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Abstract

The secondary batteries for electric vehicles (EV) generate much heat during rapid charge and discharge cycles at current levels exceeding the
batteries’ rating, such as when the EV quickly starts consuming battery power or when recovering inertia energy during sudden stops. During
these rapid charge and discharge cycles, the cell temperature may increase above allowable limits. We calculated the temperature rise of a small
lithium-ion secondary battery during rapid charge and discharge cycles. The heat-source factors were measured again by the methods described in
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ur previous study, because the performance of the battery reported here has been improved, showing lower overpotential resistance. Battery heat
apacity was measured by a twin-type heat conduction calorimeter, and determined to be a linear function of temperature. Further, the heat transfer
oefficient, measured again precisely by the method described in our previous study, was arranged as a function of cell and ambient temperatures.
he temperature calculated by our battery thermal behavior model using these measured data agrees well with the cell temperature measured by

hermocouple during rapid charge and discharge cycles. Also, battery radial temperature distributions were calculated to be small, and confirmed
xperimentally.

2005 Elsevier B.V. All rights reserved.
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. Introduction

Load leveling between power supply and demand by stor-
ng surplus power in nighttime for use during peak demand
n daytime is promoted in order to narrow the gap between
ower demand in daytime and supply in nighttime [1]. More-
ver, hybrid and electric vehicles (EV) are becoming more
ractical in order to alleviate the air pollution arising from the
ncreasing number of automobiles [2]. Many institutions are
onducting research and development on secondary lithium-ion
atteries, as they have high energy and power densities combined
ith high charge and discharge efficiencies. Much anticipa-

ion therefore surrounds these batteries due to their potential
se in power storage and electric vehicles. Rapid charging and
ischarging at higher current than the battery’s rated current
re anticipated for the large batteries that will be utilized in

∗ Corresponding author. Tel.: +81 532 44 6722; fax: +81 532 44 6728.
E-mail address: onda@eee.tut.ac.jp (K. Onda).

these applications. As battery size increases, however, the ratio
of heat cooling area to heat generating volume decreases, and
as charge/discharge current increases, more heat is generated.
The temperature of battery thus rises dramatically, leading to
the possibility that temperatures will exceed permissible lev-
els. Additionally, charge/discharge characteristics improve as
battery temperature increases. Thus, when temperature is dis-
tributed inside the battery, the local cell performance becomes
uneven with an inclined current distribution in battery, which
becomes a source of localized deterioration. Much has been
reported about the materials and structures of batteries, but little
has been reported on such thermal behavior of batteries as this
paper.

We therefore set out to construct a model for analyzing ther-
mal behavior of large lithium-ion secondary batteries during
rapid charge and discharge cycles. First, in a previous study
[3], we measured the heat-source terms of overpotential resis-
tance and entropy change, however those measurements was
conducted at only a discharge current below the battery’s rated
current. Using these measured data, battery temperatures were
378-7753/$ – see front matter © 2005 Elsevier B.V. All rights reserved.
oi:10.1016/j.jpowsour.2005.08.049
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calculated by a thermal behavior model we constructed, being
compared with measured battery temperatures. In that study,
the measured and calculated temperatures were mostly in good
agreement, and the reliability of our thermal behavior model was
verified. For the present study, we attempted to expand the usable
range of this model by testing whether or not it is also applica-
ble to rapid charge and discharge cycles exceeding the battery’s
rated current. Using small lithium-ion secondary batteries with
improved characteristics, we again measured the overpotential
resistance, entropy change, and a more accurate heat transfer
coefficient from the battery to the ambient air. The heat capac-
ity of battery was also measured using a calorimeter. Using
these measured data, the battery temperature during rapid charge
and discharge cycles was calculated using the thermal behav-
ior model. The numerical battery temperature was compared
with the measured temperature of battery cooled under natu-
ral convection, showing that the calculated temperature mostly
agreed with the measured, as explained below. Moreover, one-
dimensional analysis of temperature in the radial direction of
battery was performed, confirming that the radial temperature
distribution in battery is nearly constant, which was also verified
experimentally.

