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Abstract The heat generation rate of a large-format
25 Ah lithium-ion battery is studied through estimating
each term of the Bernardi model. The term for the
reversible heat is estimated from the entropy coefficient
and compared with the result from the calorimetric method.
The term for the irreversible heat is estimated from the
intermittent current method, the V—I characteristics method
and a newly developed energy method. Using the obtained
heat generation rates, the average cell temperature rise
under 1C charge/discharge is calculated and validated
against the results measured in an accelerating rate calo-
rimeter (ARC). It is found that the intermittent current
method with an appropriate interval and the V-I charac-
teristics method using a pouch cell yield close agreement,
while the energy method is less accurate. A number of
techniques are found to be effective in circumventing the
difficulties encountered in estimating the heat generation
rate for large-format lithium-ion batteries. A pouch cell,
using the same electrode as the 25 Ah cell but with much
reduced capacity (288 mAh), is employed to avoid the
significant temperature rise in the V-I characteristics
method. The first-order inertial system is utilized to correct
the delay in the surface temperature rise relative to the
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internal heat generation. Twelve thermocouples are used to
account for the temperature distribution.
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Introduction

The lithium-ion battery is becoming the mainstream
power sources for electric vehicles because of its high
energy density and long cycle life [1]. However, the
thermal issues, such as the potential risk of thermal run-
away [2-4] and the stringent restriction on both the limits
and the variation of the cell operation temperatures,
constitute one of the bottlenecks for the widespread use of
large-format lithium-ion batteries in electric vehicles. In
addition to experimental investigation [1l, 5, 6], thermal
simulation is a powerful tool to elucidate the mechanism
underlying these thermal issues [7, 8]. The fundamental
governing equation used in the thermal simulation is the
heat transfer equation:

pCp%—f:V-(kVT)+q (1)
where p is density, C,, is heat capacity, T is temperature,
k denotes thermal conductivity, g is the heat generation rate
per unit volume.

It is evident that the accuracy of the thermal simulation
depends on the accuracy of the models to predict the heat
generation rates for cells at different states and under
various operation conditions. These heat generation rate
models can be classified into two types. The first type is
based on the thermal-electrochemical battery model and
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provides deep insights into the underlying causes and
detailed components of the heat generation [9, 10]. How-
ever, a large set of parameters, which describe the transport
processes and electrochemical processes, are difficult to be
determined. Therefore, the accuracy of the heat generation
rate depends heavily on the parameters tuning procedure.
The heat generation model of the second type is the sim-
plified Bernardi heat generation model [11]:

Q = Qrev + Qirrev (2)
ou

Qrev = IT<6T>P (3)

Qirrev = I(V - U) (4)

where Q is the total heat generation rate of lithium-ion
batteries, Q.. is the reversible heat corresponding to the
entropy change of the lithium intercalation/deintercalation
reaction, Qj.., 1S the irreversible heat generated from
electrode polarization, V is the terminal voltage, U is the
equilibrium potential, and [ is the charge/discharge current,
assumed to be positive during charge.

Bernardi model is solidly founded on physics and has
much less parameters. It is the most widely used model in
the thermal simulation of the battery. In practice, the
irreversible heat generation rate is usually further simpli-
fied through defining an overpotential resistance, R, as:

R=(V-U)/I. (5)

The irreversible heat generation rate equation now
becomes:

Qirrev = 12R (6)

Based on Egs. (2-6), various methods have been
developed [12-20] to estimate the reversible/irreversible
heat generation for small lithium-ion batteries used in
electronic devices. Much fewer works, however, have been
found to study and to validate the heat generation rate for
large-format lithium-ion batteries.

Regarding the reversible heat term, two methods, the
potentiometric method and the calorimetric method, have
been proposed and utilized [12-20]. The potentiometric
method measured the equilibrium potential of the cell
adjusted at certain SOC at various temperatures. Taking the
derivative of the equilibrium potential with respect to the
temperature gave the entropy coefficient, dU/dT. The
calorimetric method measured the heat flows during charge
and discharge. Assuming that the irreversible heat gener-
ation rates during charge and discharge were identical, the
entropy coefficient was calculated from the difference of
the heat flows. In [15, 16], the authors studied the entropy
changes associated with the structural and phase changes in
negative and positive electrodes. Using half-cell, they
further quantified the individual contribution of each

@ Springer

electrode [19]. Thomas et al. [20] concluded that, with
proper correction for self-discharge, the potentiometric
method was more accurate than the calorimetric method in
calculating the reversible heat.

Regarding the irreversible heat term, Onda et al. [12—14]
developed four methods: (1) the V-I characteristics method
using voltage—current curves of discharge at a series of
constant currents; (2) the OCV-V method using the dif-
ference between the open-circuit voltage and the terminal
voltage; (3) the intermittent current method using the
voltage change after 60 s of discharge at a constant current;
(4) the AC impedance method.

