that in 3C discharge process.

For the 3C discharge process, as shown in Fig. 9(a), as the DOD is less than 0.65, the change
of the heat generation rate under different ambient temperatures show a nearly same trend and a
very small difference of the heat generated is presented. The heat generated at 28 °C is slightly
larger than that at 35 °C and 42 °C. Conversely, when the DOD is more than 0.65, the heat
generation rate presents an obvious distinction from each other. Moreover, the heat generation

rate decreases as the ambient temperature increases. The results are consistent with the battery
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temperature rise shown in Table 2. In addition, the curves of the heat generation rate also show
three peaks under different ambient temperatures. It is at the nearly same DOD that the peak
appears for every ambient temperature.

For the 3C charge process, it can be concluded from Fig. 9(b) that the higher the ambient
temperature, the smaller the battery heat generation rate. Under different ambient temperatures
conditions the battery heat generated exhibits generally a M-shaped curve. During the initial
period of charging, the heat generation rate sharply increases and reaches a peak value. At the
intermediate states of the charge, the heat generated has a great depression and the minimal value
of -3 W reached as SOC is approximate 0.53. It is approximately at SOC=0.9 that a peak power
reaches again. Furthermore, under different ambient temperatures, the difference in heat
generation rate mainly appears near the peak and valley regions, while in the SOC intervals of

0.2 t0 0.4 and 0.6 to 0.8, the heat generation rate only appears a small difference.
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Fig. 9. Comparison of heat generation rate at 3C discharge/charge under different ambient
temperatures.

5. Conclusions

In this study, the transient heat generation characteristics of the lithium-ion power battery are
investigated experimentally and analytically. The lumped parameter model for the heat
generation rate is newly developed based on the air cooling TMS. The heat generation
characteristics experimental setup is built. The model is validated by comparing the simulated
battery temperatures with experimental results and good agreement is achieved. The impacts of
the ambient temperatures and charge/discharge rates on the charge/discharge characteristics, the
temperature rise behavior and the heat generation rate are analyzed in a systemic manner. The
main conclusions can be stated as follows:

(1) The measured thermal conductivity for single cell is 5.22 W/(m<K). The expression of the
transient heat generation rate is presented.

(2) Over the period of charge and discharge, the higher the charge/discharge rate, the larger the
heat generation rate. High charge/discharge rate (4C) has great influence on the terminal voltage

change.
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(3) The heat generation curves show an obvious difference between in the charge/discharge
process. The heat generation rate reaches the maximum value at DOD=1.0 and rises sharply
caused by overdischarge. The rate of heat generated for the charge process exhibits a M-shaped
curve. The negative heat generation rate appears at the intermediate state and results in the
battery temperature rapid decrease.

(4) As DOD is less than 0.55, the ambient temperature has no obvious impact on the heat
generation rate, while DOD is more than 0.55, the higher the ambient temperature, the lower the
heat generation rate. In the charge process, the heat generation rate shows small distinctions for
SOC ranged from 0.2 to 0.4 and from 0.6 to 0.8. Moreover, the higher the ambient temperature,
the longer the charge/discharge time.
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