2. Thermal behavior model
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following equation.

QS = Tcell �S
I

nF
(5)

�S = −∂ �G

∂Tcell
= nF

∂Eemf

∂Tcell
(6)

where Tcell is battery temperature, I charge/discharge current
(defined as positive during charge cycle), F Faraday constant,
Eemf cell potential for open-circuit, and n the charge number
pertaining to the reaction (n = 1 for a lithium-ion battery). The
reaction directions for charge and discharge cycles are opposite
to each other, thus QS is endothermic during charge cycle and
exothermic during discharge cycle.

When electric current flows through the cell, cell voltage V
deviates from open-circuit potential V0 due to electrochemical
polarization. The energy loss by this polarization dissipates as
heat. This overpotential heat QP is described as following equa-
tion:

QP = I(V − V0) = I2Rη (7)

where QP is exothermic during both charge and discharge cycles.
When the difference between V and V0 is expressed as IRη, QP
can be determined from the overpotential resistance Rη.

2.2. Thermal behavior model described by a representative
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.1. Charge/discharge reaction and heat-source terms in
ithium-ion secondary battery

The cell tested here has a positive electrode of lithium cobalt
xide (LiCoO2), a negative electrode of graphite carbon, and
n electrolyte of lithium salt dissolved in organic solution. The
harge/discharge reactions are written as follows [4]:

t positive electrode: LiCoO2

charge
�

discharge
�CoO2+Li+ + e−

(1)

t negative electrode: �C6 + Li+ + e− charge
�

discharge
LiC6 (2)

otal cell reaction: LiCoO2 + �C6

charge
�

discharge
�CoO2 + LiC6

(3)

here � represents the vacant site for lithium ions.
The charge and discharge reactions for lithium-ion secondary

attery are endothermic and exothermic, respectively. If the bat-
ery reaction is ideally reversible, the thermodynamic equation
nder a constant temperature T and constant pressure [5] yields
he following relation:

G = �H − T �S (4)

here the residual energy at energy conversion between the
nthalpy change �H of the battery reaction and the electrical
ork �G (=−nFEemf) can be compensated by the heat energy
f T �S. The heat QS by entropy change �S is described by the
emperature

In a case where the model is expressed by a representa-
ive temperature Tcell, Tcell can be described by the following
eat-balance equation, which is a relation between the cell heat
apacity, QS, QP, and the transferred heat QB to the surround-
ngs,

cell
dTcell

dt
= QP + QS − QB (8)

B = Ah(Tcell − Tamb) (9)

here Ccell is the heat capacity of cell, t time, Tamb ambient
emperature, A the total surface area of cell including a cylin-
rical surface and both ends surfaces, and h the heat transfer
oefficient.

If the entire cell is verified to have a uniform temperature
uring the charge and discharge cycles, it is possible to compare
he representative cell temperature, which can be conveniently
alculated by Eq. (8), with the measured temperature at cell
urface.

.3. One-dimensional analysis of cell temperature
istribution [6]

A radial temperature distribution was calculated in order to
stimate temperature distribution of the spirally-wound cylin-
rical cell during the rapid charge and discharge cycles. First,
n equivalent circuit was considered for a cell with spread-out
ositive and negative electrodes and a electrolyte sheet, assum-
ng the following conditions to calculate the current distribution:
1) the spread-out cell consists of local cells which performance
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can be described by the charge and discharge characteristics of
a small lithium-ion battery as shown in Section 3; (2) no current
flows along the sheet of the active material layer; (3) no current
distributes along the cylindrical cell’s axis (i.e. in the direction
for electrode width) due to its good thermal and electric con-
ductance; and (4) the resistance of current collection leads can
be ignored. Based on these assumptions, the current I1 and I2
in current collection sheets of the positive and negative elec-
trodes, respectively, and the current density J in electrolyte can
be described as following:

∂Vx

∂J

∂J

∂x
= rI1 − rI2 − ∂Vx

∂SOC

∂SOC

∂x
− ∂Vx

∂Tcell

∂Tcell

∂x
(10)

∂I1

∂x
= −2HJ (11)