Analysis of the previous literatures leads to the follow-
ing observations:

Firstly, all the methods were originally developed for
the small lithium-ion battery. Applying these methods to
the large-format lithium-ion batteries will encounter a
number of difficulties. One problem is the significant rise
of temperature and the evolution of temperature variation
across the cell even at moderate rates of charge/discharge
[6]. Rising and non-uniform temperature makes it difficult
to define a representative temperature for the measured
overpotential resistance, which is strongly dependent on
the battery temperature. Another problem is that there
exists a considerable delay in the response of the surface
temperature relative to the internal heat generation [6]. As
a result, it is unconvincing to directly use the surface
temperature at one point to calculate the heat generation
rate and then to use it to validate the estimated values based
on the Bernardi model.

Secondly, comparing the various methods can guide the
selection of appropriate method to estimate the heat gen-
eration rate. Onda et al. [12—14] developed four methods to
estimate the irreversible heat term, but they only compared
these methods in terms of the overpotential resistance
obtained using each method, and then without convincing
reasons, they applied the V-I characteristics method alone
to simulate the cell temperature rise. In addition, in [17,
18], only the intermittent current method was employed.
Onda et al. [12-14] pointed out that the AC method gives
much lower overpotential resistance than other three
methods, hence it is not considered in this study. Besides,
the OCV-V method is essentially the same as the V-1
characteristics method when considering the OCV curve as
the discharge curve at sufficiently small current, thus, only
the V-I characteristics method is included here. The V-1
characteristic method has problems in considerable tem-
perature rise, while the intermittent current method relies
on the selection of the calculation interval, which is
somewhat arbitrary in the previous studies. Therefore, the
implementation details of these methods need to be closely
examined, and the accuracy needs to be compared and
validated against measured results. In addition, a new
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method, developed in our group and named energy method
in this study, will also be included in the comparison.

Therefore, the objectives of this paper are to explore
techniques to circumvent the above mentioned difficulties so
as to extend, compare, and validate the various methods
developed for small lithium-ion batteries to estimate the heat
generation rate for large-format lithium-ion batteries. A
large-format 25 Ah lithium-ion battery was used and its heat
generation rate was studied based on the simplified Bernardi
heat generation model. The potentiometric method and the
calorimetric method were used to estimate the reversible heat.
The intermittent current method, the V-I characteristics
method and a newly proposed energy method were used to
estimate the irreversible heat. The estimated values were
compared and validated against the results measured in an
ARC. A number of techniques, including the use of a pouch
cell, the compensation of the time delay, and the use of 12
thermocouples to get the average cell temperature, were
proposed to circumvent the problems encountered in dealing
with large-format cells. The structure of this paper is as fol-
lows: “Method development” section introduces the methods
employed in this study; “Experimental” section describes the
experimental details; in “Results and discussion” section,
firstly, we report the results of the entropy coefficient and
overpotential resistance, secondly, we validate the estimated
heat generation rate using the measured date by the ARC,
finally, discussion concerning various methods is provided;
“Conclusions” section is the conclusion.

Method development
The reversible heat
The potentiometric method

The term of the reversible heat generation rate was cal-
culated by measuring the entropy coefficient dU/dT as
shown in Eq. (3). The equilibrium potential of the 25 Ah
cell at a specified initial SOC was measured at a series of
temperatures, and the entropy coefficient at this SOC was
attained by calculating the slope of the fitted ‘temperature-
potential” line. Then the SOC of the cell was adjusted with
a step length of 0.1 each time, and the entropy coefficient at
each different SOC was obtained.

The calorimetric method

The calorimetric method assumed that the irreversible heat
generation rates during charge and discharge were assumed
to be identical under the same current amplitude /, and then
the entropy coefficient was calculated by Eq. (7) based on

Eq. (2):

ou _ Qcha - Qdis
(ﬁ); 2IT @

here, Q.. and Qy;s are the total heat generation rate during
charge and discharge, respectively, which were measured
with the ARC or other calorimetric methods.

The irreversible heat
The V-I characteristics method

A series of constant-current charge or discharge tests at
different C-rates are needed to explore the V-I character-
istics of the battery [13]. Under a specified SOC and
temperature, an approximate linear relationship between
the terminal voltage and the applied current was found in
the constant-current charge or discharge tests. As a result,
the slope of the linearly fitted line gave the overpotential
resistance, Ryj, of the V-I characteristics method [13].

