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Abstract: A lithium titanate oxide (LTO) anode based battery has high power density, and it is widely
applied in transportation and energy storage systems. However, the thermal performance of LTO
anode based battery module is seldom studied. In this work, a heat generation theoretical model of
the battery is explored. The thermal performance of LTO anode based battery modules under high
discharge rates is studied by both experiment and simulation. It is found that the temperature rise
of the battery can be estimated accurately with the calculation of the equivalent internal resistance
under different discharge rates. In addition, under the same depth of discharge, both the temperature
rise and the temperature difference in the battery module increase with the discharge rates.
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1. Introduction

A lithium-ion battery (LIB) is an important form of chemical power source, with
high specific energy, long cycle life, wide operating temperature range, and flexible
mobility [1-6]. It can provide high power output through the series and parallel con-
nection of lithium-ion batteries, which is suitable for application in different scenarios. In
addition, as sustainable energy, lithium-ion batteries are environmentally friendly.

As a chemical power source, the performance of lithium-ion batteries is affected by
temperature. At low temperatures, the electrical performance of lithium batteries is sup-
pressed, a large amount of heat is generated locally, and electrical energy is dissipated in
the form of thermal energy; at high temperatures, thermal failure problems are prone to
occur, which leads to problems such as smoke, fire, and explosion. In addition, temperature
inconsistencies will increase battery inconsistencies. Therefore, battery thermal manage-
ment technology is needed to ensure that the lithium-ion battery works at an appropriate
temperature, while minimizing the temperature difference of the lithium battery in the
module [7].

The current research of thermal management technology includes two aspects: one is
the study of heat generation characteristics [8-12]; the other is the study of heat dissipation
characteristics [13-16]. For the study of heat generation characteristics, Hosseinzadeh et al. [17]
used an electrochemical-thermal model to predict the thermal performance in 5C discharge;
Peng et al. [11] optimized the active air-cooling system by optimizing the battery arrange-
ment after testing the calorific value and heat generation rate of each battery cell. However,
the methods of the electrochemical-thermal model and testing the calorific method are both
complicated; they are not suitable for the calculation with a large number of battery cells.
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In addition, for both heat generation and heat dissipation, the research mostly concerns the
battery cells under discharge rates smaller than 5C.

For the discharge over 5C, it is well believed the heat generation can be estimated
by ohmic Joule heat [18], which is equal to I?Rt [12]. The commonly used resistance mea-
surement methods include the hybrid pulse power characteristic (HPPC) method [19-21],
the electrochemical impedance spectroscopy (EIS) method [22,23], the voltmeter-ammeter
(V-I) method [24], etc. Among the methods, the HPPC and V-I methods are dynamic
measurement methods, and they are more accurate for actual working conditions. How-
ever, the standard of timescale in the HPPC and V-1 has not been unified. In the previous
research of our group, we found that the ohmic Joule heat cannot substitute for the whole
heat generation, and then we proposed a fast heat generation estimation method for an
LTO anode based battery [25]. It is found that heat generation under a higher discharge rate
can be estimated using the HPPC with a shorter time scale. The calculation of the internal
resistance used the same time scale as in [25] because of using the same battery type.

In this paper, the heat generation characteristics are studied based on the LTO anode
based battery module. The heat generation estimation method is testified through both
simulation and experiment.

2. Testing Object

Two commercial LTO anode based battery modules were tested in the experiment.
Each battery module consists of 20 Ah LTO anode based batteries (GCCLTT90 made by
GCC Corp, Sichuan, China). The nominal voltage of the battery module was 24 V, and it
could achieve a maximum discharge current for 400 A. The battery module used in this
experiment contains 11 battery cells connected in series, as shown in Figure 1. A passive
air cooling strategy without fins was used to dissipate the heat. The battery module was
charged and discharged by using charge and discharge test equipment (CE-7001-100V500A
made by Neware Corp, Shenzhen, China). The precision of the discharge equipment was
£0.1% of FS. The temperature distribution was recorded by using a thermal infrared imager
(Fluke Tix580 made by Fluke Corp, Washington, DC, USA). The temperature measurement
range of the device was set to the range of —20 to 80 °C, and the temperature measurement
accuracy was 2 °C. The average temperature rise during the discharge was calculated by
the average temperature at each pixel of thermal infrared imaging on the module.