∂I2

∂x
= −2HJ (12)

SOC = SOCi −
∫

J

CS
dt (13)

Here x is the distance from the negative lead along the current
collection sheet, SOC the state of charge, and Vx, the cell voltage
at x, a function of J, SOC, and Tcell. Also, r is the resistance per
unit length of current collection sheet, H the sheet width, CS the
capacitance per unit area of electrode, and suffix i represents the
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immersed in a water thermostat. In this study as well, before
each measurement was taken a cell was charged and discharged
twice at the rated condition to erase any previous charge and dis-
charge history. States of charge (SOC) were set at 1.0 and 0.0,
respectively, at the end of the rated charge and discharge cycles.
Here the rated current is defined as the current to discharge the
rated capacity of 1800 mAh in 1 h. The rated charge and dis-
charge cycles are defined here as the charge cycle with constant
current of 1C (1.8 A) (xC means the multiple x of the rated cur-
rent) followed by constant (terminal) voltage of 4.2 V for 3 h,
and the discharge cycle with constant current of 0.2C (0.36 A)
until terminal voltage of 2.7 V followed by an intermittent time
of 3 h.

3.1. Measurement of overpotential resistance

We measured resistance by four measurement methods dur-
ing rapid charge and discharge cycles at a current even much
above the rated level.

3.1.1. Resistance by V–I characteristics
Charging tests at constant currents of 0.2–1.7C were per-

formed at cell temperatures of 20, 30, and 40 ◦C. In addition,
discharging tests at constant currents of 0.2–3.0 ◦C were per-
formed at cell temperatures of 20, 30, 40, and 50 ◦C. During
both charge and discharge cycles, the higher the current the faster
t
m

t
a
3
l
f
f
m
s
a
a
t
t

nitial condition.
Next, the spread-out cell is re-wound spirally and the obtained

urrent distribution is used to calculate the radial temperature
istribution under the following assumptions: (1) the thermal
onductivity of the cell is constant along the radial direction; (2)
he temperature distribution along the cell axis is too small to be
gnored; (3) the physical properties of cell, such as thermal con-
uctivity and specific gravity, do not change during charge and
ischarge cycles; and (4) there is no convection of the electrolyte.
ased on these assumptions, the radial temperature distribution
an be described by the following axi-symmetrical equation of
ne-dimensional thermal conduction.

cell
∂Tcell

∂t
= λ

(
∂2Tcell

∂R2 + 1

R

∂Tcell

∂R

)
+ (Q′

S + Q′
P) (14)

ere, Ccell is the heat capacity of cell, λ and R represent the
hermal conductivity and the radius of cell, respectively. Q′

S and
′
P are the local entropy and overpotential heat, respectively,
hich are given by dividing QS of Eq. (5) and QP of Eq. (7) by

he cell volume. The obtained temperature distribution is put into
q. (10) again until the current and temperature distributions are
onverged.

. Measurement of heat-source factors

The battery tested here is a commercially-available, cylin-
rical lithium-ion battery (Sony-US18650G3 with 1800 mAh
ated capacity, 18 mm diameter, and 65 mm length). In order to
easure the heat-source factors of cell at a constant temperature

imilarly to the previous study, a cell was charged and discharged
fter being wrapped in a thin sheet for electrical insulation and
he charge or discharge terminal voltage was reached. This was
uch notable during charge cycle.
The obtained data of the constant-current charge/discharge

ests were converted to the voltage–current (V–I) characteristics
s parameter of SOC. The V–I characteristics for charging at
0 ◦C are shown in Fig. 1. The V–I characteristics are mostly
inear, and the slopes give the overpotential resistance R(V–I)
or each SOC. Here, the slopes can be determined using the
ollowing three methods: (1) one by the least squares approxi-
ation assuming that the V–I characteristic is, on the whole, a

traight line; (2) one by determining the gradient of a V–I char-
cteristic curve for each current; (3) one by the least squares
pproximation assuming that the V–I characteristic is linear at
he rated current or less. The resistances determined by these
hree methods are compared in Fig. 2.