The intermittent current method

The battery overpotential resistance is widely estimated
from the intermittent charge or discharge at a definite SOC
and temperature. The most frequently used intermittent
current method to obtain the battery DC resistance is
introduced in the HPPC test procedures [21]. The overpo-
tential resistance, Ryc, was estimated by Eq. (8):

Ric = (Vi—=Wo)/1 (8)

where (V, — V) is the voltage change after charging/dis-
charging at current / (positive during charge) for time ¢,
which is termed as the interval throughout this paper.

Different values of ¢ have been used in the literature. For
example, 4 h was adopted by Yang et al. [18], 30 s was
adopted by Lu et al. [17], and 60 s was used in [12—14]. In
the experimental part of this paper, a series of ¢ (10, 30, 60,
90, 110 s) was applied and its effect on the accuracy of the
estimation results was examined.

The energy method

The irreversible heat was calculated from the overpotential
resistance in most of the previous studies [12-19]. In
addition to these methods, a new method, which was
inspired by the concept proposed in the work of Lv et al.
[22], was developed in this study to calculate the irre-
versible heat directly. The new method is to be referred to
as energy method hereafter.

(1) Energy balance during charge when charging the
battery from SOC; to SOC,, the total consumed
energy from the power supply such as a
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comprehensive tester or a charger, E.p,,, consisted of
three parts, the energy stored in the battery, Eyp,, the
energy corresponding to entropy change, E'.y cha, and
the energy dissipation by polarization, Ejeychas @S
expressed in Eq. (9):

Echa = Ebat + Erev,cha + Eirrev,cha- (9)

(2) Energy balance during discharge Similarly, when
discharging the battery from SOC, back to SOCy, the
energy consumption, Ey,, also consisted of three
parts, the electrical work performed by the battery,
Eg4s, the energy corresponding to entropy change,
E.evais» and the energy dissipation by polarization,
Eiirev.ais» as shown in Eq. (10):

Ebat = Edis + Erev,dis + Eirrev,dis- (10)

Since the Ey,, terms in Eqs. (9) and (10) were identical,
the irreversible heat could be calculated according to Eq.
(11), which was the result of adding Egs. (9) and (10) using
the following two assumptions: first, the sum of the heat
due to entropy change during charge and discharge process
equaled zero, that is, Ereydis + Erevcha = 0. Second, the
irreversible heat generation during charge and discharge at
any temperature and SOC were identical, that is,

Eir‘rev,dis = Eirrev,cha = Eijrey.
Eirrev - (Echa - Edls)/z (1 1)

According to the energy method, an overpotential
resistance, Rgy, was defined as in Eq. (12) to facilitate the
comparison with other methods which estimate the irre-
versible heat through the overpotential resistance:

Echa — Edgis
Rppy = & —as 12
EM PAL (12)

where [ is the current and At is the duration of charge or
discharge.

Direct measurement of the heat generation rate
by the ARC

The ARC was used to provide an adiabatic environment for
the cell placed in its chamber under the temperature
feedback-and-chasing mode. When the cell underwent a
charge or discharge process, its heat generation rate was
calculated as in Eq. (13):

dr
=mCp— 13
Q =mCp i (13)
where m is the cell mass, C,, is the thermal capacity, d7/
dr is the temperature rising rate, which was measured by
the attached feedback thermocouples on the surface of the

cell. The positions of the feedback thermocouples were
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strategically chosen to reflect the average temperature of
the surface.

Experimental

A 25 Ah cell and a pouch cell were used in this study,
which had the same cathode composited of LiMn,Co,.
Ni, O, and LiMn,Q,, and the same graphite anode; the only
differences were the size and capacity. The specifications
of the two cells are shown in Table 1. Each fresh cell was
cycled for five times before it was used in the heat mea-
surement tests to ensure it had entered a stage of stable
performance. During each cycle, the cell was first charged
in a constant current-constant voltage (CC—CV) pattern
with 1/3 C as the constant current charging rate, and then
discharged at the same rate.

Four tests were conducted in this study to explore all the
methods introduced in “Method development” section: (1)
Test 1: the measurement of the entropy coefficient to
estimate the reversible heat; (2) Test 2: the intermittent
charge/discharge tests of the 25 Ah cell, which were used
to calculate the overpotential resistance both by the inter-
mittent current method and the energy method; (3) Test 3:
the constant current charge/discharge tests of the pouch cell
to measure the overpotential resistance by the V-I char-
acteristics method and the energy method; (4) Test 4: the
direct measurement of heat generation rate with the ARC.
The detailed experimental design and parameter settings of
these four tests are presented below.