Figure 1. Schematic of the battery modules: (a) object pictures; (b) engineering drawing.

3. Test Results
3.1. Test Results of Modules in Series

The modules were discharged under the constant current profile of 200 A for 3 min,
which was a 50% depth of discharge (DOD). The module under the discharge can work
within an appropriate temperature range. The temperature rises during the discharge
process were compared. In the experiment, the room temperature was kept to 20 £ 2 °C.
The detailed test process is that the modules were fully charged under a constant current
and constant voltage (CCCV) charging mode, firstly at a charging rate of 1C, and then
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the module rested for 2 h; after that, the module was discharged under 200 A. To prevent
complex wiring, the modules were tested one by one.

The test results of the modules in series are shown in Figure 2. The batteries in the
two modules are highly consistent; therefore, the tendency of average temperature rise is
similar. The maximum temperature point appears randomly due to the little difference
in the internal resistance in the batteries. The average temperature rise of module A is
about 6.7 °C, which is from 21.7 to 28.4 °C, while the average temperature rise of module B
is about 8.1 °C, which is from 17.8 to 25.9 °C. When the currents going through the two
modules are the same, the heat generation is proportional to the internal resistance. It is
inferred that the internal resistance of module B is higher than that of module A. The final
temperature of module A is higher than module B with a smaller temperature rise, which
is because the initial temperature of module A is higher than module B.
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Figure 2. Test results of the modules under 200 A discharge: (a) temperature distribution of module
A; (b) temperature distribution of module B; (c) variation of average temperature of module A and
module B with the discharge.

3.2. Test Results of Modules in Parallel

The test results of the modules in parallel are shown in Figure 3. The whole current
was 400 A, the discharge time was also 3 min, and the module with the smaller internal
resistance went through a larger current. The average temperature rise of module A is
about 6.8 °C, while the average temperature rise of module B is about 5.4 °C, which is
different from the test results of the modules in series. The heat generated in the battery
is proportional to the square of the current based on the Bernadi’s equation and the fast
heat generated estimation method [12,25]. Therefore, little internal resistance leads to a
large temperature difference. The test results of the modules in parallel also infers that the
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internal resistance of module B is higher than that of module A. Additionally, the value of
the internal resistance of each module will be quantified in the next part.

Figure 3. Test results of the modules in parallel.

4. Discussion
4.1. Influence of Internal Resistance on Battery Thermal Characteristics

The HPPC test is a precise method to measure the internal resistance of the batteries.
The test procedure of HPPC was as follows: (1) the battery was charged to a full charge
state at a 1 C rate; (2) stood for 1 h; (3) the battery was discharged at a preset discharge rate
for 10 s; (4) stood for 40 s; (5) the battery was discharged at 1 C rate to the next 10% SOC;
(6) stood for 1 h; (7) the procedure from step three to step six was repeated. The internal
resistance is the voltage drop within 4 s divided by the current. In the experiment, the
modules were discharged from a 100% SOC to a 50% SOC, thus the HPPC test corresponds
to the discharge process. Additionally, for the internal resistance, the battery was fitted
using the backward interpolation method; the test results of internal resistance are from
100% to 60%.

The internal resistance is distributed around the electrical attach between the batteries
and into the batteries. The electrical attaches adopt the same ultrasonic bonding technique,
and they could be seen as the same resistance value. The batteries are the main heat source;
the resistance we obtained is evenly distributed on each battery without considering the
inconsistency of the battery. The results of the internal resistance of batteries in module A
and B are shown in Figure 4. The maximum internal resistance appears at a 100% SOC, and
with the decrease in the SOC, the internal resistance is decreasing. The average internal
resistance in module A is 1.12 m(), and the average internal resistance in module B is
1.13 mQ.