Fig. 1. V–I characteristics with SOC parameter.
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Fig. 2. Comparison of three types of resistances by V–I characteristics.

The variance of the resistances determined by the three meth-
ods is small and less than 10% for a discharge cycle at 30 ◦C,
based on the slope determined by the third method. Further-
more, all resistances match well at 40 ◦C and above. When
the charge/discharge current becomes larger than the rated, the
movement of lithium-ion through the active material is thought
to have some diffusive resistance, since the charging voltage is
increasing much more than the linearly extrapolated voltage and
the discharging voltage is decreasing much less than the linearly
extrapolated voltage. So the third resistance, which was obtained
from the linear V–I characteristic at the rated current or less, can
be regarded as the resistance without diffusion of the active mate-
rial. They are shown in Fig. 3 as the representative resistances
for both the charge and discharge cycles. Resistance increases
with the progress of charging/discharging and decreases as bat-
tery temperature rises. In addition, at a temperature of 30 ◦C
or above during charge cycle, and of 40 ◦C or above during
discharge cycle, there was no change in resistance by tempera-
ture. Moreover, Fig. 3 also shows our previous study’s resistance
(at 40 ◦C) during discharge cycle, and shows that the present
battery resistance is about a half of the previous data. From
this it can be seen that the battery’s characteristics have been
improved.

3.1.2. Resistance by difference between open-circuit
v
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Fig. 3. Overpotential resistance R(V–I) by V–I characteristics under 1C: (a)
during charge; (b) during discharge.

3.1.3. Resistance by intermittent charge/discharge
Overpotential resistance R(60 s) can simply be determined

by intermittent charge/discharge (60-s duration). After the bat-
tery was fully charged, SOC was dropped in 0.1 increments and
R(60 s) by intermittent discharge was determined by dividing
the voltage drop V60 s at 60 s after the start of every discharge
by the discharge current. An average SOC was used, however,
as SOC changes after 60 s. Measurement by intermittent charge
was performed in the same manner.

Fig. 4 also shows R(60 s) at 30 ◦C and 1C. Even when battery
temperature or charge/discharge current is changed, R(60 s) and
R(OCV-CV) are nearly identical to R(V–I).

3.1.4. Resistance by AC impedance meter
In the field of electrochemistry, they usually use the AC

impedance meter to measure battery resistance. Here we also
measured overpotential resistance by applying an AC current
of 70 mA root mean square (rms) at a frequency range of
20 kHz–25 mHz, using an electrochemical measurement unit
(Solartron 1280B). In the previous study, the measured resis-
tance did not depend on discharge current, therefore, resistance
was here measured also without any charge/discharge current.
Fig. 5 shows the measured Cole–Cole plot. Fig. 4 also shows
the real part of the complex impedance as R(AC), neglecting the
oltage (OCV) and cell voltage
Cell voltage V during charge/discharge cycle deviates from

he open-circuit voltage V0. Overpotential resistance R(OCV-
V) can also be obtained by dividing the difference in these volt-
ges by the charge/discharge current. Here, V0 changes slightly
ver time just after charging/discharging. In the present study,
he battery was adjusted to a given SOC with a 0.2 ◦C discharge
urrent after being fully charged. The cell voltage after a 21-h
tabilization period from the SOC adjusted time was regarded
s V0, which is thought not to affected by the active material dif-
usion. Fig. 4 compares R(V–I) determined in previous section
ith R(OCV-CV) in this section at 30 ◦C and 1C. The figure

hows that R(OCV-CV) is nearly identical to R(V–I) for both
harge and discharge cycles, even when battery temperature or
harge/discharge current is changed.
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Fig. 4. Comparison of overpotential resistances by four methods: (a) during
charge; (b) during discharge.

Warburg impedance by diffusion. The value of R(AC) becomes
about a half of R(V–I). Depending on battery as described here,
about a half of resistance was again measured similarly to the
previous study.

3.2. Measurement of entropy change

Even though the same model of battery as in the previous
study was tested, the improvements of battery’s performance

Fig. 5. AC impedance measured for battery.