Measurement of the entropy coefficient
An environment chamber GDJW-225 (Yashilin, China)

and a six and half voltage monitor 34972A (Agilent, USA)
were used in this test. The voltage in the equilibrium state

Table 1 The specifications of the two cells

Cell specification Value

25 Ah cell Pouch cell
Capacity of 1/3 C at 25 °C 25 Ah 288 mAh
Size 16 x 20 cm®> 8 x 10 cm?
Number of active electrode pairs 33 2
Cathode material LiMn,Co,Ni O, and LiMn,04
Anode material Graphite
Nominal voltage 38V
Recommended charging method CC-cv

EODV/end of discharge voltage 3V
EOCV/end of charge voltage 42V
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was recorded at four temperatures (5, 15, 25, 35 °C) as well
as eleven SOCs (from 1.0 to 0, in a step length of 0.1), and
a threshold value of voltage changing rate (voltage
changing in a rate less than 0.1 mV/30 min) was preset to
control the timing of equilibrium potential measurement.

Intermittent charge/discharge tests of the 25 Ah cell

Only pulse charge and discharge were conducted on the
25 Ah cell since continuous charge or discharge would
lead to both significant temperature rise and variation,
making it difficult to define a representative temperature
for the estimated irreversible heat generation rate. During
the intermittent charge/discharge tests, the 25 Ah cell
regulated to a definite SOC was charged at 0.1 C for
2 min (except at SOC = 1.0 where the 25 Ah cell was
discharged first) and then discharged with the same cur-
rent back to the original state after 8§ min of rest. The
above experiment was repeated at 11 SOCs (from 1.0 to O,
step = 0.1), four temperatures (5, 15, 25, 35 °C) and five
charging/discharging C-rates (0.1, 0.3, 0.5, 0.7, 0.9 C).

Constant current charge/discharge tests of the pouch
cell

The constant current charge/discharge tests of the pouch
cell at 0.3, 0.5, 0.7, 0.9, 1.1, 1.3, 1.5 C were performed
at cell temperatures of 5, 15, 25, and 35 °C, respec-
tively. In order to verify the effectiveness of the pouch
cell to suppress the temperature rise during battery
cycling, one thermocouple was attached on the surface
of the cell.

Direct measurement of the heat generation rate
with the ARC

The basics about how the ARC works was introduced
elsewhere [23]. Li et al. [6] observed significant spatial
temperature variations in a 25-Ah cell of the same type
using thermocouples embedded at 12 locations inside the
cell and another 12 thermocouples attached at the cor-
responding locations on the surface. After analyzing the
temperature data of these 12 locations inside and outside
battery in [6], we selected two locations that closely
represented the cell average temperature during charge/
discharge to place the feedback thermocouples on the
surface of the 25-Ah cell. Another 12 thermocouples
were attached on the surface of the 25 Ah cell as shown
in Fig. 1. The cell was connected to a battery cycler

Pos Neg.

T1 T2
,,,,,,, g LG
A2 A6 A10
7777777 B st e —_— - — =
A3 A7 A1
,,,,,,, e R
A4 A8 A12

Fig. 1 A schematic plot of the locations of thermocouples

made by Arbin (USA) and was charged and then dis-
charged at 1C. The initial temperature of the environ-
ment chamber was set as 30°C. The threshold
temperature rising rate in the feedback-and-chasing mode
of the ARC was set as 0.02 K min~".

Results and discussion
The entropy coefficient (dU/dr)

The equilibrium potential of the 25 Ah cell was found to be
almost linear with respect to the temperature, and the slope
of this fitted “potential-temperature” line gave the entropy
coefficient, dU/dt. It should be noted that when the SOC was
above (.8 and the ambient temperature was above 25 °C, the
self-discharge of the cell was significant. Therefore, under
this circumstance, only the equilibrium potentials at lower
temperatures were used in the linear fitting to diminish the
influence of self-discharge. The entropy coefficient is plot-
ted in Fig. 2 as a function of SOC. The results of the three
cells showed good consistency, therefore, only the result of
one cell is shown here for concise.

In Fig. 2, the entropy coefficient is negative and shows a
sharp increase for SOC < 0.2. When the SOC increases from
0.3 to 0.5, the entropy coefficient turns to be positive and
reaches its peak value at SOC = 0.5. After this peak, the
entropy coefficient tends to decrease till SOC = 0.7. The
minimum value of the entropy coefficient around SOC = 0
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Fig. 2 The entropy coefficient %10~
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is ascribed to the graphite anode (refer to Fig. 4 in [23]).
Meanwhile, both the peak at SOC = 0.5 and the valley at
SOC = 0.7 are possibly related to the cathode material of
LiMn,O, (refer to Fig. 1 in [25]). The features shown in
Fig. 2 are similar to those in literatures (refer to Fig. 7in [24]
and Fig. 1 in [25]). However, since the composition of
electrode materials in this study is not identical with that in
the literatures, no further attempt is made to compare these
results quantitatively.
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Measurement of the overpotential resistance