4.2. Simulation

The model was simplified for the simulation. The body of the battery, the foams
between the batteries, and the battery frameworks were kept, as shown in Figure 5. The
parameters we set are shown in Table 1. The internal resistances obtained in Section 4.1
were used in the simulation, and the final results are shown in Figure 6. The simulation
fits for the continuity equation, the momentum equation, and the energy equation. The
boundary condition is shown in the following Equation (1):

dT
I2Rt = Qpatt = mcﬁ + (T — Tomp) + k(s + 1y + 1iz2) 1)
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In which, gy, is the heat generation of the battery; I is the current going through the
battery; R is the average internal resistance of the battery; t is the discharge time; m is the
weight of the battery; c is the heat capacity of the battery; T is the real-time temperature;
Tamp is the room temperature; & is the thermal convection coefficient, and it is set to 10 in
the simulation; k is the heat conductivity coefficient; and 1y, uyy, and u.; are the second
derivative of temperature with respect to the three spatial axes, respectively.
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Figure 4. Results of the internal resistance of batteries in module A and B.
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Figure 5. The schematic of the simulation.

Table 1. The parameters set in the simulation.

Density/(kg/m®)  Thermal Conductivity/(W/(m-K))  Specific Heat/(J/(kg-K))

batteries 2193 25,145,145 1142
foams 50 0.12 2050
frameworks 962 0.42 2300
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Figure 6. Simulation results of 200 A discharge: (a) temperature distribution of module A; (b) temperature distribution of
module B; (c) temperature gradient of module A; (d) average temperature of module A and B from the side view.

In Figure 6, the distribution in the modules is similar, and the temperature rise
difference is related with the internal resistance. The batteries are the heat source; thus, the
temperature around the inner batteries is the highest. The heat dissipated to the foams
and the frameworks slowly with the time going. Additionally, because of the low thermal
conductivity of the foams and frameworks, the temperature drops slowly as well. The
temperature in Figure 6 is calculated by the average temperature of the frameworks, which
is in accordance with the experiment. Additionally, the final error between the simulation
and experiment is within 1 °C. The simulation results are reliable under all the discharge
rates set.

Figure 7 shows the results of equivalent internal resistance and comparison of tem-
perature rise between the experiment and simulation under different discharge rates. The
equivalent internal resistance decreases with the discharge rates, while the temperature rise
increases. The maximum temperature difference is smaller than 2 °C, which testifies that the
heat generation can be estimated accurately by the equivalent internal resistance calculation.

The batteries are the main object in the battery module, and their discharge charac-
teristics and aging characteristics are easily affected by the temperature; therefore, the
temperature distribution in the batteries zone is focused. Figure 8 shows the temperature
rise and temperature difference of the battery zone. The highest temperature rise and
temperature difference appear at 20C, and they are 23.1 and 5.2 °C, respectively. The values
are within the accepted range until 50% DOD; however, when the discharge continues to
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0% DOD, the temperature rise and the temperature difference will continue to increase.
Additionally, then, an appropriate thermal management method that can decrease both the
temperature rise and temperature difference should be proposed. In addition, compared
with Figure 7, the highest temperature difference in the whole battery module appears
between the batteries and the frameworks, which is about 17.7 °C; this means that when the
temperature difference is measured by the experiment, the location of the thermocouples is
important, or it will mislead the thermal management design.
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Figure 7. The results of equivalent internal resistance and comparison of temperature rise between
the experiment and simulation under different discharge rates.
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Figure 8. The temperature rise and temperature difference of the batteries.

5. Conclusions and Outlook

This paper studies the thermal performance of lithium titanate oxide anode based
battery modules under high discharge rates by both experiment and simulation. It is
found that the thermal performance can be estimated accurately with a fast heat estimation
method, which uses the hybrid pulse power characteristic of different timescales to measure
the equivalent internal resistance. With the increase of the discharge rates, the chosen
timescale of the calculation is smaller, and the equivalent internal resistance is smaller,
while the temperature rise is higher. Finally, the thermal characteristics in the batteries zone
are investigated. It is found that the highest temperature rise and temperature difference
appears at 20 °C, and they are 23.1 and 5.2 °C, respectively. When discharge continues, the
temperature rise and temperature difference will continue to increase.
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The battery modules need to be managed under higher discharges; an appropriate
thermal management method that can decrease both the temperature rise and temperature
difference should be proposed. Furthermore, the thermal management system should
respond quickly under higher discharge rates.
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