Fig. 6. Measured entropy change for SOC and cell temperature.

made us to re-measure the additional heat-source term, entropy
change. Identical to before, the battery was regulated to a given
SOC then first immersed in 40 ◦C thermostat water for 21 h. The
battery was then maintained for 3 h at temperatures of 10, 20, 30,
and 40 ◦C to measure the temperature change dV0/dT of open-
circuit voltage V0. Fig. 6 compares the �S measured here with
the previous data, with Eemf in Eq. (6) approximated by V0. In the
previous study, �S was positive near at SOC = 0.8. The temper-
ature change of �S for the batteries used here, however, changed
only slightly, but the �S averaged for temperature became neg-
ative across the entire range of SOC. Thus, entropy heat QS was
exothermic during the discharge cycle and endothermic during
the charge cycle.

4. Measurement of heat capacity and heat transfer
coefficient

4.1. Measurement of battery heat capacity

Unlike in the previous study, this time the heat capacity of
battery was measured using a twin-type calorimeter (SETARAM
C-80) [7], increasing the battery temperature from 20 to 90 ◦C at
a constant rate of 0.4 ◦C min−1. The measured data was compen-
sated for the lag in thermal response by assuming a first-order
time constant [8]. After determination of the heat capacity of bat-
tery from the compensated thermal response in the range where
t
a
F

C

4
t

b
t
t
a
p

he heat up rate was constant, the heat capacity Ccell could be
pproximated by a linear function of temperature as shown in
ig. 7.

cell (J/◦C) = 35.12 + 0.048T (◦C) (15)

.2. Measurement of heat transfer coefficient from battery
o ambient air

Lead wires for charging and discharging are soldered to the
attery, and they promote heat transfer much more than a bat-
ery without wires. In order to again accurately measure the heat
ransfer coefficient from the battery to ambient air, the temper-
ture drop of the battery was measured in a similar way to the
revious study, as detailed below. The battery was suspended
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Fig. 7. Change of battery heat capacity by cell temperature.

in ambient air of constant temperature by the lead wires in a
horizontal state, and cooled by natural convection, after being
heated to 90 ◦C in a water thermostat. From the temperature drop
data shown in Fig. 8, the heat transfer coefficient of the battery
(including the lead wires) was measured for each divided tem-
perature range from 10 to 80 ◦C. Comparing these measured
values with the values from an arranged equation for heat trans-
fer from a horizontal cylinder in air [9], we produced a correction
factor for the lead-wire equipped batteries, as shown in Fig. 9.

Fig. 8. Measured temperature drop of battery with lead wires.

F
i

This correction factor (�) is approximated by a solid line as
shown in Fig. 9. The heat transfer coefficient for a pure horizon-
tal cylinder was multiplied by the correction factor, and the heat
transfer coefficient h for the real battery with lead wires could
be approximated as shown by the upper solid line to match the
measured value (♦).

5. Calculation of battery temperature rise and
comparison with measured values

5.1. Inclusion of measured heat-source factors into analysis

In order to analyze thermal behavior of battery during charge
and discharge cycles, the overpotential resistance to determine
overpotential heat, the entropy change to determine entropy heat,
the battery heat capacity, and the heat transfer coefficient from
battery to ambient air were measured in the preceding sections.
The overpotential resistance Rη was measured by four methods
in Section 3.1. In the following analysis, the overpotential resis-
tance R(V–I) determined from the battery V–I characteristics at
1C or less was primarily used as a function of battery temper-
ature and SOC. The entropy change used in analysis was the
temperature average value of the temperature change of open-
circuit voltage V0, which was approximated by a function of
SOC. The battery heat capacity Ccell was approximated by a lin-
e
p
t
a
b

5
i

o
(
o
t
a

ig. 9. Correction factor and measured heat transfer coefficient and its approx-
mated curve.
ar function of battery temperature (Eq. (15)). As done in our
revious study [9] on a nickel-metal hydride battery, the heat
ransfer coefficient h was determined using a correction factor
nd a heat transfer equation, the later of which is a function of
attery temperature Tcell and ambient temperature Tamb.