The overpotential resistance of the 25 Ah cell by the energy
method

According to Eq. (12), the overpotential resistance of the
25 Ah cell by the energy method was calculated from the
data of the intermittent charge/discharge tests. As shown in
Fig. 3a, the Rgy is a nonlinear function of temperature,
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SOC and C-rate. In addition, as shown in Fig. 3b, the Ry
follows a negative correlation with the C-rate. Similar
phenomenon has also been observed by Lu and Prakash
[17]. There are several possible reasons. First, the charge
transfer resistance is smaller at higher C-rates according to
Butler—Volmer equation [26]. Second, even though the
ambient temperature is controlled by the thermostat, more
heat is actually generated inside the cell during charge/
discharge at higher C-rates. This results in a transient
higher internal temperature of the cell and leads to a
decrease of the Rgy. Furthermore, it indicates that the
C-rate dependency of the Rgy is more significant at lower
temperatures and smaller SOCs, because the C-rate
dependency is weakened when the SOC approaches 1.0,
and is negligible when the temperature is 35 °C.

It should be noted that the energy method is based on the
assumption that the irreversible heat generation rate during
charge is the same as that during discharge. Therefore, the
Rg\ of charge and discharge are not distinguished in this
section.

The overpotential resistance of the 25 Ah cell
by the intermittent current method

The overpotential resistance of the 25 Ah cell by the
intermittent current method, Rjc, was calculated by
applying the Eq. (12) to the data of intermittent charge/
discharge tests with a specific ¢, which equals 60 s in
Fig. 4. Figure 4 shows that the Rjc decreases with the
increase of temperature, SOC or C-rate, which is quite

Fig. 4 The overpotential
resistance of the 25 Ah cell by
the intermittent current method,
Ryc, as a function of temperature
and SOC (¢ equals 60 s).

a Charge, b discharge, ¢ a
comparison between charge and
discharge at various SOCs and
temperatures (the current effect
is averaged)
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similar with that of the Rgy in “The overpotential resis-
tance of the pouch cell by the V-I characteristics method”
section. However, unlike that of Rgy, the R during charge
and discharge can be calculated, respectively. It is shown in
Fig. 4c that the R|c during discharge is larger than that
during charge at lower SOC ranges, while the Rjc during
charge is larger at some higher SOCs. This phenomenon is
confirmed by other methods in this study (“The overpo-
tential resistance of the pouch cell by the V-I characteris-
tics method” section) and the mechanism is to be explained
later in “The overpotential resistance of the pouch cell by
the V-I characteristics method” section.

The overpotential resistance of the pouch cell
by the V-I characteristics method

A thermocouple was attached to the surface of the pouch
cell to verify the effectiveness of using the pouch cell to
avoid the significant temperature rise. Due to the small
capacity and large heat dissipation surface of the pouch
cell, the temperature rise during charge and discharge at 1C
was found to be less than 1 °C.

A linear relationship between the terminal voltage and
the constant current is detected at most SOCs except when
SOC equals 0.0 during charge and 0.1 during discharge.
The slope of the V-I curve gave the overpotential resis-
tance of charge and discharge by the V-I characteristics
method, Ry;. Figure 5 indicates that the Ry of discharge is
larger than that of charge when the SOC is smaller than 0.4.
When the SOC increases further, the Ry of charge exceeds

o
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Fig. 5 The overpotential )
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that of discharge. The underlying reasons were studied in
[27] using both the current-interrupt technique in the time-
domain and the dynamic electrochemical impedance
spectroscopy (DEIS) in the frequency-domain. It was
found that the charge transfer resistance and the diffusion
resistance during charge are larger than those during dis-
charge under high SOCs, while the situation is opposite at
low SOCs. Furthermore, using a half-cell, the charge
transfer resistances during charge and discharge of one
electrode were compared using the DEIS [28]. It was
contended that due to the dependency of the exchange
current on the surface concentration and due to the surface
concentration variation during intermittent charge/dis-
charge, the charge transfer resistances, which are related to
the exchange current, are different between charge and
discharge, and specifically, that of discharge is usually
larger than that of charge [28].

The overpotential resistance of the pouch cell by the energy
method

When the pouch cell is charged or discharged at constant
currents, Eq. (11) could be written as:

Vcha - Vdis

R =
EM 7]

(14)
where V., and Vg are the terminal voltage of the pouch
cell under charging and discharging with the current / at a
specified SOC. Equation (14) was applied to process the
data of the constant-current charge/discharge tests, and the
calculated overpotential resistance of the pouch cell by the
energy method, denoted as Ry p or “Rpym of pouch cell”,
is shown in Fig. 5 as a function of SOC and temperature.

Figure 5 shows that the Rgyp is inversely correlated
with the charge/discharge C-rate, which is similar to the
Ry in “The overpotential resistance of the 25 Ah cell by
the energy method” section, and generally larger than the
Ry1. Two considerations are presented as follows. First, the
explanation concerning why the Rgy, is inversely correlated
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Fig. 6 A schematic plot of the explanation why the Rgyp holds an
inverse proportion to the charge/discharge C-rate and is generally
larger than the Ry

with the C-rate is also feasible in the case of the Rgyp-
Second, a possible explanation for the relationship between
the value of the Rgymp and that of the Ryy is shown in
Fig. 6. In the VI characteristics method, when extending
the V-I line to zero-current, the zero-current voltage is
possibly larger (smaller) than the equilibrium potential
U during charge (discharge). Therefore, the slope of the
solid VI line in Fig. 6, which gives the Ry, is smaller than
the slope of the dotted line connecting the two points ([,
V) and (0, U), which corresponds to the Rgyy p. In addition,
when the applied current /; is larger, the slope of the dotted
line becomes smaller. Therefore, it is another approach to
show that the Rgyp tends to decrease when the applied
current C-rate is increased.

Measurement of the heat generation rate of the 25 Ah
cell with the ARC

Figure 7 shows the average temperature rising rates of the
25 Ah cell during charge and discharge at 1C in an adiabatic
environment provided by the ARC. Since there exists a
response delay of the surface temperature rise to the internal
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heat generation and the discharge and charge processes
proceed along opposite SOC directions, a peak of internal
heat generation rate at a specific SOC could stimulate a
delayed temperature rising rate peak at a smaller SOC during
discharge and a larger SOC during charge. Therefore, the
time delay was compensated by shifting the curve of charge
to the left with ASOC = 0.08 in Fig. 7, which shows that the
heat generation rates of charge and discharge are almost
symmetrical as expected [18].

As shown in Fig. 7, at the very beginning of charge, the
temperature rising rate is negative. It turns positive and
increases sharply, leading to the first exothermic peak
around SOC = 0.1. When the SOC further increases to 0.2,
a shallow valley of the temperature rising rate is observed.
Then a large exothermic plateau shows up in the SOC
range of 0.3-0.6. At SOC > 0.7, the temperature rising rate
increases again, and then decreases sharply after
SOC = 0.9 due to the decreasing charge current during the
CV stage in the charge pattern. The temperature rising rate
for the discharge exhibits an essentially symmetric profile
to that for the charge.

Based on the measured heat generation rate in the ARC,
the entropy coefficient was calculated from Eq. (7) and the
result was compared with that from the potentiometric
method in “The entropy coefficient (dU/df)” section. As
shown in Fig. 2, a good qualitative agreement is found
between these two results. However, at SOC < 0.2 and
SOC > 0.6, the difference between the dU/dT obtained by
the potentiometric method and that by the calorimetric
method is more significant than other SOCs. The causes are
analyzed as follow.

As shown in Fig. 5, the difference between the over-
potential resistance during charge and discharge was also
more remarkable at SOC < 0.2 and SOC > 0.6. This
means that at these SOCs, the irreversible heat generation
rates are not identical during charge and discharge.
Therefore, the fundamental assumption in the calorimetric

State of charge

method becomes questionable and the accuracy of the
calorimetric method to calculate the entropy coefficient
could hardly be satisfactory.

Despite its relatively low accuracy, the calorimetric
method is more time efficient to estimate the entropy
coefficient. The potentiometric method took almost
1 month to get the entropy coefficient point by point in this
study. Relatively, the calorimetric method only cost a few
hours to obtain the entropy coefficient of the total SOC
range at a time.

Validation of the calculated cell temperature rising rate
and the cell temperature

The rising rate of the average cell temperature of the 25 Ah
cell in an adiabatic environment can be calculated
according to Eq. (15), which is obtained after combining
Eq. (2-4) and Eq. (13):

ar 1 [, oU
E_m_cp[uem. (ﬁﬂ

The major terms in Eq. (15) and their determination
methods are summarized in Table 2. In addition, the fol-
lowing three issues need to be addressed to enable the
calculation as well as a meaningful validation:

(15)

(1) The conversion of the overpotential resistance from the
pouch cell to the 25 Ah cell. The area specific overpo-
tential resistance of the pouch cell and that of the 25 Ah
cell are expected to be equivalent. Therefore, the
overpotential resistance of the 25 Ah cell was converted
from that of the pouch cell according to the following

equation:
Rosan - Aosan = Rs - Ag (16)

where R; is the overpotential resistance of the pouch
cell and Rys ap is the corresponding overpotential
resistance of the 25 Ah cell. A; and A,s A, are the
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Table 2 The terms in Eq. (15) and their determination methods