.2. One-dimensional analysis of temperature distribution
nside the battery

Fig. 10 shows the calculated results of radial distribution
f battery temperature during discharge cycle of 3C for initial
ambient) temperature of 32.5 ◦C. One-dimensional calculations
f radial temperature distribution were made by considering
he current density distribution along current collection sheet
s mentioned in Section 2.3. Between the cell center and the

Fig. 10. Calculated radial distribution of cell temperature.
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Fig. 11. Measured temperature of center and surface.

outer surface, a maximum temperature difference of 1.6 ◦C was
calculated at the end of discharge. It was seen that internal tem-
perature of battery was nearly uniform, even during rapid charge
or discharge cycle with a current above the battery’s rating. In
other words, the surface temperature represents the battery tem-
perature, and can be compared well with the temperature by
Eq. (8) derived in the model of representative battery temper-
ature. Furthermore, the difference in temperatures measured at
battery center and surface during discharge cycle of 3C was
1.9 ◦C, as shown in Fig. 11, where the initial battery temperature
is 19.7 ◦C. This temperature difference supports the calculated
results.

5.3. Comparison of calculated and measured battery
temperatures during rapid charge and discharge cycles

Fig. 12 compares the measured cell surface temperature with
the temperature calculated by Eq. (8) for the representative bat-
tery temperature model using R(V–I), and the surface tempera-
ture calculated by Eq. (14) for the radial temperature distribution
model, during rapid charge/discharge cycles. Temperature of
the charged/discharged battery was measured similarly to the
previous study. A thermocouple of 0.1 mm wire diameter was
soldered to the center of battery surface and measurements were
taken with the batteries suspended in air by lead wires and cooled
b
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Fig. 12. Comparison of calculated and measured cell temperatures: (a) during
charge; (b) during discharge.

the mean deviation was found to be higher than the above-stated
values. Thus, R(V–I) is the overpotential resistance that yields
the most accurate estimation of battery temperature in the tested
range of our study. In the future, these differences between calcu-
lation and measurement must be reduced further, and a method
for predicting the thermal behavior of large batteries needs to be
developed.

6. Conclusion

Using small, commercially-available lithium-ion batteries,
we have measured overpotential resistance, entropy change, bat-
tery heat capacity, and heat transfer coefficient to the ambient
air from a battery attached with charge/discharge lead wires,
which are needed to describe the battery thermal behavior. For
overpotential resistance, the resistance by V–I characteristics
during constant-current charge/discharge cycle, the resistance
by difference between open-circuit voltage and cell voltage, and
the resistance by intermittent charge/discharge were mostly in
good agreement. The resistance measured by AC impedance,
however, was about half that in the above three methods. Using
these measured results, we have analyzed the thermal behavior
of battery during rapid charge and discharge cycles at up to three
times larger current than the rated. The analysis was made with a
y natural convection.
Calculated temperatures for both rapid charge and discharge

ycles were in good agreement with the measured values. There-
ore, the representative cell temperature model presented herein
an describe the thermal behavior of small batteries with mini-
al temperature distribution, such as those adopted here. How-

ver, during the charge/discharge cycles at or below 1C, the
alculated value is a little smaller than the measured, and the cal-
ulated is a little larger than the measured during discharge cycle
f 3C. Also, the calculated temperature during charge cycle of 1C
howed a different trend of temperature increase from the mea-
ured. A root mean square deviation of temperatures calculated
y R(V–I) from measured temperatures was 1.0 ◦C for overall
harge cycle, and 1.6 ◦C for overall discharge cycle. While bat-
ery temperature was calculated using R(OCV-CV) or R(60 s),
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model using a representative battery temperature, and also with
a model of radial temperature distribution. Battery temperature
during rapid charge and discharge cycles was calculated using
overpotential resistance determined from the V–I characteristics
at the rated current or less. These calculated temperatures were
compared with the measured battery temperatures, showing the
calculated and the measured to be in good agreement. Further-
more, the difference in temperature between the battery center
and surface was found to be small. The analysis methods pre-
sented here are thus effective for predicting the thermal behavior
of small batteries.
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