Terms Meaning Determination method Source or corresponding section
Cp/ The thermal Calculating from the applied [29]
Jg 'K capacity heat and temperature rise in
ARC
m/g Mass Weighing None
(g_‘T/)P /VK~! The entropy The potentiometric method See “The entropy coefficient (dU/d?)” section
coefficient
RIQ The overpotential 25 Ah  The energy method See “The overpotential resistance of the 25 Ah cell by the energy
resistance cell method” section
The intermittent See *“ The overpotential resistance of the 25 Ah cell by the
current method intermittent current method” section
Pouch  The V-I characteristics See “The overpotential resistance of the pouch cell by the V-I
cell method characteristics method” section

The energy method

See “The overpotential resistance of the pouch cell by the energy
method” section

active electrode area of the pouch cell and 25 Ah cell,
respectively.

The interpolation of the overpotential resistance and
the entropy coefficient. The overpotential resistance
and the entropy coefficient are estimated at a
number of discrete temperature and SOC points.
To calculate the overpotential resistance at other
SOCs and temperatures during charge/discharge, a
2D look-up table was created and a linear interpo-
lation was utilized in Matlab/Simulink. Similarly,
the dU/dT over the full range of SOC was linearly
interpolated from the available values at discrete
SOCs.

The compensation of the time delay. As stated above, a
time delay exists between the rise of the surface
temperature and the internal heat generation. Such time
delay needs to be compensated to achieve a reliable
comparison between the calculated and the measured
temperature rising rate of the 25 Ah cell. In this study, a
first-order inertial system, as introduced in [6], was
assumed as follows:
Tourt (S) o 1
Tea(s) 1+71s

2

3)

(17)

here T, is the calculated temperature using Eq. (15),
and Ty is the corresponding surface temperature. The
time constant T was set as 250 s, which is based on our
previous study of the spatial and temporal temperature
variation using the same type of the 25 Ah cell [6].

Figure 8 compares the temperature rising rates calculated
from Eq. (15) with that measured in ARC of the 25 Ah cell
during discharge at 1C. The plot (a) shows the comparison
results before the compensation for the time delay, and plot
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(b) shows the results after the compensation. It is found that a
better agreement was achieved after the compensation,
especially at the beginning of discharge. The temperature
rising rates during charge are compared in Fig. 9. It should be
noted that the same reversible heat generation rate was used in
calculating each curve in Figs. 8 and 9, while for the irre-
versible heat generation rate, different overpotential resis-
tances, as shown in Table 2, were used.

The calculated and measured cell temperature curves are
displayed in Fig. 10. It should be mentioned that the measured
cell temperature was actually the average of 12 thermocouples
on the cell surface. As shown in Fig. 10, the slope of tem-
perature curve is relatively steep both at the beginning and the
end of discharge, while it is relatively moderate across the
middle stage of discharge. In contrast, relatively steep tem-
perature rise occurs in the middle stage of charge at SOC
around 0.6. In addition, the average cell temperature increases
by 12 °C after discharge at 1C, while it increases by 10 °C,
2 °C smaller, after charge at the same C-rate.

These phenomena can be explained by the following two
considerations. First, the reversible heat generation rates
during charge and discharge share the identical absolute value
but have opposite signs. Therefore, the total reversible heat
generation was endothermic during charge and exothermic
during discharge, which contributed to a higher cell temper-
ature rise occurred during discharge. Second, with regard to
the different temperature rise profiles during charge and dis-
charge, the opposite signs of the reversible heat generation
rates accounted for the major differences. In addition, the time
delay also made a contribution, for instance, a peak of internal
heat generation rate at a specific SOC could stimulate a
delayed temperature response at a smaller SOC during dis-
charge and a larger SOC during charge.
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In order to quantitatively compare the four methods esti-
mating the overpotential resistance, the average sum-square
error (ASSE) of each method was defined as follows:

N
ASSE = -3 (Vi - 1y)?
Nk:l

(18)

0.6
State of charge

0.2 0.4

where V is the simulated value (cell temperature or its
rising rate), Vi is the corresponding measured value, N is
the number of data points.

The ASSE values of the four methods are shown in
Table 3. The intermittent current method using the 25 Ah cell
yielded the best agreement for the cell temperature rising rate,
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followed by V-I characteristics method using the pouch cell,
and then the energy methods using the 25 Ah cell. With
respect to the cell temperature, the best agreement was
obtained with the V-I characteristics method using the pouch
cell, followed by the intermittent current method using the
25 Ah cell. Part of the inaccuracies comes from the influence
of reversible heat generation on the overpotential resistance
when operating the cells. Further discussion is to be made in
the following section.

Discussion of the methods to estimate the irreversible
heat

The energy method

As shown in Figs. 8 and 9, the energy method of the 25 Ah
cell underestimated the irreversible heat generation rate for
both charge and discharge, while the energy method of the
pouch cell gave a better agreement. The differences exist in
the fact that Ry of the 25 Ah cell comes from the 120 s
intermittent charge/discharge test, while the Rgy; of the
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State of charge

pouch cell results from the continuous charge/discharge
test. These two tests differ in the test duration, which
affects the corresponding Rgy. To elucidate the effect of
test duration on the energy method and to analyze the
under-estimation of Rgy; of the 25 Ah cell, we take the
intermittent charge/discharge test for further analysis.
Equation (19) could be deduced from Eq. (12):

R _ ;d:() (Vcha - Vdischa)
EM 2INy

(19)

where 14 is the test duration and is 120 s in the intermittent
charge/discharge test, Ny is the number of the voltage
sampling points during the 2 min pulse intermittent charge/
discharge, which equals 120 in our tests. Equation (19)
indicates clearly that the Rgy; depends on the test duration,
furthermore, it would be greater when the test duration is
longer. Since Vchy — Viischa 1S @ convex function with
respect to time, Eq. (20) holds:

(Veha — Viischa)|,— vie 1
cha 2s]c a/lt=Ny/ :E(RIC’Cha+R1c7dis)-

Rem < (20)
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Fig. 11 a The effect of the interval on the cell temperature rising rate calculated through the overpotential resistance of the 25 Ah cell by the
intermittent current method. b The average sum-square error at various intervals

prediction accuracy. However, as can be seen from Fig. 11,
when the interval is between an appropriate range, which is
between 60 and 120 s in this study, the influence of interval
on the ASSE is negligible. Therefore, it is essential to
examine the ASSE at multiple intervals; afterwards, an
appropriate one can be selected.

The V—I characteristic method

The V-I characteristic method was applied to a pouch cell
instead of the 25 Ah large-format cell to avoid the signif-
icant temperature rise during continuous charge/discharge
of large cells. From Table 3, it is found that the V-1
characteristic method using the pouch cells is an effective
method to estimate the irreversible heat generated by the
large-format cells. However, due to the necessity of fab-
ricating pouch cells, this method is not as convenient as
other methods in practice.

With respect to the V-I characteristic method, an over-
estimation of heat generation rates at low SOC range
between 0 and 0.2 was detected, especially during discharge,
as shown in Figs. 8 and 9. The underlying reason can be
ascribed to the nonlinear current dependency of terminal
voltage at low SOC ranges. To be specific, the nonlinear
current dependency of terminal voltage at SOC = 0.1 during
discharge magnified the overpotential resistance, and then
the estimated heat generation rate was enlarged.

The features of these three methods, i.e., the V—I charac-
teristic method (using the pouch cell), the energy method
(using both the pouch cell and 25 Ah cell), the intermittent
current method (using the 25 Ah cell) are summarized in
Table 3.

Conclusions

The heat generation rate of a large-format 25-Ah lithium-
ion battery was studied based on the simplified Bernardi
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heat generation model. The heat generation rate was divi-
ded into the reversible and irreversible heat terms, with
each term being estimated with different methods and
subsequently validated against measured temperature rise.

The methods developed for small lithium-ion batteries
were extended to the large-format 25 Ah lithium-ion bat-
tery with the following techniques employed:

(1) A pouch cell, using the same electrodes as the 25 Ah
cell but with a simple structure as well as a much
smaller capacity, was employed in the V-I character-
istics method to avoid the significant temperature rise
of large cells during charge and discharge. The
overpotential resistance of the pouch cell was
converted to that of the 25 Ah cell based on the
concept of equivalent area-specific resistances.

(2) Twelve thermocouples were used for calculating the
average cell temperature to accommodate the tem-
perature variations across the cell.

(3) The first-order inertial system was assumed to correct
the delay in the response of the surface temperature to
the internal heat generation, and the time constant of
the system was set as 250 s in this study.

Then, the accuracy of different methods was compared
and the main features of these methods were elucidated and
summarized as follows:

(1) In calculating the reversible heat, the entropy coef-
ficient measured with the potentiometric method was
believed to be more accurate, while the calorimetric
method was more efficient. The less accuracy of the
latter method partly comes from its assumption that
the irreversible heat generation rates of charge and
discharge are identical.

(2) The irreversible heat was estimated by calculating the
overpotential resistance of the cell. Among the three
methods to measure the overpotential resistance, the
intermittent current method is both easy-to-imple-
ment and accurate if the interval is appropriately
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